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ABSTRACT. Improvements to techniques and methodology used in the process mineralogy 
of platinum-group element (PGE)-bearing samples have focused on improvements to quantifl 
all determinations in order to make the data more useful for process engineers and 
metallurgists. The study of heavy accessory minerals such as platinum-group minerals 
(PGM) in rocks, ores, and processed products is usually limited by the scarcity and small 
grain size of the target minerals. However, for quantitative process mineralogy of PGE- 
bearing samples one has to employ an appropriate combination of physical and 
microanalytical approaches that are tailored for the sample type and grade. The 
hydroseparation technique (HS) has proved to be very effective at concentrating a 
representative proportion of PGM and associated minerals in different sample types. Recent 
developments in microbeam analyses indicates that the laser ablation microprobe - 
inductively coupled plasma - mass spectrometry (LAM-ICP-MS) can provide multi-PGE 
analyses of PGE-bearing sulfides at detection levels of 10s of ppb. It can be used in 
combination with electron probe microanalyses (EPMA) for minor and major elements and 
with quantitative image analysis to provide the data necessary for PGE deportment. 

1 INTRODUCTION 

Major difficulties in studying PGE ores are 
the low grades often encountered (-1-3 glt) 
and preparation of representative samples 
free of the "nugget" effect. Low grades 
means that there are very few minerals of 
interest that can be found in sufficient 
numbers without subjecting the sample to 
specialized concentration processes. 

However, in order to provide quantitative 
results, one also has to be able to determine 
the quantity of PGE that occurs in a solid 

solution in common sulfide minerals (e.g., 
pentlandite, pyrrhotite) or as very fine- 
grained sub-micrometer particles. For 
example, the early work that was done to 
determine the mineralogical distribution of 
the PGM in Sudbury ores (Cabri & Laflamme 
1976) used EPMA with what are today 
considered to be high levels of detection 
(300-400 ppm). It is common to find ores 
with the PGE partly occurring as discrete 
minerals and also partly distributed in solid 
solution in common sulfides or sulfarsenides. 
In addition, the common presence of an 



extensive series of solid solution between 
PGM by replacement of Pt, Pd and Ni for 
each other such as in the cooperite - braggite 
- vysotskite - (PtS2-PdS2) -millerite (NiS2) 
series or replacement of Pt for Pd (and vice- 
versa) together with replacements between 
element:; such as Bi, Te, and Sb, as for 
example in michenerite, merenskyite and 
moncheite, ideally PdBiTe, PdTe2 and PtTe2, 
respectively, means that even the use of an 
SEM is not always sufficient to identify and 
classify a PGM. 

There fore, process mineralogists have 
worked on developing and seeking to 
improve techniques for (a) concentration of 
minerals of interest, and (b) in-situ trace- 
element analysis at low levels of detection. 

2 PREVIOUS STUDIES 

2.1 Concentration of PGM 

Concentration of PGM using elutriation 
(Cabri &: Laflamme, 1976) and heavy liquids 
(Cabri &; Laflamme, 1984) were used in early 
studies to determine the mineralogical 
distribution of PGM. These studies involved 
the preparation of concentrates as monolayer 
polished sections. 

Though this approach was effective in 
some cases, there was a distinct disadvantage 
with fine particle sizes due to Stoke's law 
since the settling velocity is dependant on the 
radius of a grain squared and on the mineral's 
density only to the power of one. 

Tests were done using heavy media 
elutriation on sulfide concentrates spiked 
with a predetermined number of sized 
sperrylite (PtAs2) grains showed that very 
good recoveries (100%) can be expected 
from a 106-150 pm fraction, but that the 
recovery drops off with smaller size fractions 
so that only 12% and 19% was recovered for 

the 45-53 pm fraction (Cabri & Laflarnme 
1981, p. 69-70). 

In addition, these test results were only 
applicable to liberated PGM, since they 
obviously would have been less effective for 
included and attached grains. Finally, the use 
of toxic heavy liquids is expensive and 
requires special precautions to avoid 
contamination and accidents. 

2.2 Trace-element analytical techniques 

Prior to application of EPMA to analyze 
for trace PGE, studies on PGE deportment 
depended on interpretation of analyses of 
"pure" sulfide mineral concentrates (e.g., 
Verrnaak & Hendriks 1 976). 

The first study to attempt trace PGE 
analyses using EPMA-WDS and long 
counting times was done on Sudbury sulfides, 
arsenides, and sulfarsenides with levels of 
detection (LOD) in the range of 0.03-0.05 
wt% for Pt, Pd, and Rh (Cabri & Laflarnme 
1976). This was followed by micro-PIXE 
(Proton Induced X-ray Excitation) analyses 
of Sudbury and Stillwater sulfides with an 
LOD - 2ppm for Pd, Rh and Ru (Cabri et al. 
1984). The next technique applied to trace 
PGE analyses was SIMS or Secondary Ion 
Mass Spectrometry (e.g., Chryssoulis & 
Cabri 1991, Cabri & McMahon 1995) where 
the LOD was a few hundred ppb (or less). A 
very sensitive analytical method (at the ppt 
level) called Accelerator Mass Spectrometry 
(AMS), developed at the University of 
Toronto, was also applied to PGE analyses, 
but has not found wide application 
(Rucklidge et al. 1992). 

EPMA using high voltages and currents 
was pioneered at CSIRO in the late 1990's 
and a comparison with analyses done by 
micro-PIXE was presented by the senior 
author at the 9" International Pt Symposium, 
and later published (Gervilla et al. 2004). The 



results for Pd were comparable and at been developed in Russia (Rudashevsky et 
concentration levels well above their LOD. al., 2001, 2002, 2004a,b, Cabri 2004) to 
These are 27-29 ppm by EMPA and 2.5-7 process solid water-insoluble powdered 
ppm by micro-PIXE. Whereas trace EPMA samples. 
on arsenides and sulfarsenides measure Pt To be amenable for hydroseparation, 
concentrations above 33-35 ppm, Pt analyses particles should have densities between 3 and 
by micro-PIXE were affected by a strong 20 &m3 and grain sizes of less than 0.3 mm, 
interference from minor Bi, increasing the 
limit of detection up to 440 ppm. Other PGE 
were randomly detected by both methods, at 
concentrations close to their LOD. 

The latest development in this field is 
LAM-ICP-MS, an in-situ multi-element 
technique that was first applied quantitatively 
to minerals at Memorial University of 
Newfoundland (Jackson et al. 1992) and, 
more recently, applied to PGE analyses 
(Ballhaus & Sylvester 2000; Sylvester 200 1 ; 
Cabri et al. 2003) with levels of detection in 
the 1 0s of ppb for all PGE+Au. 

2.3 Mass balance of PGE 

There are very few examples of a quantitative 
mass balance for PGE in the literature (Cabri 
1994), but some attempts have been made (Li 
et al. 1993; Cabri et al. 2002; Huminicki et al. 
submitted). 

However, these studies focused on getting 
average PGE concentrations in the major 
sulfide minerals and obtaining the 
contribution from PGM by difference. This is 
a perfectly acceptable approach for a mass 
balance that groups all the PGM together, but 
a detailed process mineralogy study needs to 
also define the nature of the PGM 
distribution, the PGM mineral associations, 
and their grain sizes. 

3. SOME NEW DEVELOPMENTS 

3.1 Hydroseparation 

including fine-grained size fractions (-45 
pm). This concentration method produces 
representative "heavy-mineral concentrates" 
after settling following Stokes' law in a 
carefully controlled upward pulsating water 
flow to simulate the swash action of waves 
on natural beach placers (Hughes et al., 
2000). Because natural placers usually 
contain relatively pure, well-sorted heavy- 
mineral concentrates, they are separated from 
larger, less dense particles that would have 
similar Stokes' settling velocities. The swash 
action limits the settling of larger, less dense 
particles, but also allows smaller, denser 
particles to settle unhindered. In addition, the 
efficiency of separation is enhanced by the 
effect of repeatedly reworking the settled 
particles. 

We have used this technique for studies of 
many PGE-bearing samples with very 
effective results because of the large number 
of PGM particles concentrated, which 
provides statistically good mineralogical 
information. For example, 241 precious metal 
particles were concentrated fkom a 
representative 850g-sample with < l  g/t 
Pt+Pd+Au from the Entwine intrusion, 
Ontario, Canada (Cabri, 2004). 

In another study of a sample from the 
Mesamax Northwest deposit, Quebec, over 
2000 PGM particles were concentrated but 
using only a third of the particles still 
provides very realistic size distribution data 
(Fig. l). 

Hydroseparation (HS) is a novel 
concentration technique that has recently 
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Figure 1. Histogram showing grain size distribution 

for PGM+(Au,Ag) particles plotted at 5 pm intervals 

by numbers, as well as by vol.% and wt%. 

Obtaining a large number of particles also 
gives a realistic understanding of PGM 
mineral associations at the grind used to 
crush a sample and the PGM species 
distribution (Figs. 2, 3). 

r- PGM acsocl.tions by Vol.% (Sulphlda W) 
1339 paftkks 

Figure 2. PGM associations from layered intrusion 

Sulphide on mq(or PGU groups 
Relative Vol.% (l339 putfden) 

Figure: 3. PGM distribution from a layered intrusion 

Study of heavy mineral concentrates from 
two ore types from the Cu-Ni Ioko-Doviren 
layered massif, northern Baikal region, 
obtained with the earlier HS-01 model 
showed contrasting PGE distributions 
(Orsoiev et al. 2003; Rudashevsky et al. 
2003). 

Low sulfide mineralization in anorthosites 
had 0.20% Ni, 0.40% Cu, and (in ppm) Pt 
1.56, Pd 3.20, Rh 0.04, Ru 0.01, Ir 0.09, OS 
0.01, and Au 1.44. Fourteen PGM species 
(dominated by moncheite, potarite, and 
tetraferroplatinum) in 63 particles and 10 
particles of Au-Ag minerals (6 species) were 
obtained by HS, as shown in Figure 4 
(vol.%). Trace Pd analyses of pentlandite 
(0.7wt% based on its composition and Ni 
assays) gave 360 ppm Pd (n=10). It was 
therefore calculated that 79% of the Pd 
occurs in pentlandite. Likewise, the PdPt 
ratio calculated from Pd in pentlandite is 
0.44, which compares well with that 
determined from the vol% of the Pd and Pt 
PGM (0.37) giving confidence in the 
deportment of Pt and Pd. 

Fig. 4. PGM distribution anorthosite mineralization 

The rich Ni-Cu vein ore from the intrusion 
contained (wt.%):Ni 1.81 Cu 0.40 CO 0.095, 
S 17.0; and (ppm): Pt 0.12, Pd 0.73, Ru 
0.007. A total of 59 PGM (5 species, 
dominated by spenylite) and a single particle 
of native Ag were obtained by HS as shown 
in Figure 5 (vol.%). 
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Fig. 5. PGM distribution Ni-Cu sulfide veins 

No Pd was ascribed to solid solution in 
pentlandite or violarite because maucherite 
contains 0.125 wt.% Pd (n=10). It therefore 
can be calculated that only 0.06wt.% 
maucherite will represent - 94% of the Pd. 
This result corresponds with the scarcity of 
Pd PGM compared to Pt PGM, and it is in 
marked contrast to the PGE deportment 
found in the anorthosite mineralization. 

The latest development in HS technology, 
which will be even more effective in process 
mineralogical investigations of PGE samples 
(or other many other ores) replacing the HS- 
02 model is the HS-11 model, which is 
software-controlled (wireless) and permits 
archiving the settings used for a particular 
type of sample. This new approach makes the 
separationlconcentration less operator- 
dependent and permits reproduction of 
successfbl operational parameters; thus 
making the process more efficient and faster 
(Rudashevsky et al. 2005). 

These new standards were produced at 
CANMET and are homogeneous to 5 5% 
RSD, see Table 1. The in-situ capabilities of 
LAM-ICP-MS, achieving analytical spot 
sizes of 1 40 um, make this a very powerfbl 
technique for process mineralogy as well as 
PGE geochemical research. 

Table 1. LAM standard homogeneity* 

3.2 In-situ trace element analyses 

A new development in trace-element 
analyses has been the synthesis and 
application of 7-element sulfide standards for 
LAM-ICP-MS (Cabri et al. 2005a). These 
multi-element standards allow sulfide matrix 
calibration of LAM-ICP-MS data that 
improve analytical accuracy and achieve 
limits of detections in the 10's of ppb for all 
the PGE + Au. (Sylvester et al., this volume). 

Element Mass RSD 
Ru 99 3.40% 
Ru 101 3.48% 
Ru 102 3.70% 
Rh 103 4.45% 
Pd 105 2.37% 
Pd 106 2.59% 
Pd 108 2.67% 
OS 188 5.16% 
OS 189 5.49% 
Ir 191 4.15% 
Ir 193 4.21% 
Pt 194 5.22% 
Pt 195 4.98% 

"Preliminary results based on three pieces, 14 
analyses each. 

Figures 6a and 6b display several typical 
cps versus time LAM-ICP-MS signals. The 
time resolved nature of the signal enables the 
analyst to monitor for elemental zoning and 
inclusions in the material being analyzed. 

l 0  4 l 

l 0 10 20 30 40 50 60 70 80 

Time (seconds) 

1 r + ~  -.-Fa102 -Rh103 -4tPdlOB -H93  -~ t195]  1 

Figure 6a. LAM depth profile of pentlandite 



Figure 6a displays a time resolved analyses 
in pentlandite. 

Figure 6b displays a time resolved analyses 
of chalcopyrite containing PGE micro 
inclusions. These two examples show the 
ability of LAM-ICP-MS to shed light on the 
nature of the distribution of PGE's in 
sulfides. 

Laser on 
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Figure 6b. LAM depth profile of chalcopyrite 

Whereas SIMS analyses can provide in-situ 
analyses at comparable sensitivities, there are 
two major disadvantages with the technique 
for PGE. The first is that standards are both 
single-element and closely matrix-specific. 
Thus, it takes much longer to obtain 
comparable analyses for all the PGE plus 
gold, which translates into making the 
analyses much more costly. A second 
disadvantage for SIMS analyses is that there 
are very few laboratories with the experience 
and standards to analyze for PGE in minerals, 
whereas many labs are experienced in 
analyses of semiconductor materials. On the 
other hand, there are now many laboratories 
with LAM-ICP-MS capabilities. 

However, SIMS has the advantage in being 
able to produce ion images of trace PGE 
(e.g., Oberthiir et al. 1997; AugC et al. 1999). 

4 COFJCLUSIONS 

The combination of hydroseparation to 
concentrate PGM and LAM-ICP-MS to 

obtain trace element data at ppb levels to 
determine the PGE distribution held in solid 
solution will result in rapid progress in 
quantitative process mineralogy, especially 
when combined with SEM-based image 
analysis (e.g., Lastra et al. 1998). 

This approach will facilitate assessment of 
new deposits, as well as to make process 
improvements to current operating mines 
achievable through a thorough understanding 
of the mineralogy. 

On the scientific front, use of the 
hydroseparation technique has already led to 
the discovery and characterization of several 
new PGM, some of which have been 
approved by the IMA-CNMMN. Four of 
these new PGM are skaergaardite, PdCu 
(Rudashevsky et al. 2004), naldrettite, Pd2Sb 
(Cabri et al. 2005b), ungavaite, Pd4Sb3, 
which is the Pd analog of genkinite 
(McDonald et al. 2005a), and nielsenite, 
PdCy (McDonald et al. 2005b). 

Likewise, LAM-ICP-MS has already been 
used in determining partition coefficients for 
Cu, Ni, Au, and PGE between monosulfide 
solid solution and sulfide melt under 
controlled oxygen and sulfbr fbgacities 
(Mungall et al. 2005) and studying trace PGE 
in the Kelly Lake deposit (Huminicki et al. 
2005), in addition to several other studies, for 
which preliminary results will be presented at 
this conference. 
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INTRODUCTION different mining areas of the world, fkom 
which it is seen that, with the exception of Pd 

The principal types of PGE deposits are 
at Noril'sk, the deposits discussed here 

summarized in Table 1, along with examples. 
account for the major part of the worlds 

Table 1 Types of PGE Concentrations resources of Pt, Pd and Rh. 

PGE-rich zones associated with Ni- 
Cu deposits - Noril'sk, Sudbury 

Stratiform layers of PGE-rich sulfides 
in layered intrusions 

(a)near changes in magma type - 
Merensky&J-M Reefs, UG-2 

@)in fractionatedparts of intrusions - 
Skaergaard, Sonju Lake 

Strata-bound zones of PGE-rich 
sulfide near margins of layered 
intrusions - Platreef, Portimo, River 
Valley 

Associated with chromitite zones 
without sulfides - Bushveld Lower 
Zone chromitites, Ophiolite 
occurrences 

Associated with irregular zones of 
remelting within intrusions - Lac des 
Iles 

6. Hydrothermally remobilized - Duluth, 
Bushveld Dunite Pipes 

7. Associated with recrystallised 
chromite schlieren - Nizhny Tagil 

8. Black Shales - Suhkoi Log 

This review is concerned with PGE- 
dominant deposits (i.e. excluding those at 
Noril'sk, Sudbury and similar examples 
elsewhere) related to mafic/ultramafic 
igneous magmatism (i.e. excluding deposits 
associated with black shales). Figure l shows 
the distribution of PGE resources from 

Bushveld 1 L 52% 
L 1 

Bushveld 
L 75% , 

Bushveld 
L 82% A 

7 - 
Figure 1 Ni, Pt, Pd and Rh resources of 
major mining areas of the world (after 
Naldrett, 2004) 

Given that any classification scheme 
should be useful in exploration and that 
identification of prospective bodies of 
igneous rock is an early step in PGE 
exploration, it is logical to group PGE 
deposits initially in terms of their petrological 
association. However, several different styles 
of deposit are often associated with a single 
intrusion, so that it is necessary to consider 
integrate the deposit types listed in Table 1 
with a petrologic grouping. It has become 



apparent (Iligna, 1994; Miller and Andersen, 
2002; lllapieti and Lahtinen; 2002), that the 
largest PGE deposits of the world occur in 
intrusions [Bushveld Igneous; Stillwater 
Igneous Complex] that are characterised by a 
high proportion of an early magma with a 
distinctive Alz03-poor and MgO-, Cr- and yet 
Si02-rich (U-type) composition, which was 
followed in the same intrusion by one with a 
more typical tholeiitic composition (T-type). 
Many of the PGE concentrations occur at 
levels nn the intrusions at which there is trace 
element and isotopic evidence of variable 
degrees of mixing of these two magma types. 
Differences in estimated compositions for 
these two magma types are illustrated in 
Figure 2. The relationship between the 
change: in magma type and the occurrence of 
PGE tleposits in the Bushveld complex is 
shown in Figure 3. 

Figure 2. Cr contents and relative 
propel-tions of MgO, Si02 and A1203 of best 
estimates of the two magmas involved in the 
Bushveld, Stillwater and Portimo intrusions. 
Data from Barnes and Maier (2002), Helz 
(1985:) and Iljina (1994). 

In sorne cases (Association 2) PGE deposits 
occur in intrusions that have resulted from T- 
type magma with no evidence of an early U- 

type. Examples include the Keweenawan 
intrusions of the Lake Superior area including 
the Sonju Lake intrusion within the Duluth 
Complex and the Coldwell intrusion (Banie 
et al., 2002), the Cap Edvard Holm and 
Skaergaard intrusions of East Greenland, and 
the Lac des Iles deposit in Canada. 

Calc-alkaline magmatism (Association 3) 
is known to host PGE concentrations. 
Examples include intrusions of the Platinum 
Belt in the Ural mountains of Russia, where 
at both the Volkovsky deposit and the 
Baronskoye prospect PGE are concentrated 
in zones rich in titaniferous magnetite, apatite 
and Cu sulfides. 

A fourth association is the distinctive, 
dominantly ultramafic intrusions that are 
commonly referred to as the Ural-Alaskan 
type (Johan, 2002). The nature of the magma 
from which these bodies have formed is still 
not clearly defined, but it certainly had an 
alkaline affinity. These intrusions are the 
source of the most important of the world's 
Pt placers, [Soleviev Hills, Urals; Kondyor 
massif, Eastern Siberia (Malich, 1999); and 
the Seynav-Galmoznav massif, Koryakia, 
Russia (Batanova and Astrakhantzev, 1992; 
Vidik at al., 1999, Nazimova and Zaytsev 
2004)l. 

A fifth association covers mineralization 
associated with carbonatite-bearing 
mafic/ultramafic intrusions that are clearly 
alkaline in composition. An example is the 
Early Triassic Guli intrusion in the northern 
part of the Siberian platform that is the source 
of OS-Ir placers (Malich, 1999). The placers 
are not economic, but they are important 
because they constitute the only significant 
concentration of 0s-Ir minerals in placers, 
and are exploited on a small scale by local 
prospectors. 



m T*VP@ magma 
Mixed T&U-type 

Figure 3. Magma types responsible for cumulus rocks of the Bushveld Complex, based an Sr 
isotope ratios. Modified after Kruger et al. (2004) 

DISCUSSION OF ASSOCIATIONS 

Association 1 

In the Bushveld Complex, the lowest 
stratiform concentration of PGE-enriched 
sulfides is that of the MG-3 chromitite, 
followed by the UG-l and UG-2 chromitites, 
the Pseudo Reef and lastly the Merensy Reef. 
These horizons occur within the interval over 
which petrologic, isotopic and geochemical 
data indicate the periodic introduction of 
new magma into the chamber, melted roof 
rocks in the case of the chromitites (Kinnaird, 
2004) and T-type magma in the case of the 
Meresnky Reef (Figure 3). In the Stillwater 
complex, The J-M Reef lies 400 m 
stratigraphically above the level at which T- 
type magma was first introduced, in a 
sequence of rocks characterised by frequent 
small influxes of such magma (Zientek, 

1983; Todd et al., 1982; Helz, 1985). The 
principal PGE reefs in the Finnish intrusions 
(S-J Reef at Pennikat, S-K Reef at Portimo) 
lie at the base of the first cyclic unit in which 
T-type magma was first involved (Iljina, 
1994; Alapieti and Lahtinen, 2002). 

The genesis of these "classic" PGE reefs 
has generated much controversy. Magma 
mixing leading to sulfide immiscibility in a 
high "R factor" environment has long been a 
favourite hypothesis (Campbell et al., 1983), 
but calculations based on the programme 
"Melts" (Ghiorso and Sack, 1995), coupled 
with assumed models for sulfur solubility, 
has raised doubts as to whether sulfide 
immiscibility will ensue in this way 
(Cawthorn et al., 2002, Li et al., 2001). 
Aspects of the host rocks to many PGE-reefs, 
excluding those related to chromitites, are 
summarized in Table 2. 



TABLE 2 A comparison of aspects of stratiform PGE Mineralisation not associated with 
chromitite layers 

Finnish Intrusions 1 

Bushveld 
Merenslcy Reef 

Pegmatoid 
in vicinity 

Significant 
BMS 
present 

Reversals in 
cryptic variation 
(andlor modal 

Chromite 
present 

Deposit 

Penikat 

*NU = Not ubiquitous; **ES = Extremely subtle 

Type of cumulate related to 
mineralisation 

Ortho- 
cumulus 

Host 

Stillwater 

Skaergaard, 
Platinova Reefs 
Kap Edvard Holm, 
Willow Ridge Reef 

It is seen that overwhelming characteristics of 
the "chassic" reefs are their occurrence in or 
close to orthocumulates that are associated 
with reversals in cryptic variation or modal 
cyclicity (also, in some cases, associated with 
magma quenching). When one couples these 
obsenations with the occurrence of these 
particular reefs close to levels at which the 
introduction of a second magma type has 
been documented, it is difficult to rule out 
magma mixing as a major factor in their 
development. 

Yes 

S-J Reef 

AP I and AP 11 Reefs 
PV Reef 

In both the Bushveld Complex, and the 
Finnish intrusions, stratabound (but not 
stratiform, i.e. type 3 in Table 1) 
mineralisation occurs in marginal rocks (e.g. 
the Platreef of the Bushveld, and Kontijarvi 
and Ahmavara bodies of the Portimo 
Complex) that are equated with the 
introduction of T-type magma into an 
intrusion that previously had developed 
largely from U-type magma. Naldrett (2004) 
has proposed that upon injection of T-type 
magma, this mixed with U-type magma 

Meso- 
cumulus 

J-M Reef 
Picket Pin 

Yes 

No 
No 

Host 

Adcu- 
mulus 

Forms 
Base 

cyclicity 

Rare 
No 

Portimo 

Great Dyke of Zimbabwe 

Yes 

Host 
Host 

NU* 

Yes 
Yes 

Forms 
Base 
Host 

Host 

Host 

SK Reef' 
RKReef 

Host 

Main Sulfide Zone I I Host 

Yes 
Yes Forms 

cap 

Host 

Host 

I No I Yes 1 No I ES** 

Yes 

Yes 

No 
Yes 

? 
Host 

No 

No 

Yes 

Yes 
No 

Yes 

No 
Yes 

Duluth Complex 

Lower Sulfide Zone I I Host 

Yes 
No 

? 

Sonju Lake 

No 

No 

1 No I Yes I No I ES** 

No 
No 

East Greenland 
I Host 

No 

No 

I No I Yes I No I No 

No 

Yes 

Low 
No 

Yes 
Yes 

Yes 
No 



already in the intrusion and led to the 
precipitation of PGE-rich sulfide, some of 
which was swept out along the margins as the 
overall volume of the intusion increased. 

Discordant, olivine-rich, pipe-like bodies 
in the Upper Critical Zone of the Bushveld 
Complex contain very high concentrations of 
Pt, but are now largely mined out and 
quantitatively were never very significant in 
terms of the overall PGE resources. Their 
origin is ascribed to the injection of late-stage 
magmatic fluids (Scoon and Mitchell, 2004)), 
although they are associated with 
metasomatism of the enclosing igneous 
rocks. 

Association 2 

Miller and Andersen (2002) have drawn 
attention to the contrast between PGE reefs 
such as the Platinova reef of the Skaergaard 
and the PGE-enriched horizon in the Sonju 
Lake intrusion, Duluth Complex and what 
they define as "classic" reefs of the Merensky 
type, pointing out that the former occur in the 
fractionated portions of intrusions that are the 
consequence of closed system differentiation 
of T-type magma. They attribute PGE 
concentration to the build-up of s u l k  in the 
magma as a result of crystal fractionation, 
perhaps aided by periodic pressure release. 

The Lac des Iles intrusion (Lavigne, M.J. 
and Michaud, M.J., 2001) contains a very 
different, discordant style of mineralisation 
associated with rocks of this association. 
PGE (principally Pd, Pd/Pt about 10) occur in 
an igneous breccia and associated mafic 
rocks that is the consequence of the remelting 
of the gabbroic portion of a mafic/ultramafic 
layered complex (Naldrett, 2004). 

Association 3 

An example of this association is 
located in the northeastern part of the 

Volkovsky gabbro massif in the Urals 
Platinum Belt (Naldrett, 2004). The 
deposit consists of as many as 200 lenses 
of titaniferous magnetite, apatite and 
copper sulfides. Copper provides the 
principal economic product and over the 
past 100 years 2x10~ tonnes of copper 
metal have been recovered. Fe, V, Ti, and 
P have been recovered as by-products, 
along with Au, Ag, Pd, Se and Te from 
some parts of the deposit. The ore bodies 
as a whole grade 0.1 1-0.18 glt Pd+Pt with 
a Pd/Pt ratio of about 50. The PGE follow 
the Cu sulfides and are more concentrated 
in the upper part of the ore zones which 
grade from 0.3- 1.0 to 5- 10 glt. The nearby 
Baronskoye deposit comprises Pd-Au 
mineralisation, along with titaniferous 
magnetite and apatite located in a 
brecciated and sheared zone in pyroxenitic 
rocks within the same complex. Grades of 
up to 33 glt Au up to 23.52 glt, and Pt up 
to 0.5 glt have been obtained from surface 
samples, and an intersection of 10 m 
averaging 3.65 glt (Pd+Au+Pt) was 
obtained from drilling (Anderson and 
Schaffalitzky, 2004). It is likely that the 
Baronskoye deposit is the consequence of 
hydrothermal remobilisation of igneous 
mineralisation of the Volkovsky type. 

Association 4 

PGE production from intrusions of this 
association, which are commonly referred to 
as "Alaskan" or "Ural-Alaskan" type, has 
been derived almost exclusively from placer 
deposits in the valleys of associated rivers 
although some in situ underground mining 
has occurred in the Nizhny Tagil intrusion in 
the Urals. Placer production from the Urals is 
now insignificant, but production at a rate of 
3 tonneslyear is taking place in rivers 
draining the Kondyur massif in Eastern 
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Figure 4 Simplified model of a layered intrusion showing the types of PGE deposits and their 
likely location within the intrusion. From Naldrett (2004) 

Siberia and at 6 tonneslyear at Galmoenansky which the principal examples are carbonatite- 
in Nort hem Kamchatka. bearing alkaline-ultramafic intrusions in the 

At both Nizhny Tagil, and in the Guli Complex in Northern Siberia (Malich, 
Galrnoenansky massif, the source rocks for 1999). The economic potential of this 
the placers comprise coarse grained, particular occurrence is unknown at present. 
crystaloblastic dunite, that is the result of the 
recrystallisation of dunite forming the cores SUMMARY 
of the concentrically zoned dunite- 
c1inop;yroxenite bodies. Chromite, which is 
normaIly present as a fine grained 
dissemination in unrecrystallised dunite, 
forms schlieren, highly enriched in Pt and Ir, 
in the recrystallised areas. An assessment of 
the potential for bulk, open cast mining has 
revealed that grades are in the 0.2-0.4 g/t 
region (too low for economic exploitation) at 

All of the deposit types discussed here are 
associated with igneous intrusions. Figure 4 
is a summary in which all types are fitted into 
the simple model of a single layered 
intrusion. It should be appreciated that the 
figure is a simplification, and that no single 
intrusion would contain all of the types of 
deposit shown. 

Nizhny Tagil, but zones of several hundred to 
several 1000's of m* have been outlined in 
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ABSTRACT. Laser ablation - inductively coupled plasma mass spectrometry (LA-ICPMS), 
is a microbeam method ideally suited for the analysis of platinum-group elements (PGEs) and 
gold in materials of geologic interest. It has low quantification limits (less than a few tens of 
ppb) and high sample throughputs, requiring only about 2 minutes per analysis. The main 
impediment to the development of this application of the LA-ICPMS method has been the 
lack of well-characterized, homogeneous standard reference materials (SRMs) for the PGE 
and Au, and a poor understanding of the extent of matrix effects between silicates, metal and 
sulfides. We have synthesized a fused pyrrhotite material (61.9% Fe, 38.6% S) containing 
-30 ppim of each PGE and Au, and homogeneous to better than 7% for each metal on the 
typical scale of laser sampling (-50 microns). The material, referred to as Po41, is an 
excellent SRM for LA-ICPMS analysis of PGEs and Au in sulfides, and will be used to 
evaluate the extent of matrix effects between iron-sulfide, nickel-sulfide and silicate glass 
during laser ablation. Larger quantities of material similar to P041 have been synthesized at 
CANMET and will be available through Memorial University for distribution to LA-ICPMS 
laboratories worldwide later this year. 



l INTRODUCTION 

Laser ablation - inductively coupled plasma 
mass spectrometry (LA-ICPMS), sometimes 
referred to as the laser ablation microprobe 
(LAM), is a well-established microbeam 
method for quantitative trace element 
analysis (Sylvester 2001). An obvious 
application for the LAM method is chemical 
analysis of the platinum-group elements 
(PGEs) and gold, which occur at low- to sub- 
ppm levels in a variety of materials of 
geologic interest including sulfide minerals, 
meteoritic metal and silicate glasses. Because 
these elements have low detection limits by 
ICPMS, but are not easily concentrated and 
stabilized in solutions for aspiration to the 
ICP torch, LAM analysis is preferred. As a 
true microbeam technique, LAM analysis 
also has the capability of providing data on 
the spatial variations of PGE concentration 
within geologic solids of interest. 

The lack of widely available, well- 
calibrated, homogeneous standard reference 
materials (SRMs), has been the primary 
limitation on the general use of LA-ICPMS 
for PGE and Au analysis. The leading SRMs 
for LAM analysis are the 610-617 series of 
NIST synthetic soda-lime silicate glasses, 
spiked with some 61 trace elements including 
Au. However these glasses are not ideal 
LAM standards for the PGE. They are nearly 
devoid of Ir, Ru and OS, and contain only -1 
to 3 ppm of each of Rh, Pd and Pt, whereas 
tens of ppm are preferred for counting 
statistics. Rh, Pd and Pt were added 
unintentionally as contaminants during glass 
synthesis, and are present in anomalously low 
concentrations in various small domains 
throughout the wafers (Sylvester & Eggins 
1997). Another problem is that large 
interference corrections (>40%) are required 
for Cd on '06pd a d  lo8pd in the 6 1016 1 1 and 

6121613 glasses. Finally, it is not clear that 
silicate glasses are appropriate standards for 
sulfides and metals, given the differences in 
ablation behavior of these materials 
(Sylvester 200 1). 

A few PGE*Au-bearing sulfide SRMs have 
been synthesized specifically for sulfide 
mineral analysis but none has yet found 
general use in LA-ICPMS labs worldwide. 
Ballhaus & Sylvester (2000) produced 
polycrystalline Fel-,S sinters, each spiked 
with - 5-10 ppm-levels of a single PGE or 
Au but the material is almost entirely 
depleted as only small quantities were 
produced. As well, single-element SRMS are 
very time-consuming to use for multi-element 
calibrations. The USGS produced a Fe-Cu- 
Zn-S pressed powder pellet, MASS-1 
(previously PS- l), that is generally available 
and contains 50-ppm nominal concentrations 
of Ir, Pt and Au (Wilson et al. 2002). 
Unfortunately Au in MASS-1 is somewhat 
heterogeneous, and the percent level Cu and 
Zn in the matrix produce substantial argide 
interferences on the Rh and Pd analytes. I. 
Horn and S.E. Jackson (unpublished) 
produced two PGE- and Au-bearing NiS fire 
assay beads, PGE-A and -B, at Memorial 
University some years ago. PGE-A has been 
used as a SRM in several studies (e.g., Alard 
et al. 2000; Aulbach et al. 2004). 

This study reports the synthesis, calibration 
and analytical performance of a fused 
pyrrhotite SRM referred to as P041 and 
containing all six PGE and Au. It follows on 
from Cabri et al. (2003), who produced single 
element synthetic fused pyrrhotite reference 
materials for Pd, Rh and Ru by similar 
experimental methods. The broader goal of 
the current work is to scale up the synthesis 
to produce larger amounts of a large number 
of SRM disks for general use in the LA- 
ICPMS community. 



2 EXPERIMENTAL 

2.1 Synthesis of P041 

P041 was generated from a mixture of 
PGE-free FeS, and FeS spiked with O.lwt.% 
of each PGE and Au (from high purity single- 
metal powders). The starting FeS contained 
-37.4 wt.% S and was synthesized from iron 
foil (Puratronic, 99.995%) and sulfur pieces 
(Puratronic, 99.999%). After preheating until 
complete visual disappearance of elemental 
sulfur, the mixture was loaded in evacuated 
double silica glass tubes and melted at 
1220°C for 1.5 hours in a vertical furnace. 
The molten charge was quenched in a cold 
salt water bath, annealed at 1050°C for 7 
days, quenched in water again, and ground 
very thoroughly in acetone. The mixture was 
melted fbr a second time at 1220°C for 1 
hour, annealed at 1090°C for 2 weeks, and 
annealed1 again at 1020°C for 1 week, with 
the charge quenched in water after each 
heating. The synthesized pyrrhotite was 
mounted. in polished sections and examined 
optically under high magnification (Figure 1). 
No phase separation was apparent. 

Figure 1. 
mount. The 
direction. 

Photomicrograph of p04 1 polished 
chip is about 4 mm in the long axis 

2.2 Calibration of P041 composition 

The major element composition of P041 is 
61.93*0.25% Fe and 38.65*0.19% S (n= 25), 
based on EPMA. PGE and Au concentrations 
were determined by solution-ICPMS 
methods. Five aliquots of approximately 50 
mg chips of P041 were dissolved in aqua 
regia in separate screw-top Teflon containers 
on a 80°C hotplate for 24 to 48 hours. Each 
of the dissolutions were evaporated and 
redissolved in 60 g of a dilute (0.2N) HCL- 
HN03 acid mixture for ICPMS analysis. For 
matrix-matched calibration standards, 
dissolved solution aliquots of a PGE-poor, 
unoxidized pyrrhotite concentrate (CANMET 
SRM RTS-4) were spiked with known 
amounts of PGE and Au solutions. Analysis 
for PGEs, Au, metals producing potential 
interferences (CO, Ni, Cu, Zn, Hf), and 
internal standard elements (T1 and In) were 
acquired in the P04 1 unknowns, procedural 
and instrumental blanks, and calibration 
solutions on a HP 4500 ICPMS at Memorial 
University. Each of the five dissolution 
aliquots was re-analyzed on 3-4 different 
days. 

Table 1. Trace element concentrations in P04 1 
Mean and relative standard deviation of replicate 
analyses of five separate dissolutions excluding 
anomalously low OS results in dissolved aliquot #4. 

Analyte ppm (+I-) RSD 
Ru-99 32.44 1.53 5% 
Ru-101 32.56 1.49 5% 
Ru- 102 32.15 1.40 4% 
Rh- 103 29.49 0.58 2% 
Pd- 105 36.07 0.95 3% 
Pd-106 35.77 0.80 2% 
Pd-108 36.02 0.78 2% 
OS- 188 29.39 0.46 2% 
OS-1 89 29.35 0.49 2% 
Ir-191 34.69 0.80 2% 
Ir- 193 34.67 0.70 2% 
Pt- 194 34.69 1.37 4% 
Pt- 195 34.57 1.46 4% 
Au- l97 34.58 1.73 5% 



Data were reduced and concentrations Replicate LAM analyses of P041 show 
calculated offline utilizing an in-house within-run precisions of typically 3-7% for 
written spreadsheet. Results are shown in each PGE and Au on 50-pm diameter spots. 
Table 1. 

The working calibration values in ppm for 3 DISCUSSION 
P041 are Ru=32.4; Rh=29.5; Pd=36.0; 
Os=29.4; Ir=34.7; Pt=34.6; Au=34.6. Except 
in one dissolved aliquot, results for OS are 
remarkably consistent, suggesting (somewhat 
surprisingly) that significant amounts of 
osmium were not lost as volatile Os04 during 
heating and evaporation. 

2.3 Microbeam-scale homogeneity of P o l l  

The homogeneity of PGE distributions in 
P041 was assessed by direct ion imaging and 
imaging depth profiling using a Cameca 
IMS-4f SIMS instrument at CANMET. Each 
PGE exhibits homogeneous distributions over 
-60 pm diameter analysis areas; depth 
profiles for Pt were similarly uniform (Figure 
2). In comparison, ion images and depth 
profiles for PGE in the Horn and Jackson 
PGE-A NiS fire assay bead revealed 
"streaky" zones and "blotchy" spots of Pt 
enrichment and depletion. 

P041 is an ideal standard reference material 
for LA-ICPMS analyses of PGE and gold in 
sulfides. It possesses nominal PGE and Au 
concentrations of -30 ppm each, which 
provide substantial response signals for 
precise calibration but not so large that 
instrumental memory effects are significant. 
It is homogeneous to better than 7% on the 
scale of laser sampling. 

The P041 material may be used to evaluate 
and document the extent of matrix effects in 
LA-ICPMS by analysis against PGE-bearing 
materials with different physical character 
such as the MASS-l pressed powder sulfide 
pellet, and different bulk composition such as 
the NiS fire assay pellet PGE-A and the NIST 
6 10 silicate glass. Preliminary data suggest 
that there are large discrepancies for Pt and 
Au when NIST 610 is used as the calibration 
standard for P04 1, consistent with significant 
matrix effects between these materials. 

The methods used to produce P041 are 
being scaled up by J.H.G. Laflamme to 
produce a large number of similar PGE- and 
Au-bearing synthetic pyrrhotite wafers for 
distribution sale to the geologic community 
through Memorial University. It is hoped that 
the Laflamme SRMs will be available later 
this year. 
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Classification of the Fennoscandian early Palaeoproterozoic 
(2.5-2.4 Ga) layered intrusions and related PGE deposits 
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ABSTRACT. Approximately two dozen early Palaeoproterozoic layered intrusions are found 
scattered in a zone across the Fennoscandian Shield between latitudes 65.5 " and 69S0, i.e. on 
both sides of the Arctic Circle, in Sweden, Finland and Russia. These intrusions may be 
divided into three types: (i) ultramafic-mafic type, (ii) mafic type and (iii) intermediate 
'megacyclic' type on the base of their layered series. The PGE occurrences within these 
intrusions are represented by (i) disseminated and massive base metal sulphide - PGE deposits 
associated with the marginal series, (ii) PGE offset mineralization, (iii) base metal sulphide- 
bearing PGE reefs in the layered series, (iv) sulphide-poor PGE reefs in the layered series, (v) 
disseminated base metal sulphide - PGE deposits associated with microgabbronorites within 
the layered series, and (vi) PGE enrichments associated with the upper chromitites. 

l EARLY PALAEOPROTEROZOIC 
LAYERED INTRUSIONS IN THE 
FENNOSCANDIAN SHIELD 

Early Palaeoproterozoic (2.5-2.4 Ga) 
layered intrusions and intrusion fragments are 
widespread over a vast area of the 
northeastern Fennoscandian Shield in 
Sweden, Finland and Russia (Fig. l); an area 
amounting to about 600 - 900 km2. Many of 
these intrusions are known to have 
anomalous zones enriched in platinum-group 
elements (Alapieti and Lahtinen 2002).The 
southernrnost group of intrusions forms a 
discontinuous belt from west to east named 
the Tornio-Narankavaara Belt, beginning 
with the Tornio Intrusion, the western part of 

which is known in Sweden as the Kukkola 
Intrusion, and continuing with the Kemi and 
Penikat Intrusions and the scattered remnants 
of the Portimo and Koillismaa Complexes. 
Another belt trends in a southeasterly 
direction through Finnish Lapland into 
Russia, and includes the Tsohkkoaivi, 
Koitelainen and Akanvaara Intrusions in 
Lapland and the Oulanka (also transliterated 
Olanga) Complex on the Russian side of the 
border. In addition, Fennoscandia's largest 
layered intrusion, the Burakovo (or 
Burakovsky) Intrusion in Russian Karelia, 
may be regarded as a continuation of this 
belt. The layered intrusions on the Kola 
Peninsula include Mt. Generalskaya or 



Luostari (Monastery), according to its former 
Finnish name and Karikjavr in the 
northwestern part of the Kola Peninsula, the 
Monchegorsk and Monche Tundra Intrusions, 
the Imalndra Lopolith, and the Fedorova 
Tundra, Lastjavr and Pana Tundra (also 
known as Pansky Tundra) Intrusions in the 
central part of the Kola Peninsula. 

Figure 1 .  Generalized geological map of the 
northeastern part of the Fennoscandian Shield 
showing the locations of the most important 
Palaeopiroterozoic layered intrusions. 
Modified from Alapieti et al. (1990). 

These layered intrusions may be roughly 
divided into three types: (i) ultramafic-mafic 
type, (ii) mafic type and (iii) intermediate 
'megacyclic' type, which are described as 
follows: (i) The layered series of the 
ultramafic-mafic type has a thick ultramafic 
lower part overlain by mafic and anorthositic 
cumulates, as in the Bushveld and Stillwater 
complexes. The Tornio, Kemi, Ngirankavaara, 
Kivakka, Monchegorsk and Burakovo 

Intrusions represent this type. (ii) By contrast, 
the layered series of the mafic type has quite 
a thin ultramafic lower part relative to a thick 
sequence of plagioclase-rich cumulates, or in 
some cases the ultramafic cumulates can even 
be totally absent in layered series. This type 
includes the western Koillismaa Complex, 
the Koitelainen and Akanvaara Intrusions and 
the Fedorova Tundra - Pana Tundra 
Complex. (iii) The layered series of the 
'megacyclic' type of intrusion is composed of 
distinct megacyclic units which themselves 
have ultramafic lower parts and gabbroic and 
anorthositic upper parts. These megacyclic 
units differ in composition within a given 
intrusion, the uppermost ones usually being 
distinctly poorer in Mg and Cr than the lower 
ones. Examples of this type are the Penikat 
Intrusion and the Portimo Complex. 

These three types of intrusions must have 
crystallized from different parental magmas. 
The ultramafic-mafic type and the lowermost 
megacyclic units of the 'megacyclic' type 
have most probably crystallized from quite a 
primitive magma, which is characterized by 
relatively high MgO and Cr concentrations 
with intermediate SiO2 and low Ti02. In 
addition, the Pd content was probably 
relatively high (-30-40 ppb), as indicated by 
certain dyke swarms (Alapieti et al. 1990). 
On the other hand, the magma that went to 
form the upper megacyclic units of the 
'megacyclic' type would usually have been 
of a more evolved nature. Similarly the 
intrusions of the mafic type would seem to 
have crystallized from a relatively evolved 
magma, which was already fractionated in the 
lower crustal chambers, as in the connecting 
dyke of the Koillismaa Complex. 



2 PLATINUM-GROUP ELEMENT 
MINERALIZATION 

The Fennoscandian early 
Palaeoproterozoic layered intrusions host a 
large number of PGE occurrences. The ore 
types can be condensed into six groups: (i) 
disseminated and massive base metal 
sulphide - PGE deposits associated with the 
marginal series of the intrusions, (ii) PGE 
offset mineralization, (iii) base metal 
sulphide-bearing PGE reefs in the layered 
series (Merensky Reef type), (iv) sulphide- 
poor PGE reefs in the layered series, (v) 
disseminated base metal sulphide - PGE 
deposits associated with microgabbronorites 
within the layered series, and (vi) PGE 
enrichments associated with the upper 
chromitites. 

(i) Disseminated base metal sulphide - 
PGE deposits are encountered in the marginal 
series of several intrusions, whereas massive 
types have been encountered especially in the 
the Suhanko Block of the Portimo Complex. 
The Ni+Cu concentrations are typically 
below 1 wt. %, while the total PGE+Au 
concentrations rarely exceed l ppm. The ore- 
hosting marginal series are usually highly 
contaminated with sialic material from the 
basement. On the other hand, the weakly 
contaminated marginal series, which contain 
a fine-grained chilled margin at the contact, 
as in the Penikat Intrusion, seem to be devoid 
of this kind of mineralization. One 
exceptional example of mineralization 
associated with a marginal series is found in 
the Konttij8rvi and Ahmavaara Marginal 
Series of the Portimo Complex, where PGE 
concentrations are distinctly higher than are 
usual for the marginal series of layered 
intrusions. The only other well-known PGE- 
rich deposit in a marginal series is the 
Platreef of the Bushveld Complex. (ii) The 
PGE-bearing offset deposits are encountered 

below the Narkaus Marginal Series, the best- 
known deposit being situated in the granitic 
footwall of the KilvenjSirvi Block. This 
mineralization shows high enrichment in 
PGE, with a Pd+Pt content reaching the order 
of 100 ppm. (iii) Base metal sulphide-bearing 
PGE reefs in layered series are represented by 
the AP and PV Reefs in the Penikat Intrusion, 
the SK and RK Reefs in the Portirno 
Complex and several reefs in the Pana 
Tundra Intrusion. The PGE concentrations in 
these reefs are usually several ppm, and the 
thicknesses of reefs can range from some 
decimetres to several metres. (iv) Sulphide- 
poor PGE reefs in layered series resemble the 
base metal sulphide-bearing ones as far as 
their mode of occurrence is concerned. They 
usually form long, continuous PGE-enriched 
zones in which the mineralization type, grade 
and PGE mineralogy can vary markedly. The 
most typical representative of this type is the 
SJ Reef in the Penikat Intrusion. Although 
this reef type is mostly very poor in sulphur, 
disseminated base metal sulphides are 
encountered in places within the reefs, but 
they rarely coincide with PGE. Chromite 
disseminations, on the other hand, are 
common and these parts of the reefs usually 
also show the highest PGE concentrations. In 
many cases considerable amounts of PGM 
are encountered in pure silicate rocks, which 
contain neither base metal sulphides nor 
chromites. (v) Disseminated base metal 
sulphide - PGE deposits associated with 
microgabbronorites within layered series 
have comparable PGE and base metal 
concentrations to the corresponding deposits 
associated with the marginal series of 
intrusions. They have been encountered 
particularly in the Koillismaa and Oulanka 
Complexes, and in the Monchgorsk Intrusion. 
(vi) PGE enrichrnents associated with 'upper 
chromitites' are encountered in the 



Koitelajnen and Akanvaara Intrusions, where 
the total PGE concentrations exceed one ppm 
in many places. These chromitites are located 
at unllsually high stratigraphic levels, 
commonly occurring closer to magnetite 
gabbros than to the lower chromitites. 

The PGE mineralization types associated 
with the marginal series and the footwall 
rocks are usually encountered in association 
with initrusions of the mafic and 'megacyclic' 
types; with one remarkable exception so far 
being the Monchegorsk Intrusion (Dedeev et 
al., 2002), which represents the ultramafic- 
mafic type. On the other hand, 
mineralizations of the reef type are mostly 
found in intrusions of the 'megacyclic' type. 
Despite the fact that the Penikat Intrusion, for 
instance, which is composed of five 
megacyclic units, is as a whole only about 
three kilometres thick, in contrast to the 
Bushveld and Stillwater Complexes, which 
are much thicker, it hosts three notable zones 
that arc: enriched in PGE. Therefore even thin 
intrusions of this type should not be 
underrated. 

The potential for discovering both base 
metal sulphide-bearing and sulphide-poor 
PGE reefs in the layered series of the 
Fennoscandian layered intrusions appears 
fairly good. The sulphur-poor type in 
particular would seem to be worth further 
exploration, although it is very difficult to 
identify, because the occurrence of base 
metal sulphides and the rust on outcrops that 
is attributable to many PGE deposits does not 
generally act as a guide for field geologists. 
In adclition, their PGE concentrations can be 
markedly high, and concentration tests have 
commonly provided positive results. 
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ABSTRACT. Platinum-group element (PGE) reefs formed in sulphur-poor magmatic systems 
differ significantly from the classical reefs of the Bushveld and Stillwater complexes, in part 
because the sulphides are more likely to undergo deuteric and hydrothermal alteration. This 
paper presents numerical modeling of the sulphur fractionation in the sulphur-poor 
Skaergaard intrusion. The results reveal that present day sulphur concentrations are too low to 
explain the occurrence of the Platinova reef. Consequently it is concluded that the sulphides 
underwent significant postmagmatic sulphur-loss through oxidation. This interpretation is 
consistent with the present day sulphide mineral assemblage dominated by bornite, digenite, 
and magnetite. The postmagmatic oxidation could significantly influence the PGE distribution 
in sulphur-poor intrusions by differential mobilisation and reprecipitation of the PGE, Au, and 
Cu. 

1 INTRODUCTION 

Sulphur-poor magmas appear to be 
characteristic for tholeiitic igneous activity of 
certain hot-spots, notably the Palaeogene 
North-Atlantic Igneous Province (Andersen 
et al., 2002). Where the magmas fractionate 
in layered intrusions, the generally low initial 
sulphur concentrations result in only small 
amounts of sulphide minerals forming at late 
stages during the fractionation. This allows 
for extreme fractionation of sulphur, nickel, 
copper, and the platinum-group elements 
(PGE). Such a fractionation causes the 
sulphides to be Ni-poor and dominated by 
Cu-Fe minerals. The PGE reefs commonly 
show stratigraphic separations of the 

individual metals, and are dominated by Pd 
and Au over Ir and Pt. 

Present day mineral assemblages in 
sulphur-poor intrusions typically include 
chalcopyrite, pyrrhotite, bornite, digenite, 
idaite, and magnetite (more rarely with 
covellite, chalcocite, iron hydroxides, and 
native Cu) (e.g., Wager et al., 1957; Dunham 
& Wilkinson, 1985). The scarcity of sulphide 
minerals in these intrusions is likely to render 
them vulnerable to hydrothermal alteration, 
and the Cu-rich assemblages are commonly 
explained in the context of postmagmatic 
oxidation and sulphur-loss from an original 
paragenesis of monosulphide and 
intermediate solid solutions (Cawthorn & 
Meyer, 1993; Maier & Barnes, 1996). 



Oxidation could potentially release the PGE 
causing a fluid mobilisation and redistri- 
bution of the elements (Wood, 1987; 2002). 

This study aims, by the use of numerical 
modeling, to reconstruct the magmatic 
composition of sulphides in the sulphur-poor 
Skaergaard intrusion, East Greenland by 
using well-established constraints on sulphur 
saturation. This will allow for an assessment 
of the magmatic and postmagmatic fi-actio- 
nation of the sulphides. 

2 THE PLATINOVA REEF 

The Platinova Au-Pd reef in the 
Skaergaard intrusion provides the best known 
example of a PGE reef formed in a S-poor 
magmatic system. The reef is perfectly 
stratabound and occurs at a level that shows 
changes in the sulphur concentration and the 
Cu-S ratio. It shows a complex internal 
structure with at least 8 conformable 
mineralised levels. The entire structure shows 
an outward and upward zoning from Pd-rich 
to Au-.rich compositions. The platinum-group 
minerals are intimately associated with 
sulphides (e.g., Andersen et al., 1998; Nielsen 
et al., 2003a; Nielsen et al., 2003b; 
Rudashevsky et al., 2004). 

The stratifonn nature of the reef, the 
generid variations of PGE through the 
intrusion, and the intimate association 
between PGE and sulphides suggest that it 
formed in response to silicate-sulphide liquid 
immiscibility in the Skaergaard magma 
(Andersen et al., 1998). 

3 MASS BALANCE OF CU AND S 

The detailed knowledge of the shape, 
volume, and compositional relations of the 
Skaergaard lithologies (McBirney, 1989; 
Nielsen, 2004) allows for modeling of the 
sulphiur and copper concentrations during 
fiactionation of the magma. These data can 

be evaluated with the current models for 
sulphur saturation in iron-rich mafic magmas 
(Poulson & Ohmoto, 1990) to assess the 
original sulphur concentrations, the extent of 
fractionation, and the composition of 
sulphide liquids. Furthermore, a comparison 
to present day concentrations can be used to 
estimate the extent of postmagmatic sulphur 
loss. The postmagmatic mobility of Cu has 
been assumed to be negligible. 

The mass balance has been calculated 
assuming 5% melanogranophyre fi-actionated 
through the crystallisation of Middle Zone 
and Upper Zone a and b. For simplicity, the 
interstitial liquid has been assumed to amount 
to 15% throughout. Sulphur has been 
assumed to be perfectly incompatible in the 
cumulus minerals, although it will be 
included as a component of the interstitial 
liquid yielding a bulk partition coefficient, fl 
of 0.15. Sulphur saturation, following the 
relation for iron-rich magmas (logXs = -2.0 + 
0.8 logXFeo, Poulson & Ohrnoto, 1990), has 
been assumed to coincide with the 
stratigraphic position of the Platinova reef. 

4 RESULTS 

The mass balance and sulphur solubility 
require initial copper and sulphur 
concentrations of 274 and 890 ppm for the 
parental magma to the Lower Zone a (Fig. 1). 

Copper prior to sulphur saturation matches 
incompatible fractionation with a D" of 0.35 
indicating some incorporation of Cu into 
mafic silicates Oprobably augite). These 
values yield sulphur saturation at around 600 
ppm Cu and 2800 ppm S. Assuming the 
sulphur to originally be balanced to a mixture 
of monosulphide and intermediate 



of the Platinova reef to 17% chalcopyrite and 
83% pyrrhotite in Upper Zone c. 

5 DISCUSSION 

Despite the obvious orthomagmatic 
characteristics, present day sulphur 
concentrations are far too low to support 
saturation at the Platinova reef. It is clear that 
sulphur has been extensively lost at a 
postcumulus or postmagmatic stage. 

The results confirm that the current 
bornite-magnetite mineral assemblage is 
likely to have been derived from a primary 
pyrrhotite-chalcopyrite assemblage through 

o reequilibration and postmagmatic oxidation. 
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~ i ~ .  1. Modeled fiactionation of sulphur in local scale reequilibration of Cu into 

the Skaergaard intrusion. sulphides throughout the Lower and Middle 
Zones with only minimal sulphur loss. In 

solid-solution, the primary sulphides in the contrast, significant sulphur appears to have 
cumulates would amount to around 0.027- been lost from the Upper Zone a and b. The 
0.087 modal % through Lower and Middle different sulphide mineralogy (pyrrhotite, 
Zones and 0.56-1.21 % through Upper Zone marcasite, chalcopyrite, Wager et al., 1957) 
(Fig. 2). of the Upper Zone c can be explained in the 
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Fig. 2. Modeled primary modal abundance of 
sulphide minerals in the Skaergaard intrusion. 

The expected sulphide assemblage evolves 
from 33% chalcopyrite and 66% pyrrhotite at 
the base of Lower Zone a through 26% 
chalcopyrite and 74% pyrrhotite at the level 

context of a sulphur gain. 

6 IMPLICATIONS FOR PGE 
FRACTIONATION IN S-POOR SYSTEMS 

The fractionation of the PGE in sulphur- 
poor intrusions needs to be explained in the 
context of their fill magmatic and 
postmagmatic history. Although PGE reefs 
may be orthomagmatic, the low abundance of 
sulphides is likely to render them very 
vulnerable to deuteric and hydrothermal 
mobilisation. Extensive oxidation and sulphur 
loss is likely to yield a strong hydrothermal 
signature. Sulphide-bearing strata would be 
expected to act as redox barriers to migrating 
fluids. The oxidation process could 
potentially release PGE into deuteric or 
hydrothermal fluids, particularly if the 
elements are hosted by atomic micro-clusters 



or in solid-solution in the sulphides. 
Subsequent reprecipitation in overlying 
sulphide-bearing strata would be expected 
according to the relative solubilities and tran- 
sport behaviour of the individual elements. 

Stratigraphic offsets of Pd, Pt, and Au 
appear to be a consistent feature of PGE reefs 
in sulphur-poor intrusions (cf., Andersen et 
al., 1998; Miller, 1999; Arnason & Bird, 
2000). Although only documented from the 
Skaergaard intrusion, lateral as well as 
stratigraphic zoning could be a widespread 
feature. Although alternative explanations 
exist, these features are consistent with a 
secondary mobilisation during oxidation of 
primary sulphide minerals. 
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ABSTRACT. A mineralogical study has been performed on samples from the Aganozersky 
block of the Burakovsky layered intrusion in Karelia, in order to better constraint the 
characteristics and the location of PGE bearing assemblages. The Main Chromite Horizon is 
characterized by the presence of rare laurite inclusions in chromite crystals. The bottom of the 
Gabbro zone is characterized by a pyrrhotite-pentlandite-chalcopyrite~mac~navite*cubanite 
assemblages included in pyroxene in which PGM were identified. They consist of Pt-As, Pd- 
Te-Bi species mainly included in sulfides or as free grains. 

l SAMPLING chromitite. In the interlayered wehrlite, the 

A mineralogical and geochemical study cumulus phase is represented by remnants of 
has been performed on surficial and drill core se~entinized olivine (Fo86.3-84) and by an 
samples coming from the early Proterozoic intercumulus c l i no~~oxene -o f iho~~oxene  
Burakovski layered intrusion (BLI) in (En79.6-88Fsl l -14)-~hromitefbiotitef ilmenite 

Karelia, the largest one in Europe (Fig. 1). (Fig- 3)- The 
samples, all located in the ~~~~~~~~~k~ composition of olivine evolved between 
block part of the intrusion), F086.3 and Fo84- Magnesian ( X F ~  between 0.06 
were collected in several outcrops and in drill and 0.2) and Ti02-rich (6.48 to 8.6 wt. %) 
core C42-535. The sampling profil, of about biotite crystals are mainly ~bserved around 
150 m in total length, begins in the ~~i~ chmmite crystals. Euhedral chromite crystals 
chromitite ~~~i~~~ (MCH), at the interface are abundant in the intercumulus phase and 
between the lower Ultramafic Zone (UZ) and may formed centimetre thick layers. 
the upper Pyroxenite Zone (PZ), and ends in The PZ was approached 
the Gabbronorite Zone (GZ) divided in two through samples collected in several 
parts, GZ1 and GZ2 separated by the First OUtCrOPS, pyroxenite being absent in the 

Marker Layer (FML). studied drill hole. It is mainly represented by 
clinopyroxenite with an adcumulate texture. 

2 MINERALOGY Clinopyroxenes are dominant and associated 
with orthopyroxene (En78.5-79.5F~18-19.2) (Fig. 

The of the studied is 3) and rare biotite and interstitial plagioclases 
summarized On Fig. 2' The (< m) and rare quartz. Oxides are rare and mainly 
consists of alterning layers of wehrlite and represented by ilmenite. 



1-2: Archean terranes. 
3: Magnetite Gabbronorite. 
4: Pigeonitic Gabbronorite. 
5: Gabbronorite. 
6: Pyroxenite. 
7-8: Ultrabasic Zone. 
9: Border Group. 
10: Main Chromite Horizon. 
1 1 : Faults 

Figure 1 : Geological map of the Burakovsky Layered Intrusion (after Sharkov et al., 1995; Higgins et al, 1997). 

Gabbro from the GZ are composed of titanomagnetite and rare apatite crystals in 
curnuhis clino- and orthopyroxene the more surficial samples. 
76F~1~.9-29.~) in poikilitic plagioclase (Fig. 3). The first marker layer (FML), located at 
Traces of amphibole (Mg-hornblende to 65 m above the MCH, consists of 
actinolite), biotite ( X F ~  = 0.26 to 0.45) and serpenthized cumulus olivine ( F o ~ ~ . ~ - ~ ~ . ~ )  in 
quartz are fi-equently observed. Oxides are 
represented by ilmenite associated with 

. . 

. . . . 
- DSZ 

MGDZ: Magnetitegabbronorite zone - PGZ: Pigeonite-gabbronorite zone - GusZ Gabbro upper subzone 
L GlsZ: Gabbro lower subzone - FML: first marker layer - PZ: Pyroxenite zone - MCH: Main chmmite horizon 

PsZ: Peridotite subzone - DsZ: Dunite subzone 

Figure 2: Stratigraphic sequence and mineralogy of the Burakovsky layered intrusion. 



an intercumulus clinopyroxene- 
(orthopyroxene) * chromite assemblage. 
Chromites are enriched in Fe3+- and host 
euhedral ilmenite inclusions. 

The oxides mineralogy evolved from 
abundant chromite crystals in the MCH 
toward rare ilmenite crystals in the PZ and 
ilmenite-titanomagnetite- (* rutile) in the GZ. 

The Cr/(Cr+Al) and M ~ / ( M ~ + F ~ ~ + )  ratio 
of chromites from the MCH vary from 0.65 
to 0.84 and from 0.17 to 0.45, respectively. 
Those from the FML, show an enrichment in 
Fe3+ (Fig. 4). 

Figure 3: Chemical evolution of the pyroxenes. 

Figure 4: Chemical evolution of chromites. 

associated with titanomagnetite and rutile, 
occurs in the GZ. 

3 MINERALISATION 

3.1 Suljide mineralization 

All the studied samples are characterized 
by a very low content in sulfides never 
exceeding 1 % in volume. In the MCH, they 
consist of rare frequently corroded 
pentlandite grains associated with 
subordinated chalcopyrite and traces of 
pyrrhotite in the clinopyroxene intercumulus 
phase. Most of the PZ samples are free of 
sulfides except one of them, characterized by 
a chalcopyrite-pentlandite-pyrrhotite-pyrite 
assemblage. 

In the GZ, sulfides occur as inclusions 
along the clivages of the pyroxenes. Below 
the FML, the sulfide assemblage consists of 
chalcopyrite-pentlandite and pyrrhotite. 
Cubanite exsolutions are frequent in 
chalcopyrite, whereas mackinavite is 
observed in pentlandite. Traces of 
molybdenite were encountered in one sample. 
Above the first marker layer, pyrite and 
chalcopyrite are dominant, pyrrhotite and 
pentlandite being subordinated. 

3.2 PGE mineralisation 

PGE concentrations are described in the 
MCH, and at the interface between PZ and 
GZ (Sharkov et al., 1995). The MCH is 
characterized by the presence of rare laurite 
(RuS2) crystals (with OS and Ir contents) 
found as inclusions of less than 5 pm in size 
in chromite crystals. 

PGM were identified in gabbro samples 
located just above the MCH. They occur as 
inclusions in sulfides and also as free grains 
in pyroxene (Fig. 5). Preliminary SEM and 
EPMA analysis reveal that PGM consist of 
complex Pt and Pd tellurides and arsenides 
with various contents of Bi, Ag, OS and Rh 
assemblages. 

Rare chromite crystals are present in samples 
from the PZ, whereas ilmenite, locally 



chromitites from the BLI correlate quite well 
with that of the Lower Zone of the Bushveld. 
In contrast, pyroxenite are strongly depleted 
in OS, Ir, Ru and Rh. 

4 PERSPECTIVES 

Further studies will be devoted to the 
understanding of the specific PGE 
enrichment observed at the bottom of the GZ 
and its relationship with the base-metal 
mineralisation. Other specificities such as the 
early appearence of biotite, the systematic 
association of chromite with Ti minerals 
needs to be constrained. 
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Mantle-normalized PGE distribution patterns 
for chromitites fiom the MCH and for 
pyroxenite from the PZ are presented in Fig. 
6, together with data fi-om the Lower Critical 
Zone of the Bushveld. The PGE patterns of 
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ABSTRACT. A method was developed for the precise and accurate measurement of platinum 
group elements (PGE) and Au by inductively coupled plasma mass spectrometry (ICP-MS) 
after pre-concentration by nickel sulfide (NiS) fire-assay and Te-CO-precipitation in 
polymetallic oceanic ferromanganese nodule reference samples prepared by various 
international agencies and some polymetallic nodules and crust samples collected from the 
Indian Ocean. By optimizing several critical parameters, such as flux composition, matrix 
matching calibration, etc., best experimental conditions were established, suitable for the 
routine analysis of manganese nodule samples for PGE and Au. The use of 5N purity nickel 
powder during the fusion process greatly reduced blank values. This improved procedure 
offered extremely lower detection limits in the range of 0.004 to 0.016 nglg. The results 
obtained in this study compare well with previously published results wherever available. 
The manganese nodule and crust samples appear to be of economic significance especially for 
PGE, warranting for detailed exploration studies. 

l .  INTRODUCTION 

The platinum group elements (PGE- Ru, 
Rh, Pd, OS, Ir and Pt) along with Au are 
gaining importance in understanding 
processes such as weathering, diagenesis and 
paleoclimate. Their concentrations in ocean 
floor ferromanganese crust and nodule 
samples provide information on the long-time 
record of changes in bottom water currents 
and the chemistry of the surrounding sea 

water during the past. The distribution of 
platinum, in the ferromanganese crust in 
particular, has gained considerable attention 
after high platinum concentrations, in the 
lower pglg range, had been detected in the 
Central Pacific Ocean crusts. Siddique et a1 
(1978) have reported that manganese nodules 
in the Indian Ocean cover an areas of over 10 
million K.m2 and are next only to Pacific 
Ocean. These rocks appear to be of economic 
significance not only for CO, Ni and Cu but 



also for several other elements especially, 
PGE and gold. Hence, a comprehensive 
understanding of the genesis of the 
ferromanganese crust deposit and associated 
sediments and their economic significance 
requires high quality PGE and Au data in 
addition to the major, minor and trace 
elemems data including REE in a large 
number of samples. 

As new types of samples present new 
challenges in the analysis of these elements, a 
systematic study was undertaken to develop a 
method for the precise determination of PGE 
and Ail in manganese nodule samples by 
NiS-FA with Te-coprecipitation and ICP-MS. 
Some international manganese nodule 
reference samples and manganese nodule and 
crust siznples collected from Central Indian 
Ocean are used to demonstrate the usefulness 
of the imethod and new data of PGE and Au 
were also presented on these samples. 

2. RESULTS AND DISCUSSION 

2.1 Sample homogeneity and purity of 
reagents 

Because of the heterogeneous distribution 
of PGE: and Au in various types of geological 
materials, preconcentration of these elements 
by NiS fire-assay technique is best suited as 
it can handle larger amounts of samples (5- 
50g). The Te-coprecipitation step enhances 
the recovery of PGE and Au and ICP-MS is 
the most sensitive analytical technique. At 
low concentrations, the reagent blank 
becomes the limiting factor as all reagents 
will contribute to the reagent blank. In 
procedures using NiS fire-assay collection, 
the PGE content, especially in nickel powder 
becomes important. It has been observed that 
1aborai.ory grade nickel powder when used in 
NiS fire-assay procedure yielded very high 
blank values affecting the accuracy of the 

whole procedure. High pure nickel powder 
(99.999%, - 100 mesh) obtained from Aldrich 
Chemical Company Inc., provided extremely 
low blank values with extremely low 
detection limits in the range 0.004 to 0.016 

ngk. 

2.2 Internal standardization and calibration 
strategy 

Multiple internal standards (Cd and T1) 
were used to monitor and correct for 
fluctuations in matrix, instrumental drift, 
nebulizer and sampler orifice blockages and 
aerosol transport effects and the effects 
resulting from the presence of large quantity 
of Te in the analytical solution. A near close 
matching of the sample matrix and 
calibration standards was achieved by the 
use of WMG-1 and WMS-1 for calibration 
and linear calibration curves including the 
origin could be constructed from the 
responses obtained for all elements from the 
two calibration standards ( e.g., for Pt in 

0 m 10M 1m m 

-(m 
Figure 1). A minimum of 5g quantities of 
calibration standards have to be used for 
obtaining good calibrations. 

2.3 Accuracy and Precision 

Limited data available for Nod-A-l and 
Nod-P-l and almost negligible data for rest of 
the reference samples makes the accuracy 
assessment exercise extremely difficult. 
However, the values (Table 1) obtained for Pt 



in Nod-A-l and Nod-P-l are comparable (Harris et al., 1968). In the interlaboratory 
with those of 497 ng/g and 101 nglg obtained comparison study, 
by fire-assay spectrograph method 
(Choudhury and Paul, 1983). These values Table 1: Concentrations (ng/g) of PGE and 

are also comparable to those obtained for Au obtained in polymetallic nodule reference 
samples Nis-FA with Te-coprecipitation and 

similar samples by laser ablation-ICP-MS ICP-MS. 
(Schonberg and McMurtry, 1994). However, ~ o d - A -  l  NO^-P- l ~ 0 . 2 3 8 8  
for other elements in N ~ ~ - A -  l and ~ ~ d - p - 1  Element This Litera- This Litera- This Litera- 

study ture study tare study ture 
and for other manganese nodule reference RU 30+3 - 2323 - 2624 - 

Rh samples no such data are available for pd 27+3 - 7+1 - 11+2 - 
9+2 - 8+2 - 8+2 - 

comparison. Therefore, to assess the accuracy OS 421 - s+l - 3+2 - 
Ir of the procedure, CCRMP reference samples 5+2 - 2+1 - 

450+3 453 118+10 123 
(WPR-1, WGB-1) and SARM-7 which have Au 953 - 4+2 - 
certified values for most of the elements, 
were analyzed by adopting exactly the same 
methodology as in the case of manganese 
nodule reference samples. In general, the 
precisions obtained in this study are ~ 1 0 %  
RSD with comparable accuracy. The 
concentrations for Pd, Ir and Au obtained in 
this study are similar to those concentrations 
reported for these elements in a few 
manganese nodules fiom widely varying 
locations and geological environments within 
The Atlantic, Indian and Pacific Oceans 

sample splits of a few ferromanganese crusts 
collected fiom parts of the equatorial Indian 
Ocean floor were analyzed at NGRI, India 
and at the USGS Laboratory in USA, for Pt, 
Pd, Rh, Ir and Au. A reasonably close 
agreement between the results of the two 
laboratories was obtained (Table 2). This 
provides an additional assessment of the 
accuracy of the results obtained in these 
investigations. 

Table 2 : Comparative data (in ng/g) of PGE in a few manganese nodule samples fi-om central 
Indian Ocean by NiS-FA and ICP-MS fiom two different laboratories. 

Au Ir Pd Pt Rh Ru 
Sample USGS NGRI USGS NGRI USGS NGRI USGS NGRI USGS NGRI USGS NGRI 
CC2lADR12 18 21 11 7 13 13 636 580 40 35 17 11 
CC2JADRlO 7 16 6 2 5 13 149 65 13 6 1 6 
CC2lADRll 11 277 6 2 6 13 166 88 13 17 1 8 
CC2lADR18 10 9 10 7 10 13 610 523 33 30 30 25 
CC2lADRl9 13 9 9 7 8 11 568 512 38 35 20 18 
CC2IADR20 14 26 8 5 11 13 673 623 31 28 12 8 
CC2lADR24A 19 13 4 2 4 15 101 80 7 6 12 10 
CC2JADR24B 29 16 5 3 11 11 110 89 9 8 15 12 
CC2lADR26 15 7 3 2 6 12 102 79 6 6 12 8 
CC2lADR27 18 10 10 6 20 11 286 229 23 2 1 31 20 
CC2JADR4 13 3 5 1 8 9 111 36 10 5 15 5 
CCZLDRSB 11 8 5 4 7 11 148 150 13 13 12 10 
CC2lLDRSA 22 22 10 6 13 11 292 223 25 2 1 17 14 

NGRI : NiS fire-assay (1 1 0 0 ~ ~ )  - Te coprecipitation - ICP-MS estimation 
USGS : NiS fire-assay (1200°C) - ICP-MS estimation 



3. CONCLUSIONS 

The development of geoanalytical 
methods, especially for the specialized group 
of elements like PGE and Au with improved 
precisilon and accuracy has been largely 
inspired by the needs of geological and 
geoche:mical problems. The proposed 
calibration procedure using international PGE 
reference samples gave linear calibration 
curves including the origin, illustrating the 
accuracy of the data obtained. This study also 
provides some basic PGE and Au data for the 
reference samples studied. It is hoped that the 
data presented here on international 
manganese nodule reference samples will be 
helpful in generating accurate and precise 
PGE and Au data in ocean floor manganese 
nodules and to understand the processes 
leading to their formation and the enrichment 
of different elements in them and to help in 
constraining paleo-oceanic conditions. The 
significant concentrations of PGE obtained in 
polymetallic nodule and crust samples 
warrant detailed exploration studies. 
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ABSTRACT: The Ferguson Lake Mineral District, Nunavut, Canada is a significant new 
discovery of PGE-gabbro -hosted mineralization. The main style of PGE -enrichment is 
found in a continuous sheet-like massive pyrrhotite lens(es) which has been drilled over 5km 
of strike length. In a zone 30 meters or more below the base of the sulphide body a Low- 
Sulphide (LS)-PGE rich style of gabbro-hosted deposit has been identified over one kilometer 
in strike . Both styles show a Bi+Te association but the LS zone often contains bonanza 
grades and is Pt-rich as compared to the massive sulphide ores. 

1 LOCATION: 

The Ferguson Lake Mineral District 
(FLMD) is located 240 Km. west of Rankin 
Inlet in the Kivalliq region of southern 
Nunavut. It is located on the west side of 
Hudson Bay in the Archean structural 
province of the Churchill Province of the 
Canadian Shield. In this sub-arctic climate, 
exploration is conducted from March to 
December. 

2 STORY: 

The current property covers and extends 
the FLMD beyond the discovery claims 
(1950) and Mining Lease (1957) held 
originally by Inco. Between 1950-57, Inco 
drilled 37,576 meters and identified a 6.4 Mt 
sulphide resource which it held until expiry 

of the lease in 1992. The area was staked in 
1997- 1998. In 1999 Starfield Resources 
optioned the property and now has earned a 
100% interest in the original claims and 
added more claims by option and staking in 
2004 (over 430,000 acres). Modern 
exploration began in 1999. During the last six 
field seasons Starfield has completed over 
86,000 meters of diamond drilling (214 
holes). The gabbro-hosted sulphide Cu-Ni- 
CO-PGM resources to 2002 are estimated at 
54.8 Mt inferred with an additional 6.7 Mt 
indicated at a 1% Cu+Ni cutoff grade. The 
inferred resources grade 1.39 g/t Pd and 0.24 
g/t Pt and are estimated to host 2.4 million 
ounces of Pd and 0.4 million ounces of Pt 
@.C. Carter, 2003).A new discovery of a 
PGE +nriched zone lying below the base of 
the massive sulphide body approximately 30- 



50 meters is significant as it is predominantly The main massive sulphide lens hosting the 
low-sulphide and platinum-rich compared to presently known resources is generally found 
the massive sulphide ores. New resource near the upper contact of gabbro and country 
estimates for the FLMD will be reported in rock. However, whole rock geochemistry 

3 GEOLOGY: 

shows MgO decreases with depth and 
structural-geophysical interpretation further 
suggests that the gabbro maybe overturned, 
rotated and the south limb of an east- 

The FLMD consists of several syn-to post 
northeast-trending syncline. 

tectonic gabbros and late granitic intrusions 
which occur in an east-west trending package DEPOSITS Am GEOPHYSICAL 
of mafic volcanic and meta sedimentary TARGETS. 
rocks and granites. Medium to weakly 
foliated tholeitic gabbro-hornblendite bodies Coincident with the dominant east-west 

(layered intrusions?) have been emplaced striking magnetic anomaly, a 4.6 km. long 

along an east-west-southwest trending cOntinuOus~ strong, UTEM ground 
regional suture and are less deformed than the geophysical survey has been 
enclosing supracrustal rocks and Archean partially drilled for 2.8 Km. along the West 

tonalite-gneisses. The region has been Zone. In 2003-2004 the strong and 
metamorphosed to upper amphibolite to continuous conductive UTEM target was 
granulite facies. Airborne magnetic mapping extended an additional 3 kilometers beyond 
of the exposed and covered FLMD gabbro the partially-drilled, 5-kilometer-long West 
suggests that it exists along strike as a Zone UTEM conductor target. Airborne 2004 

district-scale feature not evident by exposure. VTEM geophysical surveying identified 
The magnetic trace of the medium to coarse- strong conductors to 450 meters depth. They 
grained gabbroic, sill-like body and its confirm the UTEM surveyed area targets and 
similar linear trending pyrrhotite dominant trend across the property over 19 kilometers 

massive sulphide lens(es) extends at least 19 of strike and indicate possible parallel 
km. across the most intensely explored extensive strike length linear 

portion of the property. The gabbro is known Newly-completed UTEM and confirmation 

to dip steeply north and is 50 to 500m thick. SQUID geophysical surveys indicate that the 
Howe\~er, magnetic inversion rnodeling 119 Extension SW trend is continuous with 

suggests that several well-rooted to depth 119 Zone and West Zone conductor. 
bodies exist intermittently along the extensive Exploration drilling in 2004 along the 119 
strike length of the magnetic anomaly. Extension strong conductor succeeded in 

It is enclosed by generally medium- intercepting massive sulphides in minor 
graineti mafic amphibolites and magmatized volume of gabbro- Interpretation of borehole 

metasedimentary and metavolcanic rock UTEM and PEM down-hole geophysical 
units. The FLMD gabbro generally contains suggests that the conductive target 

clinopyroxene, hornblende and is a 70 degree dipping, continuous, sheet 
orthopyroxene as mafics (40-65%) and along strike with a vertical extent ranging 
plagioclase. A hornblendite unit of minor from 600 meters to 1,000 meters. This 
volume and poor continuity is sometimes district-scale continuous conductor and new 

associated with the massive sulphide body. 



parallel VTEM conductive trends across the 
property remain open and generally untested. 

The FLMD gabbro now identified by 
drilling hosts magmatic sulphide intervals 
composed of semi to massive pyrrhotite, 
chalcopyrite, pentlandite and pyrite. PGMs 
include kotulskite, telluropalladinite, 
moncheite and sperrylite. Precious and base 
metal grades show increases along strike and 
to depth along the West Zone. West Zone 
textures infer remobilization while the more 
"pristine" 1 19 Zone and 1 19 Extension sheet- 
like sulphide bodies are characterized by 
stratification of grades and component 
minerals. At a 2% Cu+Ni cutoff grade the 
current 2002 property wide estimated inferred 
resources stand at 16.2 Mt grading 1.44% Cu, 
0.81% Ni, 0.097% CO, 1.98 glt Pd and 0.37 
glt Pt. Uniquely, the FLMD also hosts low- 
sulphide, PGE-rich intervals in the gabbroic 
footwall to the massive sulphides. This Pt- 
rich style of mineralization is characterized 
by the presence of biotite and minor pyrite 
within anomalously high contents of 
Pd+Bi+Te. Wide intervals (19 m) grading 2-6 
glt Pt+Pd have been encountered in the 
shallow eastern portion of the West Zone. 
Bonanza grade intercepts of low-sulphide 
PGE mineralization were discovered in the 
43 holes drilled in the "Pit Area" in 2004. 
Recent highlights include a 0.9-meter 
intercept of 43.39 g/t platinum (1.27 opt) and 
2.41 g/t palladium and in the same hole a 
one-meter intercept of 32.23 glt palladium 
(0.94 opt) and 8.54 g/t platinum. In South 
Africa, recent floatation testing of a 15.5- 
meter intercept of this unique non-chromite- 
bearing, low-sulphide PGE mineralization 
(5.99 glt Pt+Pd) suggests that high recoveries 
of PGMs are possible with low-cost reagent 
processing and a grind of minus 75 microns. 
Multi-gram intervals of PGMs have been 

intercepted over l Km of strike length in the 
footwall gabbroic unit of the West Zone. 

5 DISCUSSION: 

FLMD genesis of the extensive PGE- 
bearing pyrrhotite massive sulphide sheet 
and its associated low-sulphide PGE-rich 
zone is not well understood at present. In 
2004 the fact that sporadic pyrrhotite 
intercepts (up to 17.5m) bearing higher PGE 
contents than the main massive sulphide 
continuous sheet were discovered below the 
LS-PGE zone ("higher" in the overturned 
system but now footwall in the gabbro in the 
sense of the base of the zones ) adds to the 
confusion of ore- forming processes. Known 
mineralogy and the Bi-Te trace element 
signature of all three styles of PGE 
mineralization would suggest a linkage exits. 
Cursory examination of the possible role of 
halogens, C1 in particular, were uneventful 
and inconclusive. The timing, formation- 
dispersion and genetic model will be an 
ongoing subject for much discussion as the 
world class unique properties of the FLMD 
are further explored and developed. 
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ABSTRACT. Experiments in sulfide systems at 1 atm and higher pressure are carried out to 
determine the partitioning of Re, OS, and Pt between monosulfide and sulfide melt. The 
results suggest that the coupled enrichments in 1870s/'880s and 1860sl'880s in young basalts 
over the present-day chondritic ratios may be explained by sulfide heterogeneity in the mantle 
source and selective entrainment into a segregating silicate melt of sulfides with the lowest 
melting points. 

The noble metals concentrated in 
magmatic sulfide ore are ultimately derived 
from the upper mantle. Therefore, it is 
important to understand how they behave 
during mantle melting. Since all noble metals 
are chalcophile, one can assume that they are 
hosted in the mantle by sulfide. Therefore, 
their behaviour during partial mantle melting 
is linked to the physical and chemical 
behaviour of sulfide phases. 

Bockrath et al. (2004) discovered that two 
sulfide phases may be stable at upper mantle 
P-T conditions, a crystalline FeS-rich 
monosulfide and Cu-rich sulfide melt. The 2- 
phase (i.e. mss + liquid) field overlaps with a 
range of silicate solidi, and therefore silicate 
melt in the upper mantle may coexist with 
mss and sulfide liquid. Bockrath et al. (2004) 
introduced the concept of "physical 
incompatibility": although all PGE are highly 
chalcophile and contained in sulfide, 

elements with preference to a sulfide melt 
will behave like incompatible lithophile 
elements during partial mantle melting 
because sulfide melt is entrained in 
segregating silicate melt as physically 
incompatible phase. The process can explain 
noble metal fiactionation during mantle 
melting. Elements compatible with crystalline 
sulfide, i.e. OS, Ir, Ru, and to some extent Rh, 
are retained in the mantle residue. Elements 
with chemical preference to a sulfide melt, 
i.e. Pd, Pt, and Re, are sequestered to the 
segregating basalt. Absolute PGE abundances 
in a basalt reflect the amount of sulfide 
entrained and the fertility of the mantle 
source. Relative PGE abundances, i.e. PGE 
ratios, reflect the partitioning of PGE 
between monosulfide and sulfide melt. 

This model also has the potential to 
explain the OS-isotopic systematics of 
basalts. Many zero-age basalts are more 



radiogenic with respect to their 1870s/188~s 
(P-decay of l g 7 ~ e )  and 1860s/'88~s (a-decay 
of lgOpt) isotopic ratios than primitive fertile 
upper mantle. Because isotopes cannot be 
fractionated during partial mantle anatexis, 
the basalts andlor their mantle sources must 
contain components superchondritic with 
respect to their 0s-isotope ratios. Plausible 
1870s/1880s contaminants include recycled 
oceanic crust, recycled oceanic hydrothermal 
sediments, pyroxenitic enclaves in the mantle 
sources, andor seawater. For superchondritic 
1860s/'880s ratios the most en-vogue 
component is a metallic melt entrained fiom 
the outer core. 

An alternative component, proposed by 
Bockrath et al. (2004), might be sulfide. If the 
sulfide in the mantle source is heterogeneous 
and if this heterogeneity is old enough for 
sufficient ingrowth of radiogenic OS in Re- 
Pt-enriched sulfide phases, then a segregating 
basaltic melt might inherit this signature and 
carry it to the surface. 

To test this option, we are presently 
investigating experimentally the distribution 
of Re, Pt, and OS between mss and sulfide 
melt at trace element concentration levels, 
both at 1 atm and at higher pressure. The aim 
is to generate reliable monosulfide-sulfide 
melt partition coefficients for these elements. 
The sulfide composition used is an oxidized 
monosulfide with 32.3 Fe, 11.8 Ni, 5.4 Cu, 
and 50.5 S (at. %). The Ni content was 
calculated from the K D ~ ~ - ~ ~  exchange 
equilibrium between sulfide and olivine of 
mantle composition (Fogo, 3000 ppm Ni), 
using a KD = 11. The Cu content is much 
higher than in bulk mantle sulfide, in order to 
expand the 2-phase (mss + melt) field and 
promote large sulfide melt pools, hence 
facilitating contamination-free microanalysis 
of quenched sulfide melt. The atomic metaVS 
ratio (0.98) was chosen to reflect a bulk 

sulfide composition in an oxidized mantle 
source with a relative fo2 near the FMQ 
buffer. Fe is calculated by difference. The 
starting mix also contains 0.1 wt.% metallic 
silicon to scavenge oxygen fiom the charge. 

For the l -atm experiments, approximately 
200 mg are welded in evacuated 6 mm outer 
diameter SiOz glass capsules and suspended 
on a Pt wire in a vertical furnace. Quenching 
(- 2-3 sec to < 100°C) occurs by dropping the 
charge in cold water. Experiments at higher 
pressure use extra-long 4 mm outer-diameter 
welded Si02 glass tubes that are placed in 
stenan-talc-pyrex glass assemblies and 
equilibrated in a piston-cylinder press to 3 
GPa. Extra-long capsules mean that the 
charges are exposed to a temperature gradient 
of around 100°C, so that regardless of run 
temperature, some part of the charge will 
always be in the 2-phase (mss + liquid) field. 

Equilibrium phases are large, up to 80 pm 
sized rounded FeS-rich mss grains suspended 
in sulfide melt. The sulfide melt quenches to 
intermediate solid solution (iss), mss, bornite, 
chalcocite/digenite, and traces of skeletal 
magnetite. In high-pressure runs, we note 
marked back reaction during quenching 
between equilibrium mss and sulfide melt, 
but owing to the artifically expanded 2-phase 
region (high Cu content combined with a 
large temperature gradient), there are always 
regions in the polished run products suitable 
for elemental analysis. Major elements are 
analysed with EMPA and an electron beam 
defocussed to 50 pm. 

The PGE and Re are analyzed in-situ with 
a 193 nm ArF eximer laser coupled to a high- 
resolution single-collector (Element 11) ICP 
mass spectrometer. The pulse rate is 10 Hz 
and the minimum beam diameter is 4 pm. 
Standards used are synthetic (F~,N~,CU)~-,S 
sulfides doped with 10 ppm each of Re, OS, 
Ir, Ru, Ru, Pt, and Pd, added to the metal- 



sulfur mixtures as HCl-HN03-based plasma 
standard solutions. The standards were 
synthesized as described by Ballhaus et al. 
(200 1 :I. Isotopes quantified by laser-ablation 
analysis are 1 8 7 ~ e ,  1890s, and 195~t .  Also 
recorded are '%i and 6 3 ~ u  to normalize PGE 
counts to a major element whose 
conce~itration was determined by EPMA. 

First results suggest that Re fiactionates 
like Pr and OS fiactionates like Ir (Ballhaus et 
al. 2001). Re is largely incompatible with mss 
and prefers the sulfide liquid whereas 0 s  is 
highly compatible and is concentrated in mss, 
as expected from abundances of these 
elements in primitive terrestrial basalts. There 
might be a pressure effect on noble metal 
partitioning, such that high pressure mss 
appears to be less tolerant toward Re and the 
PGE (as well as Cu) than l-atm mss, 
implying that the msslsulfide liquid partition 
coefficients for these elements fall with 
increasing pressure. 

Our results suggest that Re and Pt 
concentrations in a partial sulfide melt in the 
Earth's mantle may be in the 10s of ppm 
concelntration range, depending on the degree 
of sulfide partial melting. Chondrite- 
norma~lized ReIOs and PtIOs ratios may be 
well ixbove 20. Thus, if there is a sulfide 
heterogeneity in a mantle source and if such 
heterogeneity is old enough to allow 
ingrowth of radiogenic OS, then a segregating 
basalt can be more radiogenic than its bulk 
mantle source (Fig. 1). 

For this process to work, a segregating 
silicate melt must entrain selectively the Cu- 
Re-Pt.-rich sulfide fraction of the mantle 
source, as outlined by the Bockrath et al. 
(2004) model. In addition, grain-scale 0s- 
isotopic heterogeneity among sulfides must 
be able to survive the onset of partial silicate 
melting at least until the first melt fiactions 
have segregated from their mantle matrices. 

Abb. 7. 0s-isotopic evolution of a sulfide 
melt in the upper mantle that decoupled fiom 
the chondritic mantle evolution 2 Ga ago. 0s- 
isotopic evolution is modelled with three 
different Re msslmelt partition coefficients 
(0.1, 0.5, and 1) to take into account the 
preliminary nature of our partitioning data 
and the possibility that appreciable Re may 
be hosted in silicate (same effect as 
increasing partition coefficient). 0 s  and Pt 
msslmelt partition coeficients assumed for 
the calculation are 12 and 0.12, respectively. 
Initial 1860sl'880s and 1870s/1880s at 2 Ga = 

0.1 19828 and 0.1 143, respectively. Decay 
constants 1 8 7 ~ e  = 1.666 * 10-I l a-', I99t  = 

1.54 * 1 0-l2 a-'. Superimposed 0s-isotopic 
ratios of Gorgona komatiites (Brandon et al. 
2003) and Hawaiian picrites (Brandon et al. 
1999). 
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ABSTRACT The concentrations of Au, CO and PGE have been determined in sulphide 
minerals from zoned sulphide droplets to establish which minerals host these elements and to 
test the model that suggests the zonation in the droplets is caused by crystal fractionation of 
monosulphide solid solution. Less than 10 % of the Au and Pt were found in the sulphides. 
Palladium was found to be present mainly in pn. Osmium, Ir, Ru and Rh were found to be 
present in both po and pn. The concentration of OS, Ir, Ru and Rh in the exsolution products 
of mss (po and pn) and the low levels of these elements in the exsolution product of 
intermediate solid solution (cb and cp) supports the crystal fractionation model. However, the 
enrichment of Pd in pn and the low levels of Pt and Au in cb and cp require that these 
elements migrate into pn and discrete PGE minerals during the exsolution of iss. 

1. INTRODUCTION zonation with respect to Cu, Fe, PGE and Au. 

The concentration of Platinum-group 
elements (PGE) and Au in sulphide minerals 
is of interest for two reasons. Firstly, based 
on whole rock analyses, PGE and Au are 
known to be present in many Ni-sulphide ore 
deposits at the @tonne (ppm) level; efficient 
extraction of these elements requires a good 
understanding of which minerals host PGE 
and Au in the ore. Secondly, many Ni- 
sulphide ore deposits show a compositional 

For example, the Oktyabr'sky deposit of the 
Noril'sk-Talnakh region has a Cu-Pd-Pt-Au 
rich centre, consisting of cp, cb, mk, pn, and 
a Fe-OS-Ir-Ru-Rh rich margin, consisting of 
po and pn, (Czamankse et al., 1992; Zientek 
et al. 1994). Based on phase diagrams 
published by Kullerud et al. (1969), the origin 
of the mineral zonation in this deposit is 
consistent with fractional crystallization of a 
Fe-Ni-Cu sulphide liquid. Experimental work 
has shown that the OS, Ir, Ru and Rh partition 



into early crystallizing, Fe-rich monosulphide 3. RESULTS. 
solid solution (mss), while Pt, Pd and Au 
concentrate in the Cu-rich sulphide liquid. 
Nickel and CO show a slight preference for 
the Fe-rich sulphides at low temperatures and 
a sligh,t preference for the liquid at high 
temper;ztures (Barnes et al., 1997; Fleet et al., 
1993). The Cu-rich sulphide liquid eventually 
crystallizes as intermediate solid solution 
(iss). As the temperature falls, the mss 
exso1vc:s into po and pn and iss exsolves into 
Cu-sulphide minerals (cp or cb or a mixture 
of the two) plus pn. During the exsolution 
process, PGE and other metals that were 
originally incorporated into mss and iss 
structure may diffuse to the grain boundaries 
and form platinum-group minerals, or they 
could remain in the newly formed minerals in 
solid solution. We have investigated the 
distribution of PGE in compositionally zoned 
sulphitle droplets from the Medvezhy Creek 
Mine focusing on the PGE concentrations in 

the base-metal sulphide minerals (Fig. la) 
These droplets have po-rich bases and cb-cp 
rich tops, with pn between the two. This type 
of droplet has been interpreted to represent 
the crystallization history of the sulphide 
liquid (Czamanske et al., 1992; Prichard et 
al., 2004). 

2. METHOD 

Polished sections of three droplets were 
examined with a petrographic microscope 
and sites were selected for microbeam 
analysis. The major element composition of 
the sulphides was determined by SEM at the 
University of Laval. The PGE, Au and CO 
conce~ntrations were determined by ICP-MS- 
LA at the Universite du Quebec a Chicoutimi 
using a collision cell (Cox and Barnes, this 
vol). 

Previous efforts to determine in situ 
concentrations of PGE in base-metal sulphide 
minerals have been limited by the detection 
limits. Palladium has the highest 
concentration in base metal sulphide 
minerals; therefore, data is most commonly 
reported for this element (Czamankse et al., 
1992; Cabri et al., 2003). Our Pd values (0.1- 
2000 ppm, Figs. l b  and c) are similar to those 
found by these authors and, as pointed out by 
them, pn has the highest concentrations of Pd. 
Never-the-less, some po contained up to 700 
ppm Pd. This plus the observation that Pd 
data shows a strong correlation with CO (Fig. 
lb) suggests that the high Pd values in po are 
probably due to the small (0.05 by 0.005 mm) 
flame exsolutions of pn in the po.. The 5 
analyses (solid squares) available from 
Czamankse et al. (1992) plot along the same 
trend, which lends credibility to the accuracy 
of the Pd analyses. The composition of the 
sulphide liquids (shown as crosses) plot on 
the line defined by the sulphide minerals, 
suggesting that most of the Pd and CO is 
located in the sulphide minerals. Cabri et al. 
(2002) reached a similar conclusion based on 
mass balance calculations fort hree mineral 
separates. 

With one exception, platinum values range 
from 0.1 to 20 ppm (Fig. lc). Gold values 
range from 0.002 to 10 ppm (Fig. Id). Pt and 
Au do not show strong preferences for any of 
the sulphide minerals, although Pt values are 
lowest in cb and cp. Contrary to observations 
of whole rock data, Pt and Au do not show a 
correlation with Pd and the calculated 
sulphide liquid contains more Pt and Au than 
the sulphide mineral (crosses on Figs. l c  and 
d). This suggests that a large proportion of 
these elements are not present in the base 
metal sulphide minerals. 
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Iridium and OS values are almost identical 
and cover the range 0.002 to 8 ppm. Rhodium 
and Ru range from 0.1 to 100 ppm. All of 
these elements show a strong correlation in 
po and pn and a strong preference for these 
two minerals (Figs. le to g). cb and cp appear 
to contain some Ru; however, we are unsure 
whether this is an analytical artefact or real 
phenomena. The sulphide liquid composition 
plots on or slightly below the trends for Ir vs. 

OS, Ru, and Rh, indicating that most of these 
elements are present in the sulphide minerals. 

Figure l h  shows a multi-element plot of 
metals in the sulphide minerals normalized to 
sulphide liquid for globule A. OS to Rh are 
concentrated in po and pn by a factor of 3 to 
5, similar to their partition coefficients into 
mss. Pt and Au are depleted in po and pn by 
factors of 0.1 and 0.01, similar to their 
partition coefficients into mss. The exsolution 
minerals po and pn appear to have retained 



PGE concentrations similar to the mss that 
originally crystallized from the suphide 
liquid. However, although the Cu-bearing 
sulphides are depleted in OS to Rh as the 
crystal fractionation model would predict, 
they are not enriched in Pt, Pd and Au. As 
mentioned above, mass balance calculations 
indicate that Au and Pt must be present in 
phases other than the base metal sulphide 
minerals. Palladium on the other hand is 
concentrated in the pn, which is thought to 
exsolve from the mss. Pd that was present in 
iss may have diffused into the pn during 
exsolution. 

4. CONCLUSIONS. 

Palladium is largely concentrated in pn. 
Some of this pn is as flame exsolutions in the 
po; efficient Pd extraction would require Pd 
to be extracted both from the granular and 
exsolution pn. Platinum and Au are not 
conce~itrated in the sulphide minerals and are 
probably present as discrete PGE minerals. 
Osmium, Ir, Ru and Rh are concentrated in 
the po and pn. 

The products of mss exsolution, po and pn, 
are enriched in OS, Ir, Ru and Rh as the 
crystal fractionation model would predict. 
Although the products of iss exsolution, cb 
and cl), are depleted in OS, Ir, Ru and Rh, as 
the model predicts; they are not enriched in 
Pt, Ptl and Au as the model requires. Pd 
appears to have diffused into pn and Pt and 
Au in1.o discrete minerals during exsolution. 
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ABSTRACT. The Lebowa Project in the north-eastern Bushveld Complex is one of the 
principal PGE mining areas having been in operation for over 30 years. However, a rigorous 
evaluation and expansion program commenced only in 200 1. We detail the history and impact 
of this exploration program on the understanding of the mineralization from the mining 
perspective. Implications are made regarding added value from further diamond drilling. 

1 LOCALITY AND FIELD SETTING 

The eastern Bushveld Complex is rugged, 
mountainous terrain in which outcrop 
exposure from the Marginal Zone through to 
the Upper Zone is abundant. The Lebowa 
project area is located in the extreme north 
east of the eastern Bushveld Complex (Figure 
l), and mostly situated in a broad, flat-based 
valley flanked north and south by mountains 
exposing rocks of the Critical and Main 
Zones respectively. The valley is soil covered 
to depths of as much as 60m, and in which 
there is virtually no rock exposure. 

(LPM) Atok platinum mine commenced 

2 THE EXPLORATION PROGRAM 

operations. It was only in late 2001 that 
significantly intensified exploration drilling 
efforts started as part of a rigorous evaluation 
and expansion program. From the inception 
of recorded exploration on the Lebowa 
project, approximately 700 diamond drill 
boreholes have been drilled on the property, 
consisting of a total of about 240000 m to 
date. This is quite substantial considering the 
project area measures some 17 km on strike, 
and amounts to 10938 Ha in area. Both the 
Merensky and UG2 reefs have been 
investigated. 

As part of the Merensky exploration drive 
on the farm Brakfontein (the most easterly 

Exploration diamond drilling has been farm of the Lebowa project area), in excess of 
conducted at Lebowa in a number of phases, 100 boreholes were drilled throughout the 
the first of which was initiated in 1964, four planned mine footprint area. Of these 90 
years before the Lebowa Platinum Mines holes were useable, having intersected 
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Figure I .  Simplified geological map of  the Bushveld Complex 
showing the locality of the Lebowa project 

normal, undisturbed Merensky reef. The 
remaining boreholes intersected potholes, 
which seldom contain any recognisable 
Merensky reef, and which account for an 
approximately 20% geological loss in terms 
of area. The basic geochemistry of the 
Brakfontein Merensky succession is 
described, as interpreted fiom the routine 
analyses of the six critical elements Pt, Pd, 
Rh, ALL, Ni & Cu, and density determinations, 
performed on the sample suites from the 90 
usable Merensky intersections. The footwall, 
reef, and hanging wall were separately 
sampled for the purpose of investigating 
these environments as distinct geochemical 
entities. 

3 NA'I'URE OF THE MERENSKY REEF 
ON TIIE FARM BRAKFONTEIN 

The Brakfontein Merensky reef is top and 
bottom loaded with respect to PGE 
mineralisation, with peak grades occurring at, 
or veiy close to, the top reef contact. A 
characteristic decrease in grade occurs within 

the bottom one third of the reef, a point at 
which the coefficient of variation increases 
(indicating the high degree of variability of 
grades between intersections at this point), 
and also precisely where there is an equally 
characteristic decrease in density. There is no 
relationship between PGE grade and density. 
On average, Cu and Ni, as sulphides, show a 
smooth, but sharp upwards increase through 
the reef, and although there are variations 
between intersections, they are also 
characteristically most abundant at the top of 
the layer. There is no reduction in Cu or Ni 
values at the point of reduced PGE and 
density, which may have otherwise suggested 
that a general lack of sulphide mineralisation 
could be responsible for the density decrease. 
It is postulated therefore that an average 
increase in interstitial plagioclase is 
responsible, though this has not been 
convincingly evident in a random selection of 
core samples studied. As with the highly 
variable PGE grades at this point, and in 



keeping with the nature of this reef, 
interstitial plagioclase abundances also vary. 

3.1 PGE and sulphide mineralization 

Pt is the most abundant of the PGE in all 
three environments of hanging wall, reef, and 
footwall. In the footwall and reef Pt > Pd > 
Au > Rh, but in the hanging wall, Au shows a 
considerable increase in relative abundance, 
ie Pt > Au > Pd > Rh. Average P f l d  has an 
erratic profile through the succession, with 
the highest average value of 2.56 occurring in 
the Merensky reef, followed by the footwall 
at 2.17, and the hanging wall at 1.93. 

Ni typically occurs at greater abundance 
than Cu throughout the succession. Average 
Cu/Ni shows a sharp upwards increase from 
0.15 in the footwall, 0.3 1 in the reef, to 0.48 
in the hanging wall. This indicates a steep 
upwards decrease in total Ni relative to Cu. 
The plot of Cu vs Ni supports this 
interpretation, where both the footwall and 
reef regression lines shows Ni-axis intercepts 
of 580 ppm and 758 ppm respectively. This is 
attributed to Ni held in silicates and chromite. 
The hanging wall, however, shows a Cu-axis 
intercept of 84 ppm, suggesting that the 
silicates of this environment are completely 
depleted of Ni, and that all available Ni is 
held in sulphides. Hanging wall PGE (low 
grade) show a higher correlation with Ni than 
with Cu. The hanging wall is relatively 
sulphide rich, but strongly PGE depleted. 
Sulphides are therefore PGE undersaturated, 
and free sulphide exists that has no 
association with PGE. The statistical 
relationships between PGE and Cu showed 
the highest correlation coefficient of 0.5383 
along with the highest PGE/Cu value of 
0.0241 in the footwall, and the lowest of 
these two values at 0.3997 and 0.0014 in the 
hanging wall. A similar pattern is revealed in 
the log Pt/Cu vs log PdlCu plot. 

The geochemical evidence thus indicates a 
general upward decreasing platinum-group 
mineral (PGM) component, and therefore 
upward increasing PGE solid-solution in base 
metal sulphide control on the PGE 
mineralisation. The reef, however, shows the 
highest PGE-axis regression line intercept, 
which suggests a higher proportion of PGM 
control than the footwall. The log plot shows 
considerable overlap between these two 
populations, which may explain this slightly 
conflicting evidence. The otherwise 
unexpectedly low PGE-Cu correlation in the 
hanging wall is consistent with PGE 
depletion, followed soon after by sulphide 
depletion in the magma reservoir. It is 
assumed that all PGE were initially 
accumulated in sulphide as solid solution 
PGE in the early magmatic stage of 
Merensky evolution. 

The sulphides readily entrained PGE, a 
process that continued until the PGE became 
depleted in the magma, as is now observed in 
the hanging wall. Throughout later magmatic 
evolution sulphides reacted with one another 
and with trapped liquid, which resulted in not 
only the variable degrees of alteration and 
replacement, but also in a PGE shift away 
from total BMS control. The currently 
observed PGM control is the result of late 
stage remobilisation and recrystallisation, and 
therefore not representative of primary 
assemblages. 

3.2 PGE and resource grade modelling 

PGE grade distribution, both vertically and 
horizontally, is highly variable in the 
succession. While the vertical distribution 
does vary widely between intersections, 
particularly in the hanging wall and footwall 
mineralisation, collectively they contribute to 
relatively constant and characteristic grade 
profiles. 



The more intense and unpredictable 
variatioin occurs in the horizontal spatial 
plane, where there is virtually no grade 
similarity or continuity, directional or 
otherwise. The effectively random 
distribution pattern repeats itself irrespective 
of the scale of observation, from closely 
spaced underground channel samples to 
widely spaced surface boreholes. 
Semivariogram studies are consistent with 
this, where a total nugget effect emerges (ie 
no range of influence), indicating that spatial 
PGE grade variability is approximately 
constant regardless of sample separation, and 
that the variable is random rather than 
regional. This has important implications for 
exploration methodology and resource 
modeling in terms of borehole spacing, in 
that a ratio of critical spacing to drilling 
density emerges at some point. Further 
closely spaced drilling after this point has no 
effect on the modeled results. 
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ABSTRACT. The recent confinnation that the partitioning of Pt between an immiscible 
sulflsil sulfide and silicate melt (Dpt ) is 107 removes a serious objection to the magmatic 

hypothesis for the origin of Pt-rich horizons in layered intrusions. The new value for DR sulf/sil 

is much greater than the apparent partition coefficient for Pt of all known Pt deposits that have 
been attributed to a magmatic origin. This in turn means that D ~ ~ ' ~ ' ~ " > > R ,  the silicate to 
sulfide mass ratio. As a consequence, the Pt (and probably Pd) concentration of magmatic 

sulflsil sulfide is controlled by R and is independent of Dpt , which leads to a simple model that 
can explain the Pt (and Pd) concentration in all magmatic sulfide deposits. 

The origin of Pt-rich horizons in layered 
intrusions, such as the Merensky Reef and 
UG2 horizon in the Bushveld and the JM 
Reef in the Stillwater Complex, remains 
controversial. The broad lateral extent and 
continuity of grade of these horizons suggest 
that they are magmatic in origin, whereas 
detailed textural studies are more in keeping 
with a hydrothermal origin. Critical in this 
argument is the partition coefficient for the 
partitioning of Pt between immiscible sulfide 
and silicate liquids. The case for a 
hydrothermal origin for Pt-rich horizons in 
layered intrusions has been strengthened by 
measured partition coefficients which 
generally range between 103 and 104 (e.g. 
Helz and Rait (1988), Peach et al. (1990, 
1994), Stone et al. (1990), Fleet et al. 

(1 99 1,1996), Bezmen et al. 1994 and Crocket 
et al. (1997)). These values compare well 
with apparent partition coefficients (observed 
concentration of Pt in sulfide/observed 
concentration in silicate melt) of 7x1 o3 for the 
Merensky Reef, 8x10~ for the Stillwater, and 
5x10 for the UG2 chromitite horizon. If the 
apparent partition coefficient exceeds the 
partition coefficient for a sulfide horizon, that 
horizon cannot be magmatic in origin. 

A related argument is that Dpt sulflsil is 
sulf/sil unlikely to be equal to Dpd SO Pt should 

fractionate from Pd when these elements 
partition into an immiscible sulfide melt 
(Wilson and Chunnett, 2004 in press). The 
Pt/Pd of the Pt-rich sulfide layers in the 
Bushveld and Stillwater is similar to that of 
the melt from which magmatists believe they 



separated, and this observation has been used 
as further evidence to argue that these 
horizo~is cannot be magmatic (Ballhaus and 
Ryan, 1985; Wilson and Chunnett 2005). 
The perceived failure of the magmatic 
hypothesis to explain the high Pt and Pd 
content and unfiactionated Pt/Pd ratio of Pt- 
rich horizons in layered intrusions has led to 
a number of ad hoc explanations for the 
presence of these horizons including 
remobilization of metals by late-magmatic 
fluids, normally of hydrothermal origin 
(Balhaus and Stumpfl, 1985, 1986; Boudreau 
and McCallum, 1992; Boudreau and Meurer, 
1999; Meurer and Boudreau, 1996; Meurer et 
al. 1998). 

However recent studies by Pruseth and 
Palme (2004) and Fonseca et al. (this 
volume) have shown that the earlier 
experiments overlooked the effect of micro- 
nuggets of Pt-rich metal in their experiments; 
this has led to an under estimation of PGE 
partition coefficients. These authors 
circumvented the micro-nugget effect by 
measuring metaysulfide partition coefficients 
and calculating sulfide/silicate partition 
coefficients fiom published metallsilicate 
melt partition coeficients. The results 
obtained for Pt vary between 107 and 109 
depending on the oxygen and sulfur 
fugacities. For conditions appropriate to the 
Bushveld and Stillwater magmas, the correct 
partition coefficient for Pt is 107. This value 
is well above the apparent partition 
coefficients for Pt for the Merensky Reef, 
UG2 and Stillwater Pt horizon. The new 
calculated partition coefficients for PGEs are 
therefore consistent with the magmatic 
hypothesis for these deposits. Furthermore 
they remove the objection to the magmatic 
hypothesis, based on the similarity of the 
Pt/Pd in the sulfide and silicate melt. 
Although we have not measured Dpd sulf/sil our 

preliminary data show that that it is 
sulflsil appreciably greater than Dpt . This means 

sulf/sil sulf/sil that both Dpd and D p t  are more than 
10 times greater than the apparent partition 
coefficients for these metals. If this is the 

sulflsil sulfls~l case, both D p d  and Dpt must also be 
at least 10 times that of R, the silicate to 
sulfide mass ratio. Under these conditions the 
Pt and Pd contents of the sulfide melt are 
controlled by R and are independent of 

D P ~ ~ ~ ~ ~ ~  and DPt sulf/sil (see Fig.1). As a 
consequence, the magmatic hypothesis 
predicts that Pt/Pd in a magmatic sulfide melt 
should be the same as the silicate melt fiom 
which it crystallized, as observed for the 
Merensky Reef. Thus rather than disproving 
the magmatic hypothesis for the origin Pt- 
rich horizon in layered intrusions, the 
observed similarity between PtPd in 
magmatic sulfides and the silicate melts they 
crystallized from provides strong support for 
the magmatic hypothesis. The onus is now on 
the hydrothermalists to explain this 
coincidence if their hypothesis is to remain 
viable. 

- 2 - 1 0 1 2 3 4 5 6 7  

Figure 1. Plot of Y, the concentration of Pt in 
immiscible sulfide melt against R, the silicate 
melt to sulfide mass ratio, assuming 10 ppb 
Pt in the silicate melt. A = UG-2, B = 

Stillwater, C = Merensky Reef, D = Talnakh 
and E = Kambalda. 



A more important consequence of DPt S U I ~ I S ~ I  

(and ~ ~ d " " ' ~ ' ~ ' " )  being well above the observed 
apparent partition coefficients, and therefore 
well above the value of R, is that the Pt (and 
Pd) concentration in magmatic sulfide is 
controlled by R. Using this approach the Pt 
content of a wide range of magmatic sulfide 
deposits can be explain by a single simple 
hypothesis, as show in Figure l. 
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ABSTIWCT. A number of features of the Merensky Reef are not consistent with magma 
mixing hypotheses. Uniform mixing between two magmas over an area of 150 by 300 km and 
a thickness of 3 to 30 km seems implausible. The Merensky Reef occurs at the interval where 
Main Zone magma is added, but the relative proportions of the PGE in the Merensky Reef are 
that of the Critical Zone magma. The sudden and significant increase in Cu/Pd values above 
the Merensky Reef is not consistent with the partitioning of PGE into an immiscible sulphide 
liquid li-om a large volume of magma. The absence of cumulus sulphides above the Merensky 
Reef is not predicted by this model. 

An alternative model is proposed here that depends upon pressure changes, not chemical 
processes, to produce the Merensky Reef. Magma is added, increasing the pressure. 
Immiscible sulphide liquid, chromite and pyroxene form. Sinking sulphide liquid andlor 
chromite scavenge PGE clusters from the magma and accumulate at the floor. Rupturing of 
the roof results in a pressure decrease and S undersaturation of the magma. 

1 PROBLEMS WITH MIXING MODEL 

The magma-mixing model developed by 
Campbell et al. (1983) and Naldrett & von 
Gruenewaldt (1989), with the emphasis on 
the R-factor, fails to explain a number of 
important aspects of the PGE-mineralization 
of the Merensky Reef. 

The mineralization of the Merensky Reef is 
remarkably uniform in the eastern and 
western Bushveld, a total area of 100 by 300 
km. It contains the equivalent of 3 cm of 
massive sulphide (Lee, 1996). To satisfy the 

PGE budget of an immiscible sulphide 
requires an R value of 1 o5 to 106, equivalent 
to a silicate magma column 3 to 30 km high. 
Uniform mixing throughout this volume of 
magma (104 to 10' km3) seems implausible. 

The Merensky Reef occurs at a level where 
an abrupt change in initial Sr isotope ratio 
heralds the addition of a large volume of 
magma of Main Zone affinity (Kruger & 
Marsh 1982). Despite this change in magma 
type, the proportions of the PGE in the 
Merensky Reef are typical of the Critical 
Zone magma (Davies & Tredoux 1985). 



The initial Sr isotope ratio in plagioclase, 2.1 Constraints 
and Cr in orthopyroxene across the Merensky 
cyclic unit does not support magma mixing, 
but mixing of phases from two stratified 
magmas (Kruger 1 992). 

The CuIPd value of whole rocks increases 
abruptly above the Merensky Reef by an 
order of magnitude (Maier & Barnes 1999). 
Using chemical partitioning principles, a 
sulphide liquid cannot both achieve high PGE 
concentration AND deplete the magma in 
PGE simultaneously. Given a large R, the 
overlying magma (and subsequent cumulates) 
should have retained its low CuIPd value. 
The fact that this ratio increases shows that 
the silicate magma was dramatically drained 
of its PGE by the process that produced the 
Merensky Reef. 

The rocks, a mere 1 m above the Merensky 
Reef, are essentially free of cumulus sulphide 
(Cawthorn 1999). Had the mineralization 
separated from a large volume of sulphide- 
saturated magma, a sulphide liquid should 
have continued to separate. Its absence 
suggests that there was no large reservoir of 
S-saturated magma. 

In basic magmas the S solubility decreases 
with increasing pressure (Mavrogenes & 
OYNeill 1999) (at the approximate rate of 40 
ppm per kb at low pressures). If magma is 
pumped into a confined chamber the pressure 
may increase. Thus a magma, close to S- 
saturation may become S-saturated. Equally 
important, venting or rupturing of the roof 
causes a pressure decrease, such that a S- 
saturated magma may become S- 
undersaturated. 

Proposed S contents of Bushveld magma 
and modelled S-saturation levels suggest that 
S saturation should have occurred throughout 
the Critical Zone (Fig. 1). 

These problems represent a significant 
Fig. 1. Plot of composition of proposed 

challenge to this long-accepted model for the 
parental magma, P, relative to S-solubility 

formation of PGE-rich reefs, and an 
curve. Magma should become S-saturated in 

alternative process needs to be considered. 
the Lower Critical Zone. To avoid S- 

2 A PRESSURE-CHANGE MODEL 
saturation in Critical Zone, maximum S 
content of magma is given by composition L. 

I suggest that pressure changes in a magma 
chamber can have significant effects on S The S and Cu content of the Lower and 
saturation and other minerals, and may Critical Zones suggest that the magma was 
contribute to PGE mineralization. Three not S saturated, or experienced only 
criteria are essential for this mechanism and transitory saturation. I suggest (Cawthorn 
are defined first. Then, a model for PGE 2005) that the absence of sulphide saturation 
mineralization is proposed. resulted from periodic degassing of the 

magma chamber (Fig. 2) that released huge 
quantities of SOz and H2S (Kress 1997). 



o QualbUv8 Zr Content 

Fig. 2:. Model of S-evolution trends during 
magma fractionation (PA, BC), degassing 
(AB) ;md intermittent S saturation (CD). 

I also suggest that the PGE existed in the 
magmLa chamber as clusters (Tredoux et al. 
1995, Ballhaus & Sylvester 2000), not 
perfectly dissolved in the magma. 

Given these three constraints, a mechanism 
for the formation of the PGE mineralization 
in the Merensky Reef is proposed. 

2.2 Pi-oposed Process 

in the existing magma of Critical Zone 
affinity. It does not require mixing. It is 
assumed that the entire magma chamber is 
convecting and has uniform S content. Its S 
solubility will decrease with depth. 
Depending upon the extent of the pressure 
change and the proximity to S-saturation, 
only part of the column of magma at the base 
may become S-saturated. 

Magma of Critical Zone affinity exists in 
the magma chamber (Fig. 3). It has evolved 
to the orthopyroxene-plagioclase cotectic and 
is close to S-saturation. More magma enters 
the chamber. The rate and magnitude of the 
consequent pressure increase is difficult to 
quantify, depending in part on how quickly 
wall rocks respond (deform or fracture) to 
create: space for the new magma. In the case 
of the Merensky Reef, this magma has Main 
Zone affinity. In the case of the UG2 
chromitite layer, it has Critical Zone affinity. 

This increase in pressure in the magma 
chamber causes an immiscible sulphide 
liquid, chrornite and orthopyroxene to form. 
It is important to note that this change occurs 

Fig. 3. Effect of magma addition on S 
solubility of magma. Top diagrams show 
magma chamber geometry. Bottom diagrams 
show S contents and S solubility 
relationships. Stage 1: Magma has a uniform 
S content(so1id line) less than S solubility 
(dashed line). The S-solubility curve (solid 
line) shows a decrease with depth (pressure). 
Stage 2: An increase in pressure(due to 
magma addition) lowers the solubility curve 
to that shown by the dashed line, and the 
lower part of the magma chamber would 
become S saturated. Stage 3: Degassing 
causes a release of pressure and an increase 
in the S solubility such that the magma is no 
longer S saturated. 

The settling of this immiscible sulphide 
liquid or chromite scavenges PGE from the 
column of magma (Hiemstra 1985, Ballhaus 
& Sylvester 2000). Such a process involves 
physical attraction, not a chemical 



partitioning. This distinction is vital. The 
PGE mineralization of the UG2 and 
Merensky Reef accumulate by this process. 
Both have formed from magma of Critical 
Zone affinity, regardless of what magma type 
was introduced. The PGE content in the 
remaining magma is significantly depleted by 
this process. 

In order to produce 3 cm of massive 
sulphide from a layer of magma 1 km thick at 
the base of the intrusion, 12 ppm S must have 
been extracted. A pressure increase of 0.3 kb 
would cause the magma to become 
oversaturated by this amount, and gives a 
qualitative estimate of the pressure change 
needed for such an hypothesis. 

The transitory increase in pressure is 
released by lateral expansion in the chamber 
or rupturing of the roof, and the remaining 
magma becomes S-undersaturated, it also 
moves into the plagioclase stability field 
relative to chromite and pyroxene. Hence, the 
rocks overlying the mineralized layers do not 
contain any cumulus sulphide and are 
plagioclase-rich. This magma was 
significantly depleted in PGE, and so there is 
an abrupt increase in the CuRd value. 
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ABSTRACT. Chromite layers from the Peridotite zone of the Stillwater complex (USA) have 
been investigated for Platinum group minerals (PGM). The broad PGM assemblage is 
characterized by the presence of all the six PGE, variably distributed through the stratigraphy. 
The nnost common PGM is laurite that mostly occurs included in fresh chromite in all the 
investigated chromitites. The lowermost layer A contains sperrylite as the dominant Pt-phase, 
whereas the greatest variety of PGM was encoutered in layer B. Preferentially association of 
Pd and Pt phases with interstitial sulfides and silicates represents an a favorable factor 
relevant to the recovery of these metals from the chromitite. 

1 INTRODUCTION PGM, in order to assess the relative 

The Archean layered intrusion of Stillwater importance of magmatic and post-magmatic 
processes to the origin of the mineralization. (Montana, USA) contains one economically 

important deposit of Pt+Pd hosted in the J-M This information may have relevance for the 

Reef sulfide-rich horizon. A second potential recovery of PGM from the chromitites. 

source of platinum-group elements (PGE) is 
associated with chromitite layers located in 2 SAMPLES AND METHODS 

the Peridotite Zone of the Ultramafic series, 
in a lower stratigraphic position with respect 
to the famed J-M Reef (Zientek et al. 2002). 

The sensible PGE concentrations up to 
more than 3 ppm reported from some of the 
layers, are accounted for by a number of 
minule grains of platinum-group minerals 
(PGNI) occurring included in the chromite 
grains or associated with the interstitial 
silicate matrix (Talkington & Lipin 1986). 

The aim of this investigation was to better 
characterize mineralogy and distribution of 
the PGM through the sequence of chromitite 
layers. Particular attention has been paid to 
textural and paragenetic relationship of the 

A number of 30 samples from the 
chromitite layers named A, B, E, G, H, J, and 
K (Fig. 1) were collected in the areas of 
Mountain View and Benbow Mine Road. 
Most of them come from external outcrops, 
only those from layer A and part from the B 
were from drill holes. 

More than 200 grains of PGM were 
located in 45 polished sections by both 
optical and electronic microscopy. The 
minerals were previously identified by EDS 
qualitative analysis, then BSE pictures were 
taken to document texture, morphology and 
association of the grains, finally they were 



quantitatively 
microprobe. 

Meters 

anal yzed electron rutile, base metal sulfides (pentlandite and 
chalcopyrite), silicate, and, in layer B, with 
irarsite and (Pt,Pd,Ni)-S, possibly braggite 
(Fig. 2A, B, C). 

Stillwater chromite layers 

IHRu @pm) Rh*Pt+Pd (ppm) 

E 

E 
Fig. 1: PGE distribution in chromitites (solid 
circle = Page et al., 1985, open circle = Zientek et 
al. 2002). 

3 THE PLATINUM-GROUP MINERALS 

3.1 Mineralogy and distribution 

C -\ Pnt 

Most of the PGM encountered in the 
Stillwater chromitites are less than 15 
microns in size, however, a few large grains 
up to more than 100 microns were observed. 
The broad PGM assemblage is characterized 
by the presence of all the six PGE, variably 
distributed through the stratigraphy. 

Laurite is ubiquitous in all chromite layers Fig. 2: Paragenesis of laurite (Lrt) inclusions. 
as the main carrier of Ru and 0s.  The (Scale bar = 5 microns, Irs = irarsite, Pnt = 

lowermost layer A contains sperrylite as the pentlandite, Chp = chalcopyrite)- 

Pnt - I 

dominant Pt-phase, whereas the greatest 
variety of PGM was encoutered in layer B, Sporadically, laurite was found enclosed 

where laurite is accompanied by Ir-Rh-Pt in mafic silicates of the interstitial matrix or 

sulfarsenides (irarsite, hollingworthite, along cracks in chromite, this latter type 

platarsite), Pt-Fe alloy, cooperite, potarite, being characterized by an irregular shape and 

vyaginstevite and several PGM sulfides, compositional zoning. 

arsenides and alloys, containing Pt and Pd as The sperrylite in layer A occurs as 

the major constituents, which could not polygonal, single-phase crystals, either 

quantitatively defined because of their small included in chromite or located along 

size. crosscutting fissures. 
Irarsite is exclusively found as part of 

3.2 Paragenetic assemblages composite inclusions in chromite, associated 
with laurite, laurite-silicate-rutile, or laurite- 

Laurite usually occurs as euhedral crystals 
chalcopyrite-pentlandite. included in fresh chromite, forming single- 

phase grains composite aggregates with 
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Fig. 3: Pt-Pd minerals with sulfides. (Scale bar = 
10 mic.rons, Chr = chromite, Amp = amphibole, 
Olv = Olivine, others as in Fig. 2). 

In contrast, the sulfarsenides platarsite and 
hollingworthite were found associated with 
large pentlandite patches interstitial to 
chromite and silicates (pyroxene, plagioclase 

Fig. 4: Pt-Fe alloy. (Scale bar = 50 microns, Spr = 
serpentine, others as in Fig. 2). 

The Pt-Fe alloy was found as a large 
aggregate of sub-euhedral to euhedral crystals 
closely associated with chalcopyrite, Cu- 
oxide and serpentine (Fig. 4). 

Its composition is consistent with the 
isoferroplatinurn-type stoichiometry (Pt3Fe). 
Potarite, ideally PdHg, and PdHg compounds 
containing variable amounts of Cu, Ni and Fe 
are found in the serpentine matrix, forming 
irregular aggregates or minute veins and 
fissure filling (Fig. 5A, B). The largest grains 
commonly display rugged surface and 
distinct porosity. 

or amphibole). This mode of occurrence is Fig. 5 :  Potarite (Ptr) and zvyang~sfevite (zvy). 
also typical of the Pt-Pd phases qualitatively (Scale bar = 10 microns, others as in Fig. 4). 
tested in layer B, and attributable to 
cooperite, braggite, vysotskyite, mocheite, Several grains of the rare mineral 
unknown Pd-Ni-As, Pd-Cu-S and Pt-Fe-Cu, zvyanginstevite (ideally Pd3Pb) were 
Pd-Pt-Cu-Fe and Cu-Pd-Fe alloys (Fig. 3A- identified in association with potarite (Fig. 

D). 5A). Zvyanginstevite is yellowish-white in 



color and isotropic. The average of five 
electron microprobe analyses gave the 
formula: 
(~b.0l~d2.95~~0.01~~0.03~~0.01)3.01(~~0.0l~b0.98)0.99~ 

4 CONCLUDING REMARKS 

Results of the mineralogical investigation 
of PGM in the Stillwater chromite layers are 
in broad agreement with published PGE 
geochemical data (Page et al. 1985, Zientek 
et al. 2002). 

Laurite is the dominant PGM in the 
examined layers E to K characterized by a 
distinct Ru positive anomaly and relatively 
low concentrations of total PGE. Laurite is 
accompanied by a number of Ir and Rh-Pt-Pd 
(PPGE) minerals in the lowermost group of 
layers (A and B), characterized by high PGE 
contents and relative enrichment in PPGE 
and Ir with respect to Ru. 

The mineralogical data, however, would 
indicate the layer B as the most important 
carrier of Pd-, Pt- and less Rh-minerals. 

Paragenetic considerations suggest that the 
PGM inclusions in fresh chromite and mafic 
silicates may represent early magmatic 
phases entrapped in their hosts at high 
temperature. 

In contrast, the PGM associated with the 
interstitial sulfides possible derived fiom the 
sub-solidus equilibration of an original PGE- 
rich immiscible sulfide liquid (Naldrett, A.J. 
& Von Gruenewaldt, G. 1989). 

A third group of PGM (mainly Pd phases) 
would appear to have resulted from low- 
temperature remobilization of PGE during 
hydrothermal or weathering alteration. 

Chromitites, in general, are considered 
only as potential targets for PGE recovery, 
the most relevant problems arising from poor 
recovery of metals due to the minute grain 
size and textural location of the PGM inside 
chromite grains. At present, PGE are 
economically recovered only from the UG2 
chromitite layer of the Bushveld Complex in 
South Africa. This deposit has surpassed the 

famed Merensky as a major source of 
platinum in the world (Cawthorn 1999). The 
abundance of Pt and Pd minerals makes the 
chromitite layers B and A of the Stillwater 
complex similar to the UG2 chromitite. 
Furthermore, the size (up to more than 100 
microns) and the textural position interstitial 
to the chromite of these PGM certainly 
represents a favorable factor relevant to the 
recovery of these metals from the chromitite. 
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ABSTRACT - A method for in-situ analysis of trace-element contents in magmatic sulfides 
has been developed using laser ablation microprobe-inductively coupled plasma-quadrupole 
mass spectrometry, along with a hexapol collision cell (LA-HEX-ICP-QMS). Analysis of Ru, 
Rh, Pc1 in sulfide minerals using LA-ICP-MS analysis is hampered due to molecular argide 
interferences. By filling the hexapol with a gas mixture (7% H2 in He) interferences are 
reduced by -7-25 times, with only 20-50% reduction in sensitivity. Gas blanks are also 
reduced and therefore detection limits are not compromised. The use of the hexapol collision 
cell allows for a simple LA-ICP-MS analysis routine and is suitable for most types of sulfides. 
By selecting interference free isotopes, the method significantly reduces or eliminates the 
requirement for external corrections. The technique is particularly effective at resolving real 
trace-element variations within each individual analysis which may otherwise be masked by 
changnng argide molecule formation. Detection limits for PGE range from -20 ppb for Ru and 
Rh to <5 ppb for Pt and Ir using 40-80 pm spot sizes. 

l INTRODUCTION 

The distribution of the so-called noble 
metals (e.g. Ru, Rh, OS, Ir, Pt, Au) provide 
important information for researchers 
studying processes such as mantle evolution, 
mantle derived magmas, crustal 
contamination and magmatic ores. The 
contents of noble metals reach ppb-ppm 
levels in many sulfides and therefore highly 
suitable for in-situ analysis using laser 
ablation inductively coupled plasma 
quadnupol mass spectrometry (LA-ICP- 
QMS). However, interferences caused by 
metal-argide molecules are problematic, 
especially when considering in-situ analyses 
of Ni. Cu, CO and Zn sulfides. Two slightly 
different external correction methods are 
commonly applied. The first involves the 

analysis of several reference materials (pure 
PGE, Ni-bearing PGE etc.) during each 
analytical session and directly measuring 
argide interferences (Sylvester 2001). 
Alternatively, a pure metal such as copper 
can be analyzed during each session and ratio 
of metallmetal-argide determined (Allard et 
al. 2000). The main problem with the former 
is that manufacture of homogenous reference 
materials is difficult. The latter method is 
problematic as different metals produce 
different levels of argides (Mason and Krann 
2002). Analysis of a range of pure metals 
could be attempted but these would clearly 
not be matrix matched to sulfide samples. 
Two analytical possibilities exist which may 
reduce the effects of argide interferences, 
namely the separation of interfering 
molecular masses using high-resolution ICP- 



MS or the use of reactant gasses in a hexapol 
collision cell ICP-QMS instrument (HEX- 
ICP-QMS). The use of high-resolution ICP- 
MS is accompanied by a 10-100 times 
reduction in sensitivity and therefore cannot 
be used to measure low-PGE contents during 
laser ablation analysis. However, HEX-ICP- 
QMS has been shown to reduce argide 
interferences by up to an order of magnitude 
for in-situ analysis of sulfide minerals, with 
only a small reduction (<20%) in sensitivity 
(Mason and Kraan 2002; Vanheacke et al. 
2004). In this study we have developed a 
methodology for in-situ LA-HEX-ICP-QMS 
analysis of sulfide minerals. 

2 ANALYTICAL METHODS 

As there are no commercial mineral 
standards available for noble metals a number 
of synthetic sulfide minerals, spiked with 
PGE and Au were produced for testing of the 
LA-HEX-ICP-QMS method. Synthetic Fe- 
sulfide doped with PGE and Au was used for 
calibration and to asses the effects of the 
collision cell gas flow on sensitivity. A series 
of Ni and Cu sulfide blanks were produced to 
measure argide formation and a series of PGE 
and Au-bearing Ni and Cu sulfide materials 
were produced to asses the effectiveness of 
the method. The homogeneity of the 
reference materials was initially assessed 
using electron-microprobe and multi-spot 
LA-ICP-MS analyses. The Re and PGE 
contents for the most homogenous materials 
were then determined by isotope dilution 
ICP-MS analysis. The instrument used for all 
analysis is a Thermo X7 ICP-MS with the 
high-performance interface along with a New 
Wave Research 213 nm Nd:YAG UV laser 
ablation microprobe. Helium (-0.8-1 llmin) 
was used as the carrier gas for all analysis. 

glass reference materials to maximize 
sensitivity. Sulfide analyses were then carried 
out using first no gas in the hexapol, and then 
with increasing gas flow rates using a 7% H2 
in He mixture. Several analysis of the PGE 
and Au bearing Fe-sulfide, and the Cu and Ni 
sulfide blanks were carried out at different 
spot sizes for each gas flow rate. 

3 RESULTS 

The effects of increasing hexapol gas flow 
on argide formation are shown in Fig. 1. The 
proportion of argide formation differs for 
each element with maximum argide 
formation for NiAr with no hexapol gas 
(0.6%) and lowest with 6 mVmin (0.08%). 
For Cu the maximum CuAr formation (no 
gas) is 0.025% and drops to <0.001% at 6 
mymin. This is consistent with the data of 
Mason and Kraan (2002) which showed 
similar variations in argide formation. With 
just 2 mVmin in the cell there is a dramatic 
drop in the metallargide ratios for all species, 
followed by an apparent increase at a flow 
rate of 4 mllmin. This is most likely due to 
collisional focusing, an effect in which the 
presence of a gas in the hexapol produces 
enhanced transmission of ions, particularly at 
low gas flows. The lowest metallargide ratios 
are found when using between 6 and 8 
mumin flow rates. Thus, argide formation is 
reduced by a factor of -8 for Ni argide when 
using 6 mumin of flow and by a factor of -25 
for Cu argide when using the same 
instrument settings. Given the relatively low 
argide formation rate (<0.6%) to begin with, 
this translates into an effective elimination of 
argide interferences for measurement of Ru 
using mass 101, Rh using mass 103 and Pd 
using mass 105, which are now essentially 
free of argide intereferences. 

For each session the calibration procedure 
involves first tuning the ICP-MS with NIST 
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Fig 1. Argide attenuation curves for LA- 
HEX-ICP-MS analysis of NiS and CuS. 
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Fig. 2 .  Sensitivity curves for (a) Rh and (b) Ir 
at different hexapol gas flow rates. 

The sensitivity curves for Rh and Ir are 
shown in Fig. 2. The effect of adding gas is a 
drop in sensitivity of around 20,000 cpslppm 
for Rh and 50,000 cpslppm for In to <1,000 
cpslppm for both elements with a 8 d m i n  
flow rate and using an 80 pm spot size It is 
clear that spot sizes of <25 pm produce very 
low counts rates and are not suitable for most 
sulfide analysis. Collisional focusing 
produces a marked increase in sensitivity for 
Rh with a 2 mllmin gas flow rate. For Ir, 
collisional focusing occurs at a gas flow rate 
of 6 mllmin but is not sufficient to produce an 
increase in sensitivity versus having no gas in 
the collision cell. This difference is consistent 
with previous studies that suggest heavier 
mass elements require higher gas flow rates, 
or heavier reaction gasses, to produce 
collision focusing versus lighter elements 
(Mason 2001). This means that no single gas 
flow rate will enable maximum sensitivity to 
be achieved for all PGE elements. Another 
important factor to consider is the effect of 
collision cell gas on gas blanks, which 
ultimately effect the absolute detection limits. 
Fig 3 shows the response curve in cps for S, 
Ni, Cu, Ru, Rh, Pd, OS, Ir, Pt and Au. The 
results represent the average for gas blank 
measurements collected repeatedly during 
several laser ablation sessions. At a gas flow 
rate of 2 mumin there is a pronounced 
increase in the gas blank for most elements. 
However, at a flow rate of 6 mllmin the count 
rate drops to a minimum for all elements. The 
sensitivity data together with the gas blank 
data suggests that the signallblank ratio 
changes from -100 using no gas to -1000 
with 6 mumin for Rh and from 8000 with no 
gas to 12,000 with 6 d m i n  for Ir. In short, 
even though there is 20-50% drop in apparent 
sensitivity (cpslppm) there is in fact a 10 
times improvement in blanks for Rh and 50% 
improvement for Ir. Thus, given the reduction 



in argide interferences and lower gas blanks, 
detection limits are not compromised but 
rather are significantly improved using gas 
flow rates of -6 mllmin. 
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Fig. 3. Long-term gas blanks for several 
elements using different hexapol gas flow 
rates. 

The method has also been 
applied to natural samples and is 
demonstrated in a study of compositionally 
zoned sulfide droplets from the Medvezhy 
Creek mine, Noril'sk, Russia (Barnes et al., 
this volume). Analysis of small PGE 
compositional variations in sulfides can now 
be studied effectively at the 40-80 pm scale. 
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bead gave expected values for Ru (normally 
affacted by NiAr interfereces) even when 
calculated using masses 99, 100 and 101. In 
other words the using gas in the hexapol is so 
effective that there were no detectable 
intereferences from Ni-argides. 
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ABSTRACT: Paleoproterozoic layered mafic intrusions located in the Superior and Karleian 
cratons fall into 2 age groups of, 2475 to 2505 Ma, and 2440 to 2460 Ma. The older group is 
most abundant in the Superior craton and the Kola Peninsula, whereas the younger group is 
most abundant in Karelia, and is host to most of that region's Ni-Cu-PGE deposits. The older 
group is distributed over a broader geographic area, and is associated with regional mafic 
magrnatism. In contrast, the younger group is more restricted geographically, and is 
associated with mafic and felsic magmatism. Existing tectonic reconstructions need to be 
refined! to account for the resulting geological complexities arising from these observations. 
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Figure 1. Distribution of U-Pb zircon ages from Neoarchean and Paleoproterozoic rocks in the Sudbury area, 
and distribution of East Bull Lake intrusive suite bodies. Dashed circle indicates 125 km radius from a point 
central 1.0 the Sudbury Structure, most intrusions lie within this radius. Sources: 1, 2, 8, 9) Krogh et al. 1984; 4) 
Wodicka & Card 1995; Krogh et al. 1984; 5) Chen et al. 1995; 6 & 10) Prevec 1993; below and above circle 16, 
Corfu and Easton (2000). Age of Hearst and Matachewan dikes from Hearnan (1997). 



1 INTRODUCTION 

Several workers (e.g., Amelin et al. 1995, 
Heaman 1997, Vogel et al. 1998) have 
suggested that Geon 24 mafic intrusive rocks 
at the edge of the Superior craton in Canada 
(Fig. l), and the Karelian craton in 
Fennoscandia, are genetically related (Fig. 2), 
with resultant implications for mineral 
exploration and tectonic correlation. This 
paper re-examines this question, based on an 
improved understanding of the geologic 
history of the southern Superior craton. 

2510 to 2440 Ma 
Mafic Igneous Activity 

Figure 2. Continental reconstruction at 2.45 Ga 
involving the Superior, Wyoming and Karelian 
cratons. Modified from Heaman ( 1  997). 

2 SUPERIOR CRATON IN GEON 24 

The Paleoproterozoic East Bull Lake 
intrusive suite (Easton 1999; James et al. 
2002) consists of several bodies of mainly 
gabbronorite to gabbroic anorthosite that 
occur along the southern margin of the 
Superior craton between Elliot Lake and the 
Ottawa River (Fig. 1). The three largest 
bodies are the River Valley, the East Bull 
Lake and Agnew Lake intrusions, emplaced 
between -2491 and 2475 Ma. 

The distribution of East Bull Lake intrusive 
suite bodies approximates the base of the 
Huronian Supergroup (Fig. 1, 3). Contact 
relationships between rocks of the East Bull 
Lake intrusive suite and the Huronian are 
either faulted or equivocal, thus, it is not 
known if the East Bull Lake intrusive suite 
intruded the Huronian, or was unconformably 
overlain by it, or both. 

Emplacement of the East Bull Lake 
intrusive suite, subsequent eruption of 
Huronian volcanic rocks, and formation of 
the depositional basin later filled by Huronian 
Supergroup sediments is attributed by most 
authors (see summary in Easton 2003) to an 
intracontinental rifting event resulting from a 
mantle-plume centered near Sudbury. A suite 
of igneous rocks (hereafter called the "rifting 
suite") records this plume-induced rifting 
event; from oldest to youngest, they are: 
9. The East Bull Lake intrusive suite. 
10. Elliot Lake Group volcanic and minor 

plutonic rocks, e.g., the Elsie Mountain, 
Stobie and Copper Cliff formations, May 
Township volcanic rocks, and minor syn- 
volcanic mafic intrusions (-2490 to 2450 
Ma). Volcanic rocks of the Elliot Lake 
Group constitute the lowermost of 4 
stratigraphic groups in the Huronian Sgp. 

11. Matachewan (2473 Ma) and Hearst 
(2446 Ma) mafic dike swarms (Hearnan 
1997). 

Current data suggests 2 magmatic pulses. 

124.A mafic-dominated magmatic pulse 
at -2475 to 2490 Ma, represented by 
the East Bull Lake intrusive suite, the 
Matachewan dikes, and the mafic 
part of the Elliot Lake Group; and 

125.A felsic-dominated magmatic pulse 
at -2450 Ma, represented by felsic 
volcanic rocks of the Elliot Lake 
Group, related granitic intrusions, 
and the Hearst dikes. 
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Figure 3. Simplifed stratigraphic columns (not to scale) for the Paleoproterozoic supracrustal sequences in 
Karelia, the Kola Peninsula, and the southern Superior Province. Abbreviations: EB = East Bull Lake intrusive 
suite (-2475-2491 Ma), Im = Imandra lopolith (2441 Ma), Ln = Lukkulaisvaara pluton (2442 Ma), MO = 
Monche pluton (2504 Ma), Pa = Pana Tundra pluton (2502 Ma), Ts = Tsipringa pluton (2441 Ma). Adapted from 
Amelin e:t al. (1995). 

3 KARELIAN CRATON IN GEON 24 leucogabbronorite, whereas, the Cr-rich 
intrusions contain much higher proportions of 

Two distinct groups of mafic intrusions ultramafic to mafic rocks (almost 1 :l), along 
occur in the Karelian craton. An older group with chromitite The younger 
of mafic intrusions, characterized by low Ti intrusions also occur higher in the 
and Cr 'Ontent', dominated gabbronorite smtigraphy of the Kmelian Supergroup, and 
and loucogabbronorite, a few can be floored by either Archean basement 

contain thicker sequences of rocks or Paleoproterozoic supracrustal rocks. 
'livine melagabbros. The 'lder group Although most abundant in the Karelian 
intrusions range in age from 2501 to 2502 Ma province, they also occur in the Kola 
and geographically restricted to the Peninsula, most notably the Imandra lopolith, 
Peninsula (Amelin et al. 1995, Vogel et al. which occurs much higher in the 
1998). The older intrusions, which include Group than do the older intrusions (Fig. 3). 
the General'skaya Mountain, Monche, and 
Pana Tundra plutons, are floored by Archean 4 DISCUSSION 
granitic or gneissic rocks, with their 
hangingwalls composed of mafic 
metavolcanic rocks and conglomerates of the 
lowerniost Strelna Group (Fig. 3.). Intrusions 
of this older group closely resemble the 
intrusions of the East Bull Lake intrusive 
suite in terms of composition, age, and 
relative stratigraphic position (Fig. 3). 

The younger group of intrusions, contain 
Cr-poor and Cr-rich subgroups, as described 
by Vogel et al. (1998). The Cr-poor 
intrusions are dominated by gabbronorite and 

The presence of 2 distinct pulses of mafic 
magmatism in both the Superior and Karelia 
cratons strengthens the previously suggested 
connection between the 2 regions. On the 
other hand, the geographic distribution of 
intrusions resulting fiom the 2 different 
magmatic pulses is difficult to interpret. A 
simplistic interpretation, illustrated in Figure 
2, is that the older pulse of mafic magmatism, 
although perhaps less voluminous, was 
distributed over a larger area. If the 



magmatism was the result of a mantle plume, 
it is possible that the magma chambers 
represented by these intrusions formed either 
off-axis, or as dike swarmed spawned 
chambers (Ernst et al. 2001). 

In contrast, the more voluminous, but more 
geographically centralized distribution of the 
2440 to 2450 Ma magmatic pulse, which 
apparently includes larger volumes of 
associated felsic magmatism, may owe its 
origin to magma chambers more centrally 
located to the plume head. 

5 IMPLICATIONS FOR EXPLORATION 

The interpretation above has several 
implications with respect to exploration. 
1. Mafic intrusions associated with the 

-2450 to 2440 Ma magmatic event are 
not only more voluminous in Finland, but 
host most of the Cu-Ni-PGE deposits. 
This younger suite also contains Cr-rich 
intrusions not present in the older suite. 

2. If current tectonic re-constructions are 
valid (Fig. 2), then the likelihood of 
finding intrusions of the younger suite in 
either the Wyoming or Superior cratons is 
limited. If they do occur in the Superior 
craton, then they may be buried beneath 
Huronian Supergroup rocks south of the 
Murray fault, or are beneath the 
allochthonous thrust sheets of the 
northern Grenville Province. 

3. A 2-stage rifiing process, which generates 
a configuration of broader, older flanks 
and centralized, younger cores, may apply 
to other plume systems at several scales, 
such as the Lake Nipigon region of the 
Midcontinent rift in the Superior craton 
(e.g., Easton 2005). 
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Peculiarities of PGE phases synthesized under hydrothermal 
conditions 
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ABSTZUCT. Products of some experiments carried out under hydrothermal conditions were 
studied in detail using SEM with EDD (JEOL- ). These results amplifl the data obtained 
earlier (Evstigneevatk Tarkian, 1996), and are the additional reason of hydrothermal origin of 
number of PGM taken as formed from magmatic melts. The position and morphology of 
synthesized PGM grains are comparable (identical) with observed in some natural 
occurrences. 

l INTRODUCTION sulfide ores present the results of 
A hydrothermal origin of PGE- hydrothermal solution participation in PGM 

mineralization is discussed since end sixties formation (Genkin & Evstigneeva, 1986; 
(Genkin, 1968; Stumpfl & Tarkian, 1976; Distler et al., 1988). 
Schiffiies, 1982; Ballhaus & Stumpfl, 1986). Model experiments prove the possibility of 
There are many publications on PGE PGM formation from hydrothermal solutions 
minerals from deposits with manifestation of at temperatures 300-400°C (Evstigneevatk 
such mineralization, i.e. Schiffi-ies (1 982), Nekrasov, 1978, 1980, 1984; Evstigneeva et 
Watkirlson & Dahl (1988), Watkinson & al., 1989, 1995; Evstigneeva & Tarkian, 
Meiling (1 992), Watkinson & Ohnenstetter 1996). Among synthesized PGM there are 
(1992), Z.Johan (1989), Johan & Watkinson compounds of various systems, i.e. Pt-Sn-Cu, 
(1987) etc. According to these data, PGM are Pd-Pb, Bi, Pt-Fe etc. 
formecl from postmagmatic fluids/solution. 
An important role of postmagmatic solutions 

2 RESULTS 

in remobilization, transport, and 2.1 Methods of investigation 
accumulation of PGE as well as in 
transformation and recrystallyzation of 
previously formed PGM during low-grad 
metamorphism, serpentinization etc. does not 
be forgot too. Some Noril'sk PGE-Cu-Ni 

Methods of synthesis are described in 
Evstigneeva & Trakian (1 996). 

The products of synthesis have been 
studied first using the optic microscope, and 
microprobe (Evstigneeva & Tarkian, 1996). 



For detail investigation, we used the SEM 
equipped by EDD, JEOL- 1 00 + LINK. 

2.2 Products 

Products of experiments are presented by 
fine-grained powder. Phase composition of 
samples varies depending on the starting 
composition. 

Experiments with As resulted in formation 
of Ca-Fe-arsenates, possibly of monazitel 
roselitel crandallitelvivianite groups (Fig. l). 

sulfides, PO and Pn, there are Fe- 
oxides/hydroxides in reaction products. But 
the recrystallization PO+ PO is observed also. 

For "locate" the starting material in the 
tubes we used the A1 foil in some 
experiments and Al-oxide is observed in 
products. A1 oxidation possibly favored 
reactions of PGE phase formation, and served 
the base for PGM crystal growth. Tiny grains 
of niggliite, PtSn, and Pb- polarite, PdPb (or 
plumbopalladinite, Pd3Pbz) are crystallized 
on A1 surface from "Pt- + Sn- " and Pd- + Pb- 
"chloride solutions correspondingly. But Pt in 
experiments with charges "Pt+As203 +AY is 
only recrystallized into new small crystals. 

1. Recrystallization experiments with 
starting composition "(Fe,Pd)l-xS + FeS? in 
As, Ni, MgICa, and C - bearing solutions 
resulted in PdO ( F g l )  Products of 
experiments without C show Pd metallic. 
Pd2As in association with Fe-sulfate was 

Fig.1. PdO (white giaula, on agg~cgates of formed when Na rather than Mg/Ca was 
Fe-oxides; needles - Ca-Fe-arsenate. SEM used. 
(BSE). Scale bar - 20 p 2. PtS2 replaces PtS in similar solution with 

Generally, the charge included some 
carbon powder. But only some products 
contain Fe- and Ca- carbonates, as well as 
more complex compounds, i.e. Ca-arsenate- 
carbonate (Fig.2). 

Ca (Fig.2). PtS2 also could be formed 
together with FeS04 (Fig.3). A nice 
aggregate of PtSz crystals is formed from the 
assemblage "Fel-,S + PtS" (Fig.4). In the 
same experimental product Pt form rims 
along the edges of pyrrhotite crystals, 
transformed into Fe oxides (Fig.6). 

I 
 fig.^. ~ t ~ t ~ t 3 2  intergrowrns (wnlte) w~ th  I 
needles of Camarsenate. SEM @SE). Scale Fig. 3. PtS2 (white) in close intergrowth 
bar - 20 p FeS04 SEM (BSE). Scale bar - 20 p 

When starting materials contain Fe 



Fig.4. New formed PtS2crystals. SEM (BSE). 
Scale bar - 20 p 

Fig.5. R ---- 3 a~-- small crystals of Pt (white) 
on the edges and facets of PO,, crystals 
(gray). SEM (BSE). Scale bar - 20 F 

3. Pt is recrystallized with formation of 
new small crystals as shown on the Fig. 6. 

m 

Fig.6. Aggregate of new formed "round" 
crystals of Pt developed after great peace of 
Pt. SEM (BSE). Scale bar - 20 y 

4. "PdS + SbC13 + C" in alkali solution 
with NaOH results in PdsSb3, and more Pd- 
rich oxide, Pdd+S. 

5. The replacement of isoferroplatinum by 
PtsTe3 is observed in experiment with "Pt3Fe 
+ Te + C + A1 (foil)". Pt telluride forms small 
crystals on the Pt3Fe surface. 

6. Sperrylite, PtAs2, replaces cooperite, 
PtS. 

7. Paolovite, PdzSn, replaces atokite, Pd3Sn 

2.3 Phase grains morphology 

Grain dimension of synthesized PGM does 
not exceed first microns. Tiny grains of 0.n 
where n<3 are often observed. A very typical 
feature of synthesized phases is their close 
association with oxides/hydroxides or 
graphite resulted of simultaneous 
crystallization from solution. The study of 
some synthesis products with TEM showed 
that these tiny grains are ball-like aggregates 
of nanoparticles, 0.n microns, distributed 
on the surface of sulfides, A1 foil, Fe-oxides1 
hydroxides. Sometimes it is not possible to 
see the separate particles, but the "matrix" 
phase seems to be "cloudy" because of great 
amount of PGM nanoparticles. 

3 DISCUSSION 

The similar tiny grains are observed in 
volcanic exhalations; clays etc., where phases 
crystallized fast from gas or by precipitation 
from diluted fluids. 

The maximal time of experiments did not 
exceed 100 days. It is the reason why in some 
products we observe the relics of starting 
materials. Nevertheless the new formed 
phases can be recognized by the grain 
morphology and composition. For example, 
tiny PtAs2 (and Pt?) dendrites and small 
isometric crystals of Fe-oxides (magnetite?) 

are developed in place of assemblage 
L( PO,,, + PtS" with the present of As. 

1. According to trends of reactions in 
hydrothermal solution paolovite, sperrylite, 
and native Pt are more stable under relatively 



high oxygen fugacity conditions than atokite, 
cooperite, and isoferroplatinum. 

2. In natural conditions PtSz is not known. 
In experiments PtS + PtS2 in association 
with FeS2 (k PO,,). It corresponds to the 

sulphide assemblages. Neues Jahrbuch fin 
Mineralogie Abhandlungen, Jh. 1995,273-277. 

Fedorova Zh., Synyakova E., Peregoedova A. 1994. 
PGE-containing minerals as indicators of ore- 
formation conditions. In: Abstracts of 7th 
International Platinum Symposium, Moscow, 1-4 
August, 1994. p 27 

high S- and 0- fugacities. ~ e n k &  A.D. 1968. Platinum metals minerals and their 
associations in copper-nickel sulphide ores of 
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ABSTRACT. The formation of Precambrian komatiites and ferropicrites is generally 
ascribed to high-degree dry partial melting in deep mantle plumes. Nonetheless, some of 
these ultramafic magmas appear to be hydrous and are hydromagmatic amphibole-bearing, 
contain abundant vesicles/amygdales and locally pyroclastic facies. The wet character of the 
magmas is commonly dismissed as due to assimilation of wet sediments during 
emplacement. However, hydromagmatic amphiboles may represent the only realistic 
tangible means of establishing the origin of magmatic volatiles. Initial results from the 
Abitibi greenstone belt (Canada) indicate the amphiboles contain up to 1-3 wt% HzO and 
have 6D values from 50%0 to -140%0, including many in the 'magmatic' range. These 
results cannot be attributed to alteration. Clearly some ultrabasic melts were wet and some 
were dry, reflecting the fact that there are a diverse range of komatiite types and possible 
derivative petrogenetic models. This work aims to 1) determine the source of water in 
ultramafic melts, and 2) establish the role of volatiles in the genesis of associated Ni-Cu- 
(PGE) deposits. 

1 INTRODUCTION 

This paper investigates and discusses the 
role of' volatiles in the genesis of Ni-Cu- 
(PGE) sulphide mineralisation in komatiites 
and ferropicrites. Beresford & Stone (2004) 
indicated that in numerous komatiite and 
ferropicrite sequences, there is a strong 
spatial association between NiS 
mineralisation and degassing textures (e.g., 
amygdales) or volatile-bearing phases (e.g., 
hydrorr~agmatic arnphiboles). In this regard, 

volatiles might physically concentrate 
magmatic sulphides in komatiites (Stone et 
al., 1997, 2003; Beresford et al., 2002). The 
presence of volatiles in silicate melts 
appears to have two other major controls on 
Ni-Cu-(PGE) deposit genesis: 
1. Increase the ability of sulphide liquids to 

mobilise from their host magma during 
late stages of emplacement (e.g., Wykes 
& Mavrogenes, 2005); 



2. Radically modify the relationship 
between pressure and sulphur solubility 
in mafic and ultramafic systems. 

The formation of Precambrian komatiites 
and ferropicrites is generally ascribed to 
high-degree dry partial melting in deep 
mantle plumes. Research over the last 10 
years has identified a diverse collection of 
ultramafic magma types which include the 
Al-undepleted or Munro-type, Al-depleted 
or Barberton-type, Ti-enriched or Karasjok- 
type, Ti-depleted, ultra- or highly depleted 
or Commondale-type, and ferropicrites. 
Some of these ultramafic magmas appear to 
be hydrous and are hydromagmatic 
amphibole-bearing, contain abundant 
vesicles/amygdales and locally pyroclastic 
facies. However, the presence of degassing 
textures andor volatile-bearing phases in 
komatiites is commonly ascribed to 
localised crustal assimilation (cf. Arndt et 
al., 1998). We suggest that the evidence for 
the hydrous nature of some komatiites could 
be obscured by the vagaries of the Archaean 
and Proterozoic rock record, andor the style 
and depth of emplacement. 

The origin of volatiles in komatiites and 
ferropicrites has not been ascertained, and 
the strong empirical relationship between 
ultramafic magmas and NiS deposits 
remains to be explained. The spatial 
association between degassing textures and 
NiS mineralisation may be suggestive of a 
primary origin, or simply reflect assimilation 
andlor devolatisation processes during 
emplacement. 

Hydromagmatic amphiboles may represent 
the only realistic tangible means of 
establishing the origin of magmatic 
volatiles. The present study aims to integrate 
grain scale lithophile trace element and 
isotopic data of relict hydromagmatic 
amphibole and related phases from 

komatiites and ferropicrites worldwide. 
Specifically, this paper yields new insights 
into the crustal vs. mantlelmagmatic origin 
of the volatiles associated with ferropicrite- 
and komatiite-hosted Ni-Cu-(PGE) sulphide 
mineralisation. This study presents new 
detailed petrographic, electron microprobe 
and ion probe data of hydromagmatic 
amphiboles from mafic and ultramafic units 
from the Abitibi Belt (Canada). In addition, 
preliminary results of detailed in-situ trace 
element analyses of hydromagmatic 
amphiboles from the Agnew-Wiluna Belt 
(Australia) and Pechenga Greenstone Belt 
(Russia) are presented. 

2 GEOLOGICAL SETTING AND 
SAMPLE LOCATIONS 

2. l. Abitibi Belt 

In the Abitibi Belt, the hydromagmatic 
amphibole-bearing basic and ultrabasic units 
selected for this study are from a larger 
amphibole-bearing suite (e.g., Stone & 
Stone 2000). Three komatiitic units, one 
tholeiitic unit and one ferropicritic unit were 
sampled (cf. Stone et al., 2003). 

2.2 Agnew- Wiluna Belt 

The Agnew-Wiluna Belt (AWB) is an 
Archaean greenstone belt in the Yilgarn 
Craton, Western Australia (e.g., Hill et al., 
1990). The amphibole-bearing samples 
utilised in this study are from the Ni-Cu- 
(PGE)S ore-bearing sequences of Betheno 
and Mount Keith. 

2.3 Pechenga Greenstone Belt 

The Paleoproterozoic Pechenga 
Greenstone Belt is located in the Russian 
Kola Peninsula in the NE part of the 
Fennoscandian Shield (e.g., Melezhik & 



Sturt, 1994). The amphibole-bearing 
samples utilised in this study were collected 
in various localities (e.g., Ortoaivi, 
Nyasukka) from the Ni-Cu-(PGE)S ore- 
bearing wehrlitic sill complexes and 
associated ferropicritic lava flows of the 
youngest ca. 1.98 Ga sedimentary-volcanic 
cycle, the Pilgujarvi Formation, and the 
Nyasukka dyke swarm. 

3 ANALYTICAL METHODS 

Major element compositions of the 
igneous amphibole were determined on a 
JEOL JXA-860013 electron microprobe at 
the Uriiversity of Alabama. The igneous 
amphiboles were analysed in-situ for H20, 
D/H ratio and trace elements on a modified 
CAMECA IMS 3f ion microprobe at the 
CRPG..CNRS (Nancy). The H20 analyses 
were generated following the techniques of 
Deloule et al. (1 99 1, 1995). 

The amphiboles from the Abitibi Belt are 
present in peridotite layers and basal chill 
zones of thick differentiated basic ultrabasic 
sills and flows, and range from titanian- 
pargasite to hastingsite in composition. 
Conversely, the amphibole grains from the 
AWB and Pechenga are generally kaersutitic 
in composition. In-situ ion probe analyses of 
amphiboles fiom the Abitibi Belt indicate 
the amphibole is: 1) enriched in Nb, LREE, 
and 21. and depleted in Sr and HREE relative 
to priirnitive mantle; 2) contains up to 1-3 
wt% H20; and 3) overall displays 6D values 
fiom 50 to -140%, including many values in 
the accepted magmatic range of -60%0 to - 
90%0. Initial results cannot be attributed to 
alteration. 

5 DISCUSSION AND CONCLUSIONS 

In many komatiite sequences worldwide, 
there is a strong spatial correlation between 
volatile-rich phases or vesicles/amygdales, 
and different styles of komatiite-hosted Ni- 
Cu-(PGE) sulphide mineralisation. 
However, it is unclear whether the volatile 
content of mineralised sequences plays a 
role in the genesis of komatiite-hosted NiS 
mineralisation, either in the control of 
sulphur solubility orland in the 
concentration of sulphide blebs. 

Experimental systems show that in 
immiscible basalt-water systems saturated 
with olivine and chromite, olivine will 
reside in the melt while chromite will collect 
in the fluid phase (cf. Matveev & Ballhaus, 
2002). Fractionation is physical and is 
driven by differential wetting properties of 
melt and fluid against silicate and oxide 
surfaces. Similarly, sulphide droplets tend to 
bond with gaslvapour bubbles due to the 
lower interfacial tension occurring between 
sulphide blebs and volatile-rich gaslvapour 
bubbles, as opposed to sulphide droplets and 
silicate liquid. Accordingly, the segregation 
of a volatile-rich phase may physically 
concentrate sulphides. 

The empirical correlation between the 
presence of volatile-rich phases and 
komatiite-hosted NiS mineralisation may be 
related to the proximal environment of 
mineralised units, where komatiites are 
extremely hot and turbulent, and erosional 
processes are likely to be more prevalent 
(e.g., Cas et a1 1999; Cas & Beresford, 
2001) or may simply reflect degassing 
during emplacement of subaqueous 
ultramafic lavas. 

The distinct physical manifestation of the 
magmatic volatile content in different 
ultramafic units may reflect their specific 
style of emplacement. In fact, the lithostatic 



pressure in intrusive systems would prevent 
the onset of degassing, thus driving these 
magmas to amphibole crystallisation. 
Conversely, the lack of lithostatic pressure 
in extrusive units would lead to the onset of 
degassing, and to the formation of vesicles. 
Further work is being presently carried out 
on amphibole-bearing ultramafic sequences 
worldwide. 
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ABSTRACT. The solubility of Pt in sulphide melt has been studied as a function of fS2 
and f02 at 1200 "C. The results show that the solubility of Pt in sulphide melts increases 
strongly with increasing f S2 and decreases weakly with increasing f 0 2 .  The increase in Pt 
solubility with increasing f S2 is attributed to Pt dissolving in the melt as a sulphide species 
and the weak inverse dependence of Pt solubility on f 0 2  to the diluting effect of increasing 
0 in the melt with increasing f 0 2 .  The measured Pt-Fe alloy/sulphide melt partition 
coefficients vary between 20 and 162 depending on the fS2. From these values, and 
published Pt-metausilicate partition coefficients, we can calculate sulphide melt/silicate 
melt partition coefficients for Pt. The calculated values range between 108 and 10", 
depending on the f02 and fS2, several orders of magnitude higher than the previously 
published values. The new results provide strong support for the magmatic hypothesis for 
Pt-rich horizons in layered intrusions. 

1 INTRODUCTION 

Several researchers have attempted to 
investigate the partitioning of Pt between 
sulphide melt and silicate melt. Crocket et 
al. (1997), Fleet and Stone (1991), Fleet et 
al. (1991, 1996), Peach et.al. (1990), Peach 
et.al. ((1 994), Stone et al. (1 990), and others, 
have carried out experimental work on the 
partitioning of PGEs between basaltic melts 
and sulphide melt and also between alloys 
and sulphide melt. Their measured 
sulphide/silicate partition coefficients varied 
between 103 and 104 for Pt and Pd. These 
low values are inconsistent with the 

magmatic hypothesis for Pt-rich layers in 
layered intrusions. 

Alternatively the low measured partitions 
coefficients could be due to experimental 
problems including: 

l) Micronugget effect: Ertel et al. (1999) 
described the existence of sub-micron scale 
micronuggets of PGE alloys in silicate melts 
(haplobasaltic melt) in their experiments. 
Unlike nuggets that are a product of 
quenching, micronuggets cannot be included 
in an analysis because they do not represent 
dissolution in the silicate melt, but particles 
of metal andlor sulphide that were never 
dissolved. The non recognition of 
micronuggets in the quenched silicate 



glasses results in an overestimation of the 
concentrations of PGEs in the glass. 
Consequently partition coefficients derived 
from such studies are, in some cases, gross 
underestimates of their true value. 
2) Little or no control off 0 2  and fS2: None 
of the previous studies were carried out at 
known oxygen andfor sulphur fugacity 
which limits their applicability. 

The micronugget problem can be avoided 
by measuring alloy/sulphide melt partition 
coefficients, and using alloy/silicate melt 
partition coefficients available in the 
literature, to calculate sulphide meltlsilicate 
melt partition coefficients according to: 

Ertel et al. (1999, 2001) have measured the 
metausilicate melt partition coefficients for 
Pt and Rh. The measurements made by these 
authors are considered to be reliable, as they 
recognized micronuggets in their 
experiments. Ertel et al. (op. cit.) solved the 
micronugget problem by conducting 
experiments at very high oxygen fugacities, 
where the solubilities of PGEs were high 
enough to make the micronugget effect 
negligible. PGE solubilities were obtained at 
low f O2 by extrapolation. 

Pruseth and Palme (2004) have attempted 
to measure Pt partitioning between sulphide 
melt and Pt alloy. Using Ertel et al. (1999) 
dataset, Pruseth and Palme (op. cit.) 
calculated partition coefficients for Pt, 
between sulphide and silicate melt, using 

sdsil  equation (l), which yielded Dpt values 

unlikely that their calculated f S2 are correct. 
Furthermore, they assumed that f 02=QFM 
when calculating f Sz. However oxygen 
dissolves into sulphide melt at f 02LQFM- l 
(Kress, 1997), and Ertel et al. (op cit.) 
observed that fOz has a large effect on the 
solubility of Pt in silicate melts, as a 
consequence the value of Pruseth and 
Palme's (op cit.) work is questionable. 

In this study, the effects of both oxygen 
and sulphur fugacities have been carefully 
controlled and their influence on the 
solubility of Pt in sulphide melt has been 
investigated. Following the approach of 
Pmseth and Palme, silicate meltlsulphide 
melt partition coefficients will be calculated 
using the simple relation depicted in 
equation (1). Results for our experiments 
will allow direct comparison with previous 
studies. 

2 EXPERIMENTAL PROCEDURES 

2.1 Experimental run set-up 

Experimental runs were conducted in a 
30xlOmm open quartz capsule. Each charge 
contained around 1500 mg of sulphide 
powder and around 150 mg of Pt wire loop. 
All of the experimental runs were performed 
in a vertical muffle tube furnace equipped 
for gas mixing, where both f02 and f S2 
were controlled independently using CO2- 
CO-SO2 gas mixtures. Temperature was set 
to 1200°C and was constant over the length 
of the capsule. Run time varied between 1 
and 96 hours and at the end of each run the 
charges were quenched in a beaker filled 
with cold water. 

of approximately 1 09. They attempted to 2.2 Electron Microprobe analysis 
control f S2 by changing the Fe/S ratio in the 

Sulphide analyses for Pt were made using 
starting materials. Because no adequate 

the CAMECA SXl 00 electron microprobe 
thermodynamic modeling is currently 

using a broad beam of 30 p. An 
available for the Pt-Fe-S-0 system, it is 



accelerating potential of 25 kV and a beam 
current of 20 nA were used. Areas of 
300x300 pm were analyzed in each sample 
to ensure the analyses were representative. 
Oxygen and sulphur values were measured 
by usiing a JEOL electron microscope. An 
EDS ]-aster routine with an accelerating 
potential of 15kV and a beam current of 1 
nA was used to measure these elements. The 
compositions of the alloys in each run were 
determined in line profiles using a focused 
beam. As in previous work (Pruseth and 
Palme 2004; Fleet and Stone 1990), even 
after 48 hours the alloys were not fully 
homog,enized. Homogenization of the alloy 
is a condition sine qua non for equilibrium 
between the alloy and the sulphide melt. For 
this reason, all final experiments were run 
for 96 hours, to ensure homogenization of 
the alloy phase. 

3. RESULTS 

3.1. EJTects off Oz 

Preliminary results show that oxygen 
contents in sulphide melt were found to 
increase with increasing f02.  Its effect on 
the solubility of Pt in sulphide melt is a 
negative one. The substitution of S for 0, at 
increasing f02, dilutes Pt in the sulphide 
melt since Pt dissolves as a sulphide species 
but not as an oxygen species. When the 
sulphide melt is quenched, an oxygen 
bearing phase forms in the interstitial spaces 
between grains of sulphide. Initial analysis 
by electron microprobe suggests a FeSO 
stoichiometry which has not been previously 
documented. Alloy Pt contents show only 
minor variations over the range of f02 
studied. 

3.2. Qj5ects off S2 

Sulphur fugacity has a considerable effect 
on the solubility of Pt in sulphide melt. 
Platinum contents increase sympathetically 
with f S2, from 0.5% at lO-' atm f S2 to -4% 
at 1 0 - ~  atm fS2. Alloy compositions vary 
greatly with fSz with large amounts of Fe 
diffusing into the Pt alloy at lower sulphur 
fugacities. At high fS2 the alloy phase is 
enriched in Pt contributing towards an 
increase in the activity of Pt and its 
solubility in sulphide melt. 

4. IMPLICATIONS FOR D~~~~~~ 

By using Ertel's et al. (1999) dataset and 
correcting it for temperature (since this 
study was done at 1200°C and Ertel's et al. 
dataset refers to experiments carried out at 
1300°C), using data from Fortenfant et al. 
(2003), combined with the results described 
before, and using equation (l), it was 

sul/sil possible to calculate Dpt for the range of 
f 0 2  and f S2 

Partition coefficients are shown to vary 
with both f 0 2  and fS2 from a minimum of 
-log (at high fO2 and low fS2) to a 
maximum of -10" (at low f O2 and high 
f S2). These results are between 4 to 8 orders 
of magnitude higher than previous work. 
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Figure 1- Sulphide meltlsilicate melt Pt 

partition coefficients, as a function of f02 

and displaying f S2 contour lines. 



5. CONCLUSIONS 

The main conclusions taken from this 

study are as follows: 

- Calculated ~p~~~ yield values of between 

4 to 8 orders of magnitude higher than in 

previous work. The reason for such 

discrepancy is the failure of previous 

researchers to identify the micronugget 

effect, thus leading to gross underestimates 

of the true partition coefficients; 

- The solubility of Pt in sulphide melt at 

1200°C decreases with increasing oxygen 

fbgacity but increases with increasing fS2. 

This increase in Pt solubility with increasing 

fS2 indicates that Pt dissolves in the 

sulphide melt as a sulphide species whereas 

the decrease with increasing f02 indicates 

that it does not dissolve as an oxide; 
- This new result is consistent with the 

magmatic hypothesis for the origin 

of Pt-rich horizons in layered 

intrusions. 
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ABSTRACT. The deep hydrothermal alteration of chromitite at Campo Formoso has not 
substani.ially modified composition of chromite cores and platinum-group element (PGE) 
distribution, which still are consistent with magmatic fractionation processes. The platinum- 
group minerals (PGM), however, display evidence of partial hydrothermal reworking. Only 
laurite imd OS-Ir-Ru alloys included in chromite cores could escape alteration. The PGM 
located in the Cr-clinochlore matrix occur intimately intergrown with low-temperature 
sulfides, thus having probably derived by alteration of primary PGM originally located 
interstitial to chromite. The presence of galena, bismuthinite, native antimony, apatite and 
monazite in the secondary assemblage suggests some contribution of fluids derived from the 
adjacent granite. Preferential location of the Rh, Pd, Pt phases in the silicate matrix of the 
stratigraphically high chromitite layers has important implications for the recovery of these 
metals. 

1 INTRODUCTION 

The Campo Formoso layered intrusion 
hosts the most prominent chromite deposits 
of Brazil. The platinum-group element (PGE) 
potential of these deposits has been, recently, 
investigated and discussed (Lord et al. 2004). 
However, only preliminary information has 
been p]-ovided, concerning the mineralogical 
residence of the PGE and the origin of the 
platinum-group minerals (PGM) in the 
chromiitites (Garuti 199 1). This paper reports 
a detailed description of PGM in 80 samples 
representative of seven chromitite layers in 
the mines of Cascabullhos (CB), Pedrinhas 
(PD), L,imoeiro (LM), and Mato Limpo (ML) 
(Fig. l). 

The Campo Formoso layered intrusion is 
located in the Bahia State, about 400 km NW 
of Salvador. It consists of a tabular, arch- 
shaped body approximately 40 km long and 
100 to 1 100 meters wide, and dipping 52"- 
68" SE (Ferreira et al. 2003). The intrusion 
rests over Archean granulites of the Caraiba 
Group. Its original thickness is unknown due 
to deep erosion of the upper portion of the 
intrusion, so that the ultramafic rocks are in 
contact with Early Proterozoic quartzites of 
the Jacobina Group. A huge granite batholith 
(Middle Proterozoic) intrudes the complex 
along the NW border, causing contact 
metamorphism of the igneous rocks (de Deus 
et al. 1982). 

2 GEOLOGY AND PETROGRAPHY 
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Fig. 1: Geology of Campo Formoso, after de 
Deus et al., 1982. 

Due to deep hydrothermal alteration, the 
mafic-ultramafic rocks of the intrusion are 
completely transformed into a tremolite, 
actinolite, serpentine, chlorite, carbonate and 
talc assemblage. 

At least seven chromitite layers, up to more 
than 10 meters thick, are known in the SW 
limb of the intrusion, although the 
stratigraphy is incomplete at some mining 
localities (Fig. 2). The chrome ore consists of 
massive to high-grade disseminated chromite 
in a matrix of Cr-clinochlore, talc, calcite, 
dolomite, and Cr-rich hydrocarbonates. 
Chromite is partially to totally transformed 
into ferrian-chromite intimately intermixed 

with Cr-clinochlore, although cumulus 
texture are preserved locally. 

Electron microprobe analyses of unaltered 
chromite cores show a decrease of the Cr and 
Mg numbers (0.77-0.57 and 0.70-0.23, 
respectively) from base to top of the 
sequence, consistent with the fiactionation 
trend of stratiform chromitites. The Ti 
content is generally low (TiOz < 0.32 wt %), 
possibly due to Ti removing under high-grade 
metamorphic conditions (Lord et al. 2004). 
However, the increase in Ti02 with 
decreasing #Cr in the highest chromitite 
layers is in agreement with a magmatic 
fractionation model. 

4 PGE DISTRIBUTION 

Total PGE concentrations are low (202-377 
ppb) in chromitite layers I to V, but increase 
up to 594 and 918 ppb in the highest layers 
(VI, VII), with a distinct increase of the 
PPGE-IPGE ratio (Fig. 2). 

Fig. 2: Stratigraphy and PGE variation of 
chromite layers. Open case = PGE tot, black case 
= PPGE. 

Chondrite-normalized pattern are 
characterized by a sharp peak of Ru and 
negative anomalies in Ir and Pt, which 
attenuate in the highest layers V1 and VII, 



where a systematic enrichment in Rh, Pt and 
Pd is observed (Fig 3). 

. = V  
= IV Chromitite layers 
= 111 

0 = I 1  
0 = I  

Fig. 3: PGE patterns of Campo Formoso chrornite 
layers 

5 THE PLATINUM-GROUP MINERALS 

All the chromitite samples examined were 
found .to contain minute inclusions of PGM, 
typically less than 15 pm. Variation of the 
bulk PGM assemblage across stratigraphy is 
fully consistent with geochemical data: a) 
PGM sulfides of the laurite-erlichmanite 
series are ubiquitous, b) Os-Ir-Ru alloys are 
re1ativl:ly abundant in the lowermost layers I 
to 111, c) PGM of Rh, Pt and Pd significantly 
appear only in layers V1 and VII. Textural 
criteria allow to identify two paragenetically 
distinct populations of PGM: 
1) Laurite and Os-Ir alloys included in the 
unaltered core of chromite grains, 
characterized by euhedral habit and 
frequently associated with rutile, pentlandite, 
Cu-S, and chlorite (Fig. 4A, B). 
2) Subhedral to anhedral PGM grains located 
in the Cr-clinochlore matrix, notably: As- 

Fig. 4: Primary PGM included in fiesh chromite. 

bearing laurite and erlichmanite, the 
sulfarsenides irarsite, hollingworthite and Pt- 
rich ruarsite, and unidentified PdSb 
(Sudburyite or Stibiopalladinite ?) and 
PdSbBi. These PGM occur commonly 
intergrown with, and in some cases replacing, 
secondary heazlewoodite and millerite (Fig. 
5A, B), pentlandite and galena (Fig. 6A), in 

Fig. 5: PGM in chlorite matrix of the chromitites. 



Pd-Sb 
Pentlandite I 

close association with pyrite, bismuthinite, 6 CONCLUDING REMARKS 
native antimony, unknown PbSb, apatite and 
monazite (Fig. 6B). In spite of the deep hydrothermal 

alteration, chromitites of Campo Formoso 

I 
exhibit compositional variations of the 
chrome spine1 and PGE distribution 
attributable to magmatic fractionation 
processes. However, the PGM assemblage 
reflects considerable mineralogical 
reworking. Only type 1 PGM located in the 
core of chromite grains could escape 
alteration, and possibly represent early 
magmatic phases. The PGM in the Cr- 

- 

clinochlore matrix are not consistent with a 
magmatic origin. More likely, they represent 
the product of hydrothermal reworking of 
magmatic PGM, originally located interstitial 
to chromite. The presence in the assemblage 
of elements incompatible with a magmatic 
chromitite-forming system suggests the 
contribution of granite-derived fluids. The 
preferential, if not exclusive, occurrence of 
Rh, Pd, Pt phases in the silicate matrix of the 

Fig. 6: A = Galena, pentlandite, Pd-Sb in chlorite. chromitite layers VI and V11 has important 
B = Monazite, apatite in chlorite. implications for the recovery of these metals. 

A 0 Laurite in chromite 

Fig. 7: Composition of Ru-Os-Ir sulfides and 
alloy. 

Composition of laurite fi-om assemblage 2 
differs from type 1 laurite for a lower Ir 
content (Fig. 7) and significant As 
substituting for S. 
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ABSTRACT. The chemical composition of chromite ores from the Mayari-Baracoa 
Ophiolitic Belt in eastern Cuba is highly variable in terms of Cr# (from 0.43 to 0.83), bulk 
PGE contents (from 18 ppb to 3,7 ppm) and '870s/188~s ratios (from 0.1230 to 0.1304). Cr# 
correlates positively with PGE but negatively with PdDr and 1870s/1880s ratios. yOs values of 
all but one of the analyzed samples are negative, thus pointing to a subchondritic source. 
Platinum-group minerals (mainly laurite-erlichmanite, irarsite and OS-h-Ru alloys) are 
heterogeneously distributed but more abundant in PGE- and Cr-rich chromite ores. Some 
grains of the laurite-erlichmanite series show oscillatory zoning with erlichmanite cores, 
evidencing changes in f12 conditions during their crystallization. These features are 
interpreted in a model of chromite crystallization by magma mixing (or assimilation of 
preexisting gabbros) in a suprasubduction (back arc to arc) setting. 

1 INTRODUCTION more than one million tons) have been 
described in the Mayari-Baracoa ophiolitic 

A total of 174 chromite deposits of variable 
belt. They were mined in 1930-1960, when 

size (containing from several hundred tons to 
Cuba became the fifth 
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Figure 1. Geological map of the Mayari-Baracoa Ophiolitic Belt (MBOB) showing the location of the 
studied chromite deposits. The eight deposits investigated in the Sagua de Tanamo district occur 
distributed in the small outcrops of serpentinized peridotites included in the thick square. 

world producer of chromite. The different 
deposits were grouped by Proenza et al. 
(1999) intro three mining districts (Fig. l): 1) 
the Moa-Baracoa district includes only Al- 
rich chromite deposits [Cr#=Cr/(Cr+Al) 
~0.601; 2) the Sagua de Tanamo district 
groups a number of small deposits of both 
Al- and Cr-rich (Cr#>0.60) chromite and 3) 
the Mayari district includes only Cr-rich 
chromite deposits. The analyses reported by 
Proenza et al. (1999) also show that PGE 
abundances of some deposits are highly 
variable and correlate with Cr# of chromite. 
Therefore, the chromite deposits from the 
Mayari-Baracoa Ophiolitic Belt offer a 
unique opportunity for an integrated 
mineralogical and geochemical study which 
may improve our understanding of chromite 
formation and the mechanism(s) that control 
PGE abundances and isotopic variations at 
different length and time scales in the upper 
mantle. 

2 PLATINUM-GROUP ELEMENTS 

The average C# of chromitites ranges from 
0.43 to 0.83 and their whole-rock PGE 
contents from 0.18 ppb to 3.7 ppm. PGE 
contents depend on the modal proportion of 
chromite (the higher the modal percent of 
chromite the higher the PGE content) and its 
Cr203 content. Thus, considering only 
massive chromitite samples (> 80 vol. % 
chromite), a positive correlation between Cr# 
and PGE abundances is observed, as well as a 
negative correlation between PGE and Pd/Ir 
ratio (Fig. 2). 

3 MINERALOGY OF PLATINUM-GROUP 
ELEMENTS 

The distribution of platinum-group minerals 
(PGM) is very heterogeneous. They tend to 
be more abundant in Cr-rich chromite ores 
than in Al-rich chromite ores. PGM occur 
included in chromite with grain sizes usually 
smaller than 1Opm (some grains reach up to 
33pm across). Of the identified grains, -68% 
belong to the laurite-erlichrnanite solid 



solution series (RuS2-OS&), -9% to irarsite 
(IrAsS), -9% to OS-Ir alloys, -5% to Ru-Os- 
Ir-Fe-Ni alloys, and -1 1% to other mineral 
phases, including an unknown NiRhAs and 
differeint sulfides of Ir, OS, Rh, Cu, Ni and /or 
Pd. 

10 100 1000 loo00 
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Figure 2. Average Cr# and PdIIr ratio of 
chromitites plotted against average whole-rock 
PGE content. Open circles: Al-rich chromite; 
black circles: Cr-rich chromite. 

Laurite-erlichmanite grains have similar 
compositions irrespective of the Cr# of the 
host chromite. The average formula is 
(Ruo.730so.201ro.~7)~=1S2 and OS and Ir 
concentrations vary from 6 to 35 wt. % and 
from 2 to 14 wt. %, respectively. 
Nevertheless, some grains are zoned 
exhibiting cores of erlichmanite and 
alternating OS-poor and OS-rich rims. 

4 OS ISOTOPES 

1870s/188~s ratios of chromites vary from 
0.1230 to 0.1304, with an average of 
0.1259f0.0019 (20). This ratio is slightly 
lower, but within error of the carbonaceous 
chondrite ratio of 0.1269 at 90 Ma, the 
presumed age of the ophiolite complex. 

187~s11880s ratios show a good negative 
correlation with total PGE abundances and, to 
a lesser extent, with the Cr# of chromite. 

The average 1870s/188~s ratio of podiform 
chromites fiom worldwide locations 
(1870s/1880s=0. 12809 f 0.00085 20; Walker 
et al. 2002;), if compared to our data set, 
emphasizes the unradiogenic, subchondritic 
to chondritic 1870s11 880s compositions 
measured for chromites from the eastern 
Cuban ophiolite. This is clearly also indicated 
by the time-corrected OS compositions, 
reflected by their yOs values, which are 
consistently negative and average -0.8 +/- 0.8 

(10)- 
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Figure 3. Calculated yOs (assuming 90 Ma as the 
age of the ophiolite complex) versus OS (ppb) 
content. Large symbols as in Figure 2. Small 
open triangles: chromitite samples analyzed by 
Walker et al. (2002). 

The OS isotopic composition of chromites 
from a single deposit is heterogeneous: e.g. in 
four samples from Mercedita mine, the 
1870s/ '88~s ratio ranges from 0.1234 to 
0.1276. 

OS isotopic model ages of chromites range 
fiom 46 to 564 Ma and thus suggest that the 
mantle section of the Mayari-Baracoa 
ophiolite represents fragments of upper 
mantle depleted by a partial melting event 
that occurred 564 Ma ago. 

5 CONCLUDING REMARKS 



Correlations between total PGE 
concentration, Cr#, PdIIr, and '870sl'880s or 
yOs values strongly suggest that chromite 
formation and PGE concentration and 
fkactionation are closely linked through a 
general mechanism (Mungall, 2002; Brenker 
et al., 2003). Chromite formation most 
probably took place by mixing of two 
different kinds of melts (e.g. Arai and 
Yurimoto, 1994) or by assimilation of mafic 
rocks (AI-rich chromitites include remnants 
of gabbro sills) (BCdard and HCbert, 1998), 
with water playing an important role 
(Matveev and Ballhaus (2002). In this 
context, it is possible to interpret the 
existence of zoned laurite grains with 
erlichrnanite cores. Since OS solubility in 
laurite depends on $32 and temperature 
(Brenan and Andrews, 2001) and because 
sudden changes in temperature are highly 
improbable in the upper mantle, the irregular 
zoning of the studied laurite grains must be 
due to changes inJS2. Such changes may take 
place in the nearby environment of the 
crystallizing chromite due to successive 
inputs of different batches of magma and to 
the turbulent regime generated. In such 
heterogeneous environment, crystallizing 
laurite could concentrate OS with variable 
isotopic signature, thus explaining the 
heterogeneous isotopic composition of OS in 
single chromite deposits. 

Assuming that Al-rich chromitites formed 
from MORB, probably back-arc basin 
basalts, and that Cr-rich chromitites formed 
from boninitic or high-Mg andesitic melts in 
a suprasubduction setting (Proenza et al., 
1999), it can be interpreted that chromite 
deposits from the Mayari district generated in 
an arc environment, that those from Moa- 
Baracoa district formed beneath a back-arc 
spreading ridge and that the Sagua de 
Tiinamo district represents a transitional 

environment. According to the OS isotopic 
signatures of the studied chromitites it can be 
stated that their source mantle was depleted 
(systematically yOs<l) and that no radiogenic 
OS was added to the parental melts of 
chromitites. 
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ABSTRACT. New data on PGM assemblage and PGE geochemistry of the Burakovsky 
Igneous Complex (BIC), southern Karelia are presented. Petrologic studies combined with 
electron microscopy and microprobe analysis allowed us to establish that the distribution of 
low-sulfide PGE mineralization in BIC was largely controlled by magmatic stratigraphy and 
subsec~uently modified by the late magmatic and postmagmatic processes. 

The Burakovsky Igneous Complex is 
situated near Lake Onega, at the south- 
eastern margin of the 300-km Sumian- 
Sariolian granite-greenstone belt of the 
easte~n Baltic Shield. It is a large (630 km2 in 
area and up to 7-10 km in thickness) early 
Paleoproterozoic mafic-ultramafic pluton 
with an isotopic age of 2449.0 f 1.1 Ma 
(Amelin and Semenov, 1996). 

The BIC comprises two closely spaced 
intrusive bodies: the Aganozersky pluton 
mainly consisting of ultramafic rocks and the 
Burakovsky-Shalozersky lopolith composed 
of both ultramafic and mafic rocks making up 
the almost complete layered series that ranges 
from dunite to gabbrodiorite. Magmatic 
chambers of the both plutons were originally 
separated and fed from different sources; 
afterwards they have been amalgamated into 
a coinmon transtensional zone (Tevelev and 
Grokhovskaya, 1999). 

The BIC is, to a great extent, overlapped 
by a thick cover of the Quaternary sediments, 
so that all the petrological data obtained were 
derived from cores of prospect boreholes 
(Ganin et. al., 1995; Chistyakov et al., 2002). 
Horizons, or levels of PGE mineralization are 
strongly controlled by magmatic stratigraphy. 
Low-sulfide PGE mineralization (up to 1-2 
ppm of total PGE sum) is hosted in 
pyroxenite and gabbronorite zones of the 
marginal series and occasionally in ultramafic 
cumulates of the layered series. The highest 
PGE sum, attaining 5-6 ppm, is currently 
detected at the south-eastern margin of the 
Shalozersky pluton, where pyroxene 
orthocumulate contains 1-5 vol. % of 
intercumulus sulfides. The subeconomic PGE 
grade, as high as 3 ppm of PGE, also was 
noted in the Shalozersky chromitite horizon 
and overlying pyroxenite (Ganin et al., 1995). 



Borehole 333 333 (Fig. 1). The highest PGE content up to 
6.5 ppm is fixed in pyroxenite affected by K- 
Na metasomatism and containing granite 
schlieren and veins (levels I and 11) as well as 
in gabbronorite (level 111). 

PGE, Au, Ag mineral phases 1 2  
Native Pt X 

Tulameenite (Pt2FeCu) X 

Cu3Pt X 

Pd-CU- AU X 

Native Ag X 

Native Au X 

Electrum (AuAg) X 

Cooperite (Pt,Pd,Ni)S X 

Laurite (RuS2) X 

Spenylite (PtAs2) X X 

Atokite Pd3Sn X 

Rustenburgite Pt3Sn X 

Paolovite Pd2Sn 
Zvyagintsevite (Pd3Pb) X 

(Pd,Pb)2(Se,S) X 

Moncheite Pt(Te,Bi)2 X X 

Merenskyite (Pd,Pt,Ni)(TeYBi)2 X X 

Kotulskite Pd(Te,Bi) X X 

Froodite (PdBi2) X 

Sopcheite (Ag4Pd3Te4) X 

Irarsite (IrAsS) X 

Hollingworthite (RhAsS) X 

Platarsite (PtAsS) X 

Pd-Pb-Ge X 

(Co,Ni,Fe,Pd,Rh)AsS X X 
Fig. 1. Schematic correlation of PGE-bearing 
rocks in the Shalozersky intrusive body of the Fig. 2. PGM in PGE low-sulfide 
BIC. 1 - interlayered dunite, peridotite, mineralization of the Shalozersky (l), and 
pyroxenite; 2 - olivine pyroxenite; 3 - Aganozersky (2) intrusive bodies of the BIC. 
websterite, orthopyroxenite; 4 - gabbronorite, Data presented in this paper and after 
5 - pigeonite gabbronorite; 6 - granite; 7 - Grokhovskaya, Tevelev (1995). 
chromitite, 8 - PGE occurrences. 

Mineralogy of platinum-group elements 
We suggest that PGE mineralization is 

related to orthocumulates and furthermore 
associated with rocks enriched in volatile 
components. The PGE occur in pyroxene 
orthocumulates containing biotite, 
phlogopite, hornblende, tremolite-actinolite, 
chlorite, calcite, apatite, albite, and feldspar. 
Three PGE levels are recognized in Borehole 

PGE occur as their own mineral phases and 
as an admixture in pentlandite and cobaltite. 
PGM are associated with disseminations of 
pyrrhotite, chalcopyrite, pentlandite, 
cubanite, pyrite, and minor talnakhite, 
sphalerite, cobaltite, gersdorffite, bornite, 
chalcocite, covellite, nickeline, violarite, 



mackinawite, and minerals of galena- 
clausthalite group. The textural features 
imply a  close genetic relation between PGM 
and interstitial sulfides. The small PGM 
grains are contained typically in the 
interstitial sulfides being localized at silicate- 
-sulfide boundaries and incorporated into 
seconda~y silicates. PGM are observed both 
as monomineralic grains and polyrnineralic 
intergrowths. 

Noble-metal mineralization of the BIC 
includes the most common Pt- and Pd- 
bismuthtellurides, sperrylite, cooperite, 
electrum, native silver, and gold (Fig. 2). 
Wide isomorphism of Pd-Pt- 
bismuthtellurides is characteristic. 

Fig. 3. Back-scattered electron image of 
PGM polymineralic intergrowth located 
within chalcopyrite - pentlandite assemblage 
(black). Moncheite [(Pd(Te,Bi)] is substituted 
by kotulskite (l), sopcheite (2), Cu3Pt (3); 
atokite-rustenburgite (4), Pd-Au-Cu (5) ,  and 
nanonleter intergrowths of sperrylite, 
electrum, atokite-rustenburgite, Pd3Pb, Pd- 
Au-Cn (6). JSM 5300, IGEM RAS. 

The most interesting PGM assemblage is 
featured by intergrowths of tiny (submicron 
and nanometer) PGM particles that replace 
the parental moncheite and sperrylite grains 
in the metasomatized rocks from Borehole 
333 (Fig. 3).This replacement is probably 
attributed to the late stages of magma 
crystallization and to the postcrystallization 
mobilization of PGE by high-temperature 
hydrothermal fluids that modified the PGE- 
bearing mineral systems. We suggest that 
hydrothermal postmagmatic processes finally 
led to significant redistribution and local 
concentration of PGE approaching the 
economic level. 

Development ot low-sulfide PGE 
mineralization in the BIC was probably 
caused by a long-term fiactionation of PGE 
and their eventual separation from residual 
melt enriched in volatile and incompatible 
components as evidenced from compositions 
of biotite, phlogopite, and fluorapatite at 
PGM-bearing ore occurrences. PGM were 
accumulated together with magmatic sulfides 
and fluid-bearing silicates. The replacement 
of initial PGM by a complex and 
heterogeneous set of micrometer- and 
nanometer-sized intergrowths of secondary 
PGM with gold and silver was an important 
factor of PGE redistribution and local 
concentration. This process likely proceeded 
in hydrothermal environment, and solutions 
cooled down to a rather low temperature at its 
final stage. 

REFERENCES 

Amelin, Y.V., Semenov, V.S. 1996. Nd and Sr 
isotopic geochemistry of mafic layered intrusions in 
the Eastern Baltic Shield: implications for the 
evolution of Paleoproterozoic continental mafic 
magmas. Contrib. Miner. Petrol., 124,255-272. 



Chistyakov, A.V., Sharkov, E.V., Grokhovskaya, T.L., 
Bogatikov, O.A., Muravitskaya, G.N., Grinevich, 
N.G. 2002. Petrology of the Europe-largest 
Burakovka Early Paleoproterozoic layered pluton 
(Southern Karelia, Russia) Russian Journal of 
Earth Sciences, 4,35-75. 

Ganin, V.A., Grinevich, N.G., Loginov, V.N. 1995. 
Petrology and platinum content of the Bwakovka- 
Aganozero intrusion (Eastern Zaonezhie), Platinum of 
Russia, Geoinformmark Publishing Co., Moscow, 2, 
19-23. (In Russian). 

Grokhovskaya, T.L., Tevelev, A.V. 1995. Early 
Proterozoic Rift-Related PGE Provinces in the 

Eastern Baltic Shield. IGCP Project 336, 
Proceedings, Duluth, MN. 57-58. 

Tevelev, A.V., Grokhovskaya, T.L. 1999. Tectonic 
style of formation of Early Proterozoic layered 
intrusions in the Baltic Shield. Tectonics, 
Geodynamics, and magmatic and metamorphic 
processes. Trudy of Tectonics Symposium, GEOS. 
Moscow, 2, 193-196. (In Russian). 



Fluid and melt inclusion evidence for platinum-group element 
transport by high salinity fluids and halide melts below the 
J-M reef, Stillwater Complex, Montana, U.S.A. 

J.J. ~ a n l e ~ ' ,  J.E. Mungall, E.T.C. Spooner 
Department of Geology, University of Toronto, 22 Russell Street, Toronto, Ontario, M5S3Bl 

*hanlev@,~eolom. - -. utoronto. ca 

T. Pettke 
Isotope Geochemistry and Mineral Resources, ETH Zurich, CH-8092 Zurich, Switzerland 

ABSTRACT. Inclusions containing high salinity aqueous brines, COz and molten salt are 
trapped in quartz in pegmatitic bodies, and in cumulus olivine, below the J-M reef in the 
Stillwater Complex. This study describes the first fluid inclusion observations from the 
Stillwater Complex, and the first direct evidence from in-situ microanalysis that late- 
magmatic volatile phases were Pt- and Pd-bearing at the time of their entrapment. 

1 INTRODUCTION 

Altliough evidence for compositional 
modification of cumulate rocks in the -6 km 
thick Stillwater Complex by high temperature 
volatilles has been proposed on the basis of 
textur.al evidence (e.g., Meurer et al., 1998), 
fluidlmelt inclusion evidence was not 
includ.ed. In this study, we describe base and 
preciolus metal-bearing fluid and halide melt 
inclusions occurring below the J-M reef. We 
propose that the inclusions have a magmatic 
parentage and discuss their relevance to the 
development of the PGE-bearing J-M reef. 

bodies hosted in the Gabbronorite I Zone in 
the Lower Banded Series (-150m below the 
J-M reef), and (ii) in olivine from pyroxenite 
in the Bronzitite Zone in the Ultramafic 
Series (-1000m below the J-M reef). The 
pegmatites are zoned; they comprise very 
coarse-grained (1 - 10 cm-sized crystals) 
gabbronorite cored by graphic granite cored 
in turn by massive quartz. Feldspar in the 
pegmatites shows a continuous and marked 
decrease in An content from An7, (bytownite) 
at the margin of the pegmatite to pure albite 
(Abg9) near the core. 

Whole rock analyses indicate that the 

2 HOST SETTING AND PETROGRAPHY 
granitic cores of the pegmatites are 
significantly enriched in Th, U, Nb, Ta, P2O5 

2.1 Htxt rock setting and composition and TiOz relative to the host coarse-grained 
gabbronorite. As these elements tend to 

Fluid and halide melt inclusions were 
reside in refractory mineral phases (e.g., 

observed in two settings: (i) in massive and 
apatite, oxides), are unlikely to be highly 

graphic-textured quartz from pegmatitic 



soluble in chloride-bearing aqueous fluids, 
and are unlikely to precipitate from melt 
phases saturated in volatiles, their enrichment 
in the cores of the pegrnatites suggests that 
pegmatite formation is a result of in-situ sub- 
solidus alteration and anatexis by fluids 
rather than the late injection of an evolved 
melt phase. 

Forsteritic (-Fog4) cumulate olivine grains 
in orthopyroxenites of the Ultramafic Series 
host fluid and halide melt inclusions but 
appear fresh and unaltered. 

2.2 Inclusion characteristics 

Four principal inclusion types were 
identified below the level of the J-M reef: (i) 
polyphase brine inclusions, (ii) CO2 fluid 
inclusions, (iii) CO2-bearing polyphase 
inclusions and (iv) halide melt inclusions. 

Brine inclusions (Fig. la) contain an 
aqueous liquid, small vapour bubble, and up 
to -10 solid phases. They occur in both 
pyroxenite-hosted olivine (secondary origin) 
and pegmatite-hosted quartz (primary origin). 
Halite is the most abundant solid phase; other 
phases identified by SEM-EDS are sylvite, 
lawrencite, K-feldspar, pyrosmalite, 
hydrophilite, enargite and Mn-rich calcite. 

Single-phase (at room T) carbonic 
inclusions contain fluid CO2 (Fig. lb); these 
inclusions coexist in a primary assemblage 
with the brine inclusions. Carbonate phases 
were commonly observed as accidentally- 
trapped phases in the inclusions and host 
quartz, suggesting that the fluids were 
carbonate-saturated at the time of entrapment. 
In addition to the COz phase and accidental 
carbonate phases, the C02 inclusions also 
contain a trace amount of aqueous fluid 
which coats the inner walls of the inclusions 
but is not visible at room T. 

Inclusions containing both liquid COz and 
aqueous brine show highly variable 

C02:brine ratios (Fig. lc); these inclusions 
could not be homogenized completely and 
indicate the coexistence of immiscible brine 
and CO2 phases at the time of entrapment. 

Trails of halide melt inclusions were 
identified in olivine (Fig. Id, e) and have a 
secondary origin. The melt inclusions contain 
solid halite, filling >85 vol% of the 
inclusions, a small vapour bubble, 1-2 
daughter crystals, and a small amount of 
aqueous fluid. The morphology of the solid 
halite inclusions, consistent halite fill ratios, 
microthermometric behavior, and 
composition (see below) suggest that they 
represent a trapped melt phase rather than 
accidentally-trapped halite. 

Figure 1. Inclusion types below the J-M reef 
(a, d, e at room T; b,c at -50°C) 

3 MICROTHERMOMETRY 

Brine inclusions homogenize by halite 
dissolution. In the cores of the pegmatites 
(primary brines), this occurs between 440 and 
560°C (n=105). In the outer graphic-textured 
granite (primary brines), halite dissolution 
occurs between 580 and 700°C (n=81). In 
olivine, secondary brine inclusions 
homogenize between 420 and 500°C [overall 
range in NaCl wt% eq. = -50-70 wt%]. 

COz liquid inclusions melt between -60 
and -56"C, and homogenize by critical or 
near-critical (always to liquid) behavior 
between -18 and +19"C; this behavior 
indicates the presence of CO2 with minor 



C& (up to - 10 mol%; confirmed by gas 
chromatography). 

- Since Ttrapping - Thomogenization for an 
inclusion assemblage containing immiscible 
liquidlvapour phases, TmPPing is constrained 
by the temperature of halite dissolution. An 
estimate of the pressure of entrapment may 
be derived from the intersection of the 
minimum and maximum halite liquidi 
(TtraPping) with the minimum and maximum 
isochorr:~ for the purest CO2 inclusions. 
Entrapment conditions for the brine-CO2 
assemblage are estimated at 440-560°C and 
-2.5 kbar in the massive quartz core, and 
580-700°C and -4.5 kbar in the graphic 
granite. 

The range in P of entrapment estimated 
above 11s generally consistent with estimates 
of P fiom metamorphic assemblages at the 
base of the intrusion (Lipin and Zientek, 
2002). The significantly lower Ptrappmg 
estimated for the core of the pegmatoid using 
the lower density CO2 isochore suggests that 
the qilartz of the pegmatite core was 
deposited under near-hydrostatic pressure in 
an open pathway for fluid migration after the 
final clystallization of the intrusion. 

The upper T of entrapment for the brine- 
CO2 assemblage in the graphic granite is 
consistent with the water-saturated (-8 wt% 
H20) eutectic in the albite-quartz system 
(-700°C at 4 kbar). The presence of 
additional components such as C1 could 
effectively lower the eutectic temperature 
below 700°C. 

Halide melt inclusions homogenize by the 
melting of the halite between 680 and 800°C. 
[Additional cations and subsidiary amounts 
of water lower the melting T of pure halite 
(80 1 "C)]. 

4 MICROANALYTICAL RESULTS 

4.1 Fluid inclusions 

In-situ analysis of single inclusions was 
conducted by laser ablation ICP-MS (ETH 
Zurich). Correcting the NaCl wt% eq. for the 
presence of other major cations, the brine 
(n=l60) contains: (major and minor 
elements) 10.9-2 1.2 wt% Na; 1.8-4.1 wt% K, 
3.4-10.8 wt% Ca, 1.1 - 3.6 wt% Mn, 1.9-6.5 
wtYo Fe, and 0.1-0.5 wtYo Zn. Trace elements 
with concentrations in the 100-1000 ppm 
range include: Cu, Pb, Ni, Sn, Ba, Al, Mg, 
CS, Rb, Sr. Trace elements in the 1-10 ppm 
range include: Bi, Ag, Y, Zr, Nb, La, Ta, U. 
Notably, approximately 5% of the brine 
inclusions in the pegmatites and in olivine 
yielded signzficant concentrations of Pt and 
Pd, ranging j?om 0.4 to 4 ppm (at a 2 0  
confidence level). Brine compositions in the 
pegmatite and in olivine are comparable, with 
the exception of a few reactive elements 
which may partition into olivine (e.g. Zn, Ni). 
Cu/Pt and Cu/Pd ratios in the brines range 
from -20 to -400. PdIPt ratios are between 
-1 and -2. 

4.2 Melt inclusions 

The halide melt inclusions are comprised 
of essentially pure NaCl with Pb, As, Cu and 
Ag present in the -10 to -100 ppm range. 
Elemental ratios are very consistent within 
the melt inclusion population. Pt was 
detected at a concentration of -2-4 ppm in 
four halide melt inclusions at a 2oconfidence 
level; Pd was not detected in the halide melt 
inclusions. 

5 DISCUSSION 

The results are consistent with recent 
experimental data requiring a high salinity 
brine to be present during the waning stages 
of magmatism in order to produce the apatite 



compositions observed in parts of the 
Stillwater Complex (Mathez and Webster, 
2005). All inclusion types post-date the 
deposition of primary magmatic cumulus 
phases. Volatile migration through the 
cumulate pile was widespread and volatiles 
clearly interacted with cumulate rocks at the 
cm- (individual olivine grains) and m-scales 
(pegmatite formation). 

We suggest that two distinct volatile 
phases were present during the cooling 
history of the intrusion: a hydrous halide melt 
phase and a carbonic liquid. The coexisting 
fluid types may have exsolved as separate 
phases from crystallizing interstitial 
(residual) melt in the cumulate pile. During 
cooling, the halide melt phase may have 
become progressively more H20-rich, 
resulting in the observed immiscible brine- 
CO2 assemblage. [At high salinity, the two- 
phase field in the NaC1-H20-CO2 system 
expands to high T's (e.g., -600°C for a -20- 
25 wt% NaCl fluid)]. Pegmatite formation 
resulted fi-om fluid-induced melting of the 
cumulate rocks. 

Although no record of higher T (>-800°C) 
volatiles has been observed in inclusion form 
(to date), it is important to recognize that at 
the lower temperatures of entrapment 
presented here, the volatiles were PGE- 
bearing. This finding implies that at higher T 
the volatile phase could also have been PGE- 
bearing. It has been shown that volatiles in 
the Stillwater Complex cooled along a T-fo2 
path parallel to and approximately 2 log units 
below the NNO buffer (Mathez et al., 1989). 
At these moderately oxidizing conditions, the 
PGE should be soluble in high salinity brines 
at ppm-levels, based on preliminary 
experimental studies of Pt solubility (Hanley 
et al., 2005). The results of this study add 
considerable support to models for the 
formation of the J-M reef involving the 

card transport of the PGE by volatiles 
(e.g., Meurer et al., 1998; Boudreau, 1999). 

Current genetic models can be made more 
specific by considering the role played by 
hydrous saline melts and magmatic brines in 
deposit development. The potential for 
interaction and competition between sulfide 
liquids or PGE-bearing sulfide minerals, and 
hydrosaline volatiles for available PGE in a 
crystallizing mafic igneous system must be 
critically evaluated. Additionally, at lower T, 
interaction of volatiles with cumulate rocks in 
layered intrusions may redistribute significant 
amounts of Cu, Pt, Bi, Ag and other metals 
while modifying primary magmatic silicate 
and sulphide compositions. 
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ABSTIRACT. Ferromanganese crusts (Fe-Mn crusts) form by precipitation from cold ambient 
bottom waters onto hard-rock substrates throughout the ocean basins. Platinum group 
element (PGE) concentrations are highly variable among individual Fe-Mn crust samples, but 
vary b-y only up to a factor of 6 on a regional scale. PGEs are most abundant in crusts from 
the central Pacific. PGE concentrations (up to 3,100 ppb Pt, 98 ppb Rh, 41 ppb Ru, 22 ppb Ir, 
and 16 ppb Pd) are strongly enriched relative to their abundances in the Earth's crust and 
seawater. Fe-Mn crust data show strong positive correlations among Pt, Rh, Ir, Te, and to a 
lesser degree with Ru, but not with Pd. We suggest that the high concentrations of Pt, Ru, 
and Ir are related to their incorporation into Fe-Mn crusts by oxidative scavenging from 
seawater onto the MnO2 and FeOOH surfaces. Rh is enriched by non-oxidative scavenging. 
The mean Pd concentration is near its Earth's crustal abundance and it likely reflects the 
detrital fraction in the Fe-Mn crusts as well as minor surface sorption. Ru also reflects in part 
the detrital fraction. 

1 INTItODUCTION Table 1. Mean PGE abundances in Earth's 
crust, C1 chondrites, and seawater used to 

Fe - Mn (FeOOH, MnOz) crusts precipitate compare with our data for ferromanganese 
crusts 

out of cold ambient seawater (hydrogenetic) 
onto hard-rock substrates throughout the Earth's 
ocean basins at water depths of about 400 to Crust Chondrite Seawater Ref. 
4000 m. They grow at incredibly slow rates Ir 0.2 48 1 0.00000 13 1 -2,3,4 
(1-6 mmIMyr), have high porosity (mean Ru 1.0 712 0.000002 1 -2,3,5 
61%), and enormous specific surface area Rh 0.5 134 0.00009 1 -2,3,6 
(mean 323 m21g). These characteristics Pt 2-4 1012 0.00019 1-2,3,7 
promote the acquisition from seawater of Pd 1.9 560 0.00004 8,3,5 
large quantities of metals, most notably CO 1-2:Emsle~ (2000) webelement% 3:Anders and 

Ebihara (1982); 4:Hodge et al. (1986); from an economic and Te in 5:Goldberg (1987); (j:Befiine et al. (1993); 
of enrichment (5,000-50,000 times) relative 7: Goldberg et al. (1 986); 8 :Terashirna et al. 
to its Elarth's crustal abundance (Table 1). 



The next highest tier of elements is enriched 
on average 50-250 times in Fe-Mn crusts 
relative to their Earth's crustal abundance and 
includes Pt, Mn, MO, CO, Bi, T1, As, Pb, W, 
and Sb (Fig l). The older part of most thick 
Fe-Mn crusts was impregnated by carbonate 
fluorapatite (CFA) during the middle 
Cenozoic, which is the part of the crusts most 
enriched in PGEs. 

2 PGEs IN Fe-Mn CRUSTS 

We analyzed 148 bulk Fe - Mn crust 
samples distributed globally and 13 1 crust 
subsamples (crust layers) for major, minor, 
and PGE concentrations. The maximum PGE 

Earth's crustal abundance. Other maximum 
values in crust layers are 98 ppb Rh, 41 ppb 
Ru, 22 ppb Ir, and 16 ppb Pd. 

Table 2. Statistics for the global mean and 
selected regional areas for PGE contents 
(ppb) in bulk Fe-Mn crusts analyzed here 

All Bulk Crust 
Lr Ru Rh Pt Pd 

Mean 6 17 15 268 4 
Median 6 17 14 222 4 

SD 2 6 10 212 2 
Min 1 4 0 1 0 0  
Max 13 30 55 1257 14 

n= 103 110 148 148 146 
South-Central Pacific 

concentrations in bulk crusts are 1,257 ppb Ir Ru Rh Pt Pd 
Pt, 55 ppb Rh, 30 ppb Ru, 14 ppb Pd, and 13 Mean 7 22 21 333 5 
ppb Ir. The global mean concentrations are Median 6 22 22 353 4 
268 ppb Pt, 15 ppb Rh, 17 ppb Ru, 4 ppb Pd, SD 2 5 10 180 3 
and 6 ppb Ir (Table 2). On a regional scale, Min 2 10 <l < l  <l  
the highest mean concentration of Pt (418 Max 12 30 33 683 11 
ppb) in bulk crusts occurs in the west-central n= 17 17 19 19 19 
Pacific, with the lowest mean Pt (71 ppb) in West Central Pacific 
crusts from the western margin of North Ir Ru Rh Pt Pd 
American (Table 2). The highest mean Ru Mean 6 18 20 418 4 
(22 ppb), Pd (5 ppb), and Ir (7 ppb) are in Median 6 18 19 375 5 
south-central Pacific crusts and highest mean SD 2 5 10 224 2 

Rh (25 ppb) is in Atlantic crusts. The highest Min 2 4 1 1 0 1  

previously reported concentration for Pt in a 
Max 13 30 55 1257 14 

bulk crust is 3,100 ppb for a sample from the 
n= 43 43 47 47 47 

northwest Pacific (Usui and Someya, 1997), 
which is enriched about 1,300 times over its 
Earth's crustal value. Even though the 
variability of PGE contents among Fe-Mn 
crust samples is very high, the ranges of crust 
mean values for various parts of the global 
ocean are remarkably narrow: mean Ir varies 
by only a factor of 3.5 times, Ru by 2.3 times, 
Rh by 3.1 times, Pd by 3.0 times, and mean 
Pt values vary the most, by 6.0 times. 

For individual Fe - Mn crust layers, the 
highest Pt content measured here is 2,650 
ppb, an enrichment of 1,100 times over its 

North American Margin 
Ir Ru Rh Pt Pd 

Mean 2 9 8 7 1 4  
Median 2 9 6 69 4 

SD 1 3 9 2 6 2  
Min 1 6 3 3 7 2  
Max 3 16 50 141 9 

n= 10 13 27 27 25 



Figure 1. Enrichment diagram for elements in Fe-Mn crusts relative to their concentrations 
in the Earth's crust; the PGEs are highlighted. 

2.1 Element Correlations formation of complexes in seawater, and the 
mechanisms of incorporation from seawater. 

The strongest positive correlations are 
among Pt, Rh, Ir, and Te. These elements 2.2 Comparison with seawater 
have weaker positive correlations with Ru, concentrations 
but are not correlated with Pd. Pt, Rh, Ir, and 
Ru also have positive correlations with 
mainly hydrogenetic elements (CO, Ni, Mn) 
and those representative of the CFA (Ca, P, 
Sr, Y, COz). This latter correlation is also 
reflected by a positive correlation of Pt and 
Rh with crust thickness in that only thicker 
crusts are phosphatized. We interpret these 
relationships to mean that Pt, Rh, Ir, and to a 
lesser extent Ru are hydrogenetic elements 
derived from ambient seawater and that they 
CO-vary with CFA, although there is probably 
not a genetic link with phosphatization. Pd 
has positive correlations with elements (Fe, 
Al, K, Cr) characteristic of aluminosilicate 
detrital minerals and probably partly reflects 
that component. The decoupling of Pd and to 
a lesser extent Ru from Pt, Rh, and Ir reflects 
the primary sources of these elements, their 

Seawater concentrations of most PGEs are 
not well established, but in decreasing order 
of abundance, they are Pt, Rh, Pd, Ru, Ir. 
Estimates for the enrichment of Ir, Ru, and Pt 
in Fe-Mn crusts relative to their seawater 
values are 4.6, 8.5, and 1.4 million times, 
respectively, whereas Rh and Pd are 170 and 
100 thousand times, respectively. The order 
of magnitude higher enrichments for Ir, Ru, 
and Pt may reflect their oxidative scavenging 
onto Mn02 and FeOOH surfaces, in contrast 
to the incorporation of Rh and Pd. Oxidative 
scavenging is responsible for the very strong 
enrichment of Te in Fe-Mn crusts (Hein et 
al., 2003). Sorption data indicate that Mn02 
plays a key role in the initial acquisition from 
seawater, but unknown processes may 
transfer the Te to FeOOH and perhaps also 
the Ir, Ru, and Pt. Even though Rh is not 



oxidized on the Fe-Mn crust surface, it is Bertine, K.K., Koide, M., and Goldberg, E.D. 1993. 
Aspects of rhodium marine chemistry. Marine nonetheless strongly sorbed, whereas Pd is ChemistW. 42, 199-210. 

not. Emsley, J. 2000. The Elements. Oxford University 
There is a strong decoupling of Rh from Press, 292 P- 

Goldberg, E.D. 1987. Heavy metal analyses in the the other PGEs in their order of abundance in marine environment-Approaches to quality conkol. 
the Earth's crust relative to their abundance in Marine Chemistry, 22, 117-124. 

seawater; this order of abundance changes Goldberg, E.D., ~ o d g e ,  V., Kay, P., Stallard, M., and 
V 

Koide, M. 1986. Some comparative marine from Pt-Pd-Ru-Rh-Ir to Pt-Rh-Pd-Ru-Ir. An chemiskies of platinum and iridium. Applied 
additional fractionation occurs during their Geochemistry, 1,227-232. 
incorporation into Fe-Mn crusts, which Hein, J.R., Koschinsky, A., and Halliday, A.N. 2003. 

occurs in the order Pt-Ru-Rh-Ir-Pd. Global occurrence of tellurium-rich ferromanganese 
crusts and a model for the enrichment of tellurium. 

2.3 Comparison with chondrite PGEs Geochimica et Cosmochimica Acta, 67, 1 1 17- 1 127. 
Hodge, V., Stallard, M., Koide, M., and Goldberg, 
E.D. 1986. Determination of platinum and iridium & A plot of the ratio of PGE concentrations marine waters, sediments, and orgwsms. Analytical 

in Fe-Mn crusts normalized to C1 chondrites Chemistry, 58,616-620. 
versus the PGEs shows an increasing trend Terashima, S., Mita, N., Nakao, S., and ~shihara, S. 

2002. Platinum and palladium in marine sediments 
from Ir (at 0.01 times chondrites) through Ru and their geochemical behavior in msrine 
and Rh to Pt (at about 0.3 times chondrite), environments. Geological Survey Japan, Bulletin 53, - - - 
and then a sham drop to Pd (at 0.01 times 725-747- 

Usui, A. and Someya, M. 1997. Distribution and 
The Ir though Pt pan of this composition of marine hydrogenetic and 

curve is the same as that for igneous rocks. hydrothermal manganese deposits in the northwest 
Pacific. Geological Society Special Publication No. 

3 CONCLUSIONS 
119, London, p. 177-1 198. 

Webelements http://www.webelements. com 

PGE compositions of Fe - Mn crusts are 
highly variable among samples, but not on a 
regional scale. PGEs are strongly enriched in 
Fe-Mn crusts relative to their abundances in 
the Earth's crust and seawater. High 
concentrations of Pt, Ru, and Ir are related to 
their incorporation by oxidative scavenging 
onto the MnOz and FeOOH. Rh is enriched 
by non-oxidative scavenging. Pd is near its 
Earth's crustal abundance and reflects in part 
the detrital fraction of the Fe-Mn crusts, as 
does part of the Ru complement. The strong 
fractionation of Pt from its chemical twin Pd 
is being explored experimentally (see 
companion paper by Koschinsky et al.). 
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ABSTRACT: Abu Hamamid intrusion is a late-Precambrian zoned mafic-ultramafic intrusion 
located along major fracture zone in the Eastern Desert of Egypt. It is made up of a peridotite 
core, enveloped by wehrlite, hornblende-clinopyroxenite and hornblende gabbro, at the 
margin. The different petrographic units are cumulates formed by fractional crystallization 
processes. The mafic minerals are more magnesian in the core rocks. No chromitite or Cu-Ni- 
sulfide ores or Pt-Fe alloys were found at the present level of erosion. All lithologic units are 
depleted in platinum group elements (< 25 ppb total PGE). The rocks show fractionated 
chondrite-normalized PGE pattern. The Sm-Nd data yield model ages (TDM) of 750 to 796 
Ma. Cieochemical and Sm/Nd isotope data suggest that the intrusion was formed from fairly 
primitive magma that had experienced sulfide segregation prior to the development of the 
rocks. 

1 INTRODUCTION 

The Eastern Desert of Egypt is covered by 
a Pan-African (850-550 Ma) basement 
complex representing a part of the Arabo- 
Nubian Shield. This part is dissected by deep- 
seatedl fault zones trending ENE and extend 
for more than 100 km. Many zoned mafic- 
ultraniafic complexes intrude along these 
fault zones and have many features 
characteristic of Alaskan-type complexes 
(Helnly and El Mahallawi, 2003). Unusually, 
some of these complexes e.g. Gabbro 
Akarem (Helmy and Mogessie, 2001) and 
Genirla Gharbia (Helmy, 2004) host sub- 
econolmic Cu-Ni-PGE mineralization. 

Abu Hamamid zoned mafic-ultramafic 
complex has geological and petrological 
characteristics typical of Alaskan-type 
complexes. In common with other zoned 
complexes in the Eastern Desert and 

worldwide, Abu Hamamid do not host sulfide 
or chromitite mineralization. In this 
contribution we study the Sm/Nd isotope, 
rare-earth element (REE) and platinum-group 
element (PGE) geochemistry of this complex 
to estimate its age and to understand its 
magmatic history. The genetic relationship 
between the Abu Hamamid intrusion and the 
surrounding island-arc rocks and other 
mineralized zoned complexes is discussed on 
the light of the geochemical and isotopic 
study. 

2 GEOLOGICAL SETTING 

Abu Hamamid zoned mafic-ultramafic 
complex is located 100 km to the west of the 
Red Sea coast at the intersection of two major 
faults affecting low-grade volcanic rocks 
(Shadli Metavolcanics: 710 Ma, Stem et al., 
1991). This area is a part of the Proterozoic 



Shield comprising metasedimentary rocks, in peridotite. Detailed microscopic 
metavolcanic rocks, granitoids and mafic- investigations did not locate any platinum- 
ultramafic rocks. 

The Abu Hamamid complex is an elliptical 
body 1.5 km long and 500 m maximum width 
(Fig. 1). The geologic contacts with the 
surrounding volcanic rocks are hidden below 
thick valley sediments. This intrusion 
comprises a peridotite core enveloped by 
wehrlite, hornblende clinopyroxenite and 
hornblende gabbros, at the margin. The 
peridotite core bodies occur as small rounded 
outcrops aligned in a ENE direction parallel 
to the direction of elongation of the intrusion. 
Blocks of the hornblende gabbros are 
commonly observed in the wehrlite. The 

group minerals. 
Mafic minerals from the core of the 

intrusion are highly magnesian, a consistent 
decrease in the Mg# of olivine (from 82 to 
73), Cpx (from 87 to 73) and hornblende 
(from 84 to 64) is observed from core to 
margin rocks. Two types of spinel are found; 
Al-Mg-rich and Fe-rich. The Al-Mg-rich 
spinel has a wide-range of A1203 (16-32 
wt.%), Cr203 (18 - 31 wt.%) and MgO (4-8 
wt.%). A wide range of Fe3+/Fe2+ (0.3 - 0.7) 
and C# (Cr/Cr+Al, 0.2 - 0.7) ratios is 
revealed. Cr-magnetite contains Cr203 within 
the range 4.7 - 19 wt.%, whereas the A1203 

contacts - between the rock types are and M& contents vary from 0.3 to 4.4 wt.% 
gradational over a short distance. and from 0.6 to 1.9 wt.%, respectively. The 

~ e ~ + / J ? e ~ +  and C# ratios in the Cr-magnetite 
are within the range 1.4 - 1.9 and 0.4 - 0.9, 
respectively. The MnO contents in both types 
of spinel are similar, normally < 0.8 wt.%. 
Detailed mineralogy of the intrusion will be 
published elsewhere (Helmy and Farahat, in 

4 GEOCHEMISTRY 

4. l Major elements 
( Valley sedimentr Hornblende cflnopyroxenlte 
m Dlorite m W.hrHte Fifteen samples representing the various 
B ~omblende gabbro P.rldotite lithologic units were analyzed. Hornblende 
Figure 1. Geologic map of the Abu gabbro samples are clearly distinguished 
Hamamid intrusion from the ultramafic units by their high A1203 

(average 23 wt.%) and Na20 (average 0.9 
3 MINERALOGY wt.%) and low MgO (average 7.7 wt.%) 

contents. Relatively low Cr contents are 
The ultramafic units have found in the hornblende gabbro (350 ppm). 

textures and the observed The wehrlite rock samples show a narrow 
crystallization sequence is: olivine (+cotectic range of chemical compos~t~ons (average 
spinell- cl ino~~roxene ( C ~ ~ ) - ~ o ~ b ~ ~ ~ ~ e  and 10.0 wt.% MgO and 6.0 wt.% F&). A1203 
plagioclase. (18.0 - 19.5 wt.%), CaO (11.0-16.0 wt.%) 

Olivine is present as a major constituent in and total alkali ( ~ ~ ~ 0 + ~ ~ 0 )  (1.0-1.5 wt.%) 
~eridotite (60 % modal) and wehrlite (UP to contents are higher than those in peridotite 
30 %), but less abundant in the hornblende Cr contents are found in 
clinopyroxenite (< 10 %). Spine1 is more wehr.ite (500 ppm). 
abundant in the peridotite while ilrnenite is The peridotite samples contain 17-24 wt.% 
more common in the hornblende gabbros. MgO and 10.2-12.9 wt% total ~ ~ 0 .  The 
Augite and hornblende exist in all rock units, relatively high ca0 (average 9.2 wt.%) and 

being more abundant than A1203 (average 9.2 wt.%) contents are related 



to the abundance of amphiboles, augite and total PPGE is 9 ppb. The IPGEIPPGE ratio 
plagiocalse. Relatively low Cr contents are in this sample is > l  which is not similar to 
found in peridotite (2250 ppm). other lithologic units. Chondrite-normalized 

PGE pattern of Abu Hamamid rocks is 
4.2 Rare--earth elements illustrated in Figure 3. Fractionated PGE 

The c]londrite-normalized REE patterns of pattern is shown by wehrlite, hornblende 
the rocks are shown in ~i~~~ 2. ~h~ clinopyroxenite and hornblende gabbro. 

rocks have depleted LREE patterns (LaIYb), 
= 0.5-0.9). The slight LREE depletion 
relative to HREE indicate that the AH rocks 
represent residue after different degrees of 
melt extraction. Small positive Eu anomaly is 
characteristic of the various rock units. The 
Eu-anornaly indicates the role of plagioclase 
accumulation. 

AHl = Hbl gabbro 
AH6 = H W  clinopyroxen~te 
AH28 = Wehrlite 
AH40 = Peridate 
I I 

La Ce Pr Nd Sm Eu Gd Tb Dy HP Er Tm Yb Lu 

Figure 2. Chondrite-normalized REE pattern 
of Abu Hamamid rock units . 

4.3 Platinum group elements 

Ten samples were analysed for platinum 
group elements and base metals. The Ir and 
OS contents in wehrlite and hornblende 
gabbrcj are close 1 ppb, only one hornblende 
gabbro sample (AH1) contain 3ppb Ru. The 
Rh contents are close to or below the 
detection limit (I ppb) in all rock units. Low 
Pd and Pt contents are recorded in all rock 
units (less than 9 and 7 ppb, respectively). A 
narrow range of variation in Pt and Pd 
contents characterizes Abu Hamamid rocks 
(3 - 7 and 2 - 9 ppb, respectively). The Pt:Pd 
ratio in samples in which both elements were 
detecled varies from 3: 1 to l : l ,  only one 
hornblende clinopyroexnite sample (AH28) 
contain lower Pt than Pd (Pt:Pd = 1:2). The 
sample in which all PGE were detected is a 
Cu-bearing (84 ppm) and Cr-rich (2300 
ppm) peridotite. The total IPGE (OS + Ru + 
Ir) content in this sample is 14 ppb while 

Figure 3. Chondrite-normalized PGE 
patterns of different lithologic units, Abu 
Hamamid. Chondnte (Cl) values from 
Naldrett and Duke (1 980) 

5 NEODYMruM 
COMPOSITION 

ISOTOPIC 

Neodymium isotopic data for three 
samples of peridotite, wehrlite and 
hornblende gabbro are plotted on Figure 4. 
Epsilon-Nd at 773 Ma ranges from +6.9 to + 
7.7. These data are similar to ca. 710 Ma 
island arc rocks hosting the AH intrusion 
(Shadli Volcanics, Stern et al., 199 1). 

( 1 4 3 ~ d 1 4 4 ~ d ) ~  = 0.51202+3 

Age = 773+23 Ma 

018 018  020  0 2 t  022  023  024 

1 4 7 ~ d % 4 d  
Figure 4. Sm - Nd isochron diagram for 
Abu Hamamid rocks 



The depleted mantle af Nelson and 
Depaolo (1 985) predicts that the depleted 
mantle had an Epsilon-Nd of + 7.7 at 
770Ma, the data for Abu Hamamid are 
very close to this value. The Epsilon Nd 
for Abu Hamamid falls in the range for 
depleted mantle about 770 Ma ago. 

6 DISCUSSION 

Abu Hamamid complex show geological 
and petrological characteristics typical of 
Alaskan-type complexes as given by Irvine 
(1974). The only difference, is that this 
complex do not host chromitite 
mineralization, at least at the present level of 
erosion. Also, this complex is different from 
other concentrically zoned complexes from 
the Eastern Desert of Egypt where some of 
these complexes contain sub-economic Cu- 
Ni-PGE mineralization (e.g. Gabbro Akarem; 
Helmy and Mogessie, 200 1, Genina Gharbia; 
Helmy 2004). Relative to Gabbro Akarem 
(Mg# 66 of parent melt) and Genina Gharbia 
(Mg# 61), Abu Hamamid is made of more 
evolved magma (Mg# 59, Helmy and 
Farahat, in prep.) of depleted mantle source. 
Gabbro Akarem and Genina Gharbia are 
older in age (973 Ma, 945 Ma TDM, 
respectively, Helmy, un-published data). 

Although depleted in PGE, AH Hamamid 
show a chondrite-normalized PGE pattern 
similar to Alaskan-type complexes (e.g. Alto 
Condoto Complex, Tistl, 1994) and other 
concentrically zoned complexes from the 
Eastern Desert. It is widely accepted that 
PGE are commonly hosted in platinum group 
minerals (PGM) or incorporated in the 
structure of some sulfides. Chromite-rich 
rocks of zoned ultramafic complexes contain 
the highest PGE contents (Crocket, 198 1). 
This is supported by our geochemical data 
where the highest PGE content is recorded in 
the sample with the highest Cr (2300 ppm) 
contents. The various lithologic units at Abu 
Hamamid contain low Cr contents which 
should be a primary magmatic feature. 

Magma generation is probably the stage at 
which the low PGE content is established. 
Either partial melting or the nature of source 

region is possible fundamental causes of PGE 
depletion. Low degrees of partial melting (< 
10 %) would produce melts depleted in PGE. 
Although the low Cr contents may support 
low degrees of partial melting as a cause of 
PGE depletion, the very low sulfide content 
is problematic. Low degrees of partial 
melting will produce a sulfide melt richer 
than Abu Hamamid. The rocks could have 
been formed aRer early sulfide segregation 
process. Sulfide-rich rocks could be met at 
lower stratigraphic level. The other 
alternative; the source region was depleted in 
PGE, may be supported by the Sm/Nd 
isotope data and other trace-and REE element 
geochemistry. A complex scenario of partial 
melting and pre-melting processes in the 
mantle is likely. 
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ABSTRACT. The Lac des Iles Palladium mine, with reserves of 88 Mt at 1.51 glt Pd, is 
hosted by the 2.69 Ga Lac des Iles mafic-ultramafic complex in the western Superior Province 
of Cimada. The mineralization is characterized by low concentrations of sulphide and 
exceptionally high Pd (Pd/Pt -10). Detailed mapping, petrography and geochemical data 
suggest that the mineralization is primarily magmatic, where PGE are concentrated in 
immiscible magmatic sulphide melts. 

The volumetrically minor High Grade Zone on the margin of the main Roby Zone is 
economically important with more than 35 % of the Pd in the mine. The rocks are extensively 
altered to relatively low-temperature mineral assemblages. It displays positive correlations 
between Se and immobile elements (Ni, CO) but shows scatters on the diagrams involving 
mobile elements, such as Pd and S. The distribution of ore and geochemical data suggest 
subsolidus enrichment of Pd by fluids originating from mafic magmas. 

1 INTRODUCTION volumetrically small (< 7 vol. %), but hosts - 
35 % of Pd in the mine with high Pd/Pt ratios 

The Lac des Iles mine represents the only 
(up to 25). 

primary Pd-producing mine in Canada with 
reserves of 88 Mt with 1.51 g/t Pd (Fig. 1). 
Economic ore zones (Roby, Twilight and 
Baker Zones) are localized in the Mine Block 
Intrusion of the Archean Lac des Iles igneous 
complex (Fig. 2). The mineralization is 
characterized by low sulphide contents and 
high Pd (Pd/Pt - 10). The ore displays 
compllicated igneous textures, such as breccias 
and pegmatites. 

The High Grade Zone On the eastern Fig.1: Location of the Lac des Iles palladium mine 
margin of the Roby Zone (Fig. 2) is 



2 RESULTS AND DISCUSSION 

2.1 Petrography and mineralogy of ore 

+ actinolite + sericite f albite f quartz f 

Detailed mapping of the Roby and 
Twilight Zones show that earlier leucocratic 
magmas were barren and that the bulk of 
PGE were introduced by late melanocratic 
magmas (Hinchey et al., 2005). The 
melanocratic rocks contain 1-5 vol. % 
sulphide, which are dominated by pyrrhotite, 
pentlandite, chalcopynte, and minor pyrite 
and commonly show exsolution textures (Fig. 
3a). The evidence suggests that sulphides 
were once MSS. The abundance of pyrite 
increases with increasing degree of alteration, 
suggesting that pyrite most likely formed 
during hydrothermal alteration. The 
occurrence of chalcopyrite along cleavage 

epidote. 

planes of actinolite shows later mobility of 
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Fig.2: Simplified geology of the Mine Block intrusion 
illustrating the location of ore zones. 

The High Grade Zone consists of intensely 
altered melanogabbro and pyroxenite, with 
abundant actinolite, hornblende, chlorite, 
sericite, talc, and minor calcite and quartz. 
Sulphide minerals, up to 10 vol. ?h, show two 
assemblages. Assemblage A is dominanted 
by millerite + siegenite h chalcopyrite h 
pyrite (Fig. 3b) associated with hornblende + 
sericite & albite + quartz; and assemblage B 
consists of anhedral-subhedral pyrite with 
variable chalcopyrite associated with chlorite 

I B  Act 

Figure 3: A) High-temperature assemblage of 
pyrrhotite + pentlandite + chalcopyrite + pyrite in the 
southern Roby Zone. B) Low-temperature assemblage 
of millerite + siegenite fromthe High Grade Zone. 

2.3 Geochemistry 

Sulphur from the SRZ and TZ shows 
positive correlations with Ni, Pt, Pt+Pd, and 
Cu (Hinchey et al., 2005). In conjunction 
with the exsolution textures, the data suggest 
magmatic mineralization where metals were 



concentrated in an immiscible sulphide melt. 
There is also well-defined positive 
correlations between S and Se and S and Te, 
(avg. Se/S of 703 2 192 (16) X 10" (Fig. 4) 
and TeiS of 192 + 104 (16) X 10-~), consistent 
with primary magmatic mineralization. The 
ratios are higher than the PM values of 300 X 

1 0 - ~  and 48 X 1 0 - ~  respectively. These values 
likely reflect the derivation of the parental 
magmas from a depleted mantle. 

observed concentrations implies that the Pd 
tenor was upgraded by up to 40 ppm during 
hydrothermal activity with less significant 
upgrade of Pt. 

Hydrothermal upgrading of Pd in the HGZ 
is supported by: 1) the distribution of the 
HGZ adjacent to a barren East Gabbro which 
acted as an impermeable barrier to 
mineralizing hydrothermal fluids, 2) the 
sulphide minerals in the HGZ are dominantly 
of low temperature origin, and 3) the 
presence of quartz h carbonate in the HGZ. 

Abundant pegmatites in the ore suggest a 
volatile-rich nature of the parental magmas. It 
is likely that the parental magmas released 
aqueous fluids during the solidification and 
that the fluids were responsible for the 
alteration and mineralization of the High 
Grade Zone. These fluids would have stewed 
near the impermeable barrier of the East 

 wt. W )  Gabbro, depositing metals and replacing the 
Figure 4: Sulphur versus Se. Note the well-defined primary magmatic minerals with secondary 
correlation for southern Roby and Twilight Zones and 

low-temperature minerals. 
the scatter for the High Grade Zone. 

The HGZ displays a positive correlation 
3 CONCLUSIONS 

for Se versus Te (r = 0.89) overlapping that 
for the SRZ and TZ. However, it shows 
substantial scatters on diagrams of S vs Se 
(Fig. 4) and S vs Te. Selenium and Te are 
know11 to be less mobile than S during 
hydrothermal alteration, and the data suggest 
the primary magmatic mineralization was 
followed by the mobility of fluid-soluble 
elements. The HGZ also displays variable 
PdPt ratios ( mean 16.5, up to 25) compared 
to the SRZ and TZ ( 8-10). The scatter on 
plots of Pd vs Se and Pt vs Se suggests that 
Pd and Pt were mobile. 

Ex1;rapolation of linear relationships 
between Se and metals from the SRZ and TZ 
suggest the HGZ had primary magmatic 
concentrations of Pd and Pt of 8-21 ppm and 
0.8-2 ppm, respectively. Comparison with 

The bulk of the mineralization associated 
with the SRZ and TZ was concentrated in an 
irnmisible sulphide melt from parental 
magmas of a depleted mantle origin. The 
intense alteration in the HGZ, and scatter on 
plots involving immobile and mobile 
elements suggest that primary magmatic 
mineralization was followed by hydrothermal 
upgrade of Pd. We propose that the 
mineralized aqueous fluids responsible for 
the metal upgrade originated from fertile, 
mafic magmas in the Roby and High Grade 
Zones. 
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ABSTRACT. Mineralized footwall 'granofels' rocks below the Platreef on Overysel show 
pronounced fractionation of Pt, Pd and Au over, in increasing amounts, Rh, Ru and Ir. This 
feature is unique to this type of footwall lithology. Excellent correlation between platinum- 
group element (PGE) grade and base metal sulphide (BMS) abundance, together with 
exsolution of PGM within BMS suggests the PGE were dissolved within a sulphide liquid, 
rather than transported fiom the reef into the footwall by a hydrothermal fluid, such as at 
Sands:loot-Zwartfontein, where such fractionation is not observed. It is possible, however, that 
PGE were transported into the footwall within a hydrothermal fluid, to produce the 
fractionation trends observed, and then collected by an immiscible sulphide liquid. 

l INTRODUCTION 

The Platreef is located in the northern limb 
of the Bushveld Complex, South Africa, and 
is one of the world's largest deposits of 
platinum-group elements (PGE). It is a 10- 
200m thick package of pyroxenitic and 
gabbroic lithologies with PGE and base-metal 
sulphide (BMS) mineralization, and is 
located at the base of the igneous sequence, 

archaean basement granite (Fig. 1). Regional 
variations in the style and distribution of 
mineralization along strike are thought to 
arise fiom the interaction of the Platreef 
magma with a variety of assimilated floor 
rocks, chemical processes related to such 
contamination, and also post-emplacement 
fluid activity (e.g. Viljoen and Schiirmann, 
1998; Holwell et al., 2004). 

overlain by norites and gabbronorites 2 PETROLOGY 
correlated with the Main Zone of the 

From Zwartfontein to Overysel, the 
Complex. The Platreef transgresses 

. - - - - Platreef is overlain bv Main Zone norites and 
progn:ssively older units north from d 

gabbronorites characterised by the presence 
Mokopane (formerly Potgietersrus), 

of cumulus plagioclase. The basal contact is 
including sediments of the Timeball Hill and - - 

V often marked by a thin mottled anorthosite. 
Duitschland Formations; the Penge banded 

The Platreef comprises of a package of 
iron formation; the Malmani dolomite and 



Figure 1. Anglo Platinum's Sandsloot- 
Zwartfontein-Overysel section of the 
northern limb of the Bushveld Complex. 

pyroxenitic rocks, typically medium-coarse 
grained feldspathic pyroxenite with cumulus 
orthopyroxene. Serpentinization and some 
replacement by Fe-rich olivine is common at 
Sandsloot-Zwartfontein. Xenoliths of 
variably altered calc-silicate are common at 
all localities, and small (<lOcm) chromitite 
xenoliths are present in cores from Overysel. 
The footwall at Sandsloot-Zwartfontein 
comprises calc-silicates and metamorphic 
clinopyroxenites. At Overysel, the footwall is 
archaen basement granite (Fig. l), though a 
lithology termed 'granofels' is present 
between the reef and the granite. The 
'granofels' are a variably thick package of 
banded tonalitic gneisses, made up of bands 
of quartz and sodic plagioclase, and bands 
containing up to 70% orthopyroxene. 

3 PGE MINERALIZATION 

3.1 Mineralogy, Ove rysel 

In the pyroxenitic reef, BMS (pyrrhotite, 
pentlandite, chalcopyrite) are interstitial to 
cumulus orthopyroxene, with PGM 
commonly located around the margins of the 

BMS grains, or intergrown with secondary 
silicates. In the granofels, there is also a very 
strong correlation between PGE grade and 
abundance of BMS (also pyrrhotite, 
pentlandite and chalcopyrite). Highly 
snlphidic intersections with massive and net- 
textured sulphides are not uncommon, and 
occur at the contact between the reef and the 
granofels and also at depth within the 
granofels. Massive sulphide studied fiom one 
borehole core was made up of bands of 
chalcopyrite and pyrrhotite, separated by thin 
bands of pentlandite. Exsolution lamellae of 
pentlandite and moncheite (PtTe*) were 
present within the pyrrhotite. The bulk Pt/Pd 
ratio in this sample is 0.35, though only 6% 
of PGM are Pd phases. This would suggest 
that Pt exsolved out of a sulphide liquid, and 
that Pd remained within the sulphide. This, 
along with the high correlation between PGE 
and BMS would suggest that at least some 
PGE in the granofels were carried by a 
sulphide liquid, rather than a hydrothermal 
fluid phase. 

3.2 PGE geochemistry, Overysel 

Bulk PtIPd ratios for the Platreef are close 
to, or slightly less than unity, though can vary 
considerably on a centimetre to meter scale 
within individual sections (Kinnaird et al., 
2005). Figure 2 shows a selection of PGE 
ratios from mineralized portions in one 
borehole core from Overysel. Depths 
correspond to the depth down the vertically 
drilled hole, with true thickness of the reef 
pyroxenite -25m and the granofels -1 16m, 
which is unusually thick. PtIPd and PtIAu 
ratios are consistently around 0.7-0.8 and 5-8, 
respectively through the whole section. The 
only sample that strays from these values 
significantly is the massive sulphide sample, 
which has relatively high Pd and low Au 
values in relation to Pt. 



lm Reef pyroxenite m Granofels 1 Basement granite I 
I Massive sulphide sample is at 381111 and marked with X. I 

Figure 2. Selected PGE and Au ratios for mineralized intersections from borehole OY387, 
with a simplified stratigraphic column. Note the log scales. 

The Pt/Rh and Pthr ratios show very considerably steeper profile with much 
different patterns however, with a depletion in the IPGEs, though almost 
pronou~iced increased depletion of the Rh, identical Pt, Pd and Au values. There is also a 
and particularly Ir, in the lower granofels and slight decrease in the relative depletion from 
basement granite (note the log scales in Fig. Ir through Ru to Rh. 
2). As Pt/Pd ratios are constant, PdRh and 
PdIr mirror these profiles. It is only in the 
lower granofels that this extreme 
fractionation is seen. The reef pyroxenites 
and the upper mineralized portions of 
granofc:ls show relatively constant 
PPGEhPGE ratios. There is also some 
comparable fractionation between Rh and Ir, 
though of a much less pronounced nature 
(note the scale on the Rh/Ir plot in Fig. 2). 

These plots show a pronounced 
fractionation of Pt, Pd, Au, and to a lesser 
extent Rh over the IPGE (represented by Ir in 
Fig. 2). Chondrite-normalised whole-rock Figure 3. Chondrite normalised whole-rock 
PGE and AU concentrations show this PGE and Au concentrations from borehole 
relationship further (Fig. 3). All mineralized OY387 from Overysel. 
reef pyroxenite samples show a moderately 
positive slope, which peaks at Pd. The upper 3.3 PGE geochemist~, 
granofels samples fall into a similar envelope, Zwartfontein 

Sandsloot- 

with a little steepening in some profiles. The Samples of mineralized reef and footwall 
lower granofels and granite show a from the Sandsloot-Zwartfontein sector all 



show similar PGE ratios and chondrite- 
normalised patterns to the pyroxenite reef at 
Overysel. There is no fiactionation of PPGE 
over IPGE in the footwall rocks, which are 
diopsidic clinopyroxenites and calc-silicates 
(Armitage et al., 2002). There is a slight 
overall decrease in P f l d  ratio with depth into 
the footwall, and in lithologies which have 
undergone significant fluid activity, such as 
sepentinites. The considerable fiactionation 
of PGE with depth into the footwall seems 
only to be a characteristic of granofels 
footwall rocks. 

4 DISCUSSION AND CONCLUSIONS 

The significant fiactionation of PGE with 
depth in the footwall is an interesting and 
unique feature of the granofels rocks on 
Overysel, with a corresponding absence at 
Sandsloot-Zwartfontein. 

Fluid transport of PGE fiom the reef into 
the footwall is likely to preferentially 
transport the more mobile Pd, Pt and Au over 
Ir, Ru and Rh, thus this mechanism could 
produce the observed ratios. This conclusion 
has two problems, however. Firstly, the 
excellent correlation between PGE grade and 
BMS abundance, together with exsolution 
relationships of PGM within BMS would 
strongly suggest the PGE were carried by a 
sulphide liquid, rather than a hydrothermal 
fluid. Secondly, at Sandsloot-Zwartfontein, 
where PGE in the footwall were almost 
certainly transported by hydrothermal fluids, 
no such fiactionation is seen. A possible 
compromise is to suggest that the PGE were 
firstly transported into the footwall by a 
hydrothermal fluid, producing pronounced 
fiaction with depth, and were then collected 
by a sulphide liquid. How such a liquid 
would reach immiscibility within the 'proto- 
granofels' is unclear. 

A further question is if, as reasonably 
presumed, the PGE within the granofels were 
sourced fiom the reef, where do the residual 
IPGE sit? Platinum and palladium grades in 
the mineralized granofels are comparable 
with those in the reef, though contain several 
orders of magnitude less IPGE. The small 
xenoliths of chromitite may suggest a body of 
chromitite in the vicinity which could hold 
high concentrations of IPGE, though this is 
speculative. Alternatively, volurnetrically, the 
mineralized intersections of granofels may 
represent only a small proportion of the entire 
reef bulk PGE. Thus, relatively small 
volumes of Pt and Pd sourced fiom the reef 
would cause little affect on the bulk PGE 
ratios within the reef, but would cause the 
resultant mineralization to exhibit such 
extreme fraction patterns as seen in Fig. 3 in 
the lower granofels. 

The mechanism for producing these 
patterns of PGE distribution is unclear, 
though it does seem to be only a feature of 
the footwall mineralization where the 
footwall is made up of granofels and granite. 
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ABSTRACT. During a diamond drilling program in 2003 by Voisey's Bay Nickel Company 
Limited (VBNC), slightly elevated levels of platinum-group elements (PGE) (up to 1.95glT 
Pt, 1.4lglT Pd, and 6.59glT Au) were noted to occur in an amphibolite dyke in the vicinity of 
the SE Extension of the Voisey's Bay Ovoid deposit. This occurrence is of interest because it 
is a new type of mineralization associated with the Voisey's Bay deposit that is distinct in 
PGE and Au content and host rock lithology. The weakly foliated amphibolite dyke is 
generally medium grained and granoblastic with varying proportions of plagioclase and 
hornblende (kolivine k biotite). Geochemically, the dyke exhibits distinct PGE chondrite- 
normalized patterns defining an inner "PGE-elevated" zone and an outer less mineralized 
zone. Sulfide mineralization consists of trace-5% blebby to disseminated magmatic pyrrhotite 
(PO), pentlandite (Pn), and chalcopyrite (Ccp) in the outer zone with bornite (Bn) and galena 
(Gn) associated with the highest PGE values in the inner zone. Discrete platinum-group 
minerals identified are sperrylite [PtAsz], borovskite? [Pd3Sb(Te,Bi)4], froodite [PdBi2], 
maslovite [PtBiTe], platarsite? [PtAsS], geversite [PtSbz] a Pd-Sn mineral (atokite andlor 
paolovite) and stibiopalladinite (Pds-,Sba,). Laser ablation microscope - inductively coupled 
plasma - mass spectrometry (LAM-ICP-MS) analyses indicate that the sulfide minerals 
pentlandite and galena contain on average 2 and 1.5 ppm Pd, respectively. 



l INTRODUCTION overlain by troctolite breccia and variable- 

The Voisey's Bay Ni-Cu-CO deposit, 
located in eastern Labrador, was discovered 
in 1993 and as of December 31, 2003, 
contains an estimated 30 million tonnes of 
mineral reserves containing 2.8% nickel, 
1.7% copper, and 0.14% cobalt with 
additional mineral resources. The deposit 
occurs within troctolites and olivine gabbros 
of the 1.34 Ga Voisey's Bay Intrusion (part 
of the Nain Plutonic Suite), which intrudes 
the suture between Archean orthogneisses of 
the Nain Province and Paleoproterozoic 
paragneisses of the Churchill Province. 

The deposit contains several mineralized 
zones, including the Discovery Hill Zone, the 
Ovoid deposit with its SE Extension and 
Mini-Ovoid Zones, and the Eastern Deeps 
and the Reid Brook Zones. 

Recently, PGE mineralization was 
intersected within a thin dyke in the SE 
Extension of the Ovoid. The purpose of this 
study is to describe the geological association 
and extent of the mineralization. Another 
objective was to characterize the mode of the 
PGE mineralization (i.e., does it occur as 
solid solution in other minerals (sulfides) or 
as discrete PGM), determine the host 
minerals, and determine the size, shape, and 
chemical composition of the PGM. A final 
objective was to combine the derived data 
with chondrite-normalized PGE patterns to 
determine the origin of the PGE zone. 

2 UNITS AND ROCK TYPES 

Samples for this study were collected from 
drillholes VB95011 and W303581 located in 
the SE Extension Zone of the main Ovoid 
deposit; these holes are approximately 120 m 
apart. The elevated PGE and Au 
mineralization is hosted by an amphibolite 
dyke (1) approximately 10-20 m thick 

textured troctolite and underlain by enderbitic 
gneiss (Figure 1). The dyke exploits the 
contact between the troctolite rocks and the 
enderbitic gneiss and is zoned with respect to 
the PGE content consisting of an inner "PGE- 
elevated" zone and an outer zone (Figure l). 
The lithology of the amphibolite dyke in both 
drill cores have similar plagioclase (An - 49) 
and hornblende compositions (Mg# - 38) but 
differs from the main troctolite rocks in the 
Voisey's Bay Intrusion in that it tends to be 
finer grained, contains more hornblende, and 
is more commonly foliated. Almost no 
primary textures are preserved within the 
dyke as it has a granoblastic texture with 
varying degrees of fabric development. 
Locally, up to 10% olivine (+ pyroxene) is 
preserved in the amphibolite dyke, suggesting 
the precursor rock was olivine gabbro. 
Another amphibolite dyke (2) with similar 
characteristics occurs between the troctolite 
breccia and the variable-textured troctolite 
(Figure 1). The dyke is not elevated in PGE 
content at this location. 
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Figure 1. Lithostratigraphy and 
chemostratigraphy of drillholes W30358 1 and 
VB95039. ENGN = enderbitic gneiss. 



3 DYKE MINERALIZATION 

The sulfides (trace-5%) in the dyke range 
from a typical magmatic pyrrhotite - 
pentlandite-chalcopyrite assemblage to one 
that contains mostly chalcopyrite, bornite, 
and galena (Figure 2a and 20. The sulfides 
occur as blebs and disseminations interstitial 
to plagiloclase and hornblende. The presence 
of galena and Cu-rich minerals (chalcopyrite 
and bornite) are reflected by an increase of 
bulk rock Pb and Cu abundance, respectively 
(Figure l), which also correlates with higher 
PGE values within the inner zone of the dyke. 

3.2 Platinum-Group Minerals (PGM) 

Several samples selected fiom the PGE- 
elevated intervals were sieved to different 
size fractions and then hydroseparated in 
order to maximize chances of concentrating Figure 2. Photomicrographs of a) spenylite, 
discrete platinum-group minerals (PGM) b) borovskite?, c) fioodite, d) maslovite, e) 

using the technique outlined in Rudashevsky platarsite?, and f) geversite. 
et al. (2002). Monolayer grain-mounts were Table l. Probe analyses of PGM. 
made .from the concentrates and sent to 
CANMET for automated precious mineral (1) (2) (3) (4) 
searches. The searches located and identified Pt 52.5 0.68 35.7 36.5 
several discrete platinum-group minerals, Pd 37.1 0.28 

As 43.8 
mainly spenylite, borovskite?, froodite, Te 

0.00 0.23 
0.07 13.8 29.5 0.49 

maslovite, platarsite?, geversite (Figure 2), a Bi 2.99 32.5 33.8 1.60 
Pd-Sn mineral (atokite or paolovite) and Sb 0.00 14.7 0.55 55.1 
stibiopi~lladinite (Pds-xSbz-x). The S 0.36 0.68 0.07 0.00 
identifications of several of these PGM were Fe 0.26 
subseqiuently confirmed by electron probe Cu 0.33 

Pb 
microanalysis (EPMA) carried out on the Rh 

0.67 
1.22 

Cameca SX-50 in the MUN EASC Total 100.7 100.4 100.1 96.7 
laboratories (Table 1). Further work is (1) Sperrylite (35-36 [45] #4b). 
required to confirm by EMPA the (2) Borovskite? (35-36 #67c). 
identification of platarsite, atokite, paolovite (3) bIaslovite (35-36 1451 #39)- 
and stilbiopalladinite. (4) Geversite (MH-0028- 1-32). 



4 LASER ABLATION MICROSCOPE- 
INDUCTIVELY COUPLED PLASMA- 
MASS SPECTROMETRY (LAM-ICP-MS) 

Trace PGE data for the major sulfide 
minerals (pyrrhotite, pentlandite, 
chalcopyrite, cubanite, bornite, and galena) 
examined in this study were obtained using a 
NUWAVE 213 nrn Nd:YAG laser system 
attached to a VG Fisons PlasmaQuad II+"S" 
quadrupole mass spectrometer. Data were 
standardized against the MASS-l and PO-30 
sulfide reference materials and reduced using 
the spreadsheet based program LAMTRACE. 

Palladium was found to occur in solid 
solution in Pn (ave = 2 ppm; n = 41) and Gn 
(ave = 1.5 ppm; n = 17). Rhodium was not 
detected in PO and Pn; it was not determined 
in Ccp, Cb, and Bn due to interferences from 
Cu. Ruthenium was not detected in PO, Ccp, 
Cb, Bn, and Gn; Ru was not determined in Pn 
due to isotope interferences fiom Ni. No 
heavy PGE (Pt, OS, Ir) were determined to be 
present in any measurable abundance in any 
of the sulfide minerals. 

5 GEOCHEMISTRY 

5.1 Chondrite-Normalized PGE 

Whole-rock analyses for drill core samples 
were completed by NiS fire assay ICP-MS 
technique for Pt, Pd, Rh, Ru, and Ir. The data 
were calculated to 100% sulfide and 
normalized to chondrite. The amphibolite 
dyke can be divided into ( l )  an inner zone 
that has highly fractionated IPGE and PPGE 
with highly enriched PPGE and depleted 
IPGE and (2) an outer zone that is 
fractionated with a moderate slope and 
slightly depleted IPGE. The troctolite breccia 
overlying the dyke is also fractionated with a 
smooth slope and highly depleted IPGE. The 
enderbitic gneiss that underlies the dyke has a 
flat depleted profile. 

6 DISCUSSION 

The PGE mineralization in the amphibolite 
dyke associated with disseminated 
chalcopyrite, bornite, and galena defines a 
new type of mineralization distinct from the 
massive sulfides of the Voisey's Bay deposit. 
The dyke, containing the anomalous 
mineralization is between 10 and 20 meters 
thick and has been intersected by two 
drillholes located 120 m apart, however, it is 
not known how laterally continuous the 
mineralization is. At this time, this type of 
mineralization appears to be very limited. 
Chalcopyrite and galena are associated with 
elevated PGE and An contents and therefore 
Cu and Pb can be used to indicate elevated 
PGE and Au. 

The PGE occur both as discrete PGM and 
to a lesser extent Pd occurs as solid solution 
in Pn and Gn. The presence of Pd in solid 
solution in galena is the first known 
occurrence and gives implications that the 
PGE mineralization is contemporaneous with 
the galena mineralizing event. Evidence of a 
hydrothermal origin for the mineralization is 
the character of the amphibolite dyke 
(hydrated, recrystallized, and deformed 
nature) and the overprint of the magmatic Po- 
Pn-Ccp assemblage by Ccp-Bn-Gn. 
However, a highly fractionated magmatic ISS 
origin for the Cu-sulfides cannot be excluded 
at this time. 
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ABSTRACT. It is a long held assumption that the Pt and Pd in the Bushveld Complex are 
intimately associated with sulphide minerals. A detailed study by LA-ICP-MS on a core 
through the Platreef fiom the farm Turfspruit (located towards the upper portion of the central 
sector of the Northern Limb), suggests otherwise. The laser study on sulphide minerals 
through the core has revealed that, while Pd, Ru, Rh and some OS and Ir are commonly hosted 
by sulphides, Pt - except at the very top of the core - is not. In addition, a number of Pt- 
bearing minerals, including geversite (PtSb2), sperrylite (PtAs2), Pt-Pd-Bi-Te-antimonides, 
Pd-Pt-Sb-Bi-tellurides, Pd-Pt-Te-bismuthides and Pd-(Pt)-bismuthides occur in the silicates 
external to the sulphides. Sulphur isotope studies have shown that significant contamination 
of the Platreef magmas occurred toward the base of the intrusion. This contamination 
included the elements As, Sb, Bi and Te. Where the degree of contamination was high, the Pt 
formed As and Sb complexes which were subsequently expelled from the sulphide liquids. In 
places, these Pt-bearing phases were transported by felsic melts that were percolating through 
the cumulus pile. Consequently, Pt was fractionated from Pd and the other platinum-group 
elemeints which remained within the sulphide minerals. 

1 INTRODUCTION emerge that overturns some of the long held 

The hunt for platinum in the northern limb assumptions regarding the mineralization 

of the Bushveld Complex is reminiscent of a hosting the PGEs. 

modem-day gold rush. Exploration Numerous studies have been carried out on 

programmes on farms located along the strike the mineralogy of the main PGE-bearing 

length of the Platreef are being conducted by horizons in the Eastern and Western limbs of 

a number of companies. However, only the Bushveld Complex (i.e. the Merensky and 

Anglo Platinum's Sandsloot and UG2 reefs), but new information is only just 

Zwartfontein open pits are currently beginning to emerge on the mineralogy of the 

producing ore for Cu, Ni and the platinum- PGE-bearing lithologies of the Northern 

group elements (PGEs). As many of these Limb. Until recently, it has been widely 

companies reach the end of their exploration assumed that mineralization in the Platreef 

and feasibility stages, new data is starting to was predominantly orthomagmatic. In these 



deposits, Pt and Pd are correlated with one 
another and with Ni, Cu and S. This has lead 3 RESULTS 
to various assumptions as to the nature of the 

Results fiom continuous line or TRA 
Pt and Pd distribution. This paper challenges 

spectra fiom samples close to the top of the 
some of these long held assumptions. 

core on mela-norite to feldspathic pyroxenite 

2 SAMPLING 
samples showed that Pt is present up to 44 glt 
in chalcopyrite, up to 0.67 glt in pentlandite 

Representative samples of Platreef and 0.77 g/t in pyrrhotite (Figure 1). The Pt in 
material, including peridotite and hornfels the chalcopyrite forms crystallographically 
xenoliths, were taken the along the entire orientated Pt-Pd-Bi-(Sb)-tellurides (Figure 2). 
length of core ATS46 drilled by Ivanhoe -- p- - 'm; pt 
Nickel and Platinum on the farm Turfspruit. I 7 PI running 39.5 gn 

4 a 4 The sulphide minerals are primarily 1 ,t 
pyrrhotite, pentlandite and chalcopyrite, g ""I A : A*$. i:! r 
although modal proportions vary from sample E *OWO{ , : * f t~*:* a&! 

* P $9 
to sample. W 4 mall %% 

Laser work was carried at Cardiff 
University using a UP-21 3nrn laser system, 
coupled to a Therrno X7-series ICP-MS. 
Further details of the standards and 
techniques can be found in McDonald (2005; 
this volume). A combination of multiple 
analyses in continuous mode along a line and 
time resolved analysis (TRA) were performed 
on lines and spots. The use of polished blocks 
also allowed vertical profiles to be drilled 
through the minerals over time spans up to 
100 seconds. The spot size employed in the 
work was consistently 100 microns. 

l 
8 - . . ---- -- ----. .-. ---- ,----- 

Z S 2 0 ~ 2 O I 4 a 4 s M W ~  
l7me (saconds) 

W running 20.8 g/t 

i 
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Figure 2. One of the Pt-bearing 
chalcopyrites from the top of the core 
showing orientated Pt-Pd-Bi-telluride phases. 

Except for samples at the top of the core, 
only two of the 91 TRA analyses detected Pt 
above 0.005 glt, while only three out of the 
45 line averaged runs detected Pt above 0.01 

Figure 1. Down-hole Pt and Pd contents of glt. In contrast to Pt, Pd is hosted by 
the three principle sulphide minerals. pentlandite, chalcopyrite and to a lesser 



extent pynhotite, both in solid solution and as 
discrete Pd-rich phases (Figure 3). 

? m*1 
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Figure 3. TRA spectra for Pd and other 
elements in pentlandites. Top: sample 
ATS4.6-m (Pd in solid solution). Bottom: 
ATS46-q (Pd-PGM). 

Sulphur isotope studies on cores drilled on 
Turfslpruit and adjacent farms show that 
contamination levels are significantly higher 
towards the base of the intrusion 
(unpublished M.Sc. data by Elizabeth 
Shaman-Harris). In addition to sulphur, As, 
Sb, Bi and Te are contaminants that were 
most likely derived from the digestion or de- 
volatilization of the floor rocks and xenoliths. 
Consequently, the magmatic concentrations 
of these elements are expected to be higher 
towards the base of intrusion. 

SEM observations on samples from the top 
of thr: core revealed the presence of 100-200 
pm long Pt-Pd-Bi-telluride laths within the 
Cu-rich portions of large multi-phase 

sulphides. In addition, several platinum 
minerals, including sperrylite, geversite, and 
various Pt-Pd phases similar to the 
chalcopyrite-bearing laths, were found in the 
alteration assemblages immediately adjacent 
to the sulphides. 

Elsewhere in the core, the Pt occurs 
exclusively as discrete grains of sperrylite 
and geversite (up to 40 pm in size) within 
assemblages of feldspar, quartz and 
clinopyroxene. The Pt-phases can be found 
both adjacent to, and significant distances 
from, large sulphides (Figure 4). There is also 
an abundance of Sb- and Bi-bearing minerals 
in these samples, including stibnite, polarite 
(PdBi), Ni-Bi-(Sb)-sulphide as well as native 
Bi. Nickel arsenide phases are also common, 
many of which are associated with Pd-Te- 
(Sb)-bismuthides or Pd-antimonides. 

Figure 4. Geversite (PtSbz) and polarite 
(PdBi) associated with NiAs and pentlandite 
(Pn) hosted by plagioclase away from any 
sulphide minerals. 

4 DISCUSSION 

The challenge is to explain the presence of 
Pt (with other PGEs) in sulphides at the top 
of the core, and its absence in the sulphides 
from the rest of the core. This would not be 



expected for a typical magmatic system 
where immiscible sulphide liquids form in 
response to sulphur saturation, which 
scavenge Ni, Cu & PGEs fiom a silicate 
magma (Campbell et al. 1983; Naldrett et al. 
1990). For the Platreef, it has been proposed 
that sulphide liquids had formed prior to the 
emplacement of the magmas and that the 
PGEs were pre-concentrated within these 
liquids (Barton et al. 1986). Ballhaus & 
Sylvester (2000) found that within Merensky 
Reef sulphides, OS, Ir & Ru reside in solid 
solution in pyrrhotite and pentlandite, Rh and 
some Pd reside in solid solution in 
pentlandite, while Pt, Au and some Pd occur 
as discrete PGE-rich phases. They fbrther 
suggested that the PGEs were present in the 
Bushveld magmas as PGE-alloy clusters or 
micro-nuggets (c.f. Tredoux et al. 1995). 
While many of these arguments could be 
applied to explain features from the top of 
core ATS-046, they can not account the 
absence of Pt in the sulphides fiom the rest of 
the core. Similarly, explanations involving 
selected leaching of the Pt from the sulphide 
minerals is difficult to reconcile with the fact 
that they contain appreciable Pd, Ru, Rh, OS, 
Ir and occasionally gold. Alteration of the 
sulphide minerals by metasomatic or 
hydrothermal fluids is unlikely to selectively 
mobilize only the Pt. 

The key to explaining our observations lies 
in the degree of contamination by As, Sb, Bi 
and Te. At the top of the core where the level 
of contamination is relatively low, the 
majority of the PGEs, including Pt and Pd, 
are associated with sulphide minerals. Here, 
Pt occurs as discrete mineral phases 
associated with Pd, Te, Bi and Sb, while Pd 
can occur in solid solution or as discrete 
minerals associated with Sb, Bi & Te. We 
suggest that the Pt was stabilized by As and 
Sb under magmatic conditions forming high 

temperature precursors to PtAs2 and PtSb2 
phases. These were either not captured by the 
sulphide liquids or they were expelled from 
them before they crystallized. The 
observation that sperrylite and geversite 
crystals occur within qtz-feldspar-cpx 
assemblages both close to, and some distance 
away fiom, large sulphides suggests that the 
Pt was redistributed prior to complete 
crystallisation of the Platreef in our study 
area. 

5. CONCLUSIONS 

In the upper part of the southern sector of 
the Platreef, Pd is associated with sulphide 
mineralization, notably chalcopyrite and 
pentlandite, while Pt, except for at the top of 
the core is not. Pt occurs as discrete grains of 
sperrylite, geversite, and various bismuthides 
and tellurides. It seems likely that Pt formed 
discrete high-temperature As- and Sb- 
minerals and that these were redistributed by 
felsic magmas that were percolating (or filter 
pressed) though the cumulus pile. 
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ABSTRACT. The abatement of harmful species from automotive exhaust gases is vital in 
achieving a cleaner environment. The legislation for source reduction has tightened frequently 
all over the world, and therefore the new solutions are required. The platinum group metals 
(Pt, Pti, and Rh) have played a significant role for several decades in the catalytic converters 
to meet the stringent standards. Platinum group metals supported on several metal oxide 
andlor zeolite catalysts have been found to be effective for simultaneous reduction of NOx and 
oxidation of hydrocarbons and carbon monoxide. In this short review the characterization, 
selectivity and activity measurements of Pt-group catalysts have been introduced. 

1 INTRODUCTION 

1.1 The automotive exhaust gas catalysis 

The abatement of harmful species, such as 
NO, NOz, N20, CO, and unburned 
hydrocarbons from automotive exhaust gases 
is very important issue for emission control to 
have a cleaner environment. These species 
have been observed to cause health effects 
and environmental problems. 

The first emission regulations of CO and 
hydrocarbons led to the development of 
oxidation catalysts as early as in 1960s. 
Further, the three-way catalysts (TWC) for 
NOx reduction and simultaneous CO and 
hydrocarbon oxidation have been applied 
since 1975. Monolithic catalytic converters 
have typically contained Pt, Rh andlor Pd as 
active metals in different ratios. (van Santen 
et al. l 999, Gandhi et al. 2003) 

The research work on the use of Pt group 
metal catalysts in catalytic converters for 
automotive exhaust gas treatment has been 
carried out from the 1970s. The catalytic 
activities of NO reduction as well as 
hydrocarbon and CO oxidation over platinum 
group metals on several support materials 
have been studied widely. 

Pt catalysts are shown to be one of the 
most promising materials to diminish the NO, 
CO and HC emissions simultaneously during 
the cold start because of their high activity in 
NO reduction at low temperatures. The well- 
known disadvantage of Pt based catalysts is 
their selectivity to produce N20 instead of 
NZ. (Furusawa et al. 2002, Ingelsten et al. 
2003, PQez-Ramirez et al. 2001 Ciambelli et 
al. 2000) 

Palladium is as good catalyst for oxidation 
reactions of hydrocarbons as Pt, but it is less 



active for NO reduction. Pd is also found to 
be less resistant to lead than Pt and Rh. 
(Koltsalus & Stamatelos 1997) 

Rhodium has unique properties for NO 
reduction. However, the price of Rh is 
relatively high compared to Pt and Pd. 

The cost of platinum group metals is one 
main expense of the catalytic converter, and 
studies to diminish the amounts of precious 
metals in a catalyst have been carried out. 
(Gandhi et al. 2003, Koltsakis & Stamatelos 
1997) 

The stringent legislation has forced to 
develop new catalysts and methods for the 
automotive exhaust gas treatment. The 
automotive emissions have been regulated by 
European Union (EU) and national 
governments all over the world e.g. USA, 
Japan, Brazil, and India. (Koltsakis & 
Stamatelos 1997) The next EURO emission 
standard (EUROS) will be proposed by 
European Commission in spring 2005 and it 
will enter into force in 2010. The EURO 
standards for the petrol engines are presented 
in Table l .  (Dieselnet 2004, T&E 2004) 

Table 1. EURO emission standards for the 
passenger cars (g/km). 

Tier In force CO HC HC + NO, 

NO, 
Eurol 1992 2.72 - 0.97 - 
Em02 1996 2.2 0.5 

Euro3 2000 2.30 0.20 - 0.15 

Em04 2005 1.0 0.10 - 0.08 

1.2 NO, reduction by hydrocarbons over Pt 
group metal based catalysts in lean 
conditions 

The selective catalytic reduction of NO, by 
hydrocarbons (HC-SCR) would be one of the 
desired technologies to attain NOx emission 

limits. The reduction of NOx under lean-burn 
conditions by using hydrocarbons over 
platinum metal group elements (Pt, Pd, Rh) 
has been studied widely, but the technology 
has not had a break through yet. 
(Praserthdam et al. 2002, Pkrez-Ramirez et 
al. 2001, LafLatis et al. 1998, Xin et al. 1997, 
Huuhtanen et al. 2004) 

The oxygen surplus in the exhaust from 
diesel and other lean-burn vehicles makes the 
traditional three-way catalysts (TWC) not so 
efficient for the reduction of nitrogen oxides. 
In addition, temperatures of exhaust gases are 
much lower in lean-burn than in traditional 
gasoline engines. Therefore, the catalysts 
showing a good performance for abatement 
of HC, CO, and NO, at 100-200 OC are 
required for passenger cars. 

2 AN OVERVIEW OF THE CATALYTIC 
STUDIES 

The studies of several Pt, Pd, andlor Rh 
loaded metal oxides (e.g. alumina, ceria, 
zirconia, barium) or zeolite catalysts are 
being carried out in the Mass and Heat 
Transfer Process Laboratory. Various 
characterization and experimental techniques 
are used to study solid surfaces and the 
catalytic properties of materials. Catalyst 
properties, especially its performance, cannot 
be understood on the basis of any single 
characterization method, and therefore, 
several microscopic and spectroscopic 
characterization techniques are used besides 
the laboratory-scale catalyst studies. 

2.1 Characterization techniques 

Catalysts' surface areas and pore size 
distributions are determined from nitrogen 
adsorption4esorption isotherms according to 
the standard BET method. Changes in active 
metal dispersions and active metal surface 



areas are evaluated on the basis of 
chemisorption measurements. 

Scanning Electron Microscope (SEM) 
equipped with Energy Dispersive X-ray 
Spectrometer (EDS) is used for high 
magnification imaging and elemental 
mapping. It gives a 'quick look' on the 
catalyst and it can also be used for e.g. 
detecting poison compounds on catalytic 
surfaces. In addition, some other microscopic 
techniques, for instance Transmission 
Electron Microscopy (TEM) are used. 

X-ray Diffraction (XRD) is used for 
identification and quantitative determination 
of the phase transitions on a catalyst. 
Changes in chemical states of active metals 
and support materials can be studied by X-ray 
Photoelectron Spectroscopy (XPS). 

2.2 Activity studies 

Catalytic activities and selectivities are 
determined by laboratory-scale light-off 
measurements. These measurements give 
direct information on the state of both fresh 
and aged catalyst samples. FT-IR is used to 
study the gas phase compounds and gas-solid 
interfaces. Oxygen storage capacities of 
catalysts are studied as well. 

Temperature programmed techniques, 
especially Temperature Programmed 
Desorption (TPD), give information on solid 
surfaces and their interactions with gas 
molecules. The effects of ageing on the 
surface adsorption states and activation 
energies can be determined via these 
techniques 

In the pre-treatment the powder catalysts 
were heated under vacuum to 450 "C, 
followed by evacuation for 20 min at 450 "C. 
The sample was oxidized for 10 min at 450 
"C and cooled to room temperature (RT). NO 
was inserted after He flushing at RT. The 
measurements were carried out from RT to 
750 "C, and the masses 16 (O), 30 (NO), 32 
(02), 44 (NO), and 46 (NO2) were recorded 
by a mass spectrometer. 

The platinum addition is detected to 
increase the adsorption efficiency of NO with 
all studied catalyst materials. The strongest 
influence of Pt is detected on M S M - 5 ,  in 
which the total amount of desorbed NO is 
significantly higher than with other catalysts 
(see interior in Fig. 1) 

1 ,M 

1.4e-4 

Temperature ["C] 

Fig. 1. TPD of NO over zeolite and Pt/zeolite 
catalysts. 

3.2 Activity studies of oxide catalysts 

The catalytic activities of Pd/A1203 and 
Pt/A1203 catalysts were compared in the NO 
+ C3H6 + O2 reaction by using the FT-IR 
 a as met=* FT-IR Gas Analyser). The 
Pd/A1203 was metallic a monolith. The active 
materials were coated onto a thin Fe-Cr-A1 
metal foil, which was tested to be inert. 

3 CASE STUDIES 
Pt/A1203 catalyst was a powder sample. The 

2.1. TPD measurement ofPt/zeolite catalysts noble metal loadings for the Pd/A1203 and 
Pt/A1203 catalysts were 1% and 1.4%, 

The: TPD method is used to study NO 
respectively. 

desorption on pure and 1 W-% Ptlzeolites as 
Prior to each experiment the catalyst was 

show11 in Fig. 1. 
pre-treated with oxygen. The catalyst 



chamber was heated in a nitrogen flow from 
room temperature to 500 "C with a heating 
rate of 15 "Clmin. The catalyst was oxidised 
(50 mllmin air) at 500 "C for 20 minutes. 
Then, the catalyst was cooled down to room 
temperature under an air flow. The reaction 
chamber was rinsed with a nitrogen flow for 
a few minutes before increasing temperature 
up to 500 "C with the linear heating rate of 10 
"Clmin. During the activity measurement the 
gaseous compounds (CO, CO2, NO, N20, 
NO2, HzO, and C3H6) were analysed. In the 
feed gas mixture, the following constant 
concentrations were used: 0.1 vol-% NO, 0.1 
vol-% C3H6, and 10 vol-% 0 2 .  N2 was used 
as an inert carrier gas, balancing the total 
flow rate at 1 dm3/min. The propene 
conversions are presented in Fig. 2. 

0 
100 200 300 400 500 

Temperature ["C] 

Fig. 2. The conversions of C3H6 for Pt/A1203 
and Pd/A1203 catalyst samples. 
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ABSTRACT. Models for the occurrence of intercumulus chromite and chromitite layers in 
the ultramafic zones of layered igneous intrusions should take into account the presence of 
sodic and hydrous mineral inclusions within chromite. These inclusions are enigmatic 
because they could not coexist with basaltic melt at the time of formation of their host 
ultramafic cumulates. Their presence and composition is suggestive of other processes 
involved in chromite and PGE mineralization than magma mixing alone. The fluid-fluxed 
incongruent melting of orthopyroxenite cumulates by a saline fluid derived from exsolution of 
volatiles deep in the crystal pile provides an alternate mechanism for the simultaneous 
production of chromite crystals and a sodium-rich hydrous incongruent melt that when 
trapped might crystallize the mineral assemblages observed in host chromites. 

Vs~rious mechanisms have been proposed 
to explain the precipitation of chromite in 
layered intrusions and ophiolites. The 
phenomenon of chromitite layering is 
enigmatic because chromium is a trace 
element in primitive mantle-derived melts, 
with concentrations typically around 200-500 
ppm, whereas massive chromitites in 
strati5orm deposits range in mode from 40% 
to 95% chromite (-0.25mm-lmm) with 
olivinle, orthopyroxene, clinpyroxene, 
plagioclase, and serpentinized intercumulus 
phases. These laterally extensive deposits 
occur as seams in the basal ultramafic-mafic 
sequences (dunite, harzburgite, pyroxenite, 
gabbr~onorite, anorthosite) of layered 

intrusions and range in thickness from 
millimeters to meters. Beyond the massive 
seams, chromite is sparsely disseminated in 
small patches and chains among the 
predominant cumulate phases. 

We have studied mineral inclusions 
hosted by chromite in chromitites and 
ultramafic cumulates in the Stillwater 
Complex, Montana, and the Merensky Reef, 
Bushveld Intrusion, SA. We observed 
numerous silicate and sulfide mineral 
inclusions, most of which are unstable at 
temperatures near the liquidus of chromite- 
saturated basaltic magmas (-1 250 +l- 100°C 
at f 0 2  > 1 o-*.~). In stratiform chromitites, the 
silicate inclusions are primarily composed of 



Na-rich phlogopite, lesser K-rich phlogopite, 
various amphiboles (pargasitickaersutitic 
hornblende, tschermakitic hornblende), 
augite, bronzite, pigeonite, and chlorite. 
Amphibole has been experimentally 
determined (Helz, 1982) to be stable up to 
1060°C (1 -8 kbar) whereas Na-phlogopite is 
stable up to 1010°C at 5 kbars (or 1038°C 
when extrapolated to 8 kbars) (Carman, 
1974). Non-silicates include chloroapatite, 
base metal sulfides (chalcopyrite, pentlandite; 
BMS) and oxides such as rutile, ilmenite and 
rare srilankite (TizZrO6). Similar inclusion 
suites have been described in chromitites 
from ophiolite suites, hinting at a common 
origin for the inclusions and their host 
chromite crystals. Inclusions are almost 
exclusively observed in rare, larger euhedral 
rhombs that potentially represent the first 
formed chromites, with concentric 
distributions suggesting entrapment by 
overgrowth in a dynamic setting (c.f., Lago, 
1982). The inclusion-free outer zones of these 
chromite grains are similar in thickness to the 
radii of the other chromite grains in the rocks, 
suggesting that the large, inclusion-rich 
chromite grains formed first and were 
overgrown by inclusion-free zones at the 
same time as the rest of the chromite grains 
grew. 

The inclusions we have documented are 
generally polyphase, all inclusions in a 
particular sample showing the same mineral 
assemblage, and commonly being hosted by 
voids with negative chromite crystal shapes. 
These textures are consistent with an origin 
as melt inclusions, an interpretation 
qualitatively supported by our preliminary 
observation that the inclusions can be 
homogenized by melting at 1400°C to similar 
compositions throughout a given sample. 

Precipitation of chromite in magma 
chambers has been attributed to pressure 

fluctuations, shifts in oxygen fugacity, crustal 
contamination, magma mixing, hydrous 
fluxing, or combinations thereof. The 
hydromagmatic model, as proposed by 
Boudreau (1998) involves the interaction of 
partly molten crystal-liquid assemblages with 
hot fluids bearing H20, NaC1, CaC1, KC1, and 
CO2 (SchifEies, 1982; Ballhaus & Stumpfl, 
1986). 

Figure l :  A. Large chromite rhomb from the 
Stillwater complex showing concentric 
arrangement of polyphase inclusions. Inset B. 
Enlargement of negative crystal shape from 
A. 

Hydrothermal fluids are exsolved from 
solidifying interculmulus liquids lower in the 
crystal pile, and as crystallization and 
compaction proceeds, the volatiles migrate 
through overlying cumulates where the 
buoyant flux invades fluid-undersaturated 
crystal-liquid assemblages and induces partial 
melting of the solid component. Pyroxene 
breaks down to form both a chromite- 
titanium enriched silica liquid, and new 
secondary olivine. Typical primary 
orthopyroxene contains about 0.5 to 0.6 wt % 
Cr203 (Irvine, 1977). Increasing the 
concentration of dissolved H20 in a melt 
expands the isobaric olivine phase-field and 
increases the Si02 / (MgO+FeO) ratio of the 
partial melt (Gaetani, 2004). Falloon and 
Danyushevsky (2000) suggest that 1.9 wt % 
H20 in a basaltic melt will reduce the olivine 
liquidus by - 90°C. In other words, olivine 



crystallization is favoured at the exclusion of 
calcium, aluminum and silica within 
orthopyroxene. Moreover, whereas adding 
H20 to tholeiitic melts suppresses the 
crystal1i:zation temperature of the silicate 
minerals, it does not similarly affect oxides, 
allowing for precipitation of oxide phases. 

Irvine (1977) proposed a model to explain 
precipitation of chromite in layered 
ultramafic sequences from the mixing of 
primitive and evolved tholeiitic liquid. In the 
isobaric system Mg2Si04-Cr203-Si02, the 
parent nnagma will descend along the olivine- 
chromite cotectic until it reaches the 
distribution point D and begins crystallizing 
orthopyroxenite at Opx. If a new pulse of 
primitive magma mixes with the evolved 
melt, the hybrid will lie in the chromite phase 
field at a point defined by a mixing-and- 
solution line joining the two magmas across 
the curved olivine-chromite cotectic. A 
chromitite layer will develop as the magma 
evolves down the chromite liquidus to rejoin 
the cotectic (Irvine, 1977). 

We propose that the same phase diagram 
can be used to explore the consequences of 
fluid addition to melt-free orthopyroxenite or 
harzbul-gite cumulate rocks. Interaction of 
the solid, Cr-rich orthopyroxene with water 
vapour will cause a depression of the 
periteaic temperature. During the resulting 
incongruent melting reaction, olivine and a 
hydrous silicic liquid will form at the expense 
of oithopyroxene. The lowest-melting 
constituents of the orthopyroxene are those 
components rich in Na, Ti, and Al, so that the 
peritectic melt will be enriched in these 
constituents and incompatible elements such 
as Zr. 

Incongruent melting of orthopyroxene is 
most simply described by the breakdown of 
enstati te into forsterite and silica: 

Mg2!3iO~i(opx) = Mg2Si04(ol) + Si02(liquid) 

A Cr-tschermaks component in the 
orthopyroxene will melt as follows: 
MgCrA1Si06(o,) = MgCrA104(,b) + 
sio2(liquid) 

The liquid formed in the melting reaction 
has the composition of the distribution point 
D in Figure 2, and is in equilibrium with 
chromite. As chromite crystallizes, some of 
the meltlfluid mix may become entrapped in 
the chromite to form inclusions with negative 
octahedral crystal shapes. During subsequent 
cooling, the sodium-rich hydrous melt will 
crystallize to the unusual mineral assemblage 
presently observed as polyphase inclusions in 
the chromite. 

Figure 2. Sketch of phase relations in the 
system Q-01-Chr, after Irvine (1 977). 

To further explore the flux-melting model 
of chromite precipitation, experiments were 
carried out using an end-loaded piston 
cylinder to simulate addition of water to 
initially dry, subsolidus ultramafic cumulates. 
Powdered chromium-rich orthopyroxene, 
taken from a spine1 harzburgite mantle 
xenolith (Eifel District, Germany), was 
equilibrated with an aliquot of distilled H20 
in a 314 inch tapered furnace at 1 GPa and 
1080°C for 24 hours. The results showed a 
coarsening of orthopyroxene grains and the 
formation of small volumes of interstitial 
melt. Glass in the triple junctions between 



orthopyroxene grains is a Ca-, Na- Mg- 
alumino-silicate. Small (-lum) chromite 
grains were observed within the glass in a 
narrow wedge between pyroxenes. This 
reconaissance experiment demonstrates the 
feasibility of the proposed incongruent flux- 
melting process for the formation of residual 
chromite. 

hydrous mineral assemblage formed in the 
earliest stages. Neither the magma mixing 
model of Irvine (1977) nor the 
hydromagmatic model of Boudreau (1 999) is 
consistent with the entrapment of the mineral 
assemblages we have observed, since both of 
these earlier models require that the chromite 
crystallized from an essentially basaltic 
magma. It seems likely that free water must 
play a critical role in the formation of 
chromitites both in layered intrusions and in 
the upper mantle section of ophiolites. 
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ABSTRACT. This paper presents petrographic and compositional data for melt inclusions 
hosted in apatite and olivine of the Skaergaard intrusion, East Greenland. Dark and light- 
coloure~d melt inclusions are iron- and silica-rich, respectively, and interpreted as a result of 
silicate-silicate liquid immiscibility. This demands that immiscibilty is considered in basalt 
petrogenesis and perhaps in the formation of PGE-Au mineralizations such as those in the 
Skaergaard intrusion. 

1. BACKGROUND 

One of the oldest controversies in igneous 
petrology concerns the differentiation of 
tholeiitjc basalt. Some researchers argue that 
crystallisation results in pronounced 
enrichment of iron and relatively constant 
silica content in the cooling magma even after 
the onset of magnetite and ilmenite 
crystallisation. Others argue that the onset of 
magnetite and ilmenite crystallisation 
termina.tes iron enrichment and directs the 
melt towards silica-rich, granitic 
composition. Observations at the Skaergaard 
intrusion have been at the centre of the 

dispute. This intrusion records the 
progressive accumulation of crystals in 
equilibrium with tholeiitic basalt magma that 
cooled slowly in a magma chamber about 55 
million years ago. The resulting gabbroic 
rocks are now well-exposed in cross-section 
and displays extreme differentiation towards 
iron-enrichment. About two-thirds up in the 
succession, Pd, Au and Pt have accumulated 
in sulphides and alloys in several thin layers 
that are not visible in the field (blind deposit) 
but have been outlined on the basis of 
geochemistry. The mineralized layers 
(Platinova Reefs) coincides with three visible 



leucogabbro layers known as the Triple 
Group. The compositions of the rocks 
represent crystal cumulates rather than melt. 
Many attempts have therefore been made to 
reconstruct the equilibrium melt 
compositions but results are disparate. We 
apply melt inclusions as a direct tracer of the 
parental melt composition and its evolution. 

2. MELT INCLUSIONS IN APATITE AND 
OLIVINE 

Melt inclusions are tiny pockets of liquid 
trapped and isolated within rock-forming 
minerals during their growth, and they 
provide direct snapshots of the melt 
otherwise not preserved in fully-crystallised 
plutonic rocks. In apatite, which is abundant 
in the upper part of the intrusion (UZ b and 
c), melt inclusions are 10-200 pm across and 
commonly display negative crystal shapes 
parallel with the c-axis, demonstrating a 
primary origin (Fig. 1). The melt inclusions 
are of two types. One is dark brownish or 
opaque (Fig. l), and contains finely 
crystallised daughter phases of plagioclase, 
ilmenite, magnetite, iron-rich biotite and a 
fine-grained matrix. 

Figure l .  Microphotograph showing one 
light and one dark melt inclusion (now jinely 
crystallised) inside apatite crystals of the 
Skaergaard intrusion. Abbreviations: Ap = 

apatite; Olv = olivine; Ilm = ilmenite; Mug = 

magnetite. 

A less abundant type is light-coloured, 
transparent and consists of quartz, orthoclase, 
albite, minor magnetite and finely intergrown 
matrix (Fig. 1). Primary melt inclusions in 
iron-rich olivine are identified in UZa+b. 
They are light-coloured and commonly 
display an irregular outline due to reaction 
with the host. The melt inclusions in olivine 
measure 10-100 pm across and consist of 
finely intergrown alkali feldspar, quartz, iron- 
rich orthopyroxene, biotite and sodic 
amphibole. 

3. COMPOSITION OF IMMISCIBLE 
LIQUIDS 

The lack of prominent cleavage and the 
chemical composition, dominated by only 
CaO and P205, make apatite an ideal host for 
the melt inclusions, and any significant 
modifications of major elements (other than 
Ca and P) of trapped melts are unlikely. The 
bulk compositions of the melt inclusions 
were approximated by broad beam electron 
microprobe analysis. The predominant dark 
melt inclusions in apatite are extremely rich 
in FeOt (30.9 * 4.2 wt%) and low in Si02 
(40.7 * 3.6 wt%) compared to ferrobasalts 
erupted on Earth (<20 wt% FeOt). Similar 
iron-rich melts have hithertoo only been 
identified in experimental simulations of 
liquid immiscibility (Dixon and Rutherford, 
1979) and in immiscible globules of 
quenched basaltic glass in natural lavas 
(Philpotts, 1982). The light-coloured melt 
inclusions in apatite, in contrast, have SiOz 
(65.6 * 7.3 wt%) and alkalies comparable to 
dacite but with higher FeOt (8.6 * 5.9 m%). 
Their compositions compare closely to the 
silicic immiscible liquids in quenched basalt 
and immiscible silicic liquids of experiments 
and granophyre segregations in the intrusion 
(McBimey, 1975). The composiition of light 
melt inclusions in olivine is modified due to 



reaction with the host crystal but undoubtedly rahter than sulphides, may have acted as the 
witness the trapping of silicic melts similar to vehicle for scavenging and transporting 
those in apatite. precious metals to the floor of the magma 

chamber. 
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The exact level in the intrusion where 
immiscibility started is still unknown. The 
finding of immiscible melts throughout the 
Upper Zone indicate that immiscibility 
started at the level of the Triple Group or 
below. The documentation of unexsolved 
ferrobasalt melt inclusions in plagioclase 
from the bottom part of the Triple Group 
(Hanghoj et al., 1995), therefore, indicates 
the onset of immiscibility was within the 
Triple Group. Hence, it is possible that the 
stratigraphic position of the mineralized 
Platinova Reefs (Andersen et al., 1998) 
coincides with the onset of silicate-silicate 
immiscibility. Following Nielsen (2004), we 
speculate that S, PGE and Au first partition 
into the iron-rich melt during silicate-silicate 
immiscibility and subsequently into sulphide 
during silicate-sulphide immiscibility. If so, 
the sinking of exsolved iron-rich liquids, 
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ABSTRACT. The -2.5 Ga River Valley intrusion is one of several Palaeoproterozoic layered 
intrusions that, along with -2.2 Ga Nipissing Gabbro suite intrusions, form the dominant 
mafic intrusive bodies within the Huronian Magmatic Belt, Sudbury, Ontario. These 
intrusions present excellent exploration targets for PGE-Cu-Ni sulphide mineralization. In the 
River Valley intrusion, Marginal Series rocks are host to low-sulphide, magmatic, PGE-Cu 
mineralization associated with a heterogeneous fragment-bearing unit that is up to 100 m 
wide, within a few metres of the intrusive contact, and characterized by pyroxenitic fragments 
(xenoliths) within a gabbroic matrix; PGE-rich sulphide, predominant in the matrix but also in 
the fragments, was introduced as suspended droplets in a second-stage magma. In Nipissing 
Gabbro, stratabound, low-sulphide, PGE-Cu-Ni mineralization occurs in the lowermost 
orthopyroxene gabbro unit. Chalcophile element variations through mineralized intrusions 
indicate in-situ sulphide fractionation mainly from the base upwards, but also as inward- 
directed sulphide precipitation from the base and top. In both intrusive suites, evidence for 
significant crustal contamination of primitive mantle-derived parental magmas, the PGE-rich 
sulphides, and the lack of PGE-depletion in rock units overlying the Breccia Unit at River 
Valley, suggests the sulphides formed in a deep seated "staging chamber". The PGE-rich 
sulphides were carried upwards in pregnant magmas and emplaced into the resident chambers. 

l INTRODUCTION 

Anomalous to potentially economic 
concentrations of Cu-Ni sulphide associated 
PGE mineralization, occurs in the East Bull 
Lake and Nipissing Gabbro suites of mafic 
intrusive rocks within the southeastern 
portion of the Canadian Shield, proximal to 
the juncture of the Superior, Southern, and 
Grenville Geological Provinces. These two 
suites, which comprise an east-northeast 
trending, discontinuous belt in the region of 
the -1.85 Ga Sudbury Igneous Complex, are 

the dominant intrusive bodies within the 600 
km long Huronian Magmatic Belt (Peck et 
al., 1993). Alapieti et al. (1990) and Vogel et 
al. (1998) have described correlations with 
similar suites of Palaeoproterozoic intrusions 
(Fennoscandian Layered Intrusive suite) in 
the northeastern part of the Fennoscandian 
Shield (Finland) that were emplaced in 
similar tectonic environments. 

The East Bull Lake and Nipissing Gabbro 
suites have been attractive Cu-Ni-PGE 
exploration targets since the mid to late 1980s 



and since 1999 the River Valley intrusion has 
been the subject of intense Cu-Ni-PGE 
mineral exploration. To date, Measured and 
Indicated mineral resources of 25.4 million 
tonnes, grading 0.98 glt Pd, 0.34 glt Pt and 
0.06 gli. Au (Pacific North West Capital Corp. 
Press Fkelease, 22/07/04) have been outlined 
in four contact-type PGE deposits along the 
northern margin of the intrusion In recent 
years sulphide showings in the Sudbury area 
have been re-examined for their PGE-Cu-Ni 
potential with the most notable being the 
Shakespeare Deposit located about 65 km 
west of'the City of Greater Sudbury. To date 
an Indicated Resource of 12.0 million tonnes 
grading 0.35% Ni, 0.36% Cu, 0.02% CO, 0.19 
g/t Au, 0.34 g/t Pt and 0.38 g/t Pd (Ursa 
Major Minerals Incorporated press release 
15/04/04) has been outlined 

2 GEOCHEMTSTRY 

Recent work has shown that the magmas 
which fed the Nipissing Gabbro intrusions 
and thc: River Valley intrusion exhibit similar 
geochemical characteristics. Of particular 
petrogenetic importance are the similarities in 
trace element features, including: 1) strong 
LREE and LILE enrichment, a narrow range 
in LaNb, and modest positive to negative Eu 
anomalies; 2) high Th/Yb (2 to 10 times 
primitive mantle), LdSm and ThlNb values; 
3) pronounced negative Nb, Ta and P2O5 
anomalies, and in many cases negative Ti; 4) 
negative anomalies of Nb that are much 
stronger than those of Ta; and, 5) unusually 
low NbITa and ZrISm compositions. These 
are all features of a magma that has interacted 
with a crustal reservoir (e.g., Briigmann et al., 
1993). 

These magmas also share similar 
characteristics in terms of their chalcophile 
elements, including: 1) anomalously high 
background compositions for PGE relative to 

normal mafic rocks; 2) good correlation 
between the individual chalcophile elements 
indicating strong sulphide control on the 
PGE; 3) chondrite-normalized PGE patterns 
consistent with known magmatic sulphides; 
and, 4) Se-Pd and Pd-Cu values that are 
consistent with both S-undersaturated, PGE- 
un depleted continental flood basalt (CFB) 
magmas, second stage boninite magmas, and 
PGE-enriched "pregnant" magmas. These 
parent magmas must have transported PGE- 
rich sulphides into the River Valley and 
Nipissing Gabbro magma chambers. This is 
especially evident from the anomalously high 
background concentrations of PGE which are 
recorded in the unmineralized rocks from the 
River Valley intrusion (22 ppb Pt, 19 ppb Pd, 
70 ppm Cu, 97 ppm Ni) and the Nipissing 
Gabbro intrusions (12.4 ppb Pt, 20.5 ppb Pd, 
91 ppm Cu, 149 ppm Ni). These 
concentrations are orders of magnitude higher 
than MORB, and closer to concentrations 
recorded from second-stage and boninitic 
magmas (Hamlyn and Keays, 1986), 
Siliceous High Magnesium magmas (Seitz 
and Keays, 1997) and CFB (Briigmann et al., 
1993). 

Primitive mantle-normalized multi-element 
diagrams show that the REE and trace 
element patterns for estimated parental 
magmas from the River Valley intrusion 
(average Layered Units) and Nipissing 
Gabbro intrusions (average chilled margin 
gabbro) are most similar to that of heavily 
contaminated CFB from the Siberian Trap, 
suggesting a similar petrogenesis of the 
magmas. The current study also demonstrated 
that unmineralized rocks from the River 
Valley intrusion and most rocks from the 
Nipissing Gabbro suite exhibit geochemical 
homogeneity that can only be accounted for 
by invoking a single source for their 
respective magmas. Both suites of rocks also 



exhibit evidence for significant but 
reasonably uniform contamination of mantle- 
derived magmas, suggesting that the crustal 
contamination occurred in either a single 
large staging chamber or in a section of the 
crust that had a uniform composition. The 
contamination signature that is common and 
consistent throughout the Nipissing Gabbro 
intrusions is not related to local 
contamination but rather to earlier bulk 
contamination of the magmas at their source. 
If the contamination signatures observed in 
all the intrusions were due to the assimilation 
of local lithologies then one would expect a 
much wider variation in their composition. 

3 GENETIC MODEL 

A model to explain the genesis of the PGE- 
fertile magmas of the River Valley intrusion 
and the Nipissing Gabbro suite is suggested 
in the context of a mantle plume related, 
intra-cratonic rift which is widely accepted to 
have existed in the region between -2.2 and 
-2.5 Ga 

Stage 1: Within the respective staging 
chambers, the S-undersaturated, primitive 
mantle-derived magma interacted with crustal 
lithologies and introduced crustal S into the 
magma. The assimilation of crustal material, 
as indicated by the crustal trace element and 
LREE signatures, induced S-saturation and 
segregation of PGE-rich sulphides. 
Assimilation, fractionation and crystallization 
of the magma (i.e. AFC processes) would 
have led to chamber stratification, resulting in 
the development of a buoyant feldspathic 
liquid that rose toward the upper part of the 
staging chamber, and a more dense and mafic 
(ferromagnesian-rich) liquid that settled 
toward the lower part of the chamber. The 
early-formed silicates would have produced 
mafic (olivine-orthopyroxene) cumulates 
andor chilled phases which are today 

represented in the River Valley intrusion by 
the fine-grained mafic xenoliths in the 
Breccia Unit; the lack of olivine-bearing 
rocks in the Nipissing Gabbro suite also 
supports such a process. It is likely that the 
PGE-rich sulphides observed in the River 
Valley breccia fragments were incorporated 
into the cumulates at this stage. 

Stage 2: As additional S-undersaturated 
magma flowed into the staging chamber it 
would have mixed with the resident S- 
saturated magma resulting in the upgrading 
of PGE tenor in the resident sulphides 
(varying R factors) and further segregation of 
sulphides. The newly introduced magma 
would have also displaced some of the 
modified, S-saturated, PGE-rich sulphide 
laden magmas out of the staging chamber. 
The evacuating magmas would have 
entrained mafic fragments, derived from 
early formed cumulates andor chilled 
margin, and PGE-rich sulphide droplets; the 
sulphide droplets would have continued to 
interact with the surrounding silicate liquid 
upgrading their PGE tenor. In the case of the 
River Valley intrusion, these displaced 
magmas would eventually form the PGE-rich 
sulphides that occur in the matrix of the 
Breccia Unit. 

Stage 3: Sulphide (PGE-rich droplets) and 
fragment bearing magmas are displaced from 
the staging chamber and rise through the 
crust. Rapid ascent of the magmas through 
the crust would have resulted in adiabatic 
decompression of the magmas which 
permitted some or all of the sulphur from the 
sulphide melt to be partially or wholly 
dissolved into the magma. In the case of the 
River Valley magmas, the PGE-rich sulphide 
droplets remained suspended in the S- 
saturated magmas and only a small portion of 
the sulphur from the sulphide melts (droplets) 
dissolved into the magma. This, coupled with 



further interaction between the silicate liquid 
and the sulphide droplets, resulted in 
substantial upgrade of the PGE tenor in the 
sulphides. During their ascent, the Nipissing 
Gabbro magmas became S-undersaturated 
and all #of the sulphur was dissolved into the 
magma. The presence of mafic fragments in 
the River Valley magmas (Breccia Unit) 
suggests a very dynamic magma system, 
capable of entraining and supporting the 
fragmerlts as the magmas ascended through 
the conduit(s) in the crust. Evidence for this 
dynamic (turbulent) magma is accounted for 
by the high R factors and elevated PGE tenor 
in the River Valley intrusion relative to the 
Nipissing Gabbro suite. The rarity of 
fragments in the Nipissing Gabbro suite can 
be accounted for by lower magma dynamics, 
as reflected by the low R factors and 
relatively low PGE tenor, which resulted in 
the fragments being "filtered" out of the 
ascending magmas. Alternatively, the 
Nipissing Gabbro magmas may have never 
picked up any fragments or the conduits may 
have been too narrow to allow for the 
fragments to be entrained into the final 
intrusions. 

Stage 4: During the final stage of the 
magmatic model, the magmas were emplaced 
into their final magma chambers, where they 
underwent two very different processes. The 
River Valley magmas, which were S- 
saturated and "pregnant" with PGE-rich 
sulphicle droplets, CO-precipitated with the 
silicate minerals that now constitute the 
matrix of the Breccia Unit. Convective flow 
within the magma allowed for further 
interaction between the PGE-rich sulphide 
droplets and the silicate liquid (even higher R 
factors), further upgrading the PGE tenor of 
the sulphides. Significantly, at River Valley, 
there is almost as much sulphide in the 
fragments as there is in the matrix. At 

emplacement, Nipissing Gabbro magmas 
were PGE-fertile and S-undersaturated, and 
as these magmas cooled and crystallized, they 
became S-saturated and segregated PGE-rich 
sulphides through normal fractionation, 
principally within the massive orthopyroxene 
gabbro unit located in the lower portions of 
the intrusions. 
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The Jinchuan Ni-Cu deposit in northwest 
China, with ore reserves of 500 million 
tonnes at Ni and Cu grades of 1.2% and 0.7 
%, respectively, is the third largest Ni-Cu- 
PGE sulfide deposit after Sudbury and 
Noril'sk-Talnahk. The Jinchuan deposit is 
located within the Longshoushan belt, which 
occurs along the southwestern margin of the 
Tarim-North China Archaean Craton adjacent 
to the early Paleozoic Qilian orogenic belt, 
which is part of the Kunlun-Tibet tectonic 
domain (Zhou et al, 2002). The 
Longshoushan belt comprises the Baijiazuizi 
and Tamazigou complexes. The Baijiazuizi 
complex is composed of migmatites, 
gneisses, and serpentine marbles, whereas the 
Tamazigou complex consists of schists and 
banded marbles. These are tectonically 
overlain by unmetamorphosed 
Neoproterozoic and Paleozoic strata of 
conglomerate, sandstone, and limestone. 

The metamorphic complexes form several 
southwestern dipping thrust slices (or 
duplexes) with a NW-SE strike. Several 
ultramafic slices occur within the Baijiazuizi 
complex, one of which is the ultramafic body 
hosting the Jinchuan deposit (Zhou et al., 
2002). The Jinchuan body is 6500m long and 
a few tens of meters to >500m wide. The 
Jinchuan ultramafic body is cut by NE- 

trending faults into four segments, labeled I 
to V1 The ultramafic bodies are intruded by 
later granodiorites and diabase. 

The Jinchuan body consists of lherzolites 
(>70%) with minor amounts of dunite and 
pyroxenite (Zhou et al., 2002). All rocks are 
strongly altered to serpentine and talc. Along 
the boundary are rocks formed during 
dynamic metamorphism, including tremolite, 
serpentine and chlorite schists. About a third 
of the total volume of the Jinchuan body is 
mineralized. In the Segment I, there are more 
than 200 individual Ni-Cu-(PGE) ore bodies 
of which 13 are rich in PGE (total Pt and Pd 
>l  ppm). More than 300 ore bodies have 
been identified in Segment I1 with 38 bodies 
rich in PGE. Segments I11 and IV host 37 and 
42 orebodies, respectively, but all of these are 
PGE-poor. The Jinchuan ultramafic body is 
funnel shaped and the bulk of the 
mineralization occurs at the bottom of the 
funnel. Three types of ores are identified: net 
textured, disseminated and massive ores. The 
principal ore minerals are pyrrhotite, 
pentlandite, violarite, chalcopyrite and 
cubanite. The ores have an average Ni/Cu 
ratio of 2 and (Pt+Pd)/(Ru+Ir+Os) ratios of 5 
to 30. 

A total of 19 net-textured samples were 
analysed, some as whole rock samples and 
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Figure 1. Variation of model ages of the Jinchuan Ni-Cu-PGE deposit with OS content of 
the samples. 

Note that whereas samples with greater 
than 80 ppb OS (or ReIOs < 1.4) have 
uniforni model ages, those with less than 80 
ppb OS (or RelOs > 1.4) have younger model 
ages. some as bulk sulfide separates, 
although only 16 of the data sets for these 
samples are considered reliable. Samples 
were prepared for Re-OS isotope analysis in 
the ultra-clean Re-OS isotope laboratory at 
Monash University using well established 
isotope dilution techniques and sample 
dissolution in carius tubes. Final analyses 
were carried out on the VIEPS N-TIMS at La 
Trobe University, also in Melbourne. The OS 
contents of the bulk sulfide separates range 
from l62 to 228 ppb while their Re contents 
range liom 198 to 282 ppb; this range in 
values in part reflects the varying purity of 
each of the separates. The range in OS 
contents (4.3 to 84.3 ppb) and Re contents 
(33.6 to 99.6 ppb) of the whole rock samples 
reflects the range in sulfide content of each of 
the samples. The very high OS contents of 

the samples are characteristic of magmatic 
Ni-Cu-PGE sulfides and cumulate silicate 
rocks which formed from relatively high 
magnesium, primitive mantle-derived 
magmas. 

When plotted on a 1870s/1880s VS 

187~e/1880s isochron plot, the 16 reliable data 
define an isochron that yields an age of 877 + 
34 Ma and has an initial 1870s/ 1880s = 0.163 
f 0.0 1 1. Recalculation of the data excluding 
one sample produces an 15 point isochron 
that has an age of 879 + 19 Ma, an initial 
1870s/ 18'0s = 0.165 f 0.006, and a much 
lower MSWD (28 instead of 60). However, 
whereas samples with greater than 80 ppb OS 
(and ReIOs < 1.4) have model ages that are 
reasonably uniform at 1382 f 22 Ma, those 
with OS contents less than 80 ppb (and ReIOs 
> 1.4) have model ages that are significantly 
less than this (Fig. 1). (The model age is the 
time at which the magma that formed the 
Jinchuan intrusive and its Ni-Cu-PGE ores 
was extracted from the mantle). 



Figure 2. Isochron diagram for the Jinchuan samples. The slope of the isochron yields the age 
of samples that lie along it whereas the intercept of the isochron with the y axis yields the 
initial 1870s/188~s ratio of the magmas that formed the rocks. Samples with Re/Os ratios less 
than 1.4 define an isochron that yields an age of 1408 + 140 Ma whereas samples with Re/Os 
ratios greater than 1.4 define an isochron that yields an age of 897 f 66 Ma. See text for 
further details. 

Samples with Re/Os ratios less than 1.4 
(and OS contents > 80 ppb) define an 
isochron that yields an age of 1408 f 140 Ma, 
an initial 1870s1188~s ratio of 0.1 13 + 0.014, 
and a MSWD of 20. On the other hand, 
samples with Re/Os ratios greater than 1.4 
(and OS contents 4 0  ppb) define an isochron 
that yields an age of 897 + 66 Ma, an initial 
1870s/1880s ratio of 0.150 + 0.028, and a 
MSWD of 128 (Fig. 2). The isochron age 
(1408 f 140 Ma) for samples with OS > 80 
ppb is within error of the model ages for 
these samples and is taken as the age of 
mineralization of the Jinchuan ultramafic 
body and its Ni-Cu-PGE ores. The large error 
on the isochron is due in part to the very 
narrow range in 187~e11880s ratios of the 
samples that define the isochron. The initial 
1870s/ '88~s ratio defined by the older, 

primary isochron (0.113 + 0.014) is very 
close to that of the mantle (0.12) and provides 
strong support that the magmas that formed 
Jinchuan were derived from the mantle and 
were NOT subjected to a significant amount 
of crustal contamination (a common 
triggering event for the formation of Ni-Cu- 
PGE sulfide ores). The initial 1870s/1880s 
ratio defined by the younger, secondary 
isochron (0.150 + 0.028) is more radiogenic 
and carries a crustal signature (crustal rocks 
formed 1.8 Ga ago have an initial 1870s/1880s 
ratio = 1 3). 

It is suggested the Jinchuan ultramafic 
body was subjected to an event at - 877 Ma 
that resulted in crustal fluids carrying some 
Re (derived from crustal rocks) but no OS 
permeating and interacting with the Jinchuan 
rocks. The Re-OS isotope systematics of 



samples with a high 0 s  content were 
relatively unaffected by the addition of the 
crustal Re. However, the Re-0s isotope 
system;itics of samples with low OS contents 
were upset (or "re-set") as relatively much 
more Re was added to these samples. The 
fact that two of the low OS content samples 
do nol; have much younger model ages 
suggests that fluid access was not uniform to 
all of Jinchuan samples. 

In summary, the age of Ni-Cu-PGE sulfide 
mineralization of the Jinchuan ore system is 
1408 hda, but the Re-0s isotope system was 
re-set in low 0 s  samples at - 877 Ma when 
metamorphic fluids carrying crustally- 
sourced Re permeated the Jinchuan 
ultramafic body. The disturbance at - 877 Ma 
may have been triggered by the breakup of 
the supercontinent Rodinia which may have 
been initiated by a mantle plume at 828 f 7 
Ma (Li et al., 1999). This event corresponds 
to the intrusion of mafic and ultramafic rocks 
as well as widespread granites in South China 
(Li et al., 1999). 
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ABSTRACT. Previously the Platreef has been regarded as a single body but is now shown 

to have resulted from several magmatic pulses each with distinctive geochemical 
signatures. An early ultramafic pulse was similar in composition to Lower- or Lower 
Critical Zones of the main Bushveld Complex, while later mineralized pulses intruded 
country rocks or earlier Platreef pulses. These are regarded as equivalent to Critical Zone. 
Main Zone sills also intruded Platreef lithologies. 

1. INTRODUCTION 

The Platreef in the northern limb of the 
Bushveld Complex is predominantly a 
pyroxenitic PGE-Cu-Ni-bearing package with 
a hanging wall of Main Zone gabbronorite 
and a footwall of Transvaal Supergroup in the 
south and Archaean granite and gneiss in the 
north (Fig. l). 

The Platreef package thickness varies from 
>400 m in the south to <50 m northwards and 
dips 40-45" west at surface. It extends from 
Mokopane (formerly Potgietersrus) 
northwards at least 30 km. The Platreef is not 
a simple tabular body. In the southern sector, 
there are basement highs on southern 
Macalacaskop and on southern Turfspruit 
with thinned Platreef on the flanks and thick 
reef in the intervening basins. In the southern 
basin, it is up to 400 m thick, dips are 32"NE 
on the S side and 47"SW on the N side. In the Fig. 1 Geological map of part of the northern 

Turfspruit basin, the Platreef is 250 m thick limb, showing farm boundaries. 

with 40" inward dips. 



The Platreef generally shows lower PGE early intrusive phase that is distinguished 
grade than the Merensky Reef and UG-2 from the Platreef by higher A1 and lower Cr. 
chromitite. Overall grade is typically 4glt The Marginal Zone is not chilled Main Zone 
where footwall is dolomite, but commonly 1- as it has much lower A1 and Ca, higher Si and 
2 glt elsewhere with intersections sometimes Mg but lower Mg# than Main Zone 
>10g/t.. Previously quoted Pt/Pd ratios vary lithologies. Elsewhere this Marginal Zone 
widely fiom 0.3 at Townlands (Manyeruke may occur as a contact facies with footwall 
and Maier, 2004) through 0.5 at the African 
Minerals Turfspruit and Macalacaskop 
propel-ties (Hutchinson et al., 2004) to 0.88 at 
Sands loot (Vermaak, 1995) with an average 
for several hundred analyses from both 
Drentlie in the north and 
Turfspruit/Macalacaskop in the south of 0.93 
(Kinnaird et al, 2004 and in press). 
However, most of the previous literature 

regards the Platreef as a single body. Recent 
geochemical and lithological work in the 
southern Platreef indicates that it resulted 
from several pulses of magma, each of which 
is characterized by a package of rocks with 
distinctive geochemical characteristics and 
Pd:Pt ratios, with differing sulphide textures 
and piroportions. In addition, there have been 
a series of processes that have modified the 
original magmatic PGM distribution and 
chemistry. 
Often, the different intrusive pulses are 

separated from each other by a slab of 
hornfels country rock, or by serpentinite or 
parapyroxenite or pegmatitic norite. 

2. CHARACTERISTICS OF DIFFERENT 
INTRUSIVE PULSES 

Core ATS57 from Turfspruit on the 
southtm Platreef shows clearly the 
lithological and geochemical variations of 
several intrusive pulses. A 'raft' of cordierite 
spine1 hornfels, which may still be partly 
attached to the floor, occurs around 250m 
depth (Figs.2 and 3). 
A fiine-grained Marginal Zone facies, above 

and below the hornfels raft is regarded as an 

rocks. 

Fig 2. Pyroxenite packages are separated by 
screens of hornfels, serpentinite, 
parapyroxenite or pegmatitic norite. Symbols 
as in Fig. 3. 

Serpentinised harzburgite, with up to 2250 
ppm Cr occurs below the hornfels raft. This is 
regarded as equivalent to Lower Zone or 
Lower Critical Zone of the Bushveld 
Complex further south. In contrast, the 
serpentinite at approx. 170m depth is 
graphite-bearing, has shale fragments within 
it and is associated with pyroxenite, 
parapyroxenite and lenses of calc-silicate. 
This is a highly altered xenolith of footwall 
dolomite. It contrasts with the serpentinised 



harzburgite at 270-280 m depth by lower Cr 
content, higher CdA1 and Si/Al ratios. 
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Fig. 3. Variations in vanadium content u 
depth 

Several feldspathic pyroxenite packages 
occur. The lower pyroxenitic package 
beneath the hornfels raft is compositionally 
different from the pyroxenite above the raft. 
This lower pyroxenite carries the highest 
PGE and sulphide abundances (pyrrhotite, 
pentlandite and chalcopyrite) with coarse 
sulphides at the top of the unit grading 
downwards into disseminated sulphides. In 
other cores this lower pyroxenite unit 
becomes more noritic upwards. 

The pyroxenite above the hornfels has 
lower Mg# with PGE and sulphide 
enrichment only at the base. Sulphides are 
coarser than in the unit below and PGE 
grades are slightly lower. The succeeding 
pyroxenite package has the highest 
vanadium, and lowest PGE content of all the 
pyroxenites with Pt:Pd ratios of 
approximately 1. The uppermost pyroxenite 

is characterized by a higher Cr content, 
higher Mg#, and the highest Pt:Pd ratio. 

3. MINERALISATION 

There are two mineralised zones, one at 
the base of the lowest pyroxenite package, 
the other at the base of the pyroxenite above 
the hornfels raft, with slightly enhanced 
values of Pt at the base of the uppermost 
pyroxenite. In the mineralised zones, 
sulphides may locally reach 20%. Pt-Pd 
abundance may be decoupled from sulphur 
and base metal sulphides. Although PGM 
may occur as micron-sized grains around 
sulphides they occur rarely in the sulphides 
themselves. Instead, PGM's are common as 
discrete grains within talc, tremolite and 
serpentine or associated with intergranular 
plagioclase, or quartz-feldspar symplectites, 
long the margins of rounded cumulus ritg 

orthopyroxenes. The PGE's occur as Pd or 
Pt-tellurides, bismuthides, arsenides, 
antimonides, bismuthoantimonides and 
complex bismuthotellurides. 

4. CONCLUSIONS 

It is envisaged that the earliest intrusive 
phase was equivalent to Lower or Lower 
Critical Zone magmas. This intruded within 
the Transvaal metasedimentary sequence as 
sills. As further pulses followed, some 
metasedimentary material became detached 
from the floor and later magma flowed under 
or over these layers. Some of the later pulses 
also interfingered with the early Platreef 
pulses. These intrusive pulses are regarded as 
equivalent to Critical Zone elsewhere in the 
Bushveld Complex. Although the well- 
developed chromitite layering of the Critical 
Zone does not occur, Cr/MgO ratios of the 

' 
Platreef rocks and Critical Zone of the eastern 
Bushveld are similar. Later Main Zone 



noritesl gabbronorites also intruded the 
Platreef pyroxenitic packages as sills, 
sometimes incorporating metasedimentary 
rocks -from the top of the Platreef. 

Thr: unit between the Main Zone 
gabbronorites is thus a complex zone of inter- 
fingered lithologies, including some Main 
Zone. This whole package is collectively 
called the Platreef. To add to the complexity, 
prima~y sulphides and PGE's were then re- 
distributed by several later processes. 
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ABSTRACT. The platinum group minerals (PGM) have been studied with new sample 
material from the Ivalojoki and Lemmenjoki river systems by taking samples from bedrock 
surface till, river sand and gravel and gold diggers sluice box ends and heavy mineral residual 
sands. The results show a wide variety of PGM as single macro or micro grains or as 
inclusions in other PGM. The most common PGM phases are isoferroplatinum Pt3Fe and 
sperrylite PtAs2. The next most common are cooperite PtS and braggite (Pt,Pd)S, isomertieite 
Pdl l Sb2As2, mertieite I (Pd,Pt), l(SbA~)4 and I1 (Pd,Pt)8(Sb,As)3, rustenburgite Pt3Sn, 
moncheite PtTe2, stillwaterite Pd8As3, irarsite IrAsS, laurite RuS~, cuproiridsite CuIr2S4, 
cuprorhodsite Cu*S4, erlichmanite OsS2, OS-Ir-Ru alloy, Pt-Pd alloy, native Pt, Pd-Cu-Au- 
Ag alloy, hongshiite PtCu, Cu-bearing isoferroplatinnm, and undefined Pd3(Sb,As,Sn). 

1 INTRODUCTION hundreds of gold diggers and a few 

A new study of the alluvial platinum group professional miners with mechanical digging 

element (PGE) minerals occurring in the river and washing machines are operating in the 

placers of the Ivalojoki and Lemmenjoki area in the summertime. Some attempts at 

river systems was initiated in August 2003 by underground mining have been done in the 

the Geological Survey of Finland (GSF). The past but they have been proven uneconomic. 

sampling for this study included river sand The source of the alluvial gold and PGM has 

and gravel, till from the bedrock surface, not been found. The bedrock in the area 

sluice box tailings and heavy mineral sand belongs to the granulite belt of northernmost 

samples provided by the gold diggers and Finland. Granulite is a general term for 

miners in the study areas. Gold washing has different kinds of rocks ranging from granitic 

been going on in the Ivalo and Inari rivers to pyroxenitic in composition that have 

since the 19" century, and even today undergone ganulite facies metamorphism 
(Fig. 1, Merilainen 1976). The Rb-Sr data of 



the granulites suggest an age of 2140 Ma and 
monazite age ca. 1900 Ma for the garnet 
cordierite gneisses. The ages of diorites, 
quartz gabbros and quartz diorites are mainly 
Prekarelian, with a minimum age of 2600 Ma 
by the whole rock common lead method. 
Three main types exist: 1) clearly lineated 
garnet-quartz-feldspar gneisses and 2) 
gneissose quartz-diorites, which form 
conformable lenses within the garnet-feldspar 
gneisses, and 3) amphibolites and hornblende 
gneisses, which occur as random lenses and 
narrow bands within the garnet gneisses. 

Fig. l .  Geological map redrawn after Tdrnroos 
and Vuorelainen 1 987: 1) Miessijoki, 
Lemm1:njoki area 2) Puskuo'a, Lemmenjoki area 
3) Ivalojoki, 4) Sotajoki, Iva f' ojoki area. 

The amphibolites contain hyperstene and 
clinopyroxene. The most common younger 
dyke rocks are pegmatite veins, which both 
cut and are conformable to the schistosity. 
Other younger dyke rocks are quartz- 
feldspar-porphyry veins and quartz-hematite 
veins, which generally cut the rocks of the 
granulite complex and have a general strike 
N-S with a vertical dip. Mafic diabase dykes 
are found in the Saariselka area (Tarnrninen 
1986). Gold has been previously found in the 
bedrock in the quartz-carbonate veins, quartz- 
hematite veins, and in an arsenopyrite 
bearing location. The probable source of the 

PGM are the mafic-ultramafic layered 
intrusions represented by the pyroxene 
amphibolites and hornblendites. 

The PGE-minerals have been reported by 
Vuorelainen and Tornroos 1 986, Tornroos 
and Vuorelainen 1987 and Tornroos at al. 
1996. A total of 30 platinum group minerals 
have been reported either as single grains or 
as inclusions in other PGM phases. 
Approximately 95 % of the PGM consist of 
sperrylite whereas the rest of the PGM are 
isoferroplatinum, native platinum, Pt-Pd-Ru 
sulfides, Ru-0s-Ir alloy, Ru-Ir-0s alloy, 
native OS, 0s-Ir alloy, rustenburgite, 
platarsite, irarsite, osarsite, ruarsite, 
hollingworthite, xingzhongite, erlichmanite, 
hongshiite, mertieite I and 11, isomertieite, 
guanglinite, kotulskite, arsenopalladinite, 
keithconnite, stibiopalladinite, moncheite and 
stillwaterite. Further alloys of Pt-Cu, Pt-Pd, 
Pt-Fe-Cu, Au-Pd-Ag, Au-Pd-Cu-Ag and Au- 
Pd-Cu in different atomic ratios were 
reported. Undefined PGM phases were PtTe, 
Pd~As2, Pdl lTe2As2, and Pdl l Sb3As2 . 

2 SAMPLING AND METHODS OF 
STUDY 

Five types of samples were used for this 
study: 1) till samples from near the bedrock 
surface, 2) sluice box end samples from the 
gold diggers claims, 3) river gravel and sand 
samples, 4) heavy mineral sands from the 
gold miners and diggers 5) old nuggets 
collected by the late Yrjo Vuorelainen from 
the Miessi river. 

A bucket-full of sample material was taken 
from the till, sluice box ends and river sand 
and gravel sampling points and sieved <250 
pm grain size with water and the coarser 
fraction was rejected. The heavy mineral 
sands were sieved in the laboratory with a 

sieve set from 1 mm opening to 40 pm 
opening. The coarser grains were hand- 



picked and the fractions below 250 pm were 
treated using gravitative hydroseparator 
methods by NATI Research JSC in St 
Petersburg, Russia, and by GSF Mineral 
processing laboratory in Outokumpu. The 
samples were analyzed for Au and PGE at 
GSF geoanalytical laboratory by fire assay 
MS-ICP method. The PGM grains were 
studied optically with a stereo microscope, 
macroscope, polarizing microscope, scanning 
electron microscope and finally analyzed 
quantitatively with a Cameca SX 100 
electron microprobe at the University of 
Hamburg, Germany. The analyzing 
conditions used for EPMA were usually 20 
kV and 20 nA, in some runs 15 kV and 40 nA 
and the analyzing crystals TAP, PET and LiF. 
The standards used for PGM analyses are: 
elements for Te, W, MO, Fe, Cu, Ni, CO, Ag, 
Au, Bi, Pt, Pd, Rh, Ru, OS, Ir, Sb2S3 for Sb, 
BiSe for Bi and Se, GaAs for As, FeS2 for Fe 
and S, andradite for Si, vanadinite for Pb, 
MnTi03 for Mn, Cr203 for Cr, ZnS for Zn , 
SnO2 for Sn, and HgS for Hg. 

3 RESULTS 

A total of 16 till, river sand and gravel and 
sluice box end samples were collected from 
the Ivalojoki area and 11 samples from 
Lemmenjoki area. Many of these samples 
contained 2-3 gold micronuggets and some 
PGM grains. The till and river samples had 
Au 0.87-2.98 ppb, Pt 0.1 1-1 ppb and Pd <l- 
1.61 ppb. Ru, Ir and OS were under the 
detection limit (<0.1 ppb) except in one 
sample where OS is 1.07 ppb. The sluice box 
end fine sand and slime samples had higher 
contents: Au 5 1.9-6030 ppb, Pt 0.19-1970 
ppb, Pd 4-1.45 ppb and OS <l-0.22 ppb. Ir 
Ru, and Rh were below the detection limit. 

The PGM discovered in the till samples 
are sperrylite, laurite, native Pt (Fig. 2) and 

undefined PbSb. The sluice box end samples 
in Miessijoki, Puskuoja and in J2ikala-aytsi 
contained only sperrylite. 

The samples obtained from the gold 
diggers and miners have a wide variety of 
PGM. The most common of these were 
sperrylite PtAs2 and isoferroplatinurn Pt3Fe 
(Table 1). 

The Pd arsenides are represented at 
Miessijoki by stillwaterite PdgAs3, and 
antinomy arsenides by isomertieite 
Pdl *Sb2As2, mertieite I Pdl l(Sb,As)4 and 
mertieite I1 (Pd,Pt)g(Sb,As)3, which are 
intergrown with an undefined phase 
corresponding to an ideal formula of 
Pd3(Sb,As,Sn). 

Table 1.  Representative EMP analyses of 
isoferroplatinum from Sotajoki 
Miessi'oki (2), native Pt from Miessijo f )  i 13) and and 
sperry/ite from Puskuoja (4) and moncheite from 
Miessijoki (5). Cameca SX 100, analyzed by S. 
Heidrich. n.d.=not determined. 

wt.% 1 2 3 4 5 

Pt 89.4 90.8 99.88 54.5 44.3 
Pd 0.02 0.21 0.06 n.d 0.07 
Fe 8.08 8.79 0.19 0.05 0.00 
Rh 0.40 0.48 0.37 2.27 0.18 
Ru n.d n.d n.d 0.14 0.02 
Cu 0.06 0.25 0.00 0.00 0.00 
Ni 0.31 0.02 0.07 0.01 0.00 
Sn 1.23 0.00 0.00 n.d. 0.00 
Sb 0.02 0.00 0.00 0.03 0.56 
Bi n.d. n.d. n.d. n.d. 0.59 
Te n.d. n.d. n.d. n.d. 56.7 
As n.d. 0.00 0.1 1 42.5 0.08 
S n.d. n.d. n.d. 0.98 0.00 
Total 99.52 100.55 100.68 100.47 102.5 

Rustenburgite Pt3Sn, an alloy of Pt and Pd 
corresponding the formula Pt9Pd, native Pt 
and Os,Ir,Ru alloy are found at Sotajoki, At 
Puskuoja and Miessijoki, native Pt occurs as 
an alteration product of sperrylite but also as 
man-made heating product (Vuorelainen and 
Tornroos 1987). 



Fig. 2. Back-scattered electron images from PGM 
in till samples of Puskuoja of A) laurite, scale bar 
20pm, B) native Pt (bright) and sperrylite (gray in 
the center), scale bar lOpm, C) moncheite, 
Puskuoja, scale bar 10 pm, D) rustenburgite, 
Puskuoja, scale bar 10 pm. Numbers in lower 
images refer to EDS analysis points. 

Moncheite PtTez was found at Miessijoki and 
Puskuoja. Isoferroplatinum at Sotajoki has 
plenty inclusions: laurite (Ru,0s,Ir,Rh)S2 (see 
Fig. 311, irarsite (Ir,Rh,Os,Ru)AsS, platarsite 
(Pt,Ir,Rh,Ru)AsS, erlichmanite 
(Os,Ir,:Ru,Rh)S2, cuproiridsite CuIrS4, and 
cuprorhodsite CuRh2S4. The PGE sulfides are 
represented by very Ni -poor cooperite PtS 
and braggite (Pt,Pd)S (see Fig. 4). 

Ru 

Fig. 3. Ternary diagrams of the laurite- 
erlichmanit and irarsite, platarsite inclusions in 
the isoferroplatinum at Sotajoki. 

m Puskuoja 
sotejoki 

Fig. 4. Cooperite and braggite composition points 
plotted in the atomic ternary Pd-Pt-Ni diagram. 

At a side river of Jiikala-aytsi, Hopiaoja, 
platinum minerals consist of sperrylite, (Au, 
Ag)4(Pd,Cu), isoferroplatinum with 
inclusions of irarsite, erlichmanite,and 
hongshiite PtCu with inclusions of copper 
bearing isoferro-platinum intergrown with 
(Au,Ag)6PdCu. 

Table 2. Representative EMP analyses of rusten- 
burgite (l), Sotaoja; isomertieite (2), Miessijoki; 
mertieite I (3), Jakala-aytsi; mertieite I1 (4), 
JZikala-aytsi and a new undefined mineral (5),  
Sotajoki. Analyzed by S. Heidrich. n.d. = not 
determined 

wt.% 1 2 3 4 5 
Pt 83.9 0.00 0.18 0.00 0.20 
Pd 0.02 75.1 72.5 71.9 73.1 
Rh 0.33 0.00 0.00 0.00 0.00 
Ru n.d 0.00 n.d. n.d. 0.00 
Ir n.d. 0.00 0.00 0.00 0.06 
0 s  n.d 0.03 n.d n.d 0.01 
Au n.d. 0.02 n.d n.d 0.00 
Cu 0.06 0.21 0.00 0.04 0.02 
Fe 0.92 0.00 0.03 0.02 0.00 
Ni 0.16 0.02 n.d n.d 0.00 
Sn 15.4 0.26 n.d n.d. 6.80 
Pb n.d. n.d. 0.00 0.02 0.00 
Sb 0.00 14.3 25.31 24.9 12.7 
Bi n.d. 0.00 0.06 0.01 0.14 
Te n.d. 0.93 0.27 0.16 0.00 
As n.d. 9.1 1 3.13 3.25 6.55 
S n.d. 0.01 0.00 0.00 0.02 
Total 100.73 100.08 101.48 100.30 99.60 



4 SUMMARY AND DISCUSSION 

A total of 21 PGM phases were discovered 
in this study and one undefined phase. In 
comparison with the PGM placers reported 
world-wide (Cabri et al. 1996), some new 
phases were discovered: rustenburgite, 
moncheite, stillwaterite, mertieite I, 
undefined Pd3(Sb,As,Sn), PtgPd alloy, (Au, 
Ag)4(Pd,Cu) alloy, (Au,Ag)sPdCu alloy and 
Cu-bearing isoferroplatinum. Single grain of 
hongshiite had been previously found only in 
Alberta, Canada. 

The form of the nuggets is mostly anhedral 
and rounded except for the euhedral 
sperrylite grains. Some nuggets in the 
Sotajoki area are colored yellowish as if gold 
plated. 

The wide variety of the PGM in the placers 
studied indicates a complex and probably 
multi-stage PGE mineralization in the source 
rocks. 

The PGM occur in the basal till as well as 
the native Au-Ag alloy nuggets. The 
chemical mineral composition of the PGM 
nuggets is mostly unaltered, and suggests that 
the PGM are not transported far away from 
their source rocks. A possible source for the 
PGM are the pyroxene-aphibole rocks which 
occur as interlayers in the granulites 
(Merilainen 1976). 
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ABSTRACT. Structural relationships in the Kivakka intrusion were established, and rhythmic 
phase layering (Kivakka type layering) was quantitatively characterised. Rhythmic layering 
occurs in the Kivakka intrusion as contrasting alternation of melanocratic and leucocratic 
layers, a few meter thick (meter-scale layering). The adjacent melanocratic and mesocratic 
layers have different associations of cumulus phases. The former are bronzite cumulates, and 
the latter are bronzite-plagioclase or, occasionally, bronzite-plagioclase-augite cumulates. The 
boundinies between the layers are sharp but undisturbed. The rhythmic units consist of two 
parts. More fractionated mesocratic cumulates may occur in the section below less 
fiactionated ones (for instance, three-mineral cumulates occur in the middle of the layered 
sequence). A schematic multilayer suspension model was proposed for the formation of phase 
layering of the Kivakka type. 

The most important structural relationships 
in the contrasting layered sequence of the 
Kivakka intrusion can be pointed out. 
(1) IUlythmic layering in the Kivakka 
intrusion is represented by contrasting 
intercalation of melanocratic and mesocratic- 
leucocratic layers with thicknesses of a few 
meters (meter-scale layering). The meter- 
scale layering extends over distances 
comparable to the size of the intrusion. It is 
complicated in places by thin intermittent 
layering with a characteristic thickness of a 
few centimeters (centimeter-scale layering). 
(2) Adjacent melanocratic and mesocratic 

layers have different assemblages of cumulus 
phases. The former are bronzite cumulates, 
and the latter are bronzite-plagioclase or, 
occasionally, bronzite-plagioclase-augite 
cumulates. (3) The boundaries between the 
layers are sharp but tectonically undisturbed. 
(4) Rhythmic units have two-membered 
structure, even in those cases when the 
mesocratic layer is represented by the three- 
mineral cumulus assemblage (transitional 
bimineral cumulate is absent). (5) More 
fractionated mesocratic cumulates may occur 
in the section below less fractionated ones 



(for instance, three-mineral cumulates occur 
in the middle part of the layered sequence). 

These inferences have different 
methodological significance. Point 1 defined 
in fact the dimension of the object studied. 
Other inferences fkom this postulate have 
strong quantitative support. 

Our previous numerical experiments 
(involving oversimplified modeling of 
convection as complete magma 
homogenization in any given time moment) 
demonstrated the leading role of the 
convection and accumulation mechanism for 
differentiation within a magma chamber 
(Koptev-Dvornikov, 1979; Frenkel' et al., 
1988; Frenkel', 1995; Ariskin and Barmina, 
2000). This mechanism shows the following 
main features. Crystallization is the main 
phase reaction providing the observed 
diversity of rocks. Crystal settling 
accompanying the convective mingling of 
evolving magma is the leading mechanism of 
heat and mass transfer. The solid phase is 
formed mainly in the upper boundary layer. It 
is distributed through the whole chamber 
volume by Stokes' settling and convection 
and precipitates on the bottom forming 
cumulus. The concentration of the solid phase 
in convecting mama may be as high as 10-30 
v01 %. 

It was repeatedly supposed that rhythmic 
layering is a consequence of convective 
magma motion in a chamber. There are two 
opinions as to the nature of convection and 
the density inversion that drives convection. 

According to one model, density inversion 
in a chamber is related to the thermal 
contraction of silicate melt owing to its 
cooling near the roof and development of 
Benard convection in the chamber with 
closed convection cells of quadratic cross- 
section (e.g., Bartlett, 1969). Many authors 
argued that such convection must result in 

upward-directed magma solidification. In 
order to explain the formation of rhythmic 
layering in situ, various variants of the 
hypotheses of rhythmic crystallization or 
double diffusion were proposed. 

Wager and Deer (1939) were among the 
first who suggested that convection may 
originate in the gradient crystallization zone 
at the roof owing to the formation of a 
suspension denser than the underlying 
material and jet submergence of this crystal- 
melt mixture to the bottom as a homogeneous 
material. Frenkel' et al. (1988) considered the 
analytical solution of a simplified case of 
such convection and demonstrated the 
appearance of a periodic component in 
addition to monotonous crystallization and 
crystal settling. An important conceptual 
result obtained by Frenkel' was that 
submerging suspension jets do not 
necessarily reach the cumulus surface. If 
there is a vertical density gradient in the 
magma body (not necessarily linear), some 
jets may acquire neutral buoyancy at some 
intermediate level and spread laterally 
forming layers. According to calculations, 
heat flow through the intrusion roof decreases 
continuously owing to heating of the country 
rocks. This reduces the crystallization rate 
near the roof and produces a monotonous 
upward decrease in the concentration of 
suspended solid phases in the layer of 
homogeneous suspension (Frenkel' et al., 
1988). In addition, the analysis of the 
dynamics of phase convection suggests that a 
two-layer structure may be generated in the 
body of solidifling homogeneous suspension: 
the lower stagnant layer of a denser 
suspension is changed upward by a less dense 
layer of convecting magma (Frenkel' et al., 
1988). The density decreases abruptly at the 
boundary between these two layers. The 
possibility of the jet submergence of dense 



susperisions was recently numerically suspended phases) magma at the level of 
demoristrated by Trubitsyn and Kharybin neutral buoyancy. The hydrodynamic aspects 
(1997:). of this hypothesis are not yet clear. A 

In an effort to further develop this concept, possible reason for the repeated submergence 
we noted that a sequential change in cotectic of suspension jets is the fact that the onset of 
assemblage during the crystallization of a this process requires the accumulation of a 
multicomponent system is accompanied by a suspension layer with critical values of 
jump iln the production of solid phase per unit thickness and solid phase concentrations, 
heat loss. This is evident from the inspection which takes a certain time period. The 
of ternary melting diagrams, where formation of layers at different levels could 
intersections of steep liquidus surfaces yield be related to continuously changing densities 
much gentler binary cotectic lines, and the of both descending jets and the matrix owing 
slope decreases to zero in the ternary eutectic to crystal settling and a decrease in the heat 
point, i.e., heat loss can only result in flow through the intrusion roof. In any case, a 
crystallization (heat loss is compensated by multilayer system can be produced when the 
the latent heat of crystallization). phase composition of residual magma in the 

Thus, fiom the beginning of crystallization chamber changes. Layers of fractionated two- 
of a sequential cotectic assemblage near the or even three-mineral suspensions are formed 
roof, a suspension layer denser than the in the less evolved matrix of monomineral 
underlying magma may form there. From suspension (melt and one solid phase) at 
time to time, jets of this suspension may various levels. The density of these layers 
descend and spread forming layers within decreases upward. Three-mineral suspension 
less fiactionated (with lower amount of may appear to be denser than the previously 

A H C 11 E 

Spatial and temporal schcmc of t ie  developmeit of mnvoctivc flows (fragment of the vertical section of t ie  
Kivakqa inLrusian). {A) Beginning of ctyshlliration or the anhnpyroxene-plagiaclase cotectic assemblage near 
the r w t  of the intrusi~n wnd tormetion ot a layer at two-mineral suspension (rrelt + plagioclase + 
orlhopyroxene), denser than the underlying rronornineral suspension (melt + orthopyroxene). (B] Submergence 
of a jet d two-mineral suspension to the level of neutral buoyancy. (C) Formation of a series of layers d two- 
mineral suspension ill Lhe matrix of ma~iornineml suspension. [D) Beginning 0T cyslalliralio~l or tha 
urlhupyroxene--pl~~ic~cIase-eugile coteclil; eswrrrblclge near the rvuf uf the inlrusion and f~rrnetion of a layer 
of three-mineral suspens on (melt + plagioclase + orlhopyroxens + clinopymxene), censer than the underlying 
material. (E) Plunging of a jet of three-mineral suspension to the level of neutral buoyancy. (1 ) cumulus. 
(2) monamineral suspension (melt + bronzite), (3) two-mireral suspension (melt + bronzite + p agioclase): and 
(4) threemineral susperision (melt + p agiwlase + orthupy-oxene + clinopyroxerie). 

time 



formed layers of two-mineral suspensions 
and plunge beneath them. As a result, the 
layers of three-mineral cumulates may be 
found below two-mineral ones in the section 
of the intrusion. Figure presents a possible 
scheme of events related to the development 
of the suspension multilayer mechanism. 

Before the construction of a sophisticated 
model including the analysis of possible 
geodynamic scenarios of the process, it is 
desirable to prove the plausibility of our 
approach to the solution of the problem. This 
can be readily performed through numerical 
experiments on the investigation of petrologic 
and geochemical consequences of the 
evolution of a previously generated 
multilayer system. The effects obtained in 
such a modeling are to be compared with 
those observed in the Kivakka intrusion. The 
modeling can be restricted to a one- 
dimensional variant. An important feature of 
this model is the presence of a number of 
movable boundaries between suspension 
layers, where phase reactions occur. Since 
these suspensions correspond to different 
degrees of initial magma fractionation, the 
adjacent layers are not in equilibrium. Data 
obtained from the numerical modeling of 
intrusion differentiation through crystal 
settling in a stagnant magma body (Koptev- 
Dvornikov et al., 1979; Frenkel' et al., 1988) 
suggest that precipitating plagioclase (and 
augite, if present) must be resorbed at the 
lower boundaries of mesocratic suspensions, 
and sulfide droplets must be dissolved. In the 
course of cumulus generation, these 
processes must eventually produce sharp 
lower boundaries of mesocratic layers and an 
enrichment of sulfides in platinum group 
metals immediately above the level of sulfide 
dissolution. The processes occurring at the 
upper boundaries of mesocratic layers are not 
yet understood, because the sedimentation 

interaction of a relatively primitive 
suspension with underlying more evolved 
magma has never been modeled. 

Of course, the proposed multilayer 
suspension mechanism of rhythmic layering 
formation is not universal and is valid for the 
explanation of the genesis of the rhythmic 
layering of the Kivakka type only. 

It should be noted that all the elements of 
our hypothesis are not new. There is some 
novelty in their combination, but the main 
advantage of this hypothesis is that it allows 
one to create a numerical model and, 
consequently, to perform its quantitative 
testing. 
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ABSTRACT. Data on the geology of layered horizons of the West-Pana intrusion and 
composition of its PGE mineralization are presented. In sulfide-mineralized zones of the 
Lower Layered Horizon (Northern Reef; LLH) average contents of Ni and Cu are 0.16% and 
0.24%, respectively, E PGE+Au varies from 4 to 6 ppm, and the average PdIPt ratio is 7.4. In 
sulfide-mineralized zones of the Upper Layered Horizon (Southern Reef; ULH) average 
contents of Ni and Cu are 0.2% and 0.4%, respectively, PGE+Au reaches 20-40 ppm, and 
the PdlPt ratio varies from 5-9. 

Explloration conducted during the last 
decade throughout the Fedorova-Pana 
intrusicm identified PGE mineralization of 
which rich zones of PGE-bearing sulfides in 
the layered horizons of the West-Pana 
intrusion are of particular interest. 

2. GENERAL DESCRIPTION. 

Peninsula and is confined to the northern 
boundary of the Pechenga-Imandra-Varzuga 
paleorift system. 

The intrusion is divided into three 
segments - the Fedorova, West-Pana and 
East-Pana blocks each having a distinct 
geology and geochemistry and probably 
originated in different magma chambers as 
CO-magmatic but independent intrusions 
(Fig. l). 

The Fedorova-Pana intrusive complex is 
situate'd in the central part of the Kola 
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Fig. l .  Schematic map of the Fedorova-Pana 
intrusive complex. 

The West Pana intrusion is a sheet-like 
body with consistent strike of distinct layers 
and layered horizons. The Marginal zone at 
the bottom of the intrusion is 5- 100 m thick 
and is composed of plagioclase-amphibole 
rocks. It is overlain by a 50-100 m thick 
layer of norite (bpC, bCp), above which a 3 
km thick monotonous gabbronorite (pabC, 
paCb, pbCa) occurs. Ths  unit hosts three 30- 
250 m thick layered horizons with low- 
sulfide PGE+Au mineralization: (1) Upper 
Layered Horizon (ULH and South PGE- 
reef), (2) Lower Layered Horizon (LLH and 
North PGE-reef) and (3) Olivine Horizon 

(OH). 

3. LOWER LAYERED HORIZON (LLH). 

The LLH occurs 1000- 1 100 meters from 
the bottom of the intrusion and varies in 
thickness fi-om 40-80 meters. It is symmetric 
and consistent along its entire strike. 

Fig. 2. Schematic W-E section illustrating 
the structure of the LLH. 

Marginal parts of the LLH are composed of 
mottled anorthosite whereas medium parts 
are composed of thin-layered alternations of 
norite, gabbronorite, plagiopyroxenite and 

anorthosite. In the central part of the LLH 
Anorthosite prevails (Fig.2). 

Sulfide mineralization with precious 
metals occurs in the central LLH but is not 
associated with a specific rock type. The 
sulfide-enriched zone is from 0.2 - 6 m thick 
(1.5-2 m as a rule) and forms thin lenses 
confined to lithological contacts of distinct 
compositional changes. The main sulfide 
minerals by proportion are pyrrhotite (45%), 
chalcopyrite (30%) and pentlandite (25%). 
Millerite, bornite, pyrite and magnetite occur 
as accessory minerals. Sulfides appear 
xenomorphic to primary silicates and feature 
thin chlorite-amphibole-plagioclase*quartz 
rims. 

The main platinum-group minerals (PGM) 
are sulfides (braggite, vysotskite) and 
tellurides (moncheite, kotulskite, 
merenskyite). Complex tellurides and 
bismuthites (sopcheite, sobolevskite), 
arsenides (sperrylite, vincentite) and Au-Ag- 
Pd alloys are rare. Grain size of PGMs 
varies from no. 1 to nlOO pm. All PGMs are 
associated with sulfides, either being 
inosculated with them or confined to halo of 
fine-grain sulfides and secondary silicates 
around large sulfide inclusions. Apart from 
the PGMs, also pentlandite accumulates Pd 
up to 700 ppm grade. 

In mineralized sections of the LLH the 
content of Ni is of 0.16% and Cu is of 
0.24%. Total sum of PGE+Au varies from 4 
up to 6 ppm with an average Pd/Pt ratio of 
7.4. 

4. UPPER LAYERED HORIZON (ULH). 

The 100- 150 m thick ULH occurs 1600 m 
stratigraphically above the LLrH and is and 
composed of rhythmical layering. Each 
rhythm starts with a d o s i t e  (AN), 
followed by poikilitic gabbronorite (poiGN), 
and is concluded by banded gabbronorite 



(banG1V) with nests of anorthosite and norite 
(Fig. 3). At least two, possibly more 
rhythms exist whose thickness and PGE 
content decreases upward. 

Fig. 3. Schematic W-E section of the ULH 
structure looking south-north. 

PGM sulfides (0.0550%) form 
discontinuous bodies in the roof of the 
anorthosite layers and occur as decameter- 
scale 0.5 - l m thick lenses or elongated 
nests conformable to general layering. 
Thickness of anorthosite layers and that of 
sulfide zones is positively correlated. 

The main sulfide minerals by proportion 
are chalcopyrite (50%), pentlandite (28%) 
and pyrrhotite (22%). Some higher 
proportion of accessory bornite, cubanite and 
millerite is typical for the Southern Reef. 
Grain ;size and shapes, as well as spatial and 
genetic relations of PGM and sulfides are 
similar to that of the LLH. Sulfides and 
PGM fill interstices in association with 
secondary minerals (chlorite, Cl-amphibole, 
albite, quartz, biotite, apatite, clinozoisite, 
epidote, leucoxene). The main concentrators 
of PGE in the ULH are similar to that of the 
LLH, namely pentlandite, braggite, 
vysotskite, moncheite, kotulskite, 
merenskyite, but the proportion of arsenides 
and sulfoarsenides (sperrylite, stillwaterite, 
palladoarsenite, menshikovite, 
hollingworthite, PGE-cobaltite) and Au- 
Ag-Pd.-alloys is higher in the ULH. It should 
be noted that PGMs from sulfide- 

mineralized rocks of the ULH are to a lesser 
degree linked to Fe-Cu-Ni-sulfides, but 
instead often occur as disseminations at a 
certain distance from them. 

In mineralized sections of the ULH the 
content of Ni is of 0.2% and Cu is of 0.4%. 
The total sum of PGE+Au may reach 20-40 
ppm. The PdIPt ratio is not consistent and 
varies from 5 to 9. 

5. CONCLUSIONS. 

(1) PGE+Au bearing sulfide 
mineralization in the LLH is confined to a 
distinct stratigraphic level but not associated 
with a specific rock type. Its important 
feature is a consistent geometry of PGE 
sulfide bodies with a low dispersion of 
precious metals. Sulfide mineralization is of 
pyrrhotite-chalcopyrite-pentlandite type. 

(2) By contrast, PGE+Au sulfide 
mineralization of the ULH is typically linked 
to a distinct rock type. High grades of 
PGE+Au are accompanied by significant 
variations in thickness and length of 
discontinuous mineralized bodies. Sulfide 
mineralization is of the chalcopyrite- 
pentlandite-pyrrhotite type. 
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ABSTRACT: The Merensky reef and the Platreef of the Bushveld Complex are very large Ni- 
Cu-PGE deposits located at the base of and marginal to the Main Zone of the Bushveld 
Complex, respectively. Whilst they are very different in character and thickness, stratigraphic, 
mineralogical and geochemical congruency suggest that they are consanguineous Main Zone 
phenomena. The influx of a large volume of a new Main Zone magma occurred close to the 
Thabazimbi-Murchison Lineament (TML) that divides the Northern lobe of the Bushveld 
Complex from the Eastern and Western lobes immediately to the south. Interaction of the new 
Main Zone magma with the sulphur-bearing floor rocks of the southern part of the Northern 
lobe by assimilation, partial melting and mingling led to the formation of the Platreef. The 
sulphides formed in this process were also entrained and carried south to form the Merensky 
reef where the new Main Zone magma interacted with the residual Critical Zone liquid and 
the Critical Zone crystal pile. 

1 THE MAIN ZONE of the TML the Main Zone stratigraphy is 

The Main Zone of the Bushveld Complex poorly understood except for the basal part 

(Figure 1) extends laterally over the Lower (the Platreef). The upper boundary is a 

and Critical Zones. The Main Zone onla~s laterally extensive olivine bearing 

the marginal and floor rocks in the south and gabbronorite which new isotope data 

in the Northern lobe where the Critical Zone indicates to be the proximal part of the 

is absent and the Lower Zone is re~resented Pyroxenite Marker elsewhere. Furthermore, 

by elongate ultramafic bodies in the floor. To geochemical and isotope data show that the 

the south of the TML, the Merensky and lower parts of the Main Zone in the Northern 

Bastard cyclic units form the basal units of Lobe are uncontaminated by any Critical 

the Main Zone and are developed on a major Zone liquids. This indicates, that at least in 

unconformity. Another unconformity marked the lower parts, the Main Zone of the 

by the Pyroxenite Marker caps the Main Northern Lobe did not interact with the 

Zone and forms the base of the Upper Zone residual liquid in the Eastern and Western 
- 

in this area (Kruger, in press). To the north Lobes. 



Figure 1. The lateral extent of the Main Zone of the Bushveld Complex with the Upper Zone and all cover rocks 
removetl. The Merensky reef is developed to the south and the Platreef to the north of the Thabazimbi- 
Murchison lineament (TML). The thickest and most extensive part of the Platreef is developed at the confluence 
of the TML and the Pietersburg Belt. No Merensky reef is developed north of the TML. 

2 THE PLATREEF 

New isotope, mineralogical and 
geochemical data from the Northern lobe of 
the Bushveld Complex indicate that the 50- 
400m thick Platreef is the result of 
interaction between a "gabbroic" magma 
parent,al to the Main Zone and a suite of 
su1phu.r-bearing sediments and pre-existing 
Lower Zone cumulates. The new magma 
(BvMlZ of Kruger (in press)) is preserved as 
fine-grained marginal sills and contact facies 
against quartzite's of the Transvaal 
sequence, and as fine-grained rims around 
xenoliths of various sizes that are a dominant 
feature of the Platreef. Xenoliths of the 

chromite schlieren in the sequence are 
representatives of these rocks. The black 
shales and dolomites of the Transvaal 
sequence form the hornfels xenoliths and 
inclusions and the abundant sulphide in the 
rocks is derived from this source. This is 
further indicated by the unusual chemistry of 
the "sulphide" phase which, with the normal 
magmatic Fe-Ni-Cu sulphide phases 
(pyrrhotite-pentlandite-chalcopyrite); there 
are a plethora of other phases including 
PGM. These other phases incorporate inter 
alia Sb, Sn, As, Bi, Te, Se, Hg, Pb that are 
together with sulphur, characteristically high 
in some sediments, and in particular black 
shales. 

ultramafic Lower Zone intrusions that are a 
prominent feature of the Northern Lobe are 

3 THE MERENSKY REEF 

rare, but in some areas, these large ultramafic In contrast to the Platreef, the Merensky 
bodies appear to be disaggregated, and the reef is very thin 20-300 cm, but is again 
abundant Cr-rich orthopyroxene and characterized by the interaction of the new 



BvMZ magma with the pre-existing footwall 
cumulates of the Critical Zone. The 
Merensky cyclic unit has characteristics of 
the Critical Zone footwall (in particular Cr- 
rich orthopyroxene) and plagioclase that is 
characteristic of the Main Zone. This 
mingling of Critical Zone crystals with new 
magma of BvMZ lineage is examined in 
detail elsewhere (Seabrook et al., in press). 
Nevertheless, the analogy with the Platreef is 
striking, particularly as the sulphide phase of 
the Merensky is very similar to that of the 
Platreef with respect to anions that are high 
in black shales. 

4 AN OVERALL MODEL? 

The geological, mineralogical and 
geochemical similarities between the Platreef 
and the Merensky Reef are striking, and their 
close association with Main Zone magma 
strongly suggests that these two giant ore 
deposits are consanguineous with the Main 
Zone. The differences between them are the 
result of proximity to the feeder and the 
nature of the wall- and floor-rocks with 
which this new magma interacted. 

The following process is envisaged: the 
new Main Zone magma started to flow into 
the magma chamber within the Northern 
Lobe of the Bushveld Complex in the area 
around Mokopane, close to the confluence of 
the TML and the oblique Pietersberg 
greenstone belt (Figure 1). This area had 
previously been exploited by Lower Zone 
magmas that form linear ultramafic (olivine- 
orthopyroxene-chromite) intrusions that 
trend northward. This new gabbroic to 
gabbronoritic magma intruded the floor 
rocks including the ultramafics, and the 
sediments of the Transvaal (quartzites, black 
shales, and dolomites). This process rafted 
off large slab-like xenoliths of the floor 
rocks as well as breaking up and partly 

comminuting the incorporated xenoliths. 
These xenoliths were heated to magmatic 
temperatures and the sulphide and in the case 
of shale, a felsic melt was extracted. The 
sulphide liquid scavenged Cu-Ni-PGE and a 
plethora of other cations and anions from the 
xenoliths and the magma to form the 
mineralising sulphide liquid. With further 
intrusion and breakout from the Northern 
lobe to the south, the sulphide-droplet 
charged liquid flowed along the base of the 
Main Zone and was precipitated as the 
Merensky reef. 

The model outlined above is preliminary 
as significant details of the stratigraphy of 
the Main Zone above the Platreef are lacking 
and detailed comparisons cannot be made 
with that part of the stratigraphy in the south. 
This is required to refine the model. 
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ABSTIUCT. Keivitsa Ni-Cu-PGE deposit in northern Finland hosts 3 15 million metric tons 
inferred resources at 0.18% Ni, 0.29% Cu, 0.20 ppm Pt, 0.12 ppm Pd and 0.08 Au. Two 
mineralization types can be distinguished: Ni-Cu-PGE-Au mineralization with low Ni# 
(lOO*PIli/(Ni+Cu)) <40, and Ni-PGE mineralization with high Ni#, >70. Both mineralization 
types are characterized by low CO# (lOO*Co/(Ni+Cu+Co)), <2.5. CO#-Ni# systematic reveals 
five distinct series formed af'ter fractional segregation of sulphides and mixing of tholeiitic 
magma with komatiitic material. Structural, geochemical and magmatic modeling suggests 
complicated and chaotic genesis for the mineralization. According to the model tholeiitic 
magma has experienced episodically sulphide saturation and segregation in the deeper magma 
chamber and intrusion into the Keivitsa intrusion. Mineralization has formed as a result of 
mixing of primitive, PGE enriched tholeiitic magma with komatiitic sulphide bearing 
cumulates. Mixing has been incomplete and Ni-Cu-PGE-Au mineralization type represents 
the former and Ni-PGE the latter end member. 

1 INTRODUCTION Pd and 0.08 ppm Au. The ore is hosted by the 

Keivitsa Ni-Cu-PGE deposit belonging to ultramafic zone, which consists mainly of 

2.05 Ga old Kevitsa-Satovaara complex hosts clinopyroxene and clinopyroxene-olivine 

3 15 million metric tons inferred resources at cumulates with subordinate olivine 

0.18% Ni, 0.29% Cu, 0.20 ppm Pt, 0.12 ppm cumulates. 



2 MINERALIZATION TYPES According to the nickel number, 

In Keivitsa PGE content does not correlate Ni#=lOO*Ni/(Ni+Cu) (Lamberg 2005), two 

with S nor with Ni and poorly with Cu mineralization types can be distinguished 

(Mutanen 1997), but clear negative (Figures l b- l d). In the dominant Ni-Cu-PGE- 

correlation exists with the cobalt number, Au mineralization type the nickel number is 

CO#= 1 OO*Co/(Ni+Cu+Co) (Lamberg 2005), low, Ni#=20-50, and palladium and gold are 

(Figure la) and within the mineralization CO# almost equal abundant (100*Au/(Au+Pd) = 

is mainly less than 2.5. 30-60). In the Ni-PGE type the nickel number 
is high, mainly >70, and 
100*Au/(Au+Pd)<30. 

Figure 1. Characteristics of the mineralization types. a) Pd+Au content has negative 
correlation with the cobalt number, Co#=lOO*Co/(Ni+Cu+Co). b and c) On the basis of the 
nickel number, Ni#=lOO*Ni/(Ni+Cu), two mineralization types can be distinguished: Ni-Cu- 
PGE-Au type has lower Ni#, 30-50, and about equal amounts of Pd and Au while Ni-PGE 
type has high Ni# and low Au content. d) In both mineralization types Pt to Pd ratio is equal. 
(Figures a and b contain samples with more than 0.15% S and c and d samples with more than 
0.1 ppm Au+Pd). 



In both mineralization types sulphides 
occur either in the intercumulus spaces of the 
primary cumulus silicates or intergrown with 
secondary actinolitic amphibole, serpentine, 
chlorite and phlogopite. In the Ni-Cu-PGE- 
Au ore type the major sulphide minerals are 
troilite and hexagonal pyrrhotite with 3 
pentlandite, chalcopyrite, and cubanite. The 
PGM are palladian melonite, moncheite, 
merenskyite, and sperrylite. In contrast the 
main si~lfide minerals in the Ni-PGE ore type 
are pen~tlandite, pyrite and chalcopyrite, while 

0 10 20 30 40 SO 60 70 80 90 100 
pyrrhotite (hexagonal and monoclinic) is an NY 

accessory phase with millerite, 
heazlewoodite, mackinawite, nickelite, Figure 2. CO#, 1 OO*Co/(Ni+Cu+Co), vs. Ni#, 

mauchcrite, gersdorffite, bornite, troilite, and l OO*Ni/(Ni+Cu), of Keivitsa samples with 

awaruite. The PGM minerals include more than 0.15% S. Note five different 

sperrylite, moncheite, geversite, braggite, trends, series 1 to 5 (see text). Samples with 

michenerite (for more detailed description of Ni%+Cu%+Pd ppm+Au ppm >0.5 plot with 

the PGM see Gervilla et al. 2004). circles. 
20- 

In the CO# versus Ni# diagram three major 
series, i.e. trends, with positive slopes can be 
seen as; illustrated in Figure 2. In the steepest 

15.. 

trend, (series 1 in Fig. 2) significant amount $ 
of samples are base metal depleted as g 

a indicated by high CO#, >8 (see Lamberg 
2004). In the second series (2) with smoother 5.. 

trend CO# is generally between 2.5 and 8. 
The third and smoothest series consists 
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largely of the Ni-Cu-PGE-Au mineralization 0 10 20 30 40 50 

MgO-n% 
samples. The Ni-PGE mineralization samples 
form two weaker series: one (series 4) with Figure 3. A1203 VS. MgO (volatile and 
steep negative slope and another (series 5) sulphide free) of the series 1 to 5 (see Figure 
with almost horizontal slope. 2). Note that cumulates of the series 4 differ 

In silicate mineralogy and volatile and from the other series. 
sulphide free chemistry series 1-3 are alike 
being mainly clinopyroxene and 3 STRUCTURAL, GEOCHEMICAL AND 
clinopyroxene-olivine cumulates after the MAGMATIC MODELLING 
crystallization series of olivine- The study of the spatial distribution of the 
clinopyroxene-plagioclase. Series 4 includes ore and series described above studied 
olivine cumulates with distinct geochemical with 3D modelling softwares showed that 

trend e.g. in A1203 vs. Mgo that series 1 and 2 form two relatively well 
diagram as shown in Figure 3. defined layers, 1 being stratigraphically 



below. Series 3 and hence the Ni-Cu-PGE-Au seems to form narrow discontinuous layers or 
mineralization, is irregular but is located lenses within the series 3. Series 5 occurs 
roughly in between the series 1 and 2 (Figure between the series 3 and 5 and represents 
4). The Ni-PGE mineralization type (series 4) transitional, mixed mineralization type. 

E'igure 4. Variation in CO# (shaded), Pd+ATx (white bars) and distribution of different series 
(white lines) in the section N75 12500. 

Geochemical and magmatic modeling bearing material. According to proposed 
shows, that increase in CO# is solely due to model segregation of sulphides has taken 
segregation of sulphides. Different CO#-Ni# place in deeper magma chamber and Keivitsa 
trends of the series require that the ratio of intrusion has been episodically replenished. 
the partition coefficients of Ni and Cu Irregular structures refer, that intrusion of the 
between sulphide liquid and silicate liquid mineralized series has been violent and 
must have been different: each of the series 1 chaotic event. 
to 3 has experienced segregation of sulphides 
in unique conditions. Low CO# of the Ni-Cu- 6 REFERENCES 
PGE-Au mineralization (series 3) indicates Mntanen, T. 1997. Geology and ore petrology of the 

primitive, non-depleted and PGE enriched 
nature of the magma. High Ni# of the Ni- 
PGE mineralization type requires totally 
different magma type and Ni# indicates 
komatiitic parent for the series 4 and 
tholeiitic parent for the series 1-3, while 
series 5 is a mixture of series 3 and 5. 

Genetic and structural features favor the 
genetic model proposed by Mutanen (1997), 
that Keivitsa is unique Ni-Cu-PGE 
mineralization formed after mixing of 

Akanvaara and Koitelainen mafic layered intrusions 
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ABSTRACT. We propose that contact-type PGE reefs in mafic-ultramafic intrusions form 
in response to local sulphide saturation that is achieved in situ at the margins as a result of the 
Soret-inlduced flux of ore-bearing fluids from the hot interior of the intrusions towards their 
cold mairgins. 

A great body of knowledge on petrology, 
geocheniistry and mineralogy of PGE 
(platinum-group element) reefs in mafic- 
ultramafic layered intrusions have been 
accumulated during the past several decades. 
These data suggest that PGE reefs are 
unlikely to form both by downward 
accumulation of PGE-bearing sulphides from 
convecting magma in the chamber (as 
advocated by "downers") and by their 
precipitation from fluids percolating upwards 
from solidifying cumulate pile (as favoured 
by "uppers") (see discussion in Cawthorn, 
1999; Cawthorn et. al., 2002). If PGE reefs 
cannot be explained by sulphide 
accumuliition fiom either the overlying 
magma clr underlying cumulates then the only 
logically possible alternative is that sulphides 

form in situ, that is directly at the temporary 
floor of a crystallizing magma chamber. To 
illustrate this idea we use a remarkable 
example of Cu-Ni-PGE mineralization that 
formed along the margins of the -100m thick 
Nadezhda gabbronorite body which intruded 
into the Lukkulaisvaara layered intrusion, 
Russia. The marginal location of the 
mineralization is difficult to reconcile with 
either of the conventional models suggesting 
that there should be another effective process 
that is capable of scavenging PGE from the 
body and precipitating them along its 
margins. This process has to be gravity- 
independent and not related to the bulk 
saturation of magma in sulphides since these 
are absent in the Nadezhda body. The only 
mechanism that fully satisfies these 



requirements seems to be Soret effect that is a 
temperature gradient-driven process 
operating along the margins of magmatic 
bodies (e.g., Walker & Delong, 1982; Lesher 
& Walker, 1991; Sharkov & Bogatikov, 
1998; Latypov, 2003a, b). We propose that 
Cu-Ni-PGE mineralization associated with 
the Nadezhda body formed as a result of local 
sulphide saturation that was achieved in situ 
at the margins in response to the Soret- 
induced flux of ore-bearing fluids from the 
hot interior of the body towards its cold 
margins. In this context it seems reasonable 
to identifl a new group of PGE researchers 
that could be referred to as "in situers" as 
opposed to the "uppers" and "downers". 
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ABSTRACT. The Blue Ridge UG2 Chromitite layer is analogous to the UG2 of the Bushveld 
Complex, and currently referred to as such. It has been the subject of a close scale 
exploration and evaluation drilling programme, bulk sampling, and metallurgical testing. The 
Blue Ridge Chromitite has several features that contrast it the UG2 elsewhere in the Bushveld 
Complex. The Pt/Pd ratio is higher, the PGE are highest towards the base of the chromitite, 
there are no minor chromitite layers in the hangingwall, and there is silicate gangue supported 
deportment to the chromite grains in the layer. Below the main chromitite there are four 
minor chromitite layers, a feature also in contrast the UG2 elsewhere. On the basis of the Sr- 
isotope signature the host rocks are Critical Zone, despite the generally gabbroic mineralogy, 
although the CrIMgO ratio content suggests Main Zone affinity. 

1 INTRODUCTION 

The Blue Ridge chromitite sequence is 
located in an enclave of the east Bushveld Main Zone 

gabbronorite 
Complex, 20 km south east of the town of 
Groblersdal, South Africa. Pyroxeaite 

Anorthosite 1 
The mineralised sequence, presently the 

subject of a resource estimate, consists of a Critical 
T 

Average 
chromitite layer averaging 130 cms. thick. zone separation 

norile 180 m 
This layer is broadly analogous to the UG2 
chromitite mined elsewhere in the Bushveld B l u f i d ~  UGZCbiri te(BRC) 

1 

Complex. The layer and the host rocks dip 17 Pyroxenite 
LCZ Chromitite Zone 

degrees to the east. Amnhosite 

The host rocks are part of the Critical Zone Figure Stratigraphy of the Blue Ridge 
(Figure 1). A local marker sequence sequence. 



(the Pyroxan Marker) occurs on average 180 
m above the Blue Ridge UG2. This marker is 
at the same stratigraphic position as the 
Merensky Reef; however there is no sulphide 
or PGE mineralization. 

2 WHOLE-ROCK GEOCHEMISTRY 

Whole rock chemistry of the silicate host 
rocks to a large extent reflects the modal 
mineralogy in geochemical profiles. Major 
and trace element profiles exhibit inflections 
at the lithological changes, as do trace 
element ratios such as SrIRb. Scatter plots of 
major elements are linear (e.g. MgO against 
A1203 and MgO against FeO). Similarly plots 
such as Ni or Cr against MgO and Sr against 
A1203 are linear. However the plot of Ni 
against Cu has considerable scatter; Cu does 
not exceed 50 ppm and would be controlled 
by sparse sulphide, whereas Ni is dominantly 
silicate hosted. There is no relationship 
between silicate rock type and Cu. The 
silicate rocks were not analyzed for PGE. 

The CrIMgO ratio is characteristic for Main 
Zone (<80) and for Critical Zone (>loo) 
(Cawthorn, 2005, personal communication). 
The Blue Ridge sequence has an average 
CrIMgO value of 55, suggesting Main Zone 
affinities. In contrast the initial Sr isotope 
values are in the range 0.7064 to 0.7059, 
consistent with Critical Zone. 

3 CHROMITITE LAYERS 

The Blue Ridge UG2 Chromitite (BRC) has 
a norite to gabbronorite hangingwall. The 
contact with the underlying chromitite is 
gradational over a few cms. and is marked by 
a zone of disseminated chromite in norite. 
There are no minor chromitite layers in the 
hangingwall sequence; this feature is unusual, 
as the UG2 hangingwall elsewhere in the 
Bushveld typically has 1 to 4 minor layers. 

The BRC layer is 120cm to 160cm thick, and 
is divided into three units according to 
chromite-gangue texture and the PGE 
content. The lower unit of the layer has the 
highest PGE content (4 - 8 ppm 
Pt+Pd+Rh+Au); content decreases through 
the mid-unit (2 - 4 ppm Pt+Pd+Rh+Au) to 
around 1 - 2 ppm in the top unit of the layer. 
The topmost 25 - 30 cm of the BRC is 
characterized by inclusions of anorthosite and 
norite. Throughout, the chromite grains are 
completely enclosed in silicate gangue; the 
result of this is there is no inter-chromite 
annealing or sintering. This feature is 
important as it leads to lower energy milling 
and significantly enhances PGM release and 
recovery. Gangue is dominantly plagioclase 
and orthopyroxene with minor talc, chlorite 
and epidote, indicative of late stage 
alteration. Fine-grained base metal sulphides 
(chalcopyrite, pyrite, pyrrhotite, pentlandite 
and millerite) occur, particularly at the 
interface of the lower unit and the mid-unit of 
the BRC. 

The BRC footwall of norite or 
melanorite/pyroxenite is 2 - 5 metres thick. 
Below this, in feldspathic pyroxenite, is a 
sequence of four chromite layers termed the 
Lower Chromitite zone (LCZ), Figure 2. 
These layers range in thickness from five to 
nine cm. The LCZ2 layer is the thickest of 
the four. 

Figure 2. Detail of the Blue Ridge chromitite- 
bearing interval. 



4 CHROMITE COMPOSITION Acid soluble Cu and Ni in the BRC have a 
significant linear relationship, Figure 5. 

There is little compositional variation 
Pt+Pd are poorly correlated with the base 

between the chromites (Figure 3). The BRC 
metals, which is consistent with the 

is somewhat higher in Cr203 than the LCZ 
mineralogical association described below. 

chromii.es, and the upper part of the BRC is 
higher in Fe0 than the lower part. The 
average Cr/Fe ratio is 1.27 for both the BRC 
and the LCZ chromitites. 

Figure 4. Range of the Pt/Pd ratio in the Blue 

Figure 3. Chromite composition. 

5 PGE, CU, NI IN THE CHROMITITES 

Table 1 presents the average PGE ratios of 
the BR(: and the LCZ chromitite layers: 

Ridge UG2 Chromitite. 

Tablel. Average PGE proportions in the Blue 
Ridge chromitites. 

Figure 5. Acid soluble Cu and Ni in the Blue 
Ridge UG2 Chromitite. 

There is considerable range in the PtIPd 
ratio of the BRC (Figure 4), and the average 
of 795 samples is 3.8. This is significantly 
higher than UG2 in the east Bushveld 
Complex. The LCZ chromitites have a higher 
PtPd of around 6 .  Correlation of Pt with Pd 
in the BRC is moderate, as can be anticipated 
from the range of the PtIPd ratio. The Pt/Pd 

Other 
alloysl 
14% ( PtS 

- 
decreases up the BRC sequence in a stepwise Figure 6 .  PGM species in the Blue Ridge 

pattern, related to the textural zoning and UG2 Chromitite. 

PGE content. 



6 PLATINUM-GROUP MINERALS 

The PGM were examined in a milled 
composite sample of borehole intersections of 
the BRC. The mineralogy is depicted in 
Figure 6. The PGM grain size ranges from 
<10pm to >loo, with the majority <5pm. 
Most (75%) of the PGM grains are attached 
to or occluded in silicates, 8% are attached to 
chromite or sulphide, and 17% were liberated 
when the composite was prepared. The 
deportment of the PGM is highly beneficial 
for recovery, which exceeded 82 % in 
metallurgical test work. 
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ABSTRACT. Disseminated sulphide ore samples in drill core from the Keivitsa Ni-Cu-PGE 
deposits, Sodankyla, Northern Finland, were studied mineralogically and mineral processing 
tests were made. The disseminated ore tends to be fine-grained (74% within the size range 
250-2500 pm) and consists of troilite and hexagonal pyrrhotite, magnetite, pentlandite and 
chalcopjrite as intercumulus phase in altered and sheared clinopyroxenite and lherzolite. The 
PGM comprises palladian melonite, moncheite, merenskyite, and sperrylite, which occur both 
inside sulphides and at sulphide grain boundaries. The ore assays are: Ni 0.26%, Cu 0.36%, 
Au 0.13-0.16 g/t, Pt 0.2-0.3 g/t and Pd 0.18-0.21 g/t. The MgO-rich silicates are weakly 
altered and contain abundant magnetite inclusions. Removal of magnetite and magnetite 
bearing Mg-silicates by magnetic methods before flotation was recommended. The ore feed 
was crushed and milled with a ball mill and tested for rougher and cleaning flotation, 
producirlg a sulphide concentrate carrying Cu 6.1 %, Ni 4.4 % and Au+Pt+Pd 1.03 glt. 

1 INTRODUCTION 

Disserninated sulphide ore samples from a 
single clrill core from the Keivitsa Ni-Cu- 
PGE deposit, Sodankylii, northern Finland, 
was supplied to GTK Mineral Processing in 
late 2004 by Scandinavian Gold Ltd, for 
applied mineralogical studies and mineral 
processing tests. The drill core represents the 
low grade Cu-Ni-PGE ore type which forms 
the main orebody at Keivitsa (Lamberg et al. 
2005, this volume). 

The purpose of the mineralogical study was 
to characterize the pyrrhotite occurring in the 
drill core samples, in order to determine 
whether it would be feasible to remove 
pyrrhotite from the ore by magnetic methods. 
It was also important to study the gangue 
mineralogy, especially the MgO-rich 
silicates, to identify any alteration minerals 
that might be problematic for mineral 
processing of the ore. 

The main aim of the metallurgical 
study was to produce a bulk copper-nickel- 
sulphide concentrate suitable for further 
processing via pressure acid leaching. The 
ore feed contains small concentrations (< 
l glt) of platinum-group element (PGE) and 
gold, which was another factor to consider in 
planning the mineral processing method for 
this relatively low grade ore type. Another 
aim of the metallurgical study was to test the 
production of smeltable high grade nickel 
concentrate. 

2 EXPERIMENTAL AND ANALYTICAL 
METHODS 

After the samples for mineralogical study 
were selected, drill cores were crushed, 
homogenized and divided into sub-samples ( l  
and 5 kg) for metallurgical tests. The 
chemical analyses of the material are shown 
in Table l .  



Table 1. Chemical analyses (3) of the feed sample; 
AAS for Cu, and Ni, and fire assay for Pt, Pd, Au 

For the mineralogical study the milling of 
the feed sample to 100% -250 pm was done 
with a schwing mill. A heavy liquid 
separation (s.p. 3.32 diiodomethane) was 
performed on the undersize fraction. The 
ferromagnetic separation was carried out for 
the heavy mineral sample. 

The silicate minerals were studied from 
polished thin sections with a polarizing 
microscope and photographed with a digital 
camera and the Zeiss KS-400 image analysis 
program. The sulphides were also 
photographed from polished sections under 
reflected polarized light and pyrrhotite grains 
were selected for electron microprobe 
analysis with a Cameca SXlOO at GTK 
Espoo. The analyses were carried out using 
20 Kv and 20 nA, with analyzing crystal 
TAP, LLIF and PET and standards BiSe for 
Se, cobaltite for CO, chalcopyrite for Cu, 
pentlandite for S, Fe and Ni, marcasite for S 
and metallic iron for Fe. The magnetic 
suspension method was used to study the 
distribution of monoclinic pyrrhotite in the 
samples (Bitter 193 1). The image analysis 
program was used to define the grain size of 
the sulphide dissemination and the grain size 
of the platinum group minerals (PGM). The 
PGM were located in the polished sections 
using a Cameca SX50 electron microprobe 
and the Turbo Scan program (Johanson and 
Kojonen (1 995). 

The metallurgical testing included grinding, 
rougher flotation and cleaner flotation tests. 
Grinding tests in a steel ball mill were carried 
out prior to flotation tests to find out the 
needed grinding time. 

Flotation tests were done in laboratory- 
scale flotation cells. Before flotation, sample 
slurry and flotation reagents were agitated a 
few minutes. Several rougher flotation tests 
with 1 kg samples were conducted to 
determine optimum conditions before the 
cleaning flotation tests. The variables in the 
test included pH and dosages of reagents. 

Cleaning flotation tests included rougher 
flotation stages and 3-5 cleaning stages for 
the rougher concentrate. Prior to cleaning 

stages, samples were re-ground to a finer 
particle size of 80 % -20-50 pm in different 
tests. 

The whole rock analyses were done by 
XRF. Pt Pd and Au were concentrated with 
Fire Assay and analyzed by AAS. Copper 
and nickel were analyzed by AAS. 

3 RESULTS 

Applied mineralogy 

The Keivitsa drill core sample represents a 
fine-grained, evenly distributed disseminated 
sulphide ore type, within host rock 
assemblage of olivine clino-pyroxenite and 
websterite (Kojonen and Laukkanen, 2004). 
The grain size distribution of the sulphide 
aggregates measured by image analyses of 
the polished sections is shown in Fig. l. 

Fig. 1. The grain size of the sulphide aggregates shown 
in the polished thin sections. The grain size is Feret 
maximum diameter FERETMAX. The grain size 
distribution is given in volume percentages. Features 
and artifacts below 40x40 microns have been removed 
from the images. The smallest FERETMIN was 58 
microns and smallest FERETMAX 64 microns. 

The major sulphide minerals are troilite and 
hexagonal pyrrhotite, pentlandite, 
chalcopyrite, cubanite and magnetite (Fig. 2). 
Magnetite is intergrown with sulphides and 
as numerous inclusions in the pyroxenes. 
Olivine also contains secondary magnetite in 
fractures. 

The magnetite suspension staining tests 
(Bitter, 193 1) on pyrrhotite showed, that 
magnetic pyrrhotite is not present in the 
samples. The electron microprobe analyses 
(N=164) also confirmed that 89.6 % of the 
analyzed pyrrhotite grains is hexagonal type 
or troilite (Fig. 3). Pyrrhotite has on average 
0.17 % Ni in its lattice. 



Fig. 2. Sulphide a g g r e g a t m w i t h  
pyrrhotite (PO) consisting of troilite and hexagonal 
types, pentlandite (Pn) and chalcopyrite (Cpy). 
Magnetite occurs here as inclusions in mafic silicates. 

DDH 001 wrhotlls 1 
I 

Fig. 3. A bar diagram showing the relationship of 
pyrrhotite grains analyzed: 1) troilite, 2) NC 
pyrrhotite, 3) 1 C pyrrhotite 4) 1 C+4C (ferromagnetic) 
pyrrhotite (after Kissin and Scott 1982) 

The PGM are mostly intergrown with the 
sulphides or as inclusions in the sulphides. 
They were identified as palladian melonite 
(Ni,Pcl)Te2, moncheite (Pt,Pd)(Te,Bi)a, and 
merenskyite (Pd,Pt)(Te, Bi)2. Other noble 
metal minerals are native gold, gold telluride, 
empressite AgTe, and spenylite PtAs2. The 
grain size distribution of the PGM is shown 
below in Fig.4. 

L-- ___U_ -L 

Fig. 4. Particle size distribution of PGE-minerals in 
vol.%. The maximum Feret diameter was measured 
(FERTIW) . 

The major silicate minerals in the host rock 
were olivine, augite, orthopyroxene and 
amphibole. Alteration minerals include 
tremolitic amphibole, chlorite, serpentine and 
dolomitic carbonate. The host rocks are 
intensively sheared and the fractures are 
filled with secondary minerals. 

For the magnetic study 95 g of the feed 
material was t en (size -1 mm) using a Y dividing device. ,The sample was pulverized 
using a schwigg-mill. After milling the 
particle size was 100% -250 pm. Heavy 
liquid separation was carried out on the 
undersize fraction. The last step was 
ferromagnetic separation of the heavy 
mineral sample. The mass proportion of the 
heavy mineral fraction was 9.6% (d>3.32) 
and the nonmagnetic fraction of this was 
64%. As most of the pyrrhotite is not 
magnetic, only the grains intergrown with 
magnetite were included with the magnetic 
fraction. The amount of pyrrhotite in the 
magnetic sample is 7% and the recovery 
10%. 

Mineral processing 

After the flotation conditions were 
optimized in rougher flotation tests, cleaning 
tests were carried out to produce a Cu-Ni- 
PGE bulk concentrate and to achieve an ideal 
grade-recovery (Fig 6). 

Generally, three cleaning stages were 
needed to produce the concentrate, in which 
nickel grade was 4-5% and copper grade 
around 6%, and for which the recoveries of 
Ni, Cu and PGE were high. The results from 
one of the most promising tests are presented 
in Table 2. 

Table 2. Grades of Cu,Ni , PGE and Au in the 
flotation concentrate. 

In one of the tests wet magnetic separation 
was applied before flotation and 10% of the 
material was removed. 

In addition to the tests in which a bulk 
concentrate for leaching tests was produced, 
additional tests were performed with the aim 
of producing a high grade nickel concentrate. 
According to the mineralogical study, the 
recovery of nickel-containing pyrrhotite in 



nonmagnetic fraction was high. Therefore it 
was necessary to separate pentlandite from 
pyrrhotite by flotation, thus aiming at higher 
nickel grades in the concentrate. The flotation 
procedure consisted of rougher flotation 
stages, regrinding to 80% -20-50 pm of the 
rougher concentrate and 3-5 cleaning stages. 
In order to depress pyrrhotite, a selective 
amine depressant was added to the cleaning 
stages. It was found that almost 9 % nickel 
grade in the final cleaning concentrate could 
be achieved by this procedure. 

Reagents: Xanlhsle eodaIhlol,hosph& mlkm 
hother 
CMC am+ 4- 
CUSO. 

Figure 6. Flowsheet for the cleaning flotation test. 

4 CONCLUSIONS 

The mineralogical study indicated that the 
major sulphide minerals in the ore are 
pyrrhotite, troilite, pentlandite and 
chalcopyrite. Most of the pyrrhotite is of 
hexagonal, non-magnetic type. The sulphides 
occur mainly as intercumulus minerals with 
magnetite between cumulus olivine and 
clinopyroxene. Although the fraction of 
monoclinic ferromagnetic pyrrhotite is low, 
magnetic methods are recommended for 
removing magnetite and magnetite-bearing 
silicates before flotation. Some sulphides are 
intergrown with magnetite. It is therefore 
recommended that finer milling will liberate 
the intergrown sulphide-magnetite grains. 
The PGM grain size 100% <25pm demands a 
fine grain size in grinding before flotation, 
although part of the PGM are included in the 
sulphides, chalcopyrite and pentlandite. Some 
of chalcopyrite also occurs as fine grains as 

inclusions in pyroxenes and would need fine 
grinding to be liberated. 

The metallurgical study indicated that a 
bulk copper-nickel-PGE flotation 
concentrate, suitable for hydrometallurgical 
treatment, can be produced by a flotation 
procedure consisting of a rougher flotation, 
and several cleaning flotation stages and 
regrinding to 80 % -20-50 pm. The selective 
depression of pyrrhotite in flotation tests was 
found to improve the grade of nickel in the 
concentrate. 
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ABSTRACT. Determination of platinum, palladium, iridium and ruthenium in mafic- 
ultran-lafic volcanic rocks fiom the Kotalahti nickel belt, Finland, and the Black Swan, 
Australia, was carried out with isotope dilution plasma mass spectrometry. The nickel sulfide 
fire assay preconcentration method suited for the desired concentration level, except for 
ruthenium. Better recovery was achieved with the ID-ICP-MS method compared to traditional 
ICP-hIS analysis for moderately low PGE-concentrations. Analysis results agreed with 
reference values and published results for the international reference materials WGB-1, 
WMG- 1, UB-N and GP- 1 3. 

1 INTRODUCTION ppb to sub-ppb level is achieved using the 
nickel sulphide fire assay preconcentration 

The isotope dilution technique combined 
method (Juvonen et al. 2002). 

with i.nductively coupled mass spectrometry 
has been widely reported in the literature to 
be used in the analysis of platinum group 2 ISOTOPE DILUTION 

elements in geological samples with low 
concentration levels. Different 
preconcentration methods have been applied 
depending on how low concentrations are 
desired. Acid digestion in a high pressure 
asher (Meisel et al. 2003) or in a sealed 
carius tube (Pearson & Woodland 2000) 
enable very low detection limits. With an 
improved carius tube method moderately 
large sample volumes can be used (Qi et al. 
2004:). Large sample volume minimizing 
sample heterogeneity with detection limits at 

Isotope dilution mass spectrometry gives 
high precision for the analysis of low element 
quantities. A certain mass of an enriched 
isotope (spike) is added to the sample. The 
ratio of the spike to one natural isotope of the 
same element is measured. The concentration 
of the element in the sample can be 
calculated based on the weights of sample 
and spike, the isotopic ratio of the spike and 
of the naturally occurring element. (Riddle 
1993) 



The used spike- versus natural isotopes in 
the present work were ~ t ' ~ ~ / P t ' ~ ~ ,  ~ d ~ ~ ~ / P d ~ ~ ~ ,  
~ r ' ~ ~ / ~ r ' ~ ~  and RU~~IRU'~ ' .  

3 SAMPLE DECOMPOSITION 

A homogenous subsample was taken using 
mat rolling technique. An excess of spike 
solution was added to the sample as 
described by Hoeltz et al. (1998). The 
reagents for the nickel sulfide fire assay 
fusion (Juvonen et al. 1993) consisted of 
nickel (5g), sulfur (3g), sodium carbonate 
(18g), sodium tetraborate (36g) and quartz 
(5g). The mixture of sample, spike and 
reagents was fused in a ceramic crucible in 
1100°C for 90 minutes. The nickel sulphide 
bead containing the PGE was separated from 
the 

boro-silicate slag and dissolved in 
hydrochloric acid on a hot plate. After 
tellurium coprecipitation the undissolved 
PGE-sulfides were filtered from the solution 
on a glass fibre filter. The filter was dried 
and dissolved in aqua regia. 

4 ICP-MS MEASUREMENT 

The solutions were measured with an 
inductively coupled plasma mass 
spectrometer (Perkin Elmer Sciex Elan 5000) 
provided with a standard spray chamber, 
cross-flow nebulizer and a Gilson 212B 
autosampler (Table 1). 

Table l .  Instrumental operating parameters. 
RF power 1000 watts 
Argon gas flows 

plasma 15 llmin 
nebulizer 0.8 Ymin 
auxiliary 0.67-0.71 Vmin 

Sampler and skimmer nickel 
Ion optics settings P 46, B 45, S2 45, E, 22 
Data acquisition multichannel analysis, 

one ooint Der mass (peak hoooinn) 
Dwell time 1 O h s ,  50 sweeps 
Sample uptake rate l mllmin 

5 RESULTS 

Analysis results for eleven mafic- 
ultramafic samples using the developed 
isotope dilution ICP-MS and traditional ICP- 
MS method are presented. The results for the 
former are consistently higher for all 
analyzed elements (Table 2). 

The detection limits (mean of reagent 
blanks + 3 times standard deviation) for the 
ID-ICP-MS analysis were at sub ppb level for 
nearly all elements (Table 3). The 
determination of Ruthenium was disturbed by 
an elevated background concentration. 

Ru Pd 11 R 
MS ID-ICP-MS ICP-MS rnIcr.Ms I C P . ~  ~ I C P - M S  IR-MS DICP-MS I C P ~  

Mcllom.rinr(BUSura) I43 13.4 0.42 020 1.43 0.97 121 126 
m i a ( S l s r k S u u l )  3.71 234 1.75 5.M 1.80 1.61 1.71 6.23 
M&matiitr(B!~okSml 2,IO 152 112 8.63 0.54 0.41 10.2 8.43 
Mcmkmadifc(BkkSm~ 3,18 2.91 7.28 4.82 0.38 0.35 6.55 $61 
MafrMafrm-11lomL 461 0.08 15.1 12.7 0.47 0.42 17.6 17.1 
Mafrc-Iamicroek 0.79 0.07 6 l 1 2  0.49 029 18.0 15.3 
M c ~ l u o i c r o e k  029 1.48 2 0  22.3 0.49 056 18.4 ZU 
M.hc-luoicroek IP3 023 193 16,s 0.17 0.12 11.4 10.7 
Mafr~.flmnavolunLmck 0.38 0.W 15.1 0 0.16 0.16 9.9  7-97 

Table 2. Analysis results for 1 1 samples from the 
Black Swan (Australia) and Kotalahti nickel belt 
(Finland). 

Table 3. Mean of reagent blanks and detection limits 
for the ID-ICP-MS analysis using NiS fire assay 
preconcentration. 
s = standard deviation 

nglg RU ~d Ir ~t 

Mean of reagent blanks 1.32 0.22 0.05 0.22 

Detection limit (mean+3s) 1.83 0.31 0.08 0.43 

The reference materials WGB- l ,  WMG- l ,  
UB-N and GP-13 were analyzed. The 
analysis results agreed well with the 
reference and published values for Pt and Pd. 
Iridium showed slightly elevated levels, 
though following exactly the reference 
material WGB-1. Ruthenium was high above 
when compared to the published values, 
probably because of the high background 
concentration. At higher values (WMG-1) it 
showed better agreement with the reference 
material. 



Figure 1. Results for reference materials with ID-ICP-MS analysis. Compared values for UB-N and GP-13 are 
published by Meisel et al. (2003). 
pp- - 

WGB-1 W MG-I 
1 

UBN G!='-1 3 

GTK ID := ID-ICP-MS analysis at GTK 

5 CONCLUSIONS made in order to know the approximate 
concentration level before the spike addition. 

A method has been developed for the 
analysis of platinum, palladium, iridium and 
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ABSTFLACT. Exploration for reef-type PGE deposits discovered a subeconomic stratabound 
PGE-enriched zone in the Serra da Onqa Mafic-Ultramafic Complex (SOMC). Pt and Pd soil 
anomalies form a continuous 10,400 meters-long trend following the contact between 
orthop~~oxenites of the UZ and gabbronorites of the overlying MZ Pt, Pd and Au are 
concentrated in a 120- to 170-thick interval located immediately above the UZ This PGE 
mineralization is not associated with sulfides, chromitites or hydrothermal alteration. The 
PGE-eruiched zone of the SOMC forms a laterally continuous stratigraphic marker 
resembling a primary layer of the intrusion. The abrupt increase in PGE contents of the PGE- 
enriched zone suggests that the fractionating magma has become progressively enriched in 
PGE until reaching a concentration where discrete PGM suddenly crystallized. Pt and Pd 
contents decrease progressively with stratigraphic height resembling typical cryptic variation 
trends described for compatible elements in a succession of cumulate rocks. The PGE- 
enriched zone may thus be considered to be a PGM cumulate layer of the SOMC. 

1 GE0I;OGIC OUTLINE consists mainly of dunite (Ol+Chr cumulate) 

The SOMC (Fig. 1) is part of the and orthopyroxenite (Opx cumulate). Dunite 

Paleoproterozoic CatetC Intrusive Suite predominates at the base of the UZ while 

(Macambira & Vale 1997), a cluster of interlayered dunite and orthopyroxenite 

several large mafic-ultramafic layered predominate upwards. The Mafic Zone (MZ) 

intrusions located in the southern part of the consists mainly of gabbronorite 

Amazoilian Craton. (Pl+Opx+Cpx cumulate). Olivine 

The SOMC is an EW elongated body of compositions are highly forsteritic (Fo 92 to 

about 25 km-long and 4 km-wide. The 86) for dunites of the UZ (Macambira & 

primary layering dips 40-45" to the South Ferreira Filho 2002). Cryptic variations of 

forming a homoclinal structure. The olivine and opx for the UZ and MZ (En 76 to 

stratigraphy of the SOMC consists of 2 main 54) are characterized by several reversals 

zones (Fig. 1). The Ultramafic Zone (UZ) suggesting that crystallization occurred in a 
dynamic magma chamber undergoing 
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periodic replenishment (Macambira & contact between orthopyroxenites of the UZ 
Ferreira Filho 2002). and gabbronorites of the overlying MZ. Pt 

(up to 475 ppb) and Pd (up to 435 ppb) 
2 EXPLORATION REVIEW anomalies overlap as indicated by strong 

Exploration for reef-type PGE deposits in 
the SOMC started in 199 1 by CPRM and was 
recently (200312004) carried out by 
Mineragso Onga Puma Ltda. - MOP (branch 
of Canico Resource Corp.). The exploration 
program carried out by CPRM included 
regional mapping as well as detailed 
geological mapping and geochemical 
exploration on selected layered intrusions 
(Macambira & Vale 1997). The exploration 
campaign developed by MOP in the SOMC 
included an extensive soil geschemistry 
survey. Soil geochemistry results indicated 
significant Pt-Pd anomalies at the contact 
between the Ultramafic Zone and the 
overlying Mafic Zone. These anomalies were 
tested by limited diamond drilling (three bore 
holes). The bore holes intersected a 
subeconomic zone enriched in Pt, Pd and Au. 

3 PGE MINERALIZATION 

Pt and Pd soil anomalies form a continuous 
10,400 meters-long trend following the 

positive correlation between Pt and Pd. Au 
(up to 208 pppb) anomalies are slightly 
dislocated from the Pt-Pd trend and occur 
only at the upper part of the Pt-Pd anomalous 
zone. Low Ni and Cu values in the soil 
geochemistry results indicate that the PGE- 
enriched zone is not associated with base 
metal sulfdes. Very low Cu values in the soil 
(below 50 ppm) are characteristic of the UZ 
and the lower part of the MZ. Cu values in 
the soil show an abrupt increase from very 
low values (below 50 ppm) to higher values 
(above 150 ppm) few dozens of meters 
stratigraphically above the PGE zone. The 
boundary between the low-Cu and high-Cu 
zones forms a continuous trend parallel to the 
PGE zone. The abrupt change in Cu values 
correspond to a phase boundary defined by 
the appearance of sulfide-bearing 
gabbronorites. These rocks have disseminated 
(usually less than 0.5 vol. %) base metal 
sulfides indicating the upward transition from 



sulfide unsaturated to sulfide saturated 
cumulates. 

The stratigraphic sequence, internal 
distribution of metals and relative proportion 
of Pt-Ptl-Au are very similar in all three bore 
holes (Fig. 2). Pt-Pd-Au mineralization is 
mainly hosted by norite and gabbronorite. 
The mineralization is located at the 
gradational transition from Opx cumulates 
(orthopyroxenite) at the base to Opx + Cpx + 
P1 cumulates (gabbronorite). Orthopyroxenite 
with interstitial plagioclase and norite (Opx + 
P1 cumulates) characterize this transition 
zone. Pt, Pd and Au are concentrated in a 
120- to 170-thick interval located 
irnrnediiately above the upper contact of the 
UZ. Despite differences in thickness and 
metal content between bore holes, the 
distribution of metals occurs in a consistent 
stratigraphic order and may be subdivided 
into three subzones. A few meters-thick 
lower subzone is hosted by orthopyroxenites 
just below the contact with norite. The lower 
subzone is well developed in bore holes 02 
and 03 but it forms a wider and less defined 
zone in bore hole 01. The main subzone is 
very thick and characterized by a peak of Pd 
at the base. Pt and Pd values decrease 
progressively toward the top of the main 
subzone. Above the main subzone occurs a 
20 to 30 meters-thick subzone enriched in Au 
(Au subzone). 

4 DISCUSSION AND CONCLUSIONS 

The distribution of Pt-Pd-Au in the SOMC 
provides significant information regarding 
the concentration of PGE in layered 
 intrusion!^. The subeconomic PGE zone forms 
a consistent stratigraphic horizon located just 
above the transition from ultramafic 
cumulates to mafic cumulates. Geological 
mapping and drill core logging suggest a 
normal fractional crystallization transition 

from the UZ to the MZ.  There is no field or 
petrographic evidence supporting significant 
new influxes of magma at the lower part of 
the MZ. The suggested normal fractionation 
trend is also supported by cryptic variation 
data for opx. The lower 500 meters of the MZ 
is characterized by progressive enrichment in 
Fe content of opx (Macambira & Ferreira 
Filho 2002). 

Fig. 2 Variations in whole-rock Pt, Pd and Au 
contents through the PGE Zone. 

The PGE-enriched horizon is not associated 
with sulfides and is located within sulfide 
undersaturated cumulates, stratigraphically 
below the phase boundary defined by the 
appearance of gabbronorites with 
disseminated sulfides. There is no evidence 
of significant hydrothermal alteration within 
the PGE-enriched zone, excepting for 
localized low-temperature alteration. This 
alteration is also associated with 
unmineralized zones and have no systematic 
association with the PGE-enriched zone. 
Pegmatoids or hydromagmatic phases are 
also absent in the PGE-enriched zone. All 



these features pose several constraints for the 
process responsible for the accumulation of 
PGE in the SOMC. 

Models for the origin of reef-type PGE 
deposits fall into two opposing main 
categories. Some suggest that the ore 
minerals accumulated from the magma 
overlying the mineralized horizon 
(orthomagmatic model). Others suggest that 
the ore minerals were scanveged from the 
cumulate pile located below the mineralized 
horizon (hydromagmatic model). An origin 
by upward migrating fluids is not indicated 
by the mineralogy and textures of rocks 
hosting the PGE mineralization of the 
SOMC. Moreover, the stratigraphic regularity 
of Pt-Pd-Au distributions in the SOMC does 
not support an origin for the PGE-enriched 
zone by upward migrating fluids. The 
orthomagmatic model proposes that PGE 
accumulated either fiom an immiscible 
sulfide liquid segregated fiom the overlying 
magma (Campbel et al. 1983) or has formed 
as iron-PGE alloys or discrete PGM 
crystallized from this magma (Merkle 1992, 
Brenan & Andrews 2001). The absence of 
base metal sulfides, in fact the lack of any 
type of sulfides, rules out an origin associated 
with immiscible sulfide liquids for the PGE- 
enriched zone of the SOMC. The PGE- 
enriched zone of the SOMC forms a laterally 
continuous stratigraphic marker resembling a 
primary layer of the intrusion. The abrupt 
increase in PGE contents of the PGE- 
enriched zone suggests that the fiactionating 
magma has become progressively enriched 
in PGE until reaching a concentration where 
discrete PGM suddenly crystallized. The 
PGE-enriched zone may thus be considered 
to be a PGM cumulate layer of the SOMC. Pt 
and Pd contents in the Main subzone decrease 
progressively with stratigraphic height (Fig. 
2). The progressive decrease in Pt and Pd 

contents resembles typical cryptic variations 
described for compatible elements in a 
succession of cumulate rocks. 

The present study indicates that significant 
concentrations of stratiform PGE 
mineralization occur in the Serra da Onga 
Complex. This PGE mineralization is not 
associated with sulfides or chromitites. This 
feature is relevant to exploration for PGE 
mineralizations. Reef-type PGE 
mineralizations are usually considered to be 
restricted to horizons associated with base 
metal sulfides andlor chromitites. The 
presence of stratiform PGE mineralization 
without chromitites or sulfides indicates that 
those exploration criteria need to be revised. 
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ABSTRACT. Sub-Saharan Africa contains the bulk of the world's PGE resources (Bushveld, 
Great Dyke) and important Ni sulfide ores (Kabanga, Selebi Phikwe, Phoenix, Shangani, 
Trojan). Much of the region remains relatively poorly explored, implying considerable future 
exploration potential.' 

1 THE BUSHVELD COMPLEX AND magma. The 13500 km2 Molopo Farms 
RELA.TED INTRUSIONS Complex of Botswana is probably a satellite 

The 2.05 Ga Bushveld Complex of South 
Africa is the largest layered intrusion on 
Earth and hosts the bulk of the world's PGE 
reserves. PGE mineralized horizons (reefs) 
occur at several stratigraphic levels, i.e. at the 
base of the intrusion (the Platreef), within the 
basal ultramafic rocks (Volspruit), within 
chromitites, in the central mafic-ultramafic 
portion (Merensky, Pseudo-, Bastard reefs), 
and in gabbroic rocks of the upper portion of 
the i~itrusion (up to 3 ppm)(Barnes and 
Maier, 2002). The intrusion has a distinct 
crustal signature suggesting crustal 
contamination may have triggered sulfide 
segregation. However, the crustal signature is 
very homogenous implying that the 

intrusion to the Bushveld (same age, isotopic 
signature, lithologies). It also contains several 
PGE mineralized horizons, with maximum 
reported grades of ca. 2 ppm.(v. Gruenewaldt 
et al. 1989) The tubular Uitkomst Complex 
has been interpreted as a magma conduit to 
the Bushveld. It is stratigraphically some 10 
km below the Bushveld and hosted by 
dolomite and shale. In contrast to the 
Bushveld, it contains massive sulfides (2.3 
mt, 2.7% Ni, 1.4.% Cu, 6.4 ppm PGE) as 
well as disseminated sulfides (72mt, 0.6% Ni, 
0.22% Cu, l .  lppm PGE)(Maier et al., 2004). 
PGE contents and ratios of the sulfides are 
broadly similar to the Platreef, possibly 
suggesting a similar genesis. 

contamination occurred in a staging chamber 
2 THE GREAT DYKE (Zimbabwe) 

at depth. Some of the sulfides may have been 
entrained during continued ascent of the 



The 2.57 Ga Great Dyke is the second 
largest repository of PGE on Earth. Analogies 
to the Bushveld (and other PGE mineralized 
intrusions) include the presence of several 
PGE mineralized layers (CID chromitite, 
Bohmke Reef, Dream Reef, Lower and Main 
Sulfide Zones) (Oberthiir, 2002). It also 
contains sulfides along the side wall. Like the 
Bushveld, it has a crustal signature, but of 
lower intensity. 

3 STELLA INTRUSION (RSA) 

The 3.03 Ga Stella intrusion of South 
Africa contains the oldest PGE reefs of high 
grade on Earth (10-15 ppm over ca l 
m)(Maier et al. 2003). The reefs are hosted 
by magnetitite and magnetite gabbro, 
somewhat analogous to the Skaergaard, 
Koitelainen, Sonju Lake and Rincon del 
Tigre intrusions, but at a significantly higher 
grade, implying considerable exploration 
potential for this type of mineralization 
elsewhere. The rocks contain no crustal 
signature, explaining why the magma 
remained S undersaturated until significant 
magnetite crystallization occurred. 

4 TROMPSBURG INTRUSION (RSA) 

The 1.9 Ga Trompsburg intrusion of South 
Africa is one of the larger layered intrusions 
on Earth (ca 2500 krn2)(~aier et al., 2003). It 
is covered by lkm of overburden and thus 
remains poorly studied. More than 20 
massive magnetites have been intersected by 
drilling in the 1950s. The rocks are sulfide 
poor and have a relatively low crustal 
component. They thus represent a target for 
Stella-type reefs. 

5 MONTS DE CRISTAL (Gabon) 

several km wide), reminiscent of the Great 
Dyke (Edou-Minko et al. 2002). The 
intrusion consists of 01-orthopyroxenites and 
norites that have a strong crustal signature 
and elevated PGE contents (grab samples 
have returned consistently elevated PGE 
contents of 20-90 ppb, with high PtIPd > 5, 
analogous to the Bushveld). This suggests 
considerable potential for PGE reefs. 

6 MOUNT AYLIFF COMPLEX (RSA) 

The 0.18 Ga Mount Ayliff Complex of 
South Africa represents a feeder chamber to 
the vast Karoo flood basalts. A small sulfide 
deposit occurs at Waterfall Gorge, Insizwa 
lobe (0.5 Mt, 0.3% Ni, 0.25% Cu, 0.88ppm 
PGE).(Lightfoot et al., 1983) PGE tenors of 
the sulfides are high (up to 40 ppm). Olivines 
in part of the intrusion are strongly Ni 
depleted, prompting speculation about vast 
hidden sulfide ores. However, as a whole, the 
Karoo igneous rocks are characterized by a 
paucity of magmatic sulfides, possibly 
because the sedimentary host rocks contain 
little S. 

7 USUSHWANA COMPLEX (RSA- 
Swaziland) 

The 2.7-2.8 Ga Usushwana Complex 
consists of gabbros and pyroxenites, as well 
as an associated lherzolitic-gabbroic sill 
phase (the Thole sills). Indicators for sulfide 
potential are positive, i.e. the Thole magmas 
are relatively primitive (8.3% MgO) and 
fertile in terms of PGE (CuIPd 5500), and 
minor sulfide mineralization (up to 2% 
sulfides) occurs at the base of the Usushwana 
Complex in Swaziland. The tenors of the 
sulfides analysed during a reconnaissance 
study are variable (up to 2 pm PGE, 10% Ni). 

The ca 2.77 Ga Monts de Cristal intrusion 
has a dyke-like shape (up to 100 km long, 



8 SElLEBI PHIKWE - DIKOLOTI mineralization is known to occur in the Zebra 
(Botswana) Mountain massif in Namibia, but up to 5% 

Sulfide ores occur in intrusions of 
unknown age within the Limpopo mobile 
belt. The ores are hosted by tectonized 
amphibolites and may have formed in 
gabbroic magma conduits. Selebi Phikwe 
hosts significant amounts of sulfides (50Mt, 
1.04% Ni, 1.12% Cu), but the sulfides are of 
re1ative:ly low tenor (1-2% Ni and Cu, up to 
ca 100 ppb PGE), possibly due to sulfide 
segregation at depth. Sulfides at Dikoloti are 
more E'GE rich (1.2 pprn), but Ni and Cu 
tenors are broadly similar to Selebi Phikwe. 
The occurrence of spatially closely associated 
sulfider; of variable metal grade suggests a 
dynamic igneous system with localized sulfur 
sources and multiple magma conduits that 
were exploited by several magma batches. 

9 PHOENIX - SELKIRK - TEKWANE 
(Botswana) 

Sulfides are hosted by relatively small 
intrusions of unknown age occurring within 
the ca. 2.7 Ga Tati greenstone belt. Metal 
tenors of the sulfides are generally high (5- 
9ppm at Phoenix, 3-5 pprn at Selkirk). 
Phoenix and Selkirk are of gabbroic 
composition (Pd/Ir > 100) and may represent 
magma conduits. Tekwane is a poorly studied 
troctolitic intrusion, characterized by high 
metal tenors (ca 50 pprn PGE, > 5% Ni, 10% 
Cu) and PdlIr ratios (700). This implies 
delayed S saturation and suggests that in 
addition to Ni, Tekwane is a PGE target. 

disseminated Ni sulfides have been 
intersected in some of the satellites (up to 3- 
4% Ni and 2-3% Cu in 100% sulfides). This 
indicates potential for Voisey's Bay type 
mineralization in the Kunene magmatic 
province. PGE contents are low (0.5 pprn in 
100% sulfides), analogous to Voisey's Bay, 
possibly due to lower crustal contamination 
and sulfide extraction. 

11 KABANGA - KAPALAGULU- 
MUSONGATI (Tanzania-Bunmdi) 

The intrusions form part of the ca 1.3 Ga 
Mg-basaltic Kabanga-Musongati intrusive 
belt in Tanzania and Burundi (Evans et al., 
1999). Some intrusions (e.g. Kabanga, 
Luhumo) are Ni-sulfide mineralized (2 1 Mt, 
2.2% Ni, 0.3% Cu, mostly < 0.1 pprn PGE), 
but others (e.g. Kapalagulu, Musongati) are 
relatively sulfide-poor and instead are PGE 
targets. Up to 4 pprn PGE have been reported 
in the Kapalagulu intrusion, suggesting that 
the magmas were fertile. The type of 
mineralization may partly depend on the 
nature of the hostrocks. Intrusions hosted by 
sulfidic sediments tend to be sulfide rich and 
are Ni targets (e.g. Kabanga, Luhumo). The 
sulfide-poor Kapalagulu intrusion is hosted 
by granite gneiss, although the contacts are 
tectonic. Most intrusions have a strong crustal 
signature, but this is enhanced in the sulfide- 
rich intrusions. The implication is that in the 
K-M belt, lithogeochemistry can be used as 
an exoploration tool to discriminate PGE 
from Ni targets. 

10 KUNENE COMPLEX (Namibia-Angola) 

The Kunene Complex is one of the world's 12 TETE COMPLEX (Mocambique) 
largest anorthosite massifs (ca 18000 km2), 

The ca 1.3 Ga Tete Complex probably 
consisting of up to 13 troctolitic-anorthositic 

represents a sheet-like intrusion (or 
main intrusions and numerous small 

thrustsheet) consisting largely of 
ultramafic-mafic satellites. No sulfide 



gabbronorite. Anorthosite, troctolite, and 
magnetitite form plug-like bodies, but their 
genetic relation to the gabbronorites remains 
unclear. The rocks are relatively fine-grained, 
have little crustal component, and are 
undepleted in metals, suggesting little 
assimilation of country rocks and, by 
implication, a low sulfide potential (Maier et 
al., 2001). 

13 MOROKWENG IMPACT CRATER 

(RSA) 

The 145 Ma Morokweng impact crater 
contains one of the largest impact meltsheets 
on Earth (900 m thick, 10s of km in 
diameter), second only to Sudbury (Andreoli 
et al., 1999). The meltsheet contains an 
unusually large component of the impactor 
(ca 5-7%) and thus is relatively metal rich (ca 
150 ppb PGE throughout, 700 ppm Ni). 
Veins of Ni-PGE rich sulfide occur in the 
melt sheet, and dykes of melt enriched in 
pyrrhotite-pentlandite with PGE intrude the 
basement below, possibly indicating 
migration of sulfide melt and potential for 
Sudbury-style mineralization. 

14 SHANGANI-TROJAN (Zimbabwe) 

Nickel sulfide ores are located at what are 
interpreted to be the bases of komatiite lava 
channels within 2.7 Ga greenstone belts. The 
floor rocks are sulfidic and carbonaceous 
cherts (Shangani), and Fe- formation / qtz- 
feldspar porphyry (Trojan). Each deposit 
contains ca 20 Mt of ore at 0.7% Ni (NiICu 
20) and with 2.5-3.5 ppm PGE in 100% 
sulfides. In contrast to the Zimbabwean 
komatiites, no Ni sulfide deposits have yet 
been located in any of the older (mostly ca. 
3.2 - 3.5 Ga) South African komatiites. 
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ABSTRACT. The Nizhny Tagil, Kondyor and Guli clinopyroxenite-dunite massifs contain 
small bodies of schlieren to massive chromitite associated with dunite. The predominance of 
Pt-Fe ,alloys in the chromitites at Nizhny Tagil and Kondyor concurs with the whole-rock 
"M-shaped mantle-normalized pattern of platinum-group elements (PGE). In contrast, the 
preportderance of laurite and OS-Ir alloys at Guli is consistent with a negatively sloped PGE 
pattern, characteristic of ophiolite-type podiform chromitites. Osmium isotope data conclude 
that thlc osmium isotope budget of chromitite is mainly controlled by laurite and OS-Ir alloy. 

1 INTRODUCTION 

The Nizhny Tagil, Kondyor and Guli 
clinopyroxenite-dunite massifs, located in the 
Middle Urals, Aldan and Maimecha-Kotui 
Provinces, respectively, are associated with 
world-class platinum-group elements (PGE) 
placer deposits. 

An extensive mineralogical database on the 
platinum-group minerals (PGM) from these 
placer deposits is available. However, 
information on PGE mineralization from 
bedrock is scarce. Similarly, OS isotope 
studies are mainly restricted to PGM from the 

placer deposits: OS isotope data on PGM 
fiom bedrock is limited. 

Developments in concentration techniques, 
including hydroseparation (Knauf 1996; 
Malitch et al. 2001) and in OS isotope 
measurements (e.g., Kostoyanov et al. 2000; 
Junk 2001; Malitch 2004), now make it 
possible to obtain precise data on relatively 
small PGM grains. 

We present here, for the first time, data on 
the PGE mineral assemblages and the 
osmium isotope composition of PGM within 
chromitite samples fiom the Nizhny Tagil, 
Kondyor and Guli massifs. The aim of this 



investigation is to verifl if the PGE PGM sampled at Alexandrov Log (samples 
mineralogy and the osmium isotope NT-9, AL-44) in the central part of the 
composition of PGM in chromitite concur massif. 
with that obtained from placer nuggets. This The 30 km2 Kondyor massif is a 
study also provides data for whole rock PGE concentrically zoned ultramafic complex 
concentrations and OS isotope composition of situated in the Aldan Shield, located within 
chromitite in general. the southeastern part of the Siberian Craton 

(Fig. 1). The massif comprises a core-zone of 
dunite and associated chromitite bodies, 
which are rimmed by metadunite, wehrlite, 
clinopyroxenite and melanocratic gabbro. 
Chromitite occurs as schlieren and massive 
lenticular bodies up to 8 m in length in the 
southern part of the massif (sample K- 1 7). 

The Guli ultramafic massif is located in the 
Maimecha-Kotui Province, in the northern 
part of the Siberian Craton (Fig. 1). The 

Fig. 1. Location of the Nizhny Tagil (NT), distinctive feature of this massif is its size. 
Kondyor (K) and Guli (G) massifs The exposed part, which is ca. 450 km2 in 

size, is predominantly composed of dunite, 
2 GEOLOGY AND SAMPLE which is variably serpentinised, and minor 

The Nizhny Tagil massif (Fig. l), located chromitite. Vein-type bodies of chromitite are 
about 40 km southwest from the town of abundant in the central and southern parts of 

Nizhny Tagil in the Middle Urals, Russia, the massif (samples GK-36 and GK-4, 

forms part of the 900 km-long platinum belt respectively). Wehrlite and magnetite-rich 
of the Urals. This massif represents an clinopyroxenite mainly form dykes, 
undisputable example of a zoned Uralian- stockwork and lenticular bodies within the 

type clinopyroxinite-dunite complex (Efimov dunite. 
1998). 

The 47 km2 Nizhny Tagil massif is 3 PGE GEOCHEMISTRY 

almond-shaped, shear bounded and enclosed 
by Riphean and Devonian metasediments to 
the west and late Paleozoic to Mesozoic 
predominantly mafic igneous rocks to the 
east. It consists of a pipe-like dunite core 
(Fogg-gz), surrounded by a narrow zone of 
wehrlite and rimmed by an outer zone of 
clinopyroxenite. Chromite is associated with 
dunite and is represented by (1) fine grained 
accessory, (2) medium to coarse grained 
disseminated, (3) "schlieren", and (4) massive 
chromitite in brecciated dunite. This study is 
based on schlieren chromitite and associated 

Whole rock PGE concentrations were 
determined by isotope-dilution ICP-MS 
(Meisel et al. 2003). The distinctive "M- 
shaped" PGE pattern with positive Pt and Ir 
peaks in mantle-normalized PGE diagrams 
(Fig. 2) is characteristic of chromitite at 
Nizhny Tagil and Kondyor. This pattern is 
extremely similar to that of the Alaskan- 
Uralian type complexes. 

Samples of chromitite from Guli are rich in 
OS, Ir and Ru, resulting in a negatively sloped 
PGE pattern (Fig. 3), which concurs with that 
of mantle hosted ophiolitic chromitites. 



Fig. 2 Mantle-normalized PGE patterns of 
chromitite from the Nizhny Tagil and 
Kondy~~r massifs. Mantle values after 
McDonough & Sun (1995) 

Fig. 3 Mantle-normalized PGE patterns of 
chromi1:ite from the Guli massif. Mantle 
values rifter McDonough & Sun (1995) 

4 PLATINUM-GROUP MINERALS 

Pt-Fe alloy grains in the size range 10-2000 
microns predominate in the chromitites at 

Nizhny Tagil and Kondyor. PGM grains 
generally comprise a core of Pt2Fe (Pt=PGE; 
Fe=[Fe+Cu+Ni]), which is rimmed by 
Pt(Fe,Cu) andlor tulameenite (Pt2FeCu). 
Platinum is the predominant constituent of 
the Pt-Fe alloys; Fe and Ir are present in 
concentrations of up to 34.3 at.% and 3.2 
at.%, respectively. Stoichiometry of Pt-Fe 
alloy when calculated on the basis of three 
atoms per formula unit perfectly matches the 
general formula Pt2Fe. Other PGM, such as 
laurite, erlichmanite, Ir-OS and OS-Ir alloys, 
hollingworthite and irarsite occur in 
subordinate amounts, principally as 
inclusions within Pt-Fe alloy. 

At Guli, the PGM assemblage from the 
chromitite is dominated by OS-Ir alloy (5-1 00 
microns in size) and laurite (3-15 microns in 
size); subordinate PGM are Ir-OS alloy, 
tetraferroplatinum, an unnamed RhNiAs and 
Ni-Ir sulphide. Osmium is the principal 
component of the OS-Ir alloys, with Ir and Ru 
present in subordinate amounts, up to 38.12 
at.% and 10.52 at.%, respectively, but lacks 
any PPGE (i.e., Pt, Pd and Rh). This mineral 
according to Harris and Cabri (1991) should 
be termed osmium. 

5 OSMIUM ISOTOPE DATA 

The '870s11880s value of chromitite and 
PGM liberated from the latter are shown in 
Table 1. The OS isotopic compositions of 
osmium i . e .  OS-Ir alloy) and laurite, 
measured by N-TIMS and LA-MC-ICP-MS, 
respectively, are within analytical error of the 
whole rock composition, which was 
determined by sparging Os04 directly into a 
quadrupole ICP-MS after a high pressure acid 
digestion (Meisel et al. 2001). 

The low 'unradiogenic' '870s/1880s values 
obtained in this study are clearly indicative of 
a common subchondritic source of the PGE. 
This implies that the whole rock OS isotope 



budget is largely controlled by mantle PGM 
(i.e., laurite and osmium). Our data are 
further consistent with earlier work (Malitch 
et al. 2002) that identified a narrow range of 
subchondritic '870sl'880s values, which was 
proposed to characterize a highly productive 
single stage process of PGE concentration in 
clinopyroxenite-dunite complexes. 

Table l .  Osmium isotope composition of 
chromitite and PGM from chromitite at 
Nizhny Tagil, Kondyor and Guli 

Sample Rock Mineral '870s/'880s 
NT-9 CHR' 0.12 17(24) 

cm' 

cm' 
CHR' 

laurite 0.1222(8). 
osmium 0.1227(4) 

0.1257(16) 
K- 17 osmium 0.12459(2) 
GK-4 0.1242(4) 
GK-36 0.1242(7) 
GK-36 osmium 0.12432(1) 
CHR=chromitite; numbers in parentheses 

are 2-0 uncertainty in the last decimal places 
of 1 8 7 ~ s 1 1 8 8 ~ s  ratio 

This is a contribution for IGCP Project 479. 
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ABSTRACT: The Platreef is a platinum group element (PGE) and base metal enriched maficl 
ultramafic layer situated along the base of the northern (Potgietersrus) limb of the Bushveld 
Complex. It represents an important resource of PGE which is only in its early stages of 
exploitation. The present study contains a detailed petrographic and geochemical investigation 
of a borehole core drilled on the farm Townlands. At this locality, the Platreef rests on 
metasedimentary rocks of the Silverton Formation of the Transvaal Supergroup, and is 
comprised of three medium grained units of gabbronoritelfeldspathic pyroxenite that are 
separated by hornfels interlayers. 

The Platreef has in the past been subdivided 
into three reefs based on texture and 
composition (Buchanan, 1979; White, 1994). 
However, the classification was mainly based 
on the high grade portions of the Platreef at 
Sandslloot, where the floor rocks consist of 
calcsiljcate. On the farm Townlands, the three 
distinct reef lithologies as defined at Sandsloot 
are not evident. Instead, there are three 
packages of medium-grained feldspathic 
pyroxenitelgabbronorite separated by 
interlayers of ferruginous hornfels. If the modal 
and textural classification applied at Sandsloot 
is to be followed, the A and the C-reefs are not 
developed on farm Townlands. It is possible 
that at Sandsloot, the A-reef is developed 
because of interaction between the intrusive 
rocks and calcsilicates of the floor rocks, as 
indicated by the development of 

'parapyroxenite'. For the above reason, we 
refer to the three pyroxenitelgabbronorite 
units separated by hornfels interlayers on 
the farm Townlands as the Lower, Middle 
and Upper Platreef layers. 

The Middle Platreef is the main 
mineralised layer, with total PGE contents 
up to 4 ppm. The Lower and Upper 
Platreefs are less well mineralised (up to 
1.5 ppm). Trace element and S-isotope data 
show compositional breaks between the 
different platiniferous layers suggesting 
that they represent distinct sill-like 
intrusions. The study also reveals a 
reversed differentiation trend of more 
primitive rocks towards the top of the 
succession. For example, pyroxene shows 
an increase in Cr203 with height (Fig. 1) 
coupled with a decrease in TiOz (Fig. 2). 
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Fig. 1: Variation of C1-203 in orthopyroxene 
with depth. U Plat = Upper Platreef, M Plat = 
Middle Platreef and L Plat = Lower Platreef. 

that olivine from the Platreef is undepleted 
in Ni may suggest that metal undepleted 
silicate magma was in equilibrium with Ni- 
rich sulphide. 

. . . . . . . . .  I . . . . . . . . .  
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Fig. 3: NiO versus Fo in olivine. U Plat = 
Upper Platreef and M Plat = Middle 
Platreef. Field of layered intrusions by 
Simpkin and Smith, 1970. 

The Upper and Lower Platreefs have 
6 3 4 ~  values averaging 8 %o while the 
Middle Platreef has 6 3 4 ~  values averaging 
4 %o. All three Platreef layers have 

200 
0.0 0.4 0.2 0.3 elevated S ~ ~ S  values relative to mantle, 

TIC& (W. %) indicating addition of 34~-enriched crustal 
Fig. 2: Variation of Ti02 in orthopyroxene with sulphur. This suggests that the Platreef has 
depth. assimilated country rock material which is 

Olivine from the Upper Platreef has Fo contents thought to be important in the formation of 

between 80-83 (averaging Fogl) and those fiom magmatic sulphides (Barton, 1986; 

the Middle Platreef have Fo fiom 78-83 Buchanan, 1988; Buchanan & Rouse, 

(averaging F o ~ ~ )  (Fig. 3). All analysed olivine 1984; Gain & Mostert, 1982). The model 

in the Platreef samples studied are undepleted in of contamination is supported by elevated 

Ni relative to Fo (Fig. 3), when compared to the K, Ca, Zr and Y contents in the Platreef 

field of layered intrusions (Simpkin & Smith, relative to Critical Zone rocks fiom 

1970). This is notable as olivine from sulphide elsewhere in the Bnshveld Complex, and 

bearing ultramafic and mafic rocks are by different ZrrY ratios. 

commonly depleted in Ni relative to Fo for Well defined correlations between 
concentrations of the individual PGE (Fig. 

example. at Voisey's Bay (Li & Naldrett, 
4), and between the PGE and S (Fig. 5) 

1999). In many of these the Ni suggest that the concentration of the PGE 
depletion is explained by scavenging of Ni fiom largely controlled by segregating 
the magma by sulphide melt prior to olivine sulphide melt. ~ b i ~  result may have 
crystallisation. On the other hand, olivine important implications for the origin of the 
within many of the sulphide-bearing intrusions ~ G E  mineralisation at Sandsloot, where 
at Noril'sk also shows little evidence for metal sulphide ores are less common and the 
depletion (Arndt et. al., 2003). The observation PGE appear to be largely controlled by 



PGM (Arrnitage et. al., 2002). Although at this 
stage, it is not yet known in which 
mineralogical form the PGE are present in the 
Townlands core, we suggest that the 
mineralisation at both localities (Townlands and 
Sandsloot) originally formed in a similar 
manner (concentration of PGE by segregating 
sulphide melt), but that at Sandsloot, some of 
the S was lost due to interaction of the 
magmz~Jrock with the floor rocks. 

P ~ ( P P ~ )  
Fig. 4: Pt versus Pd showing Pt:Pd ratio at 1 :2. 
U Plat = Upper Platreef, M Plat = Middle 
Platreef and L Plat = Lower Platreef. 

"0 1 2 3 4 S 
PGE + Au (ppm) 

Fig. 5: Plot of S versus total PGE +Au showing 
fairly good correlation between the PGE's and 
sulphur. U Plat = Upper Platreef, M Plat = 
Middle Platreef and L Plat = Lower Platreef. 

A model is proposed whereby the Platreef 
magma assimilated calcsilicate and hornfels 
from the country rocks. The hornfels and 
calcsilicate of the Silverton Formation that 
forms the floor rocks to the Platreef on the farm 
Townlands constitute a possible source of the 
crustali sulphur. Release of S ftom the floor 
rocks caused S-supersaturation in the magma, 

followed by segregation of an immiscible 
sulphide melt. The sulphide melt 
scavenged the PGE from the silicate 
magma. The sulphides and the xenoliths 
were entrained by successive, metal- 
undepleted magma flows, resulting in 
undepleted Ni contents in associated 
olivine. 
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ABSTRACT. The stratigraphy and character of PGE mineralization in the northern lobe of 
the Bushveld Complex do not compare with that established for the eastern and western lobes. 
The northern lobe mineralization is consistently Pd-rich, rather than Pt-rich, the lower Main 
Zone in the north is undepleted in PGE compared with the Main Zone elsewhere. These 
suggest the northern lobe followed a different magmatic history compared with the rest of the 
complex, with at least one Pd-rich magma that was not present in the other lobes. 

1. PGE DEPOSITS AND BUSHVELD 
STRP.-TIGRAPHY 

Stratigraphies of the eastern and western 
lobes of the Bushveld Complex correlate 
closely, and suggest that both lobes share a 
common magmatic history (Cawthorn and 
Webb 2001). In these lobes, Cr and PGE 
mineralization is restricted to the Critical 
Zone. PGE deposits and associated cumulates 
are consistently Pt-rich (Pt/Pd >l .5; Maier 
and Barnes 1999). The Main Zone is depleted 
of PGE until moderately elevated PGE 
concentrations reoccur at the Pyroxenite 
Marker. This PGE depletion in the Main 
Zone is widely assumed to have arisen via 

removal of PGE from the incoming Main 
Zone magma to form the Merensky and 
Bastard reefs (e.g. Maier and Barnes 1999). 

The stratigraphy of the Northern lobe has 
traditionally been split into 4 major units 
(Lower Zone, Critical Zone, Main Zone and 
Upper Zone), in keeping with that established 
for the eastern and western lobes (Figure 1). 
Individual units in the north, principally a 
chromitite layer, the Platreef, a pyroxenite 
near the top of the Main Zone and the first 
magnetite layer in the Upper Zone have been 
correlated directly with respectively the UG2 
chromitite, the Merensky Reef, Pyroxenite 
Marker and Main Magnetite layer of the 



eastern and western Bushveld (van der 
Menve 1976; White 1994). 

Figure l : Generalised stratigraphy of the 
northem lobe, showing the positions of PGE 
deposits, chromitite and magnetite layers. 

PGE deposits in the northern lobe occur in 
"unconventional" settings compared with the 
eastern and western Bushveld (Figure 1). 
The Volspruit Sulphide Zone is a 20-30m 
thick pyroxenite containing disseminated 
sulphides that occurs near the base of the 
Lower Zone south of Mokopane (Von 
Gruenewaldt et al. 1989). The Aurora PGE 
deposit occurs along a strike length of -16km 

at the northern end of the lobe. It comprises 
anorthosites and gabbros of uncertain affinity 
(but assumed to be Main Zone) that host Ni- 
Cu-PGE mineralization (Harmer et al. 2004). 
Perhaps the most striking contrast between 
the northern Bushveld and the other lobes is 
in PGE budgets. Virtually all PGE-rich units 
and associated cumulates in the northern limb 
from the Lower Zone to the Upper Zone are 
Pd-rich (PtIPd -1 or less; Von Gruenewaldt 
et al. 1989; McDonald et al. 2004; Barnes et 
al. 2004) compared with the other lobes and 
assumed Bushveld parental magmas (Maier 
and Barnes 1999; Barnes and Maier 2002). 
This cannot simply reflect differences in 
distribution coefficients for Pt and Pd 
because there are no known Pt-rich cumulates 
to balance the "missing" Pt. 

2. NORTHERN LOBE STRATIGRAPHY 
IN DETAIL 

There has been a general assumption that 
the stratigraphy of the northern lobe should 
broadly conform to the rest of the complex. 
However, existing data and new data from 
the Bellevue borehole through the northern 
lobe Upper Zone cast doubt on this. As well 
as PGE, the Lower Zone in the north contains 
silicates and oxides with higher Mg# and Cr# 
than Lower Zone in the east and west, and 
has been termed "Lower Lower Zone" by 
Naldrett (2004). The Lower Zone is overlain 
by the Platreef and by the Grasvally norite- 
pyroxenite-anorthosite (GNPA) member 
(Figure l), which occurs south of Mokopane. 
Both have been equated with the Upper 
Critical Zone (Hulbert 1983; Von 
Gruenewaldt et al. 1989). The apparent 
absence of Upper Lower Zone and Lower 
Critical Zone from the expected stratigraphy 
led Naldrett (2004) to speculate that these had 
been eroded by a new influx of Critical Zone 
or Main Zone magma. 



This attempt to make the northern lobe fit 
the conventional stratigraphy is not supported 
by the observations of Hulbert (1983) who 
does not describe the contact between the 
GNPA member and the Lower Zone as an 
erosive transgression. Rather, it appears to be 
a widening of the chamber where the GNPA 
member progressively laps over the existing 
Lower Zone and comes into contact with the 
country rock as the cumulate pile thickens. 
Furthermore, the GNPA member develops a 
gabbronorite chill zone against the Lower 
Zone (Figure 1). This is rich in plagioclase 
and geochemically similar to chilled Main 
Zone above the Platreef and the GNPA 
member (McDonald et al. 2005). 

In addition, the GNPA member and the 
Platreef contain unique opx-cpx-chromite 
cumulates and pyroxenes with consistently 
lower Mg# than Critical Zone pyroxenes in 
the east and west. This produces an apparent 
paradox with a northern Lower Zone that is 
more Mg and Cr-rich than "normal" Lower 
Zone being directly overlain by sequence that 
is more Fe-rich than "normal" Critical Zone. 
This paradox is reconciled if the GNPA 
member and Platreef formed during a period 
where Lower Zone-type and Main Zone-type 
magmas were able to intrude together 
(perhaps flushing PGE-rich sulphides that 
had formed in Lower Zone magma conduits 
out in the process?). However, this may only 
have been a transitional period prior to the 
introduction of the bulk of the Main Zone 
magma. 

The base of the Main Zone proper in the 
north is associated with the development of 
(occasionally pigeonite-bearing) anorthosites 
and leuconorites. At Sandsloot mine, these 
cany rare xenoliths of Cr and PGE-rich 
(?Platreef) pyroxenite and truncate ultramafic 
"replaced" Platreef where the primary 
plagioclase and orthopyroxene have been 

converted to Fe-rich olivine by post- 
magmatic fluids. This suggests an influx of 
Main Zone magma that eroded or chilled 
against solid or near-solid Platreef cumulates 
and a break in time between the two units 
(McDonald et al. 2004). Unlike the Main 
Zone cumulates above the Merensky and 
Bastard reefs that are strongly PGE-depleted, 
analyses indicate relatively undepleted PGE 
contents (>20ppb) in Main Zone cumulates 
above the Platreef. Zones of mineralization 
(>1000ppb PGE) occur at the base of the 
Main Zone (Holwell et al. 2004) and around 
rafts of calc-silicate that occur 10's to 100's 
of meters above the Platreef (Kinnard 2004). 
This implies that the magma that formed at 
least the lower part of the Main Zone was 
PGE-fertile, i.e. it had not been depleted of 
PGE to form the Platreef. 

These observations are supported by the 
presence of PGE mineralization at Aurora in 
gabbros and leucogabbros with upper Main 
Zone mineral compositions (A1166-5~ and En63- 
55). And also by a thick suite of troctolites 
and olivine gabbronorites (Figure 1) that 
crops out over 60krn of strike in the northern 
lobe (van der Menve 1976) and is absent 
elsewhere in the Bushveld. Compositions of 
minerals in the troctolitic unit ( F O ~ ( ) - ~ ~ ,  An67 
80, En74-83; van der Menve 1976; Ashwal et 
al. 2004) overlap some Platreef lithologies 
(McDonald et al. 2005). Ashwal et al. (2004) 
suggested that the troctolite unit represent 
could a raft or screen of older, more primitive 
cumulates suspended in the Main Zone. 

Firm correlations between the Main Zone 
in the northern lobe and Main Zone 
elsewhere in the Bushveld are difficult to 
establish. A pyroxenite that van der Menve 
(1976) correlated with the Pyroxenite Marker 
in the east and west occurs in the Bellevue 
borehole. However, this has been shown by 
Ashwal et al. (2004) to represent another unit 



and so, for whatever reason, the Pyroxenite 
Marker is missing from the northern lobe. 

3. IMPLICATIONS 

The Pd-dominant budget of the northern 
lobe, coupled with a post-Platreef time break 
and a lower Main Zone that is not depleted in 
PGE stand in contrast to the Pt-rich Critical 
Zone and PGE-poor Main Zone of the other 
lobes. The northern lobe must have followed 
a different pattern of magma injection to the 
other llobes and one or more of its magmas 
must have been Pd-dominant. The northern 
lobe is separated from the rest of the complex 
by the Thabazimbi-Murchison Lineament 
(TML:). This 2.9-2.7 Ga lineament marks the 
boundary between the Central Kaapvaal 
craton and the Pietersburg block (Good and 
de Wit 1997). The pre-2.9Ga lithosphere of 
the Pietersburg block may be more Pd-rich 
compared with the Central Kaapvaal craton 
and this was inherited by magma(s) intruded 
north of the TML. The use of PGE data from 
the Blellevue borehole to draw conclusions 
about the Upper Zone across the Bushveld 
may also be invalid. For example, using 
P f l d  ratios from Bellevue, Barnes et al. 
(2004:) inferred that Pd was enriched over Pt 
in the Upper Zone generally. In fact most of 
their Upper Zone samples from the eastern 
Bushveld were Pt-rich and the Pd enrichment 
obsenred at Bellevue may reflect the northern 
lobe's different (Pd-rich) magmatic history. 
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ABSTRACT. The Guli Clinopyroxenite Dunite Massif, located on the north eastern rim of the 
Siberian Craton, Taimyr Province, Russia, represents the world's largest complex of that type. 
The dunite core complex of the massif was studied on the basis of two drill cores the longest 
up to 128 1.5 m in length. Geochemical, mineralogical and textural characteristics indicate a 
refractory mantle nature, strongly influenced by metasomatic mantle fluids. While the fresh 
unserpentinised dunite is remarkable in its homogeneity, an enrichment of PGE could be 
detected in the upper serpentinised 500m of the dunite complex, indicating that metasomatic 
fluids played an important role in concentrating PGE. 

1 LOCATION & GENERAL GEOLOGY recognised (Kogarko et al. 1995), (Malich 

The Guli Clinopyroxenite-Dunite Complex 
is located between the Maimecha and Kotui 
Rivers on the rim of the Siberian Craton, in 
the Taimyr Province, Northern Siberia. It 
represents the largest dunite ultramafic 
complex in the world, with a diameter of 35 - 
45 km and covering an area of 1500-1600 
km2. These dimensions are the result of 
geophysical data, with more than 2/3 of the 
complex covered by Quaternary sediments of 
the Khatanga trough (Kogarko et al. 1995), 
(Yegorov 1989) (Vasiliev & Zolotukhin 
1995). 

The Guli Massif hosts economic placer 
deposits of platinum group elements (PGE) 
and Gold (Au) and deposits of rare earth 
elements (REE) and phlogopite have been 

and Lopatin 1997). The complex has been 
extensively mapped by Russian researchers; 
however few of these maps have been 
released or made available in the West. The 
bulk of the complex is composed of dunites 
and peridotites (-63% of the exposed area); 
(Fedorenko & Czamanske 1997). Within this 
mass, there are a number of magnetite 
pyroxenite bodies which occur as veins and 
stock like masses. The complex also contains 
alkaline to highly alkaline volcanic sequences 
and two carbonatite intrusions. (Fedorenko 
and Czamanske 1997). 

One of the problems often associated with 
studying complexes of this type is the high 
degree of surficial weathering and alteration 
affecting outcrops. However, where the Guli 



complex differs from many others is that it 
has been extensively drilled with more than 
26 h1 of core through out the complex. 

Mg # olivine vs 
Depth 

characteristically homogeneous with some content where the Mg# average 0.873 (Fig. l). 
variations in grain size, colour and percentage Preliminary results from ~ 1 3 ,  which lacks 
of minor mineral constituents. In both cores completely fresh dunite, give ranging 
very rim clino~~roxene veins and stocks from 0.924 to 0.885, being slightly lower 
have been observed. The dunite of drill core than those of ~ 1 7 .  
G17 is characterised by large (UP to 6 mm Accessory minerals comprise of oxides 
diameter), irregular olivine phenocrysts with (e.g. m. types of F~-cr spinels, magnetite, 
oxide jnclusions (e.g. types Fe-Cr and ilrnenite), calcite, phlogopite, perovskite, 
s ~ i n e l ) ~  melt and fluid clinopyroxene and very rare sulphides (e.g. 
aligned in trails. The matrix is clearly pentlandite and pyrrhotite). Oxides (i.e. 
recrystallised fine to medium grained, spinel) become particularly abundant within 
inclusion free olivine. The inclusion-rich the zones of serpentinisation. ~ l i ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
olivine phenoc~sts give the dunite a greyish- occurs as very small interstitial grains and 
bluish colour and the greater the proportion less commonly as phenocrysts. l-he latter 

of these ~ h e n o c ~ s t s  the darker the rock contain exsolution lamellae of spinels. 
becomes. ~ i c r o ~ r o b e  analyses r ~ e a l e d  a Temperature estimates on the basis of the 
quite uniform composition in both olivine single c~inopyroxene thermometry ( ~ ~ ~ t ~  
types with Mg# ranging from 0.935 to 0-9l6, 1982) revealed temperatures of 1240 to 
except one with a very high clinopyroxene 12700~. 

Much of the drilling was centred on the 
4W 

carbonatite and surrounding zones of ~ 
metasomatism, but there are a few cores that SM) - 

investigate the dunite mass, of these two drill l 
cores are of significant interest to this study 1 
because they represent the longest and 
contain the freshest samples of the complex. l 700 

The first core: G17 is 1281.5 m long and is 
located towards the centre of the dunite mass, 800 

and the second: G13 is located further to the f 
m- 

south on the periphery of the dunite mass and 
is 662 m long. 

1 m  

2COMPOSITIONAL CHARACTERISTICS 
OF THE DUNITE MASS. 1lM)-  

Detailed field and microscopic 
investigations of drill core G17 and 
preliminary results from core G13 show that 

l 1200 - 

serpentinisation goes down to a depth of 1 'WO* ~g # Olivine 
L 

-500 m, but the remaining core is remarkably 
fresh. The lithology of the dunite is Fig 1 Mg # (olivine) Vs Depth m. 

, 

~ 

, 

i 

0.85 0.9 0.95 



3 GEOCHEMICAL RESULTS 

The major and trace element whole rock 
geochemistry reinforces the microanalytical 
results: with average values of MgO (49.77 
wt %), Fe0 (7.67 wt %), Cr (81 1 ppm) and 
Ni (4264 ppm) for core G17 being consistent 
throughout the fresh dunite. Results for core 
G13 are slightly more variable and have 
average values of MgO (46.19 wt %), Fe0 
(10.92 wt %), Cr (4344 ppm) and Ni (3763 
ppm), considerable variation can be detected 
in the upper serpentinised zones. It should be 
noted however, that most sections of G1 3 are 
serpentinised and the variations maybe due to 
this effect. Chondrite normalized REE 
patterns, illustrated in Figure 2 show a flat 
shape for the HREE (i.e. 0.2 to 0.7 times 
chondrite), and a distinct LREE enrichment 
of up to 8 times chondrite. 

Fig 2 Chondrite normalized REE patterns (selected 

samples) 

'The platinum group element (PGE) 
distributions were measured from 15 samples 
from G17. The mantle normalized PGE 
patterns, shown in Figure 3, are characterized 
by a strong depletion in PPGE, a weak 
enrichment in IPGE and a somewhat puzzling 
fractionation of OS-Ir. It should also be noted 
that the serpentinised portion of the dunite 
has an enrichment in PGE. 

Fig 3 Mantle normalized PGE patterns of dunites fiom 

drill core G17 Guli dunite complex. 

4 DISSUSION 

The Guli dunites are characterised by i) 
very consistent whole rock geochemical and 
mineral composition at least over more than 
600 m, ii) accessory minerals such as 
phlogopite, calcite, perovskite and Cr- poor 
spinels, as well as very rare sulphides, iii) 
clearly recrystallised almost equally grained 
matrix olivine, iv) a distinct enrichment in 
LREE and v) a strong depletion in PPGE and 
variable enrichment in IPGE. These features 
indicate a refractory mantle nature 
characterised by metasomatism. It can be 
proposed tentatively that the Guli dunite mass 
represents a mantle portion that derived fiom 
great depth (i.e. 3100krn) and was driven 
upwards by the activity of rising C-H-0 
mantle fluids. These fluids continuously 
reacted with and metasomatised the mantle 
portion (see Thalhammer & Meisel2005, this 
volume), possibly also causing local low 
degree of partial melting. No significant 
enrichment in PGE could be detected in the 
fresh portion of the dunite. However, PGE 
enrichment could be detected within the 
serpentinised upper section of the dunite 
mass. Therefore, serpentinisation, possibly 
driven by metasomatising fluids, seems to be 
the important process in PGE concentration. 
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ABSTRACT. About one third of 790 investigated detrital grains from stream sediments in the 
Eastern Bushveld Complex reveal features indicating modifications of primary magmatic 
PGM. Most prominent are alteration patterns involving Pt-Fe alloys and Pt-Pd sulphides. 
Ferroan platinum may display two-stage replacement by ferronickelplatinum followed by Pt- 
rich awaruite, or one-stage replacement by [Pt(Cu,Fe)]. Both types are associated with a 
distinct suite of inclusion phases. Pt-Fe alloys are also replaced by Pt-Fe oxides of variable 
composition. Many well-rounded grains of native platinum consist of angular cores of 
cooperite, braggite, and rarely sperrylite, which are concentrically coated by porous platinum. 
In rare cases, laurite is replaced by Ru-oxides which are subsequently coated by Ru-rich 
alloys. A variety of processes and environments are considered important: post-magmatic 
modification, e.g. during serpentinization; in-situ weathering in soils overlying PGM-bearing 
rocks; and modification of detrital particles in the placer sediments. 

1 INTRODUCTION 

Platinum-group minerals (PGM) are found 
as grains and nuggets in the size range fiom 
50 pm to rarely some centimetres in alluvial 
and eluvial placers in many locations on 
Earth (Weiser 2002). They are commonly 
regarded as detrital grains, derived fiom 
PGM-bearing rocks in the source area by 
weathering and erosion. A long-lasting 
discussion, however, has centred on the 
question as to whether all placer grains 
represent transported particles or whether 
PGM may form in the surface environment, 
either in weathered rock, overlying soils or in 
placers (Bowles 1995). 

An impressive assemblage of PGM grains 
was documented fiom stream sediments in 
the vicinity of the original discovery site of 
the Merensky Reef in the Eastern Bushveld 
Complex (Oberthiir et al. 2004). The study 
revealed various features related to alteration 
of PGM which are discussed in this paper. 

2 PGM MINERALOGY 

A total of 790 PGM-bearing detrital grains, 
50-1600 pm in size, were studied in polished 
sections by reflected light and electron 
microprobe techniques. Based on the 
mineralogy of the main host phase, 64 % are 
Pt-Fe alloys, 17 % Pt-Pd-Ni sulphides, 12 % 
sperrylite, and the remaining are Pd-Sb-As 



minerals, laurite, Rh sulphides, Pt-(Rh-Ru) 
alloys and unusual PGM comprising Pd 
telluridles, vasilite, and malanite. Two percent 
are pure native platinum and 1 % are PGE- 
oxides. Forty-three percent of the grains are 
polyphase, i.e. they consist of more than one 
(up to 7) PGM phases. 

Thirty-two percent of the grains (N = 243) 
show evidence of chemical andlor textural 
modification, such as corrosion, porosity, 
replacement, and overgrowth by secondary 
phases. Modification patterns are highly 
diverse, but were grouped into various 
alteration types. 

3 COMMON ALTERATION TYPES 

Both, the lack of Ru-rich alloy in the PGE- 
rich UG-2 and Merensky Reefs, and the 
availability of Ni during serpentinization 
processes are considered strong arguments 
that such "Ni-altered" grains originate from 
nearby PGE-bearing dunite pipes (i.e., 
Mooihoek, Driekop, Onverwacht). 

3.2 Alteration of Pt-Fe alloy to Cu-rich alloys 

Grains of Pt-Fe alloy [Pt2.2-2.6Fe] are 
rimmed by [Pt(Fe,Cu)], i.e. solid solutions of 
tetraferroplatinum [PtFe] - tulameenite 
[Pt2CuFe]. Concentric or partial rims around 
Pt-Fe alloy grains are most frequent; these 
nuggets are mostly well rounded (Fig. 2). Pd- 
Pt-Te-Sb-Sn phases, Au-Ag alloys, and base 

3.1 Alteration ofPt-Fe alloy to Ni-rich alloys metal sulphides occur as inclusions in the 
rims. Similar assemblages occur in grains 

Angular to subrounded grains of Pt-Fe 
displaying evidence of stable intergrowth of 

alloy [Pt2.3-2.7Fe] are concentrically rimmed 
[Pt(Fe,Cu)] and a Pt-rich phase [ P t ~ . ~ - ~ . ~ F e l  

by ferronickelplatinum [Pt2NiFe] and coated 
which in other cases also coats some 

by a porous alloy approximating [Ni2PtFe] in 
[Pt(Fe,Cu)] grains. 

composition (Fig. 1). The latter phase is 
probably a Pt-analogue of awaruite [Ni3Fe] 
with Pt substituting for Ni. Small grains of 
zvyagintsevite [Pd3Pb] frequently occur 
within or outside of the outer rim, whereas 
the Pt-Fe alloy host is often intergrown with a 
Ru-rich alloy. 

I 

3.3 Pt-rich oxides 

Eight grains consist of Pt-Fe alloy that is 
almost completely replaced by Pt-(Pd)-Fe-Cu 
oxides. Textures of these grains are similar, 

rig. I .  G) ~ L I I  of TL-rt; QIIUY III(UILIGU UY ~ e r r o ~ ~ ~ ~ . i e l -  
platinum (1)  and Pt-bearing Ni-Fe alloy (2). The consisting of porous portions of a more Pt- 
nugget is partly rimmed by discrete grains of rich phase intergrown with flame-like 
zvyagintsevite [Pd3Pb]. AS6444110. veinlets and rims of a less Pt-rich (65-70 



wt.%), but SiO2 (10-14 wt.%) and MgO (3.5- 
4.5 wt.%) bearing phase (Fig. 3). 

The Pt-Fe oxides are a heterogeneous 
group composed mainly of Pt (10-70 at.%), 
Fe (5-35 at.%) and 0 (1-60 at.%). 
Considerable concentrations of Si (up to 9 
at.%) and Mg (up to 6 at.%) correlate well 
with oxygen. Metal-oxygen ratios range from 
0.5 to 7, with a maximum between 1 and 3, 
representing variable compositions between 
ideal "PtOT, "Pt304)' and "PtO", and 
extending to even more metal-rich 
compositions (hypothetical "Pt20), similar 
to published data from New Caledonia (AugC 
& Legendre 1994). PGEBM ratios cluster at 
values close to 1, 1.5 and 2-2.4. Preliminary 
Raman microprobe analyses failed to detect 
(OH)- or H20 in the Pt-rich oxides. - I 

with almost complete transformation of 
sperrylite to platinum, involving a first Pt-Fe 
oxide transition stage. Monomineralic porous 
Pt-rich alloy grains are considered end- 
products of this alteration type. 

Fig. 4. Cooperite (1) replaced by plat~num which 
occurs as homogeneous rims (2) or as a porous phase 
(4). Dark areas (3) are Si-Al-Fe-rich. Insert X-ray 
maps show the Fe and Pt distributions. AS6435136. 

3.5 Alteration of laurite to Ru oxide 

Alteration of laurite is uncommon in the 
placer assemblage of the Eastern Bushveld. 
Occasionally, laurite is replaced by Ru-rich 
oxides and Ru-rich alloys (Fig. 5). Ru-rich 

/ oxides progressively loose oxygen towards 
rig. 3. ruwea momogeneous n -re  gram. ratcnesof the rims of the grains, and are finally 
more homogeneous Pt(Fe,Cu) ( l )  are included in a overgrown by alloys. The inner Ru-oxide rim 
phase of lower PGEIBM and rich in Cu (2). The 
nugget is veined and rimmed by a Pt-Fe-(Cu-Si-Mg)- (close to RuO2) is homogeneous and 
oxide phase (3). Numbers indicate wt.% oxygen. composed of 54-58 wt.% Ru, 27 % 0, 1-3 % 
AS644413 1. Rh, V, Ni, Mn and Ca, and < 1 % Si, Al, Fe, 

Mg, Cu and Cl. This phase is replaced or 
3-4 of Pt-Pd and coated by an inhomogeneous mixme having 
sperrylite to platinum lower Ru (36-50 wt.%) and 0 (6-14 %), but 

Grains of coo~erite and braggite are higher Rh (6- 16 wt.%) and Fe (5- 1 1 wt.%), 
c o m o n l ~  coated by porous native platinum and some OS, Ni, Mn, V, CO, Ti, Ca and Si. 
with abundant root-1ike that Metauoxygen ratios are intermediate between 
occasionally form a dense network and which R ~ ~ O  and ~ ~ 0 .  Poor analytical totals of 

are rich in Fe (Fig. 4). Rare corrosion of some analyses suggest the presence of 
s~errylite is documented by thin rims of hydrogen which could, however, not be 
native platinum. Only one grain was found 



detected using Raman spectroscopy. A Ru- porosity observed in PGE oxide-bearing 
Rh alloy phase rims the oxides (Fig. 5). grains, and common overgrowths by alloys 

indicate that PGE oxides are unstable under 
ambient conditions. Formation of PGE-rich 
oxides may have occurred in situ during 

F..:": 
t.. r 

weathering of PGE-bearing rocks (Hey 
1999), or after transport. Delicate rims and 
overgrowths, especially of Pd-rich phases, on 

rig. 3. Laurire pau), aecomposea to K U - ~ n  ricn 
oxides (1-3) and Ru alloy (4). Numbers indicate wt.% 
oxygen. AS646711 54. 

4 DISCIJSSION 

Textures and chemical compositions of 
altered PGM in rivers of the Eastern 
Bushveld Complex indicate a variety of 
modification processes. Some may be 
attributed to late-magmatic and hydrothermal 
processes acting within the host rocks and 
PGE reefs, others are related to supergene 
processes. 

The complex zoning of Pt-Fe alloys 
developing Ni-rich alloy ("Pt-awaruite") may 
originate from serpentinization reactions 
within platiniferous dunite. However, 
porosity of the "Pt-awaruite" and concentric 
zoning may also attest to a low-temperature 
component. 

Some of the observed features clearly point 
to low-temperature processes in an oxidizing 
environment. These include the formation of 
Pt-rich oxides from Pt-Fe alloy and of Ru- 
rich oxides from laurite, respectively. The 
formation of concentric rims of platinum on 
cooperite, braggite and sperrylite grains 
points to replacement at oxidizing conditions; 
this type of alteration most likely includes 
PGE-oxide precursor stages. The significant 

altered grains (Fig. 1) indicate mobility of 
PGE and precipitation after deposition of 
detrital grains. 
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The Skaergaard Intrusion in central East 
Greenland formed at 55My from the 
undisturbed fractional crystallisation of one 
pulse of basaltic magma during an event of 
flood volcanism related to continental 
breakup in the presence of the ancestral 
Iceland mantle plume. 

Previous PGE-studies of the Skaergaard 
Intrusion have mainly focused on the Au-Pd- 
Cu-rich Platinova Reefs in the upper part of 
Middle Zone. New PGE analyses of 28 
samples through a new profile representative 
of the 'Layered Series', -2000 m cumulate 
stratigraphy, have been carried out for this 
study that aims to study PGE behaviour 
during cumulate formation to see how PGE 
concentration patterns change up to the point 
where the main magma body reached 
sulphide saturation at the stage where the 
Platinova Reefs were formed. 

Our data show a continuous increase in 
Pd/Pt ratio from -1 at the bottom, Om, of the 

profile to a maximum of -13 in the Platinova 
Reefs at -1000m stratigraphic height. A 
closer look reveals that this reflects a more 
marked decrease in Pt concentrations of the 
cumulates from Om (7ppb Pt; 9ppb Pd) to 
700m (2ppb Pt; 4ppb Pd) compared to Pd 
concentrations that only show a moderate 
decrease. At 700m, 300m below the 
Platinova reefs this trend of decreasing Pd 
and Pt concentrations is reversed and the 
concentrations increase continuously from 
-2ppb Pt and -4ppb Pd to ppm levels in the 
Platinova reefs. Copper concentrations 
decrease from -150ppm at Om to -60ppm at 
700m but in the sequence above there is a 
slight increase to -120ppm at -1000m before 
Cu concentrations increase to -2000ppm in 
one of the metal enriched reefs. 

The elevated C o d  ratio -3x 1 o6 of gabbro 
samples formed above the Platinova Reefs 
are interpreted to reflect a S-saturated state of 
the main magma body at the advanced stages 



of crystallization. The cumulates below the 
Platinova Reefs are, on the other hand, 
belived to have formed before S-saturation of 
the parental magma and have CuIPd ratios in 
the range 1000-15000. The observed metal 
concentration variations are belived to reflect 
the interplay between a suite of magma 
chamber processes during cumulate 
formation including a temporal shallowing of 
the depth to the sulphide saturation front in 
the slemi-consolidated cumulate pile with 
time. This might lead to significant and 
systenlatic temporal change in the R-factor, 
as recorded in interstitial sulphides in the 
cumulates, and may explain the observed 
Cu/Pd ratio decrease in the cumulates formed 
up to the stage where S-saturation of the main 
magma body occurred. 
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ABSTRACT. In the past two decades of study of the lithogeochemistry of the chalcophile 
elements (CEs) it has become a canonical assumption that large degrees of partial melting are 
necessary to dissolve sulfide liquid in the mantle source regions of basaltic magmas and 
thereby permit the extraction of PGE-rich magmas (McLean 1969, Hamlyn & Keays 1985). 
In light of this entrenched concept it has been problematic to account for the presence of 
measurable quantities of PGE in some alkaline rocks which are demonstrably the products of 
low degrees of partial melting. This paradox has led to the suggestion that sulfide liquid may 
be entrained in ascending basaltic magmas. The idea of sulfide entrainment is very difficult to 
support on simple physical grounds, and makes it difficult to apply standard thermodynamic 
approaches to models of the partitioning of CEs between melt and restite. Here I show that 
the assumptions on which the canonical large-degree melting generalization is based are not 
applicable in precisely those conditions under which many small-volume, low-degree partial 
melts are formed. Alkaline magmas may have considerable potential to generate deposits of 
Au or the PGE. 

It is commonly assumed that the upper 
mantle contains approximately 250 ppm S in 
the form of sulfide, that exists in the form of 
an Fe-S-0 i . e .  sulfide) liquid at the 
temperature of the upper mantle peridotite 
solidus. Assuming that the CEs are highly 
compatible in Fe-S-0 (i.e., sulfide) liquids at 
upper mantle conditions, it is apparent that as 
long as sulfide liquid exists in the upper 
mantle, it will sequester the CEs and leave 
any coexisting basaltic melt extremely CE- 
impoverished. Since sulfide is soluble in 
silicate melts at levels on the order of 1000 

ppm, mass balance calculations require that 
all sulfide present in the mantle will be 
dissolved in the basalt after 25% partial 
melting, whereupon the CE abundances in the 
basalt will be controlled not by sulfide- 
silicate partitioning but only by their relative 
compatibility in the solid silicate restite 
phases olivine and orthopyroxene. 

Figure l illustrates the concentrations of 
several CEs in basaltic melt during 
progressive melting at equilibrium according 
to the assumptions listed above, and using 
generally available partition coefficients for 



l with their derivation by much smaller degrees Figure 1 
I 10000 , of partial melting. Both of these findings are 

1000 1 consistent with accepted ideas of CFB and 
S ( MORB magmatism. The concentrations of 1; l00 
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1 CE in the OIB present a problem, since they 
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8 are orders of magnitude greater than 
1 l B predicted by the model for the small degrees 

o I of partial melting that these alkaline magmas 

1 001 undoubtedly represent. 
C o 1 O 1 Results of experimental work on the phase 

L ~ e ~ t  &action I relations of sulfide at upper mantle conditions 
sulfide melt, silicate melt, and silicate have recently been used to argue that the 

et 20059 Mungall 2005a). The of high CE concentrations in low- 
CEs show a sharp increase in concentration degree melts can be accounted for by 
as the degree Of partial proposing that sulfide exists in micrometer- 
25% reaching a maximum at the point where scale droplets during melting of the mantle 
all sulfide has been dissolved in the basalt. and therefore be entrained in rising 
CEs that are incompatible in silicate minerals basalting magmas (Bochath et al 2004). 
drop in concentration with continued melting Since the solubility of sulfide increases with 
due to their dilution by the addition of new decreasing such entrained droplets 
melt, whereas the compatible CEs such as Ni would dissolve during magma ascent. The 
continue to increase as the degree of melting only trace of their existence would 
increases. 

P- 

_ therefore be the presence of CE 
, + CFB 

U 100 plcrlte 
concentrations in basalts higher than 

5 I predicted by equilibrium partition models. 
l E 10 15% 

a 
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' melting The flaws with this argument are as 
> l  l .- -3% follows: First, considering the difference 

I .g 0.1 1 between the timescale of the experiment (24 
l P OOI -A-OIB hours) and that of melt extraction through 

0 
l g 0001 l porous, partially molten peridotite (105 
I Ni Ir RuRh Pt Pd Au Cu lP+5%,3 

GPa, years), the argument that very small sulfide 
I 1 H20 droplets will persist during melting can, at 

best, be considered unsupported. To the 
The abundances of CE in alkaline ocean- given the very large interfacial 

island basalt' (''B), mid-ocean ridge tension between sulfide droplets and silicate 
continental flood are melt (Mungall & Su 2005), it is expected that 

shown in Figure (sources in 2005) small droplets will dissolve and large ones 
the predicted the will grow over difhsive lengthscales of 

for 15% and 25% partial millimeters between pore spaces in a partially 
melting. The concentrations of CE in CFB molten peridotite over times measured in 
are co'nsistent with their derivation by large days or weeks. A mature, 
degre"s Of partial sufficient to thermodynamically-stable partially molten 
remove sulfide from their sources. The low texture will consist of isolated sulfide 
concentrations of CE in MORB are consistent 



droplets just large enough to fit into four- 
grain junction pores without deformation. 
Secondly, the rise of basalt through conduits 
is irrelevant to the process of melt extraction, 
which occurs by flow along melt-lined three- 
grain boundaries joining four-grain boundary 
pores in peridotite. The critical control on 
sulfide mobility is not Stoke's flow in an 
enclosing liquid, but porous flow through 
constricted pore throats. The capillary 
pressure resisting the deformation of a sulfide 
droplet to force it fiom one pore to another is 
many orders of magnitude greater than the 
pressure resulting from the hydraulic gradient 
causing flow of the basalt, making it 
impossible for the sulfide to escape from the 
peridotite restite into the larger melt channels 
within which the Stoke's flow treatment 
would be applicable. 

Although I do not support the concept of 
sulfide entrainment, the phase relations 
described by Bockrath et al. (2004) are of 
critical importance, and point the way to a 
resolution of the paradox of high CE 
concentrations in alkaline magmas without 
any need to abandon models of sulfide 
retention in the source during partial melting. 
At high pressures the interval between the 
sulfide solidus and liquidus overlaps the 
range of conditions under which mantle 
peridotite undergoes partial melting. There is 
therefore a potential for the amount of sulfide 
liquid present in equilibrium with the silicate 
melt to be greatly reduced compared to what 
has always been assumed in the classical 
treatment of this problem. 

Whereas the phase relations of sulfide in 
the upper mantle are unlikely to be strongly 
affected by the presence of volatiles such as 
H20, the melting interval for the host 
peridotite is known to be a very sensitive 
function of volatile content. I have 
parameterized the sulfide phase relations with 

a simple linear dependence of the extent of 
sulfide melting on temperature (T) and 
pressure (P), and combined this with a 
published parameterization of peridotite 
melting as a function of H20 content (XH~O), 
T, and P (Katz et al. 2003), to establish the 
relative proportions of monosulfide solid 
solution (rnss), sulfide liquid, silicate solids, 
and silicate liquids over a range of conditions 
from low P to as high as 3 GPa and covering 
the range of T fiom solidus to 50% melting of 
peridotite at XH20 of 0.05% to 1%. 

The results of the modeling for melting at 
3 GPa in a volatile-rich mantle containing 1% 
H20 are shown in Figure 2. This situation 
corresponds to melting of fertile 
asthenospheric or reheated fertile lithospheric 
mantle at the base of a lithosphere about 100 
km thick, as would be expected for example 
during post-shield volcanism at Hawaii, or 
during passive mantle upwelling along a 
continental rift not related to plume 
magmatism. The fluxing effect of C02 is 
similar to that of H20, and for the purposes of 
this calculation the identity of the fluxing 
volatile agent is moot. Figure 3 can be 
divided into three regions. At less than 10% 
melting of the peridotite, all sulfide is solid, 
residing in mss. Because Cu, Au, and Pt are 
incompatible in mss, they are partitioned into 
the basalt and attain high concentrations. 
Although Pd is mildly incompatible in rnss 
relative to sulfide liquid, it should be weakly 
compatible in mss. Ir and Ni are strongly 
partitioned into rnss and also olivine, leaving 
them strongly depleted in the basaltic melt. 
Between 10 and 25% partial melting of the 
peridotite, the temperature is high enough to 
allow some of the rnss to melt to form a 
sulfide liquid that effectively removes most 
of the CE from the basalt and brings it into a 
state resembling that of the MORB shown in 
Figures 1 and 2. At the highest degrees of 



partial melting of peridotite, mss is 
comp1t:tely melted and sulfide can be 
completely dissolved in the silicate melt as 
traditional models would propose. 

alkaline magma types may be fertile sources 
for magmatic or hydrothennal deposits of 
these elements. 

I Figure 3 
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By varying P and X H ~ ~  one can generate a 
wide variety of dependences of CE 
abundances on melt fraction. Furthermore, 
there remain questions about the effects of P, 
T and such intensive parameters as j02 and 

JS2 on the partitioning of the CE between 
various phases in the system that make the 
present model semiquantitative at best. I 
have assumed that the solubility of sulfide 
remains constant at l000 ppm during 
melting; use of the parameterization of 
Mavrogenes & ONeill (1999) shows that in 
Figure 3 the solubility of sulhr in the basalt 
melt would increase from about 600 ppm at 
the on;set of peridotite melting at 1160 "C to 
about 2000 ppm at 1450 "C when 50% of the 
peridoitite is melted. This second-order effect 
would shift the curves slightly to the left or 
right but would not negate the qualitative 
demonstration that CE-rich magmas may be 
generated during small degrees of partial 
melting at considerable depth and volatile 
content to form a variety of alkaline magma 
types. Future work should focus on the 
controls exerted by intensive parameters of 
the system on partition coefficients of the CE 
between sulfide and silicate phases. 
Exploration for PGE and Au deposits should 
be undertaken in recognition that unusual 
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ABSTRACT. The structure and composition of critical zone in the Yoko-Dovyren ultrarnafic- 
mafic massif have been considered. It is shown to be located at the transitional boundary of 
ultramafites and gabbroid part of the massif. The horizon (Reef I) of the heterogeneous structure 
with Pt-metal mineralization has been discovered within it, with the regularities of its formation 
being considered in view of the "compaction" hypothesis. In addition, a leading role of high 
temperature magmatic fluids that separate during the crystallization of the intercumulus melt 
squeezed from underlying horizons, and possible melt contamination by the crust material has 
been concluded. 

1 INTRODUCTION 

The existence of the critical zone with its 
rock complex complicating normal 
stratigraphic sequence of the intrusive is the 
most important peculiarity of the Yoko- 
Dovyren dunite-troctolite-gabbro massif. The 
zone is of the greatest interest, since several 
horizons of low sulfide Pt-metal 
mineralization are confined to it, with one of 
them being the richest in platinoids and called 
"Reef I" by us. 

The massif current position is nearly vertical 
due to fold deformations caused by the Late 
Riphean (0.6-0.55 mlrd. years) collision in 
the region. The absolute ages of the massif 
range fkom 700 k 35 (Sm-Nd method) to 740 
h 55 Ma (Rb-Sr isochrone). 

The formation of the Yoko-Dovyren massif 
occurred as a result of several inrusive phase 
successive introduction. The development of 
plagioclase-containing peridotites that 
compose the pre-bottom (marginal) part of 
the massif is likely to be associated with the 

2 SHORT CHARACTERISTICS OF 
first of them. The introduction of the second 

STRUCTURE IN THE YOKO-DOVYREN 
phase being the largest by volume as a result 
of in-chamber differentiation processes 

MASSIF 
brought to the formation of thick laminated 

The Yoko-Dovyren dunite-troctolite- series. Finally, the last impulse of the 
gabbro massif represents the layered lens- tholeiite melt formed numerous sills of 
shaped body 26 by 3.5 km in size that gabbro-norites and diabases that crosscut the 
subconformably occurs with the structure of bottom peridotites and gabbroids in the 
the host carbonaceous-terrigenous deposits. intrusive roof. 



In the differentiated (laminated) series, the 
followilig zones are differed by the change of 
predominant cumulative paragenesises, i.e. 
(A) ultl-amafic (Ol+Chr) zone composed by 
dunites and comprising the layer of 
plagioclase-containing dunites in its lower 
part; (H) zone of plagiodunite and troctolite 
(Ol+Pl+Chr) rhythmic alternation; (C) zone 
of olivine gabbros (Pl+Ol+Cpx&Opx); (D) 
zone of olivine gabbro-norites 
(Pl+Opx+Cpx+O1). 

3 STRTJCTURE OF CRITICAL ZONE 

The critical zone lies about 1900 m away 
from the bottom, at the boundary of the 
layered troctolite-plagiodunite and gabbroid 
zones (zones C and D respectively). The 
olivine amount sharply decreases at this 
contact, the role of cumulose plagioclase 
increases and clinopyroxene in its noticable 
amounts appears in the intercumulus 
association. The zone is fixed almost along 
the whole strike of the Yoko-Dovyren pluton, 
has variable thickness (100-200m) and 
pinches out in the flanks of the massif. It is 
characterized by the maximum petrographic 
heterogeneity, wide variations in composition 
of the rock-forming minerals, and 
development of minerals with volatile 
components. A large spectrum of rocks that is 
specific for the whole massif contributes to 
its structure. The variations in the 
petrographical composition of rocks with 
their mutual transitions are defined by 
quantitative ratios both between the cumulus 
and intercumulus associations, and 
quantitative variations within each of them. 

It starts from the specific layer of poikilitic 
wehrlites with large (to 5cm) clinipyroxene 
oikoc~ysts. Several microrhythms are 
observed, with each of them beginning with 
the ;strata of ultrabasic rock (dunites, 
wehrlites and troctolites) thin layering with 

gradual increase of plagioclase and 
clinopyroxene in their composition, and ends 
in the thin horizon composed by taxite rocks 
and anorthosite isolations with sulfide 
impregnation. 

It should be noted that an increase in 
anorthosite and olivine gabbro volume 
upward along the section is characteristic of 
the entire zone. 

The taxite horizons are characterized by 
the higher PGE and Au concentrations. Reef 1 
richest horizon 4-5m thick is localized in the 
upper critical zone, where olivine gabbros in 
contact with dunites and troctolites acquire 
taxite texture with transitions into gabbro- 
pegmatites, leucogabbros, leucotroctolites 
and anorthosites. The Pt-metal mineralization 
is mainly confined to the latter ones. 
Anorthosites are associated with olivine 
gabbros, and troctolites to the lesser extent. 
They form schlieren- and vein-like bodies 
that vary from several cm to lm and rarely 
more in size. They are often rimmed by the 
olivine gabbro-pegmatites that gradually 
transform into normal olivine gabbros. They 
usually extend for 2-5 and sometimes up to 
10-20m along strike according to the layering 
of the massif. 

4 ROCK PETROCHEMISTRY AND 
MINERALOGY OF CRITICAL ZONE 

On the whole, the chemical composition of 
rocks in the critical zone corresponds to the 
respective rocks in the massif. Two trends of 
change in composition are plotted in the 
Mg0-A1203 and MgO-CaO variational 
diagrams. Most rocks lie along the trend that 
corresponds to fractionation of the 
magnesium olivine and main plagioclase (to 
the change of dunites and wehrlites for 
troctolites). Another trend with the 
clinopyroxene-plagioclase slope is 
characterized by the change of the 



clinopyroxene-containing troctolites for 
olivine gabbro. The end products of 
fractionation in both trends are anorthosites. 

The plagioclase composition varies within 
82-88% An, that of olivine within 79-84% 
Fo, and diopside Fe-bearing is 12-22%. 
Plagioclase in olivine inclusions is commonly 
more primary than grained one. Chrome- 
spinellids are always associated with olivine, 
forming fine inclusions in it and larger 
interstitial extracts. The chrome-spine1 
composition varies from 
subferrialumochromite in dunites to 
subalumochrommagnetite in olivine gabbros 
and their taxite varieties in Reef I. 

The mineral composition of rocks in Reef I 
is more various. Orthopyroxene and hornfels 
sometimes occur here, amphibole of 
tremolite-actinolite series is developed on 
clinopyroxene and plates of prehnite, zoisite 
and more rarely those of phlogopite are often 
observed in the margins of sulfide 
impregnations. Anorthosites of the reef are 
characterized by the taxite texture that is 
caused by the spotted and coarse-streaky 
distribution of femic minerals with fine 
impregnation of sulfides up to 5-7 vol.%. The 
porphyry-like, ophitic and poikilophitic 
structures are more often observed. 

The rocks of Reef I are differed by high 
Na20 (up to 3.28 wt.%) at low K20 contents 
(to 0.25 wt.%) and higher concentrations of 
the non-coherent elements (Sr, Ba, Zr) 
compared to other rocks in critical zone. The 
contents of S reach 2.0, Ni - 0.43, Cu - 0.71 
and CO - 0.019 wt.% in the sulfide-richest 
samples. 

The sulfide minerals form the two main 
associations, i.e. Tr+Pnk(Ccp+Cub) and 
Cub+Ccp+(Tr+Hpo)+Pn ones. The first 
association is characteristic of the areas that 
consist of the phemic minerals, and the 
second one - of the plagioclase areas. 

Talnakhite, bornite and more rarely 
sphalerite, galena and pyrite are present in the 
copper associations. 

The noble metal minerals are represented 
by moncheite, potarite, tetraferroplatinum, 
isoferroplatinum, cotulskite, paolovite, 
spenylite, roustenburgite, atokite, mayakite, 
zvyagentsevite, mertiite I, telargpalite, 
sobolevskite and unnamed phase 
(Pd,Hg)$u,Fe)S(Te,Pb)2. They occur in the 
copper sulfide association and at the contact 
of sulfides and secondary silicates that are 
enriched in volatile components (zoisite, 
prehnite, etc.). The development of 
tetraferroplatinum PtFe and isoferroplatinum 
Pt3Fe is associated with the appearance of 
troiilite and ferriferous pentlandite in sulfide 
paragenesis. Moncheite, potarite and 
tetraferroplatinum are Pt and Pd main hosts. 

The specific mineral composition of 
platinoids is largely similar to ore 
compositions in the known deposits of such 
type (Stillwater, Pothittersrus in Bushveld, 
Feodor-Pan tundras). 

CONCLUSION 

When analyzing the distribution of the low 
sulfide Pt-metal mineralization in section of 
the Yoko-Dovyren massif, it is significant to 
note its belonging to the zone boundaries in 
the laminated series, where the change in 
compositions of cumulus paragenesises 
occurs. The most reasonable explanation for 
it can be suggested in our view, using the 
compaction hypothesis (Meurer, Boudreau 
1996). The zones of the cumulate change 
during the process of magmatic melt 
crystallizational differentiation, particularly, 
transitions from the ultramafic to mafic 
paragenesises are areas of decompaction and 
higher porosity of cumulus, because of the 
change in more compact minerals (olivine, 
chrome-spinellid) for less compact ones 



(plagioclase). Such zones of decompaction in 
cumulus serve as the traps of residual melt 
and volatiles that are squeezed from the 
under1,ying horizons into the areas of higher 
porosity. The residual intercumulus melt 
crystallized at interaction with the coexisting 
limited volume of sulfide liquid and fluid 
phase that was enriched in chlorine and 
contained Te, As, Hg, Sb. The presence of 
minerals that contain Pb, Sn, Ag and Au 
indicates the possible melt contamination by 
the crust material. The data on the He and Ar 
isotope study in the fluid microinclusions of 
rocks and minerals along the section of the 
Yoko-Dovyren massif can be its support. The 
fluid reduced character, mostly methane- 
hydrogen composition cause crystallization 
of alloys and native metals. 
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ABSTRACT. Three types of ore-textures occur in the Aguablanca Ni-Cu-(PGE) ore deposit: 
disseminated and semi-massive ore, and chalcopyrite veinlets. From mineralogical and 
chemical features, semi-massive ore likely represents mss crystallization whereas chalcopyrite 
veinlets formed from a Cu-rich sulphide liquid. Mantle-normalized metal abundances show 
positive slopes with a predominance of Pt and Pd over Ir, OS, Ru and Rh, and strong Pt and 
Au negative anomalies. Pt and Au behaviour is attributed to partial remobilization by late- 
stage hydrothermal fluids. (Pd, Ni, Pt)-bismuthotellurides dominate the PGM assemblage, 
with sperrylite and OS, Ir, Ru or Rh-bearing grains as minor phases. The close association of 
the bismuthotellurides with the base-metal sulphides and their abundance in the semi-massive 
ore indicate that most of them have a magmatic origin rather than hydrothermal. The 
temperatures of crystallization below 500°C estimated for the Pd-bearing PGM suggest that 
they formed during the subsolidus stage of the mineralization. During cooling, Pd and Pt 
wasexsolved by sulphides and linked to Bi and Te in order to form the bismuthotellurides. 

1 INTRODUCTION bearing gabbronorite cumulates in its 

The Aguablanca (AB) deposit is a Ni-Cu- northern part. The sulphide ore is related to a 

(PGE) magmatic sulphide mineralization subvertical (dipping 70-80"N), funnel-like 

hosted in the AB intrusion. This is a small magmatic breccia exposed as a gossan (Fig. 

mafic body (3km2 outcropping) located at the 1). The breccia (300m wide, 600m long and 

southern boundary of the Ossa-Morena zone, more than 600m deep) consists of a Ni-Cu-Fe 

one of the terranes which constitute the sulphides-bearing matrix which includes 

Iberian Massif (Fig. 1) (Quesada 1991). The barren, centimetric-size and subrounded 

AB intrusion comprises mainly melanocratic fragments of mafic-ultramafic cumulates 

and plagioclasic gabbro, with hornblende- (Pifia et al. 2004). The fragments 



m Limestone Aguablanca intrusion 
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Fig. 1. 1,ocation of the AB deposit in the Iberian Massif along with a simplified geological 
map of the area and a transversal cross-section showing the ore-bearing breccia 

are interpreted as belonging to a hidden, pentlandite and poorer in chalcopyrite than 
differentiated mafic-ultramafic complex the disseminated one. The chalcopyrite 
which was brecciated by the matrix magma veinlets cross-cut both the matrix and the 
(Pifia et al. 2004). The mineralized rocks fragments. 
show a 
assemblage. 

low-temperature, alteration 
2.2 Ore chemistry 

Here., we present new data of whole-rock Twenty-eight samples representing the 
compositions of the base and noble metals in three ore-types were analysed for S, Ni, Cu, 
the diflerent ore-types, as well as a detailed and noble metals (Au + PGE). 
study of the PGE mineralogy. As a whole, Ni exceeds Cu in the semi- 

massive ore, but the trend is opposite in the 
disseminated ore. Ni and total PGE contents 2 THE Ni-Cu-(PGE) ORE DEPOSIT 

2.1. Types and mineralogy of the ore 

The textural and mineralogical features of 
the ore are described in detail by Ortega et al. 
(2004). The ore mineralogy comprises an 
assemblage of pyrrhotite, pentlandite, 
chalcopyrite and minor magnetite, PGM, 
native gold and cobaltite-gersdorffite 
overprinted by hydrothermal pyrite. 

Three main types of ore-textures are 
present in the deposit: disseminated and 
semi-massive ore, and chalcopyrite veinlets. 
In the disseminated ore, sulphides (< 20 vol. 
% of the rock) occur interstitially to the 
silicate framework of gabbronoritic 
composition, whereas in the semi-massive 
ore, silicates are embedded in a groundmass 
of sulphides (> 40 vol. %). Semi-massive ore 
is significantly richer in pyrrhotite and 

are well correlated with S (Fig. 2a and b), as 
it is typical in Ni magmatic deposits. Au and 
Cu show no correlation with S (p = 0.22 and 
0.07, respectively), but they are well 
correlated each other (0.87). OS, Ir, Ru and 
Rh have an excellent correlation with S (> 
0.82). 

PGE geochemistry is characterized by a 
predominance of Pt and Pd over Ir, OS, Ru 
and Rh, with 80% of the samples having (Pt 
+ Pd)/(Ir + OS + Ru + Rh) ratios over 5. 
Semi-massive ore is enriched in Ni, OS, Ir, 
Ru and Rh, whereas the disseminated ore and 
the chalcopyrite veinlets are enriched in Pt, 
Pd, Au and Cu (Fig. 3). Mantle-normalized 
PdIIr ratios are lower in the semi-massive ore 
(9.5) than in the disseminated (19.9) and 
chalcopyrite veinlets (48.3). Some samples 
exhibit marked Pt and Au negative 



anomalies, independently of the ore-type 
(Fig. 3). 

S (wt.%) 
Fig. 2. Ni (a) and total PGE (b) vs. S 
contents. semi-massive ore; o disseminated 
ore; chalcopyrite veinlets. 

2.3 Platinum-group minerals 

silicates (Fig. 4). Grains confined to sulphide- 
silicate interface are invariably within the 
sulphide phase. PGM are much more 
abundant in the semi-massive ore than in the 
disseminated. More than 90% of the PGM 
found are (Pd, Ni, Pt)-bismuthotellurides, 
namely, merenskyite, melonite, michenerite, 
and moncheite (in a decreasing order of 
abundance). Sperrylite, phases with Ir-As-S, 
OS-Ir-As-S and Ir-Pt-As and grains of the 
cobaltite-gersdorffite solid solution 
containing Ir (1.8 wt.%) and Rh (1.7 wt.%) 
complete the PGM assemblage. The size of 
the PGMs ranges between <l to 25 pm, but 
commonly is < 10 pm. Sperrylite reaches 
larger sizes, up to 100 pm. 
Bismuthotellurides commonly occurs as 
subrounded and elongated grains with curved 
grain boundaries. Sperrylite forms idiomorfic 
grains often corroded by secondary minerals 
(chlorite). Melonite occurs in the semi- 
massive ore, commonly within pentlandite, 
whereas merenskyite is the unique PGM 
found in the chalcopyrite veinlets. 
Merenskyite and michenerite occur in 

A total of 301 PGM grains were identified association with pyrrhotite and pentlandite. 
Michenerite is the most abundant PGM in the 

and analysed with a JEOL Superprobe JXA- 
disseminated ore. Moncheite and sperrylite 

8900M electron microprobe in the "Centro de 
occur within sulphides of the semi-massive 

Microscopia opticaW (Complutense 
University, Madrid). 

ore, and sometimes included inside hydrous 
.-. v .  

76% of the PGMs are enclosed within secondary silicates. 

sulphides, whereas only 7% are inside 

E 5 loo4 each metal. 
Ni 0 s  Ir Ru Rh Pt Pd Au Cu 

S 10'- 
g c Cha Ico pynte ve inlets (N = 3) Fig. 3. Average values of 
E . 104 c Disseminated ore (N = 10) 
m the metals in 100% 
d) 

2 
2 io3] 

Smi-massive ore (N = 15) 
sulphides, normalized to 
the primitive mantle 

S l values. N = number of 
g 10.1 
o analysed samples for each 
M l ore-type. Solid lines show 
.E 10'1 
o 1 the range of values for 



Silicate 7% /Pyrite 1% 
The chemical composition of merenskyite 

and melonite plot along the Pd-Ni joint in the 
Pd-Pt-Ni ternary system, from (Pd0.97Ni0.03) 
to (Pd0.14Ni0.86), with Pt contents of up to 17 
wt.% (commonly < 7.5 wt.%). Bi varies 
from 4.4 to 18.7 wt.% in melonite and from 
4.5 to 29 wt.% in merenskyite. Michenerite 
is illmost stoichiometric (PdBiTe). 
Monclleite shows substitution of Pt for Pd 
(up to 10.5 wt.%) and Ni (1.7-12.1 wt.%), Fig. 4. Distfibution of PGM by host mineral 
and of'Te for Bi (1 1.4 to 25 wt.%). Sperrylite 
compc~sitions are stoichiometric with minor responsible of the silicate alteration and the 
traces (< 1 wt.%) of Fe and S. pyrite precipitation (e.g. Brace & Wilton 

3 CONCLUDING REMARKS 
1990). Sperrylite corroded by chlorite 
suggests partial Pt dissolution by 
hydrothermal fluids. 

Metal patterns of the semi-massive ores are 
typical of mss crystallization (Fig. 
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anomalies are attributed to the scavenging of 
these metals by the hydrothermal fluids 
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ABSTRACT. Platinum-group elements (PGE) and minerals (PGM), most commonly froodite 
(PdBi2), michenerite (PdTeBi), padrnaite (PdBiSe), sperrylite (PtAsz) and irarsite (IrAsS), 
have been analysed from the Jinchuan Ni-Cu-PGE sulphide deposit in the south western 
margin of the North China Craton in China. PGM are most common in undeformed altered 
samples formed as PGE were expelled from their magmatic base metal sulphide hosts during 
alteration and then subsequently partially removed during shearing. It is proposed that the 
Se-bearing PGM are associated with the presence of marbles in the host lithologies to the 
Jinchuan complex. 

l INTRODUCTION 

Jinchuan is the third largest Ni-Cu-PGE 
sulphide deposit after Sudbury and Noril'sk 
but it differs from the other two by being 
characterised by net-textured base metal 
sulphide. Discordant massive sulphide veins 
a few meters long and tens of centimetres to 
more than 20 m thick crosscut disseminated 
and net-textured sulphide ore bodies but only 
in limited areas. 

The Jinchuan ultramafic intrusion 
consists of lherzolites (>70%) with minor 
amounts of dunite and olivine pyroxenite. 
Olivine, orthopyroxene and clinopyroxene 
are preserved in the core of the intrusion and 
most of the peridotites exhibit relict igneous 
textures, but most of the rocks are 
pervasively altered to serpentine, talc, and 
chlorite and the rocks along the margins of 
the intrusion have been converted to 
tremolite- serpentine-chlorite schists during 
dynamic metamorphism. The Jinchuan 
deposit lies in one of a number of ultramafic 
slices that occur within the Baijiazuizi 
complex which is composed of migmatites, 

gneisses, schists and serpentine marbles and 
forms part of the Longshoushan belt (Zhou et 
al. 2002). 

Samples were taken from ore body 
numbers 1, 2 and 24. Ore body 1 extends 
from a depth of about 200 m to more than 
1,100 m, for a strike length of 1,500 m, and 
a width of about 150 m, ore body 2 is 1300 
m long and 11 8 m wide and ore body 24 is 
tabular shaped and about 1500 m by lOOm 
by 200m. The three ore bodies account for 
more than 90% of the Ni, Cu and PGE in the 
Jinchuan deposit (Chai & Naldrett, 1992). 

2 PGE ANALYSIS 

Samples of fresher and more altered ore 
and disseminated and sheared ore were 
analysed for all six PGE and gold by Ni 
sulphide fire assay and the results are shown 
in Table 1 and chondrite normalised graphs 
are shown in Figure l .  

There are two distinct patterns with a 
gently positive slope with a peak at Pt that 
characterises the fkesher samples and a sub- 
horizontal slope with a trough at Pt that 



characterises the more altered and sheared quantitatively whereas those too small for 
samples. this were identified qualitatively. PGE were 

also analysed in base metal sulphides using 
Table 1. PGE analyses from ore bodies nos. laser ablation ICP-MS (McDonald 2005, this 
1 ,2  and 24 in Jinchuan. volume). 

Au 0 s  Ir Ru Rh Pt Pd 
P P ~  P P ~  P P ~  P P ~  P P ~  P P ~  P P ~  

no. 1 4 PETROLOGY 
JZ4f 170 94 92 73 42 3059 164 
JZ5a 92 21 24 21 13 191 128 
JC29d 105 4 7 7 4 55 60 
no.24 
JC39s 218 154 166 156 56 42 306 
JC4Os 109 50 58 40 22 26 157 
JC49s 82 851 921 839 245 87 465 
JC30a 81 26 30 20 19 423 261 
JC2Oa 64 14 15 12 8 120 77 
JC3a 66 13 19 13 8 178 93 
JC23d 149 25 33 24 13 285 135 
110.2 
JC24d 133 14 19 15 10 95 80 
JC54a 43 3 4 4 3 118 16 

f = fresh, s = sheared, a = altered but 
undeformed, d = disseminated. 

The samples range in texture from very 
fresh magmatic textures with fresh silicates 
and interstitial sulphides consisting of 
pentlandite, pyrrhotite and chalcopyrite with 
rare sphalerite, through to extremely 
deformed massive sulphide including 
abundant pyrite and magnetite with a 
mylonitic texture that is cross cut by veins of 
base metal sulphide. Samples showing 
partial alteration are veined by magnetite 
and have a less distinct interstitial sulphide 
texture that is disrupted by alteration and 
etching of the sulphides. 

5 PLATINUM-GROUP MINERALS 
-- ----- --- 

l 10 1 All the PGM located are associated with the 

1 O.OO1 -- 7 7-7 l 

0 s  Ir Ru Rh F't Pd 1 
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Fig. l .  Chondrite normalised PGE analyses. 

3 METHODS 

base metal sulphides. Irarsite is ubiquitous 
in fresh, altered and sheared samples and is 
rarely rimmed by hollingworthite and may 
be Pt-bearing. The Pt- and Pt-bearing PGM 
assemblage identified only occurs in altered 
but unsheared samples and is predominantly 
Pd-bearing with Pd-bismuthides sometimes 
containing Te and Se and rarely Sb or Au. 
Pt-bearing minerals are rarer and include 
sperrylite and Pt-bismuth tellurides. Most of 
the PGM are less than 5 microns in diameter 
but one Pd bismuth telluride has a length of 
12 microns and one sperrylite has a diameter 
of 7 microns. Irarsites tend to be larger, 
commonly approximately 10 microns in 
diameter, often euhedral with blocky 
rectangular shapes. Typical PGM are shown 
in Plate 1. 

5.1 Fresh ores 

Polished thin sections from fifteen samples In the samples studied the freshest samples 

were searched and analysed for PGM using a contain irarsite and the pentlandite has up to 

Cambridge Instruments scanning electron 4 ppm Pd in solid solution. These samples 

microscope with an ED analytical system 
(Leo). Larger PGM were analysed 



Plate 1. A Sperrylite (PtAsz) in chromite 
(Cr) surrounded by silicate and chalcopyrite 
(cpy), Scale bar = 20 microns, B PdBi2 in 
cpy altering to Pd-Bi-Se where it is in 
contact with a silicate vein separating cpy 
from pentlandite (pn), Scale bar = 5 
microns, C two irarsites (IrAsS) at the 
junctions of Cr and interstitial base metal 
sulphides (cpy and pyrrhotite Cpo]) between 

Cr and silicates, Scale bar = 100 microns, 
D PdBi2 enclosed in magnetite (mt), Scale 
bar = 50 microns, E a composite grain of 
PdBi2 and a silver bismuth sulphide (Ag-Bi- 
S) in po, Scale bar = 10 microns, and F 
irarsite in a matrix of pn crossed by a 
network of mt veins, Scale bar = 10 
microns. 



contain electrum that is enclosed both in 
chalcopyrite and situated on the edge of 
chromite. 

5.2 Una'eformed altered ores 

The most abundant PGM in the altered 
samples is froodite (PdBi2) which is sub- 
rounded or irregular in shape especially 
where it is in contact with serpentine. Se- 
bearing Pd-bismuthide is present where the 
massiw: base metal sulphides are crossed by 
silicate filled cracks and in one case a Pd- 
bismuthide on the edge of a chalcopyrite 
grain contains Se along the edge of the PGM 
where it is in contact with a silicate vein 
showing that the Se is being introduced 
during alteration. Se-bearing Pd-bismuthide 
also occurs where the pentlandite is oxidised 
due to alteration. In one sample Se-bearing 
Pd-bisrnuthide is especially common at 
junctions between magnetite and pentlandite 
but is Se-poor where it is completely 
enclosed in magnetite. 

Pd-bismuthides often have a close 
association with Ag-bearing minerals 
including Ag-bearing bismuth selenides, Ag 
telluride and Ag bismuth sulphide and these 
all occ:ur with Te-bearing Pd-bismuthides, 
Pb-tellurides and electrum. Three Au-Pd 
grains occur in serpentine along the edge of 
an olivine grain. Sperrylite may be euhedral, 
in one case is enclosed in chromite but more 
commonly is located in altered silicates, 
sometimes in clusters of up to 7 sperrylites. 
One Pt-bismuth telluride is associated with a 
Bi-Se-telluride and an Ag-telluride that is 
situated at the end of a straight vein filled 
with Ag-bearing bismuth selenide that cross 
cuts altered pentlandite. 

5.3 Sheared ores 

Th~e very sheared mylonitised samples 
contain predominantly irarsite and 
hollingworthite. Re sulphide is common in 
this lithology. The pentlandite in the 
mylonitised samples contains approximately 
to 2 ppm Pd and no Pd or Pt-bearing minerals 
were observed. 

5.4 Se-bearing PGM 

Pd-bearing PGM that contain selenium 
have been described from a number of 
localities. Chrisstanleyite (Ag2Pd3Se4), 
verbeekite (PdSe2), oosterbschite 
(Pd,CuhSe5 and luberoite (Pt5Se4) occur in 
calcite veins cutting limestone at Hopes 
Nose in Devon and chrisstanleyite is 
common in carbonate veins in El Chire in 
Argentina. Palladesite (Pd17Ses) occurs at 
Morro Agudo in Brazil, a PbIZn mine in 
dolomites and tischendorfite (Pd8HgsSe9) 
occurs in a carbonate matrix in the Harz 
Mts. (Cabri 2002). It is clear that these 
comparatively rare PGM are associated with 
carbonates and the occurrence of Se-bearing 
PGM at Jinchuan is consistent with this as 
the surrounding Baijiazuizi complex 
contains marbles. 

6 CONCLUSIONS 

The distribution of the PGE and PGM in 
these samples is controlled not only by the 
magmatic collection by base metal sulphides 
but also by alteration and shearing which 
releases the PGE from the magmatic 
sulphides to produce Pt- and Pd-bearing 
PGM in altered samples and changes the Pt 
/Pd ratios giving higher ratios in fresher 
samples and lower ratios in sheared samples 
indicating variable mobility of Pt and Pd 
during shearing. 

7 REFERENCES 

Chai, G. & Naldrett, A. J. 1992b. The Jinchuan 
ultramafic intrusion: cumulate of high-Mg basaltic 
magma. Journal Petrology, 33,277-303. 

Zhou, M.-F., Yang, Z.-X., Song, X.-Y., Keays, R. R. 
& Lesher, C. M. 2002. Magmatic Ni- Cu- (PGE) 
sulphide deposits in China. In the Geology, 
Geochemistry, Mineralogy and Mineral 
Beneficiation of the Platinum-group elements. Ed. 
Cabri, L. J. Can. Inst. Min. Met. and Petroleum, 
Sp. Vol. 54, p 619-636 

Cabri, L. J. 2002. The platinum-group minerals. In 
the Geology, Geochemistry, Mineralogy and 
Mineral Beneficiation of the Platinum-group 
elements. Ed. Cabri, L. J. Can. Inst. Min. Met. and 
Petroleum, Sp. Vol. 54, p 13-130. 



Postmagmatic Origin Of Platinum Deposits In The Ural- 
Alaskan Type Ultramafites: T-$-l2 Conditions And Role Of 
Fluids 

E.V.Pushakrev 1, E.V.Anikina 2 
Institute of Geology and Geochemistry, Str. Pochtovy per. 7, 620151, Ekaterinburg, Russia, 

pushkarev@igg. uran. ru 

G.Garuti 3 
Department of Earth Sciences, The University of Modena and Reggio Emilia, S. Eufemia 19, 

41 100 Modena, Italy, garutig@,unimore. it 

F.Zaccarini 4 
Instiute of Geological Sciences, The University of Leoben, P. Tunner Str, 5, A 8700 Leoben, 

Austria, fedezac@tsc4.com 

ABSTRACT. Geological position, morphology and relationships with host ultramafites are 
indicators of late postmagmatic origin of some platinum-rich chromitites in the Ural-Alaskan 
type mafic-ultramafic complexes. The redox-state of platinum ores reflects highly oxidized 
condition related with the presence of fluid in the ore system. Mineralogical and structural 
features of ores supported this conclusion. 

1. INTRODUCTION 

The most economic important platinum 
placers all over the World are related with the 
Ural-Alaskan type mafic-ultramafic 
complexes. Nowadays, in Russia, the biggest 
platinum placers are operating in the 
Koryakia region (Kamchatka peninsula) and 
in the Central Siberia (Aldan shield). But in 
historical time the Urals was the biggest 
World platinum province yielded about 400 
tons of metal. Moreover, several tens (may be 
more than one hundred) of Pt-nuggets from 
100 grams up to 10 kilograms were extracted 
here. Now only few small private companies 
are still active in the Urals, but don't play a 
big role in the platinum production in Russia. 
Platinum-bearing chromitites within dunite of 
the Ural-Alaskan type intrusions are the main 
source for these former huge placers. The 
Urals, probably, is the only one place in the 

world where these chromite-platinum bodies 
have bean explored and mined. They had 
given several hundred kilograms of the ore 
platinum. Despite of their economic 
importance, the genesis of these lode deposits 
is still enigmatic and matter of discussion. 
We emphasize on this problem in our report. 

2. GEOLOGICAL BACKGROUND 

Most of the geologists suggest a magmatic 
or late magmatic origin of different 
chromitites crystallized directly fi-om magma 
or by interaction of host dunite with 
penetrative melts. No evidence for this we 
can find in the Uralian massifs. There are two 
type of chromitites in the UPB; the 
syngenetic and epigenetic chromitites 
(Betekhtin 1935) and on the basis of our data 
two groups of chromitites that gave 



temperatures of around 1200- 1000 and 1000- 
700 respectively have been distinguished. But 
chromitites with some intermediate features 
are also presented. We suppose long 
postmagrnatic formation of epigenetic 
chromitites, especially those enriched in 
platinum in presence of fluid, which plays an 
important role in PGM formation up to low 
temperature. In general, the genesis of the Pt- 
chromitites, is strongly related with the dunite 
formation and take place only inside of its 
evolution from high temperature subsolidus 
conditions and plastic deformations to low 
temperamre conditions and brittle 
deformations. 

Dunite forms nine more or less big bodies 
(from few square kilometers up to 30 km2) 
and are related with huge mafic-ultramafic 
massifs combined in long chain, extended 
about 900 km along the 6oth eastern meridian 
and be:tween the 56fi and 64fi northern 
parallels and named "Ural Platinum Belt" 
(UPB). In addition, several dunite- 
clinopyroxenite-gabbro massifs of the Ural- 
Alaskan type affinity are situated eastward in 
other zones. From a geological point of view 
the UE'B is located right to east from the 
Main Uralian Fault, that divided 
paleocontinental sector to the west and 
island-arc volcanic Tagil zone (03-D,) to the 
east. Most of the mafic-ultramafic blocks and 
massifs display a typical internal concentric- 
zonal structure mainly dipping to the center 
under varying angles and related with the 
differentiation and high-temperature 
deforrnation processes. Host island-arc 
volcarlics are quite different, and display flat 
deforrnation structures and metamorphism 
under low-grade conditions. The geological 
relationships between mafic-ultramafic 
complexes and surrounded volcanic rocks are 
still debate. Silurian age of the most of the 
gabbro blocks, determined by different 
methods, probably confirms their island-arc 
nature. But recently obtained isotopic data for 
ultrarnafites shows more young middle and 

late Devonian age (Bea et al, 2001, 
Pushkarev et al, 2003). This time corresponds 
to the collision between Tagil volcanic arc 
and East-European platform. Perhaps, most 
of the ultramafite and gabbro blocks haven't 
got genetic relations and combined 
mechanically during some tectonic events. 
Thus, both gabbro and ultramafites have 
passed through high-temperature plastic 
deformation and often strongly re- 
crystallized. 

3. MORPHOLOGY OF PLATINUM-RICH 
CHROMITITES 

In the Urals PGM-bearing chromitites are 
known to occur in most of the dunite bodies 
of the UPB as well as in the Uktus Ural- 
Alaskan type intrusion, close to Ekaterinburg. 
Chromitite morphology is not complicated. 
Normally ore bodies form schlieren, veinlets, 
strait-line veins, pods or patches of more 
complex shape. The ore bodies are small, 
generally, no more than tens centimeters long 
and several centimeters thick. The chromitite 
occur only associated with dunite. In rare 
cases a number of small schlieren are 
combined in long ore zones (tens or hundreds 
meters long, few meters width), which were 
mined for platinum, in the past. The biggest 
of these lode deposits was those of 
Gosshakhta in the Nizhny-Tagil massif. 
Often chromitites have brecciated structures 
and contain xenolith-like blocks of host 
dunite. It looks like as an eruptive breccia, 
but never goes away from ultramafites. The 
relationships between ore and dunite support 
late chromitites formation respectively host 
ultramafites. Moreover, these chromitites 
don't display high temperature plastic 
deformation and re-crystallization, typical for 
host dunite. They are influenced by only late 
brittle deformations. These chromitites are 
enriched in PGM and were called 
"epigenetic" by Zavaritsky (1 928) and 
Betekhtin (1935). 



4. REDOX-STATE 

Usually, chromitites occur in the central 
part of the dunite bodies, where highly re- 
crystallized rock, including coarse-grained 
dunite-pegmatite and miarolitic dunite, are 
widespread. Outer fine-grained dunite 
normally doesn't content platinum-rich 
chromitites. From central to marginal zone of 
dunite bodies Mg-number of olivine and 
accessory chromite decreases. But it isn't 
always a normal magmatic trend. According 
to 0.K.Ivanov (1997) Mg-number of olivine 
and accessory chromite increases parallel 
with the degree of postmagmatic re- 
crystallization, which is higher in the central 
part of bodies. The most magnesium rich 
minerals have been found in ultramafic 
pegmatites and at the wall of miarolitic holes. 
Recently, Pushkarev & Anikina (2002) have 
described mineralogical zoning, where Mg- 
number and Cr, and less A1 contents of 
chromium spine1 grow up from the contact 
with host dunite to center of ore bodies. What 
is important, that in the same direction 
~ e ~ + / F e  ratio of chromite also increases, 
reflecting grows of the oxygen fugacity. The 
temperature and oxygen fugacity, which have 
been calculated for dunite and platinum-rich 
chromitites on the basis of olivine-chromite 
equilibrium, show distinct differences 
(Chaschukhin et al, 2002; Pushkarev & 
Anikina, 2002). Ultramafite sequence and 
syngenetic chromitites were equilibrated at 
1200-850°C in different Uralian massifs. Re- 
crystallized coarse-grained dunite 
corresponds to 900-800°C. Some platinum- 
rich cromitites have temperature less than 
800°C. Oxygen fugacity in the last 
corresponds to 4 unites of logfO2 above 
FMQ. This redox-state is much more 
oxidized in comparison with those of the host 
dunite, where average fOz is equal 2 units of 
logf02 above FMQ or less. Similar highly 
oxidized conditions were described for 
platinum-bearing ultramafites in the Aldan 
shield and Kamchatka peninsula. We may 

conclude that highly oxidized conditions, at 
least 2-3 units of logfOz above FMQ, are 
responible to produce platinum enrichment. 

5. FLUID MARKERS 

Epigenetic morphology and highly 
oxidized condition are the most important 
evidences for the formation the late platinum- 
rich chromitite. But are there indicators of 
fluid action in PGM genesis? First of all 
hydroxide mineral inclusions in chromite and 
PGM are abundant. Such monomineralic or 
polymineralic inclusions often are composed 
of amphibole, phlogopite, Na-chlorite, 
apatite, hydrogarnet and other minerals 
(Anikina, 2002). The same minerals take part 
in minor amount in the composition of 
chromitite cement where serpentine is the 
most abundant mineral. Serpentine often is 
represented by colloform aggregates. 
Arnphibole and Na-chlorite form epitaxial 
intergrows with PGM inclusions in ore 
chromite. Arnphibole has own crystalline 
shape indicating that it formed before that 
chromite starts to crystallize. Therefore, 
fluids were present at the beginning of ore 
system crystallization. 

Very often the silicate matrix of 
chromitites is completly serpentinised in 
comparison with less serpentinised (average 
degree of serpentinisation normally no more 
than 40-60%) host dunite. Moreover, ore 
bodies are rimmed by pure serpentine 
envelops, with a thickness of more than 1-2 
centimeters independent from body size. We 
suppose that this serpentine represent the 
final result of a reaction occurred between 
silicate matrix of chromitites and dunite and 
separated fluid, in a closed system. This 
reaction may take place under temperature 
less than 565"C, the point of olivine- 
serpentine equilibrium under water-saturated 
conditions. The migration of the fluids 
released by this reaction caused the opening 
of cracks and growing of porosity in the 



central part of chromitites, which then were elements, including platinum, for the 
filled by low temperature minerals. Ore chromium-platinum ore formatiom. 
chromitss also show evidences of dissolution. This study supported by RFBR-Ural04-05- 
They have rounded shape with curved crystal 96009r2004ural-a and grant of Scientific 
face and edges, while accessory dunite School NS-85.2003.5 and grant of joint 
chromite displays clear crystal octahedron scientific projects Ural and Siberian 
shape. Divisions of RAS. 

7. REFERENCE 
6. CONCLUSION 

Anikina, E. The role of alkaline fluids in the origin of 
Geological position of platinum-rich chromium-platinum mineralization in Ural-Alaskan- 

chromil.ites in dunite of some Ural-Alaskan- type complexe: evidence from silicate inclusions in 

type massifs show, that they occur in the chromite. 9-th International Ptlatinum Symposium. 
Montana, USA. Ed. A.Boudreau. 2002. 13-16. 

parts of bodies where postmagmatic Bea, F., Fershtater, G.B., Montero, P., Whitehouse, 
re-crystallized rocks are widespread. The M., Levin, V.Ya., Scarrow, J.H., Austrheim, H., 
absence of high temperature plastic Pushkariev, E.V. 2001. Recycling of the continental 

deformations in ores, typical for dunite, and crust into the mantle as revealed by Kytlym dunite 
zircons, Ural Mts, Russia. Terra Nova, 13,407-412. 

geological between chromitites Betefitin, A.G., 1935, platinum and other minerals 
and host ultramafites reflects the late origin from platinum group. Moscow-Leningrad, AN 
of platinum ores. At least, chromitites start to USSR, 148 P. (in Russian). 

A 

form when dunite was almost solid, at the end Chashchukhin, I. S., Votyakov, S. L., Pushkarev, E. 
V., Anikina, E. V., Mironov, A. B., and Uimin, S. G. 

plastic deformation process. The Ore 2002. Oxithermobarometry of ultramafic rocks from 
system was enriched in fluids that occupies the Ural Platinum Belt. Geochemistry International, 
the open cracks and holes, which were 40,762-778- formed during the late stage of ductile Ivanov, O.K. 1997. Concentrically-zonal pyroxenite- 

dunite massifs of the Urals. Ekaterinburg. Ural State 
deformations. This fluids were enriched in University Press. 327 p. (in 
PGE, chromium and some incompatible for Pushkarev, E. V., Fershtater, G. B., Bea, F., Montero, 
dunite elements, such as: Al, Ca, Na, K, P, p., and Scarrow J. 2003. Isotopic Rb-Sr age of the 

H20 and C02 fluid. The compos~t~on of this pseudoleucite tilaite in the Uralian Platinum Belt. 
Doklady Earth Sciences, 388,97-101. 

was possibly 'lose to P u s k ~ e v ,  E., Anikina, E. Low temperature origin of 
interstitial material of dunite, which consists the Ural-Alaskan type platinum deposits: 
of chromium spinel, and silicates enriched in geological, mineralogical and geochemical 

chromium, such as: diopside, pargasite, evidence. 9-th International Ptlatinum Symposium. 
Montana, USA. Ed. A.Boudreau. 2002.387-390. 

phlOgopite and, probably, disseminated PGM. Zavarit~ky, A.N., 1928, Ore platinum deposits in the 
The total amount of this component in dunite Urals. Files of General and Exploration Geology, 
was a.bout the 1%. If we compare the Leningrad, Geological committee, 108: 56 p. (in 

abundances of these elements in the Russian). 
Zoloev, K.K., Volchenko, Yu.A., Koroteev, V.A., 

chrOmitites and in the host dunite, the Malakhov, I.A., Mardirosyan, A.N., Khripov, V.N. 
concerltration coefficient will be close to 100. 2001. Platinum ores in different complexes of the 
It means that almost all interstitial material Urals. Ural State University Press, ~katerinburg, 

was derived from dunite and concentrated in 199 p. Russian) 

ores. As is known, chromite-platinum 
deposits are surrounded by negative platinum 
anomaly (Zoloev et al, 2001). The thickness 
of these negative areoles is close to 50-100 
meters. This space is the source of all 



Geological and geochemical architecture of the Nebo and 
Babel Ni-Cu-PGE Deposit, West Musgrave, Western 
Australia 

Z. seat1, S. W. ~eres ford~ ,  M A. M. Gee1, B. A. Grguric2, D. I. Groves1, 
J. M. A. ~ r o n s k ~ ~ ,  C. I.   at his on' and R. waugh2 
'school of Earth and Geographical Sciences, The University of Western Australia, Crawley, 
WA, 6009, Australia 
WMC Resources Ltd, PO Box 91, Belmont, WA, 6938, Australia 

ABSTRACT. The Nebo and Babel Ni-Cu-PGE deposit is one of the largest nickel sulphide 
discoveries worldwide in the last ten years. The known mineralisation inventory is 392 Mt at 
0.3 % Ni, 0.3 % Cu, 0.18 g/t PGE with CO and Au credits. The deposit is a fault-offset, -5 km 
long, tube-like, basic layered intrusion intruded into S-poor, granulite facies granitic gneiss. 
The principal rock type is gabbronorite with variable proportions of plagioclase, ortho- and 
clinopyroxene, minor olivine, oxides and apatite. Oxide-apatite rich gabbronorite occurs at the 
eastern end of Nebo. Mineralised zones are confined to the top and upper parts of the 
intrusion and comprise disseminated magmatic sulphides and massive sulphide lenses. Field, 
mineralogical and geochemical data suggest that the marginal units crystallised first under 
open system conditions. After magma supply ceased, inner units which exhibit 'normal' 
vertical fractionation trends, crystallised under closed system conditions. Systematic down- 
hole and lateral mineral and geochemical trends suggest that the intrusion has been 
overturned. 

INTRODUCTION 

The Nebo and Babel deposit is a layered, 
basic, tube-like body intruding felsic 
granulite facies country rock in the west 
Musgrave Block, Western Australia (Glikson 
et al., 1996; Fig. 1). The deposit is the faulted 

Fig. 1: Location of Nebo and Babel and 
geological map of the Musgrave Block 
(modified after Glikson et al., 1996) 

SW-NE offset of a tube-like intrusion, which 
trends for -5 km and has a cross-section of 1 
X 0.5 km (Fig. 2). Nebo-Babe1 is the largest 
nickel sulphide discovery since Voisey's 
Bay, Canada, and provides an excellent 
example of greenfields success through 
conceptual targeting. Mineralisation 
inventory is 392 Mt at 0.3 % Ni, 0.3 % Cu, 
0.18 g/t PGE with CO and Au credits (Grant 
Samuel, WMC Resources). 

Fig. 2: 3D model of Nebo and Babel (see text 
below for abbreviations, drill-holes as in Fig. 
3; modified after WMC Resources) 



Integration of recent drill-core logging, 
petrography, and mineral and whole-rock 
geochemical data is improving understanding 
of the deposits. Consequently, this paper 
presents the first detailed geological and 
geochemical description of the complex and a 
revised interpretation of its magmatic 
evolution. 

GEOLOGY 

Regional' geologica l setting 

The Musgrave Block comprises a variety of 
Proterozoic amphibolite to granulite facies 
basement lithologies overprinted by several 
major tectonic episodes (Myers et al., 1996), 
and intruded by granitoid plutons, layered 
mafic to ultramafic intrusions and mafic 
dykes. Nebo-Babe1 is part of the Giles 
Complex, a suite of 1080 Ma to 1050 Ma 
layered mafic and ultrarnafic intrusions 
(Glikson et al., 1996). The country rock in the 
Nebo and Babel area is a granulite facies 
granitic gneiss with K-feldspar, plagioclase 
and quartz comprising -80% of the rock; the 
reminder is amphibole, biotite, oxides, apatite 
and trace orthopyroxene. The Musgrave 
Block is characterised by the scarcity of S- 
bearing basement lithologies. 

Geology of Nebo and Babel 

Nebo and Babel are fault divided eastern 
and western parts respectively, of a 
mineralised tube-like intrusion (Fig. 2). The 
deposits have almost identical morphology 
and marginal intrusive units, but differ 
significantly in their mineralisation styles. 
Mineralised zones are confined to the top of 
the conduit and comprise net-textured 
magmatic sulphides at Babel and massive 
sulphitle lenses that host most of the 
mineralisation at Nebo. The deposits are 
subdivided into lithostratigraphic units (c.f. 
Goodgame, 2002) all of which are 
gabbronorites (hereafter GN). Babel consists 
of fike lithostratigraphic units (Fig. 3A), 
which from top to bottom are; Variably 
Textured Leuco GN 1 (VLGNl), Mineralised 
GN (EIMGN), Variably Textured Leuco GN 2 
(VLGN2), Barren GN (BGN), and Variably 
Textured Leuco GN 3 (VLGN3). VLGN 
units are all very similar medium- to very 

coarse-grained plagioclase and pyroxene 
cumulates. The units consist of 180% 
plagioclase, 1 1  5% orthopyroxene and minor 
clinopyroxene; olivine is restricted to VLGN 
1. VLGN 1 and 2 host 510% blebby and 
disseminated magmatic sulphides. BMGN 
hosts most of the mineralisation at Babel. The 
main differences between VLGN and BMGN 
are the lower plagioclase (165%) and higher 
sulphide (5-25%) abundances, and finer grain 
size of BMGN. Towards the east and down- 
hole, BMGN grades into BGN which consists 
of 150% plagioclase and equal proportions of 
ortho- and clinopyroxene. The unit contains 

Fig. 3: Plagioclase and orthopyroxene core 
compositions, and major and trace element 
concentrations with depth in A) WMN 1092 
drill-hole at Babel and B) WMN 31-drill- - 
hole at Nebo. 

12% apatite and plagioclase defines an 
igneous layering. Intrusive breccia occurs 
along the upper and basal contacts between 
the felsic country rock and VLGN 1 and 3 
respectively, and is best developed along the 
upper contact. The breccia contains abundant 



counhy rock, chilled margin, VLGN and pyroxenes and trapped silicate liquid (Fig. 3). 
sulphide xenoliths in a massive sulphide or Leuco GN units have higher ~ 1 ~ 0 ~  and lower 
chill matrix. The chilled margin rocks consist  go than the GN units (Fig. 3), reflecting 
of fine gained ferro-GN and grade into the higher plagioclase and lower pyroxene 
VLGN and 3. Nebo consists of three abundances of the former. Ti02 and Zr 
lithostratiga~hic units; from ''P '0 bottom concentrations increase down-hole and the 
these are Textured GN highest values of -10 wt% and 430 ppm, 
PJVLGN), Barren GN PJGN), and Oxide- respectively, occur in OAGN. ~ G N -  apatite-GN (OAGN), (Fig. 3B). The lower 
contact at Nebo is only intersected at its VLGN and BGN-NGN have very different 

eochemistry and are distinguished by western end close to the fault where VLGN3 g. 
equivalent is also sited, thus confirming the sl@ificantl~ higher Ti02 Zr 
morphological similarity between Nebo and c~ncentrations in BGN-NGN (Fig. 3). 
Babel. NVLGN is similar to VLGN, but Therefore, geochemistry is in agreement with 
locally contains 530% olivine. NGN is the mineralogy; the units are more evolved 
equivalent of BGN, but OAGN only occurs at down-hole in the order; VLGN-NVLGN, 
the easternmost part of Nebo and is a BMGN, BGN, NGN, and the most evolved is 
plagioclase and pyroxene cumulate with 10- OAGN (Fig. 3). Consequently, the conduit 
20% ilmenite and magnetite, and 55% may have been overturned. 
apatite. Oxide and apatite abundances locally Average compositions of all rock types 
increase to 150% within oxide layers. normalised to a primitive mantle are 

presented in Figure 4. BGN and NGN show 
MINERAL CHEMISTRY near-identical patterns and element 

Plagioclase and orthopyroxene concentrations with pronounced negative Sr 

compositions are presented in Figure 3. As and minor positive P anomalies. BMGN and 

the main aim of this study is the primary VLGN are very similar, but with positive Sr 

crystallisation history, the focus here is on and Eu anomalies caused by higher 

core compositions. Anorthite (An) in plagioclase modal abundances. NVLGN is 

plagioclase and enstatite (En) in similar to VLGN, excepting the lower 

orthopyroxene decrease systematically (Fig. element concentrations in NVLGN, most 

3) through VLGN-NVLGN (An62-67, En71-74), likely related to -30% olivine accumulation. 

to BMGN (An58-59, E1163-~5), to BGN-NGN OAGN can be distinguished from the country 

(An54, En58-59), and the lowest values are in rock by positive Ti and P anomalies which 

OAGN (h7, En42-44). The low value of En63 correlate with higher oxide and apatite 

in VLGN is related to olivine co- abundance, respectively, and a more 

precipitation. Leuco GN units contain less pronounced negative Sr anomaly in OAGN. 

pyroxene and are characterised by higher An Chilled margin rocks are highly variable in 

and En values in plagioclase and pyroxene, composition, but fall in the range of Leuco 

respectively. Therefore the parental magma GN and GN units (Fig. 4). All of the rock 

of the Leuco GN units was less evolved than units can be related by crystal fractionation of 

that of the other GN units. The systematic olivine, pyroxene and plagioclase. Strontium 

variations in mineral compositions indicate -Eu, Zr-Hf, P and Ti anomalies can be 

that units become progressively more evolved explained by the relative abundances of 

in the order; VLGN-NVLGN, BMGN, BGN- plagioclase, zircon, apatite and oxides, 

NGN and that the most evolved is OAGN. respectively. 

GEOCHEMISTRY 

Major and trace element concentrations and 
trends are controlled by the relative 
proportions of cumulus plagioclase, 
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Fig. 4: Primitive mantle normalised (McDonough and Sun, 1995) multi-element plot for the 
Nebo and Babel complex, shaded area represents the range of chilled margin rocks 

DISCUSSION AND CONCLUSIONS 

Based on the results summarised in this 
paper the following conclusions can be made: 

(i) The systematic mineral compositions 
and geochemical trends indicate that the units 
become progressively more evolved in the 
order; VLGN-NVLGN, BMGN, BGN-NGN 
and the most evolved is OAGN. Furthermore, 
the high An and En values in the VLGN- 
NVLGN indicate crystallisation from a more 
primitive parental magma compared to that 
which crystallised GN units. Systematic 
down-hole mineral and geochemical trends 
(Fig. 3) are explained by post-solidification 
overturning of the conduit; a more likely 
hypothesis than 'reverse' vertical magma 
differentiation over distances of several 
hundred metres. 

(ii) Mineral and geochemical data presented 
in Figures 3 and 4 indicate that BGN and 
VLGN are identical to NGN and NVLGN, 
respec:tively, thus confirming the existence of 
a continuous magma conduit prior to faulting. 

(iii) The preferred genetic model represents 
integration of earlier work by WMC 
geoscientists and this project. The near 
constant and relatively primitive chemistry of 
the Leuco GN units over a strike length of 5 
km, and their occurrence at the margins of the 
conduit, suggest that these units crystallised 
first, under open system conditions. After 
magma supply ceased the mineralised, barren 

and oxide-apatite GN units crystallised under 
closed system conditions. These units exhibit 
'normal' vertical fractionation trends which 
are expected to develop in layered intrusions. 
If magma flow was from the SW, oxide- 
apatite GN crystallised at the northeast end of 
a southwesterly plunging conduit, ahead of an 
advancing solidification front. These models 
will be tested by stable and radiogenic 
isotope studies and U-Pb geochronology. 
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ABSTRACT. At least eleven low-grade Cu-Ni deposits, delineated by drilling in the 1970s, 
are present along the western margin of the Duluth Complex in the Partridge River and South 
Kawishiwi intrusions. Significant platinum group element (PGE) mineralization (>l ppm) 
was first documented in 1985 at the Birch Lake area, and since that time, PGE mineralization 
has been found at seven of the Cu-Ni deposits. The genesis of the PGE mineralization is 
varied and includes both magmatic and hydrothermal components. In most instances, the 
PGE-bearing horizons are stratabound and are closely associated with ultramafic horizons 
implying that magma mixing was important in their genesis; hydrothermal redistribution of 
the PGE appears to have taken place in only localized zones along reactivated faults. 
Comparison of PGE contents of one Cu-Ni deposit to another suggests that deposits located 
closer to inferred vent zones (also fault zones?) are enriched in PGE whereby deposits located 
further from the vents are impoverished with respect to PGE. To date, 33 formally recognized 
platinum group minerals (PGM) have been identified in the various Cu-Ni deposits. Their 
mode of occurrence suggests that PGM formation is late magmatic (Severson and Hauck, 
2003) to early hydrothermal (Marrna, 2003). 

INTRODUCTION been found at seven of the Cu-Ni deposits 
and include: 

Significant PGE mineralization, associated 
with the Cu-Ni deposits along the western Partridge River intrusion 
margin of the Duluth Complex, was first 
documented in 1985 in the Birch Lake area 
(Sabelin and Iwasaki, 1985, 1986). Since 
then, there have been several sampling 
campaigns aimed at determining the PGE 
potential of many of the other Cu-Ni 
deposits. Thus far, PGE-enriched zones have 

Dunka Road (NorthMet) deposit - Three 
stratabound horizons, with common Pd 
values around 1 ppm, are present beneath 
ultramafic layers with the basal unit (Unit I) 
of the Partridge River intrusion (Geerts, 
1991,1994). 



Wetlens deposit - At least three PGE- 
enriched stratabound horizons are present at 
the bottom of Unit VI, top of Unit 11, and top 
of Unit I. In all three instances, the horizons 
are associated with ultramafic layers. 

Wyman Creek deposit - No significant PGE- 
enriched horizons are present; however, an 
ultramafic layer at the top of Unit I exhibits 
"anomalous" PGE contents (B90 ppb Pd) 
relative to the underlying rocks. The overall 
lack of PGE at Wyman Creek is inferred to 
be related to increased distance from a 
conduit (located south of Dunka Road?). 

Southern periphery of the Babbitt Nesaba) 
deposit - The most consistently PGE- 
enriched horizon is located at the top of Unit 
I, where a maximum of 1,267 ppb Pd has 

Water Hen deposit - A thin oxide-rich 
horizon, with 737 ppb Pt and 46,000 ppm Cr, 
is associated with an ultramafic package in 
the Partridge River intrusion. 

been obtained through very limited sampling. South Kawishiwi intrusion 
This horizon is associated with an overlying 

Birch Lake Area - The PGE mineralization at 
ultrarnafic layer. 

Birch Lake (up to 9,123 ppb Pd + Pt) is 

Northern half of the Babbitt (Mesaba) deposit 
- Limited sampling indicates that elevated 
PGE values, up to 2,166 ppb Pd, are 
associated with some ultramafic horizons in 
an area where ultramafic layers are abundant 
(Bathtub area). Decreased PGE values in an 
east-to-west direction suggest that the magma 
conduit for this area may be coincident with 
the (;ran0 Fault (located on the east side of 
the deposit). 

stratabound in nature and is associated with 
the U3 Unit - a unit with abundant ultrarnafic 
layers and discontinuous massive oxide pods 
that are "restite" of the footwall Biwabik Iron 
Formation. A magmatic process is 
envisioned, however, the PGE content was 
locally reconcentrated by a later 
hydrothermal event(s). More recent 
investigations (Hauck et al., in prep.) suggest 
that the initial PGE contents in the U3 were 
related to proximity to a conduit, possibly 
located along the Birch Lake fault. 

Local Boy area of the Babbitt (Mesaba) 
deposit - Structurally-controlled, Cu-rich 
massive sulfides, located near and below the 
basal contact, contain up to 11,100 ppb Pd 
and 8,300 ppb Pt. The nearby Grano Fault is 
inferred to have served as a conduit for the 
massive sulfides. 

Maturi deposit - Moderately high PGE 
values (up to 680 ppb Pd) are associated with 
the U3 Unit. However, the overall low PGE 
contents suggest that the Maturi deposit is too 
distal to3 a conduit (Birch Lake fault?). 



Highwav 1 Corridor area - High PGE values 
(up to 3,158 ppb Pd) are present within the 
basal unit beneath an anorthosite inclusion of 
formidable size. Recent thinking (Peterson, 
2001; Severson et al., 2002) suggests that the 
PGE is related to turbulent magma conditions 
beneath the inclusion and proximity to a 
magma conduit (Birch Lake fault). 

South Filson Creek deposit - Located well 
above the base of the South Kawishiwi 
intrusion are Cu-Ni mineralized rocks with 
PGE values up to 2.6 ppm Pd. High PGE 
values are present in a limited set of drill 
holes along a northeast trend and are inferred 
to be related to hydrothermal redistribution of 
PGE along a subsidiary fault zone. 

DISCUSSION 

In all of the above instances, the PGE- 
enriched zones are related to one or more of 
the following three conditions: 1) PGE 
horizons are often in close proximity to, or 
even hosted by, ultramafic layers - this 
suggests that the PGE were deposited via 
magmatic processes (magma mixing); 2) 
distance fi-om the conduit appears to have 
been important as PGE contents exhibit 
progressively decreased values with 
increased distances from the conduit; and 3) 
reactivation of the conduits, especially in the 
case of the Birch Lake fault, appears to have 
been important during later hydrothermal 
events that locally reconcentrated the PGE. 
In most instances, high PGE values at each 

of the deposits are associated with high Cu + 
Ni values. When Pd+Pd versus Cu+Ni plots 
are generated for each of the deposits 
(Severson and Hauck, 2003), it is readily 
evident in the plots that each of the deposits 
exhibits different Pd+Pt:Cu+Ni ratios. 
Interestingly, the deposits with the steepest 
ratios, for example Dunka Road and the 

Highway l Corridor area, are inferred to be 
closer to inferred conduits. 

Another way of looking at the relationship 
of high PGE to high Cu contents is by 
plotting CdS ratios against Pd+Pt. In these 
plots, progressively higher PGE contents are 
generally accompanied by progressively 
higher CdS ratios indicating that rocks that 
contain chalcopyrite as the dominant sulfide 
also contain the highest amount of PGEs. 
Interestingly on the plots, rocks where the 
CuIS ratio exceeds the ratio for chalcopyrite 
the corresponding PGE contents drop off 
dramatically. This relationship suggests that 
PGE may have only been concentrated in the 
earliest stages of a hydrothermal event 
(approaching chalcopyrite ratios), which 
depleted the fluid in PGEs, and that 
continuedllater deposition from the remaining 
hydrothermal fluid (exceeding chalcopyrite 
ratios) formed zones of Cu-rich sulfides 
(talnalkhite, bornite, etc.) with relatively little 
PGE. 

PLATINUM GROUP MINERALS 

To date, 33 formally recognized PGM and 
numerous Pd/Pt-alloys have been identified 
in the Duluth Complex. In essence, a wide 
variety of PGM are present in many of the 
Cu-Ni deposits. Sperrylite, moncheite, and 
taimyrite are the most commonly identified 
PGM. The PGM occur in at least ten 
different settings that include: l )  within 
interstitial sulfides; 2) as small inclusions in 
sulfide halos in plagioclase laths that 
surround a large interstitial sulfide; 3) along 
plagioclase lath boundaries; 4) along 
plagioclase cleavage immediately adjacent to 
interstitial sulfide; 5) within and on the rims 
of small interstitial sulfides; 6) within 
orthopyroxene-sulfide symplectite grains; 7) 
within oxides; 8) within late subpoikilitic 
plagioclase; 9) within chlorite-filled veins 



and patches (hydrothermal); and 10) within 
chalcopyrite veins that connect earlier 
interstitial sulfides. The overall setting of the 
PGM indicate that they formed by late 
magmatic and early hydrothermal processes. 
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ABSTRACT: The both large layered intrusions belong the Baltic large igneous province of 
the siliceous high-Mg (boninite-like) series (SHMS), which occupied the eastern part of the 
Fennoscandian Shield (Sharkov et al., 1997). Judging from isotopic-geochemical data, in 
formation the SHMS magmas important role played assimilation by high-temperature mantle- 
derived magmas of the Achaean crust during their ascending to the surface. The intrusions 
have complicated inner structures and replenishment of fiesh magmas into solidified intrusive 
chambers occurred during their solidification. PGE mineralization in studied intrusions 
practically did not depend on processes of the crystallizing differentiation. It appeared either 
in marginal zones or linked with new portions of enriched in ore components magma, which 
penetrated into intrusive chambers and formed PGE-bearing reefs. MPG in them represented 
by bismuthides, tellurides, arsenides, etc., not typical for the common mafic-ultramafic rocks 
and evidences about assimilation of Archean crustal material, especially supracrustal one; 
addition PGE were, probably, extracted fiom supracrustal rocks (komatiites, black shales, 
etc.) also. 

1 OBSERVATIONS Monchegorsky complexes), show, that they 
were long-live magmatic centers above 

It is common lmowledge that the protuberances on the surface of the 
Paleoproterozoic large layered intrusions superplume and discuss petrological 
represent one of the main type of the PGE problems of formation of their PGE 
deposits. From this viewpoint, the eastern of mineralization. 
Fennoscandian Shield is the largest potential 
source of the platinum group elements (PGE). 1.1 Burkovka layered complex 
There are more than 10 only large such 
intrusions, excluding numerous small bodies. The largest in the Europe Burakovka 

All of them are parts of the Baltic large layered complex about 720 km2 in area is 

igneous province (BLIP) of the siliceous located in Southern Karelia (Russia). It is 

high-Mg (boninite-like) series (SHMS) formed by two independent intrusions: 

(Sharkov et al., 1997). In this communication Aganozero and Shalozero-Burakovka bodies 

we consider geological features of the BLIP'S which are adjoined each other by their upper 

largest layered intrusions (Burakovka and parts to forming a single massif on the Pre- 
Quaternary erosional level. Both bodies have 



close rock sequence including five 
differentiated zones (upwards): ultrabasic 
rocks, pyroxenite, gabbronorite, pigeonite 
gabbronorite, and magnetite gabbro-diorite 
(the latter found only in the Shalozero- 
Burakovka body). Being generally close to 
each other, these bodies differ notably in their 
cumulate stratigraphy and, to a lesser degree, 
in composition. According to petrological 
data, their solidification occurred from 
bottom to roof and happened under 
conditions of constant replenishment of fresh 
magmas into hardened intrusive chambers. It 
follow S from disturbances of cumulate 
stratigraphy, complicated character of cryptic 
layering and presence of marker horizons - 
thin interlayers of high-temperature 
ultran-lafic cumulates among sequence of 
lower-T ones. 

The both bodies derived from the SHMS 
magmas, however, they distinctly differ on 
their cumulate stratigraphy, geochemistry and 
isotopic-geochemistry as well as age 
(Chistyakov et al., 2002). According isotopic- 
geochronological data (Sm-Nd isochrons), 
Aganozero body solidified about 50 myr later 
then Shalozero-Burakovka one: their ages 
yielded in 2372*22 Ma and 2433*28 Ma 
consequently. 

There are four types of the PGE 
mineralization here. The first one was linked 
with gathering the PGE during formation of 
the chromitite horizons in ultramafic zones of 
the bodies. The highest contents of Pt and Pd 
is 1.2 and 3.2 ppm consequently under PtIPd 
ration 2.4 in small-scale layers to 0.2-0.4 - in 
the Main Chromite Horizon (MCH). Minerals 
of the platinum group (MPG) are represented 
here by predominating sulfides OS, Ir and Ru 
of laurite-erlichmanite group, and alloys Pt 
with Fe, Cu and Ni of the isoferroplatinum- 
awanlite series. Sulfides are included into 
chronlite grains, and alloys are in the cement 
of the ores. 

The second type of the metallization found 
on the lower and upper boundaries of the 
Pyroxenite zones of the both bodies and 
represented by low-sulfur pentlandite- 
chalcopyrite-pyrrhotite PGE mineralization 
(PtPtl = 0.2-1.0). Correlation between 

quantity of PGE and sulfides is distinct. MPG 
represented by tellurides and bismuthides of 
Pt and Pd. Such type of mineralization is 
better evolved in the Aganozero intrusion, 
where it locates along periphery of a body of 
metasomatic pyroxenites. 

The third type of the mineralization was 
established within Banded subzone of 
Gabbronorite zone in the Aganozero 
intrusion, where the highest concentrations of 
the PGE confined to places of pentlandite- 
chalcopyrite or chalcopyrite-pyrite 
associations between the first and second 
peridotite marker horizons and within them. 
Among PGE Pd predominates; platinoids are 
represented by minerals of row kotulslute- 
merenskyite. 

The fourth type of the PGE mineralization 
was locally found in the sulfide-bearing 
gabbroids of the marginal groups of the both 
bodies. 

1.2. Monchegorsky layered complex 

The second on size Monchegorsky 
complex about 550 km2 in area locates in the 
center of the Kola Peninsula. It was 
undergone by powerful tectono-magmatic 
processes c. 1.95 Ga ago, which transformed 
it to a system of tectonic blocks (Sharkov et 
al., 2002). The complex is formed by two 
bodies, divided by large Monchetunda fault: 
Monchegorsky nickeleferous pluton (MP), 
where ultramafic cumulates predominate, and 
essential mafic Monche-Chuna-Volch'ikh 
Tundras (Main Ridge) massif. Our studies 
showed that the both bodies are independent 
intrusions. They also derived from the SHMS 
magmas, but differ in their cumulate 
stratigraphy, geochemistry and ore 
mineralization. According to isotopic- 
geochronological data, the massif of the Main 
Ridge (c. 2.45 Ga) approximately 50 myr 
younger then Monchegorsky pluton (c. 2.5 
Ga). Mineralization only the MP will be 
discussed below. 

In vertical section the MP consists on 4 
zones: (1) lower Marginal (mainly norites 
and gabbronorites), (2) Peridotite (Ol+Crt 
and 01+0px*Crt cumulates) with rhythmic 



alternation peridotites and orthopyroxenites are linked with features of their parental - .  

in its upper part, (3) Pyroxenite (Opx magmas origin and mechanism of the 
cumulates) and (4) Norite (Opx+PlkCpx intrusions formation. 
cumulates). Large dunite (Ol+Crt cumulate) 
lens with economic chromite deposits locates Features of the layered intrusions formation. 

in the western Part of the pluton. It's western Petrological studies of each layered bodies 
continuation was cut by M~r~hetundras fault. of the both studied complexes showed that they 
The lens lies on the pyroxenites of the 3d solidified from bottom to top and 
zone and it's origin is not clear yet. replenishment of portions of fresh magmas into 

Ore deposits of the MP have a clear hardened intrusive chambers played essential 
stratigraphic position. The bottom lode of role. As a result, complicate processes of 
disseminated and vein-let CU-Ni sulfides crystallizing differentiation and mixing fresh 
evolved within the Marginal zone. Above it, and evolved magmas occurred here. As a 
near boundary with the Ikridotite zone, result, cumulates in general varied in 
evolved specific Cu-(Mgt)-Pt mineralization, composition from ultramafic to mafic upwards. 
which is f~rmed by numerous small If new portion of melt was heavier then 
chalcop~rite veins, a~riched in the PGE evolved magmas in the chamber, this melt 
(mainly bismuthides and tellurides of Pd and spread out along the temporary bottom, 
Pt). The major ore field of the MP, f~rmed by forming a special layer (marker horizon or 
series of subvertical veins of massive Cu-Ni reef). Such layers often differ from adjacent 
sulfides, occurred within the Peridotite zone, cumulates in geochemical and isotopic- 
pinching out both to up and down. The PGE geochemical features which indicate specificity 
content in the massive ores is -3-4 ppm. of their magmas origin. 

Horizon of thin-layered peridotites 2-3 m After solidification one of the chamber, 
thick with abundant disseminated Cu-Ni another intrusion with own feeder system could 
sulfides ("Ore bed of So~hcha") evolved in be appeared nearby in case of prolonged 
the middle part of the P~roxenite zone, on the existence of magmatic systems in question. 
Sopcha Mount. PGE mineralization (UP to c. Obviously, such a situation occurred in case of 
8 pm), represented by kotulskite, mereskyite, the studied complexes. 
sopcheite and sperrilite were found in its 
upper part. Another reef with low sulfur PGE Origin of the SHMS magmas. 

mineralization found in the Norite zone, For understanding of the platineferous reef 
where MPG form proper minerals an solid origin, it is necessary to consider the 
solutions in sulfides and sulpharsenides; the processes of generation parental SHMS 
MPG are represented by arsenides magmas. These melts on their geochemical 
and bismutoarsenides of Pd (Grokhovskaya et features were ,-.lose to the Phanerozoic 
al., 2003). Sulfides of the laurite-erlichmanite boninite igneous series related to subduction 
group, like in the Burakovka massif, found in zones. However, in the early 
chromitites of the Dunite lens. Paleoproterozoic they developed in the 

2. DISCUSSION AND CONCLUSIONS 
within-plate settings, which suggests another 
origin. Judging from isotope-geochemical 

It is noteworthy that numerous mafic- data, a source of these melts was strongly 
ultramafic layered intrusions (including depleted mantle and important role in the 
considered above), despite the fact that they SHMS magmas played large- 

 compose^ by similar cumulates and derived scaled assimilation of the Achaean lower 

from the same type of the SHMS magmas, crust d u h g  their ascending to the surface. 

have different mineralization and different The scenario of such assimilation looks as 
position of the platineferous reefs in their follow. It suggests that the mantle-derived 
cross-section. Obviously, these phenomena high-temperature parental magma ascended 



to the mantle-lower crust boundary where it 
began to form magmatic chamber 
(underplating). Because the solidus of mafic 
lower-lorustal rocks essential below a 
temperature of the primary high-Mg magma 
melt (.-l 600°C), subsequent events could be 
developed in the zone refinement mechanism, 
i.e. by melting of rocks in the chamber's roof 
and coeval crystallization near the bottom. 
Convection in the chamber mixed the melt in 
all volume, leading to generation of the 
SHMS magmas (Sharkov et al., 1997). 

These newly formed melts periodically 
arrived from the magma generation zone into 
hardened transitional cambers in the upper 
crust. How it was mentioned above, 
processes of the melt storage, crystallizing 
differentiation and mixing fresh and evolved 
magmas occurred here. Resulting melts from 
these chambers periodically outgoing to the 
surface!, forming lava sequences. Such 
chambers survived as layered mafic- 
ultramafic intrusions in consideration. 

Judging on appearance of ultramafic 
cumulates among lower-temperature ones, 
such chamber was periodically injected by 
mantle-derived melts 

Platlneferous reefs origin. How it follows 
from geological and geochemical data, PGE 
mineralization in the reefs of studied 
intrusions practically did not depend on 
processes of the crystallizing differentiation. 
It appeared either in marginal zones or 
because of new portions of enriched in ore 
compoiients magma, which penetrated into 
solidified intrusive chambers leading to the 
reefs appearance. MPG in them represented 
by bismuthides, tellurides, arsenides, etc., 
which not typical for the common mafic- 
ultramafic rocks and indicate assimilation of 
crustal material, which is in good agreement 
with suggested idea on the SHMS magmas 
origin. Ar that important role could play 
supracrustal rocks, contained S- and C1 
brines, which are necessary for extraction, 
transporting and following precipitation of 
the PG19. Some of supracrustal rocks could be 
enriched in PGE (metakomatiites, black 
shales, etc.), which addition was essential for 
the reef's formation. 

It pays attention that in chromite cumulates 
MPG are represented by laurite-erlichmanite 
group, which are typical for chromitites of 
the mantle restites. From this, probably, 
follows that initial melting occurred in 
strongly depleted mantle with podiform 
chromite deposits like Kempirsai one. At the 
same time main source of melts for the mafic 
cumulates with Pd and Pt was lower crust, 
contained Archean supracrustal layers, some 
of which were enriched in PGE. Thereupon it 
pays attention that Monchegorsky pluton, 
located within metasediments of the Kola 
suite, is the most ore-bearing instead of the 
Burakovka massif, situated in the Archean 
TTG rocks. (komatiites, black shales, etc.), 
specific melts were formed, provided for 
platineferous reefs. 

Evidently only such way it could be 
explained of different enrichment in PGE of 
petrological similar layered intrusions and 
suddenness of appearance of reefs in them. 
Probably, different PtPd rations in different 
reefs even within the single intrusion could 
be also explained by this contex. 
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The 22 17 Ma Shakespeare intrusion is part 
of the extensive 2.2 Ga Nipissing Gabbro 
suite in the Southern Province (Fig. l). The 
intrusion is hosted within 2.45-2.2 Ga 
Huronian Supergroup metasediments. Recent 
exploration work by Ursa Major Minerals 
Incorporated has highlighted a new style of 
Ni-Cu-(PGE) mineralization in the Nipissing 
Gabbro. 

The intrusion is a complex differentiated 
sill approximately 14 km in strike length and 
approximately 300 to 430m in thickness. It 
comprises two magmatic packages: 1) a 
Lower Package composed of unmineralized 
pyroxenite and gabbro, and 2) an Upper 
Package composed of mineralized 
melagabbro, quartz gabbro, and biotite quartz 
gabbro-diorite (Fig. 2). The Upper Package is 
variably chilled against the Lower Package, 
which suggests that the Upper magma series 
represents a second magma pulse into the 
chamber. Mineralized melagabbro dykes with 
compositions similar to melagabbros in the 
Upper Package intrude the Lower Package 

and may represent feeders to the Upper 
Package or apophyses of the Upper Package 
cutting downward into the Lower Package. 

Sulfides, including pyrrhotite, chalcopyrite, 
pentlandite and lesser pyrite, are present 
throughout the intrusion in varying 
proportions, mostly in trace amounts. The 
most significant mineralization occurs in the 
Upper Package at or near the contact between 
melagabbro and overlying quartz gabbro and 
in the melagabbro dykes, and is composed of 
heavily disseminated to net-textured (1 0- 
15%) sulfides (PO + Ccp + Pn). The 
mineralized zone contains abundant 
inclusions of quartzite, blue quartz eyes, and 
rare diorite. This zone has a diluted Probable 
Reserve of 7,301,000 tonnes grading 0.37% 
Ni, 0.39% Cu, 0.024% CO, 0.37 g/t Pt, 0.40 
g/t Pd and 0.20 glt Au (Ursa Major Minerals 
Incorporated estimate, 2005). 
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Figure 1. Regional geology of the Superior, Southern and Grenville provinces in the Sudbury area, 
illustrating the showing the locations of selected mineralized Nipissing Gabbro intrusions: 1 - Janes; 
2 - Davis-Kelly; 3 - Kelly; 4 - Makada Lake; 5 - Louis Lake; 6 - Lac Panache; 7 - Casson 
Lake; 8 - Big Swan; 9 - O'Brien; 10 - Shakespeare intrusion. The East Bull Lake suite of 
intrusions are also shown (RV - River Valley; D - Drury; W - Wisner; F - Falconbridge; SD - 
Shakespeare-Dunlop (Agnew); EBL - East Bull Lake; M - May). Figure from James et al. (2002). 

Rock fragments present in unmineralued area 
Figure 2. Schematic cross section of the Shakespeare Property (modified after H. Tracanelli). 



Figure 3. Primitive mantle normalized trace element variation for the Shakespeare intrusion. 
Normalizing values fiom McDonough and Sun (1995). 

The Shakespeare intrusion formed from a 
tholeiitic parental magma. Rocks from the 
intrusion are enriched in highly incompatible 
lithophile elements (LILE and LREE) with 
pronounced negative Nb-(Ta) and Ti 
anomalies relative to elements of similar 
compatibility. These geochemical features 
suggest that the parental magma for the 
Shakespeare intrusion underwent up to 50% 
crustal contamination (including both 
assimilated components and small 
xenomelts/xenoliths). These characteristics 
are comparable to other parts of the Nipissing 
Gabbro suite (Lightfoot and Naldrett, 1996), 
however, the Shakespeare intrusion appears 
to have undergone greater degrees of crustal 
contamination than most parts of the 
Nipissing Gabbro suite based on greater 
degrees of LREE enrichment, more 
pronounced Ta, Ti and Nb depletion, and the 
common presence of quartzite xenoliths. 

PGE abundances correlate strongly with 
Cu and Ni, suggesting that PGEs are closely 
correlated with base metal sulfides. Pd, Pt, 
and Ni behave incompatibly in the Lower 
Package, increasing in abundance with 
increasing stratigraphic height. In the Upper 
Package, Pd, Pt, and Ni are most abundant in 
the mineralized lower melagabbro and 
melagabbro dykes. Pd, Pt, and Ni are 
depleted in the rocks overlying quartz gabbro 
and biotite quartz diorite. Primitive mantle- 
normalized extended PGE plots of gabbros 
from the Lower Package and melagabbros 
from the Upper Package are enriched in Au, 
Pd, Cu, Pt, and Rh relative to CO, Ni, Ru, Ir, 
and Cr (Fig. 3). This geochemical signature is 
typical of melts that have undergone 
extensive degrees of fi-actionation 
crystallization. 

Estimates of the magma:sulfide mass ratio 
(R factor) are moderate, varying between 500 



and 1000. This is com~arable to manv other Elements, Canadian Institute of Mining, Metallurgy 
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segregation. The homogenization may have 
occurred en route or in a staging chamber. 
Crustal contamination and resultant sulfide 
saturation prior to the final magma chamber 
is also supported by variable clast types and 
mineralized potential feeder dykes. However, 
the occasionally delicate shape of the 
quartzite clasts suggests that they have not 
been carried far by the magma from their site 
of incorporation. 

Thus, this new style of Ni-Cu-PGE 
mineralization in the Nipissing Gabbro 
resulted from a three stage process: 1) 
intrusion and crystallization of the Lower 
Package magma, 2) crustal contamination 
and resultant sulfide-saturation in the 
magmas of the Upper Package immediately 
prior .to emplacement resulting in moderate- 
low R factors, and 3) intrusion of Upper 
Package magmas and suspended sulfides into 
the magma chamber, with heavier sulfides 
settling to the base of the second unit. 
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ABSTRACT. The Guli Massif, composed of a dunite core complex, surrounded by an 
alkaline to highly alkaline sequence and carbonatite intrusions, hosts economic PGE and Au 
placer deposits. This study focuses on the mineralogy and OS-isotopic composition of PGE 
nuggets collected from the Gule, Ingarinda and Bourlakovsky rivers. The PGE nuggets are of 
various type, dominated by OS-Ir-(Ru) phases and reveal consistent '870sl'880s ratios between 
0.1242 and 0.1252. This OS-isotopic composition coincides with that of chromites from the 
dunite core complex, indicating a common mantle source and derivation of the nuggets from 
the chromitites. 

1 INTRODUCTION economic phlogopite, clinohumite and REE 

The Guli Massif is located in the Kotui 
basin as part of the Maimecha-Kotui 
magmatic province, Taimyr Province, Russia. 
The massif has approximate dimensions of 35 
X 45 km, occupying an area of 1500 to 1600 
km2, and is, thus, the world's largest 
clinopyroxenite-dunite massif. It is composed 
of a dunite core complex with subordinate 
clinopyroxenite dykes and stocks and 
contains small disseminations to schlieren- 
type occurrences of Cr-spinel, particularly at 
the peripheries of the complex. The dunite 
complex is surrounded by various alkaline to 
highly alkaline intrusives and extrusives, and 
intruded by carbonatites. The Guli Massif and 
the nearby similar deposits (i.e., Kudga, Bor 
Uryakh, Magan and Odikhincha) host 

(rare earth element) deposits. In the 1980's 
large amounts of osmium dominant PGE + 
Au placers were found in recent and 
Quarternary alluvial, fluvial and terrace beds 
of the Ingarinda, Gule, Sabyda and Selinga 
rivers and their tributaries (Malitch & 
Lopatin 1997, Malitch & Thalhammer 2002). 

This study presents a detailed 
mineralogical and OS-isotope investigation of 
PGE (platinum group elements) nuggets, 
collected from placer deposits of the Gule, 
Ingarinda and Bourlakovsky (a tributary of 
the Ingarinda river) rivers. Furthermore, the 
OS-isotope results are compared with those 
from whole rock Re-OS data from the dunite 
core complex (drill core G17, McKelson et 
al. 2005, this volume), and with those from 
disseminated and schlieren-type chromitites 



from the southern part of the Guli dunite 
complex. 

2 ANALYTICAL TECHNIQUES 

PGE  o on cent rations and whole rock 
isotopic compositions were analysed by ICP- 
MS (incluctively coupled plasma mass 
spectrometry) techniques at the University of 
Leoben. The OS-isotopic composition of 
individual PGE nuggets were obtained with 
by N-TIMS (negative thermal ionization 
mass-spectrometry) at the All Russian Geol. 
Institute (VSEGEI) St. Petersburg, Russia. 

OS-Ir alloy Gule 

OS-Ir-(Ru) Gule 

comp. PGbA Gule 

composite Gule 

Table 1 Mineralogy and osmium isotopic composition 

of Guli PCrM 

Mineral Location Size pm n ' 8 7 0 s l ' 8 8 0 s  

OS Gule 1100-2000 2 0.1233- 

0.1243 

2500 1 0.1234 

1000 1 0.1231 

300-900 3 0.1241- 

0.1248 

300-1600 3 0.1244- 

0.1253 

OS Ingarinda 560 1 0.1243 

OS-Ir-(Ru) Ingarinda 300-530 23 0.124 1 - 
0.1256 

OS-(Ir, Ru) Ingarinda 280-470 4 0.1244- 

0.1245 

comp. PGM Ingarinda 340 1 0.1246 

composite Ingarinda 300-320 2 0.1247- 

0.1251 

OS Bourlakovsky 380 1 0.1244 

O S - ( R )  Bourlakovsky 220-260 3 0.1246- 

0.1250 

OS-(Ir, Ru) Bourlakovsky 250-380 7 0.1245- 

0.1246 

3 MINERALOGY OF THE PGE NUGGETS 

A total of 52 placer PGE nuggets have 
been investigated. These are mono-phase 
grains, such as native OS, ranging in size 
between 280x380 pm and more than 2000 
pm in diameter, predominantly OS-Ir-(Ru) 
alloys with sizes of 220x200 pm to 500x300 
pm, rarely up to 2500 pm in diameter, OS-(Ir, 
Ru) alloys, ranging from 280x280 pm to 
470x290 pm, and composite nuggets. The 
latter are Pt-Fe alloys + Ru-OS + laurite, OS- 
Ir-(Ru)-alloy + erlichmanite, as well as OS-Ir- 
(Ru) alloys with spinel, serpentine andlor 
olivine. The shape of the mono-phase grains 
vary from anhedral, subhedral to euhedral, 
where hexagonal crystal structure can be 
observed. A compilation of the nuggets 
investigated is illustrated in Table 1. No 
distinct characteristics in terms of shape, size 
and chemical composition, could be detected 
with respect to the different location of the 
placer nuggets. 

4 OS-ISOTOPE COMPOSITION OF PGE 
NUGGETS 

The OS-isotopic composition of the PGE 
nuggets show very consistent '870s/1880s 
ratios, varying in general between 0.1242 and 
0.1252 all over the Guli Massif (Fig. 1). No 
distinct difference between the OS-isotopic 
composition from the three different locations 
can be observed. Furthermore, the shape, the 
size and the mineralogical composition of the 
PGE grains do not have any significant 
influence on the 0s-isotopic composition. 
Three nuggets from the Gule river, i.e. native 
OS, and OS-Ir-(Ru) alloys exhibit the least 
radiogenic 1870s/1880s ratios (Fig. l). Five 
nuggets from the Ingarinda river (i.e. OS-Ir- 
(Ru) alloys and composite grains composed 
of either OS + olivine, or OS-Ir-(Ru) alloy + 



silicate) show slightly more radiogenic 
1870s/1s8~s ratios (Fig. 1). 

Osmium isotopic composition PGM from Guli Massif 

I t . o . n . ~ . n . a . J  
0 10 20 30 40 50 60 

PGM 

Fig. 1 The ratios are relatively constant independent of 

locality and mineralogy. 

5 OS-ISOTOPES OF DUNITES AND 
CHROMITITES 

Preliminary results of PGE concentrations 
and whole rock 0s-isotope compositions 
from selected dunites (drill core G17, see 
McKelson et al. 2005, this volume) and 
disseminated and schlieren-type chromitites 
of the Guli dunite complex are presented in 
and Figure 2. 

Guli chromitites 

0s  Ir Ru Rh Pt Pd Re 

PGE 

Fig. 2 Low total PGE concentrations and high 
IPGEPPGE ratio are characteristic for Guli 

PGE concentrations are generally very low 
in the dunites (McKelson et al. 2005, this 

volume). Also the chromitites show low PGE 
concentrations with OS up to 24 ppb, Ir up to 
16 ppb, Ru up to 65 ppb, and very low PPGE 
concentrations (I l ppb). The mantle 
normalized PGE patterns of chrornitites 
exhibit slight enrichment in IPGE and a 
significant depletion in the PPGE (Fig. 2), 
similar to those from ophiolite deposits. 

Preliminary 0s-isotopic results from the 
chromitites are in accordance with those of 
the PGE nuggets, whereas the dunites 
revealed slightly more radiogenic 1870sl'880s 
ratios up to 0.1269. 

OS isotopic compositions 
Speik Complex, Austria 

0.140 

0 pyroxenites 
I I I I I I 

0 5 10 15 20 25 30 
sorted results 

Fig. 3 The range within one complex exceeds the 
range for the upper mantle in Central Europe (data 
Meisel unpublished data and Melcher and Meisel 
2004) 

6 DISCUSSION AND CONCLUSIONS 
The 0 s  isotope data of the PGE nuggets 

investigated revealed very consistently low 
'870s/1s8~s ratios through out the entire 
dunite complex, lower than that of the 
primitive upper mantle (i.e. 1870s11880s ratio 
of 0.1296, Meisel et al. 2001). The shape and 
the composition of the nuggets obviously 
does not have any influence on the Os- 
isotopic composition. The very narrow range 
of the 187~s/1880s ratios clearly contrasts with 
those of ophiolitic deposits (taking the 



Kraubath Massif from the Eastern Alps as a 
representative example, Fig. 3), indepen- 
dently whether the Os-isotopic composition 
of single PGE mineral phases (Malitch et al. 
2003), or whole rock OS data are taken into 
consideration (Fig. 3). 

This indicates i) a common primitive 
mantle source for the PGE, ii) formation of 
PGM (platinum group minerals) in one single 
event during the evolution of the Guli Massif, 
and iii) that the Re-OS system of the PGM 
remained closed from the time of formation 
of the PGM until now. This also implies that 
the Re-OS system has not changed during the 
formation of the PGE placer deposits. 

The 1870s/'880s ratios of the disseminated 
and schlieren-type chromitites from the 
dunite core complex also revealed low 
'870s/188~s ratios, well overlapping with 
those of the PGE nuggets. This indicates that 
PGE nuggets derived from the same source as 
the chromitites of the Guli dunite core 
complex. The preliminary Os-isotope data 
from the dunites, i.e., slightly more 
radiogenic than those of the chromitites and 
PGE nuggets, can be explained by the decay 
of Re, possibly hosted in rare sulfides of the 
dunites, whereas the PGM lack Re. 
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ABSTRACT On the basis of petrologic features and detailed mineralogical composition of 
sulfide ores, PGE minerals distribution has been established in marginal zones of the 
Chineisky Layered Pluton. The specific geochemistry-mineralogical zonality of the PGE 
assemblage from the intrusion's core to it's margins corresponds to progressive variations in 
thermal gradients. The suite of Pd-minerals change outwardly in the same direction as: Pd-Sn 
-+ Pd-As -, Pd-Sb --, Pd-Te 4Pd-Bi. Speryllite (PtAs2) is dispersed throughout the profile; 
however, isoferroplatinum (Pt3Fe) and cooperite (PtS) have been observed only in the central 
portions of the intrusion. The formation of PGE minerals suite is connected to the meta- 
magmatic processes, which include auto-metamorphic and auto-metasomatic reactions, with 
further propylitic alteration due to fluid-magmatic evolution within the Chineisky Pluton. 

1 INTRODUCTION 

The Chineisky Layered pyroxenite-gabbro- 
anorthosite Pluton is located in the southern 
margin of the Siberian Platform, on the 
western part of the Aldan Shield, within the 
host carbonate-terrigenous rocks of the 
Udokan Group (PRlud). This Massif of 
gabbroic rocks is a large lopolith with surface 
area of about 150 km2 and the thickness up to 

Fig. l .  l -Quaternary sediments; 2-host carbonate- 
iron-titanium-vanadium and te,genous rocks of the Udokm Group (PR,ud); 3- 

nickel-co~~er-sulfide ores, accompanied by granitoids of the Ingamakit Complex (PZ3), including 
PGE and Au-Ag mineralization occur in the Chineisky Pluton: 4-Ti-rich gabbroids; 5-Ti-magnetite 
Chineisky Pluton (Fig. 1). The most ores; 6-Ti-poor gabbroids; 7-quartz diorites and 

important scientific results of the geology, monzodiorites; 8-sulfide ores; 9-borehole number; 10- 
sampling sites. 

petrologic composition, and mineralogy- 
geochemical aspects of the Chineisky Pluton 2 PETR~LOGIC SUMMARY 
have been described by Konnikov (1986), 
Gongal'skiy & Krivoluckaya (1993, 1999), The Chineisky Pluton comprises several 
Tolstykh et al. (2000, 2004), and Zhitova et mafic rocks units, which are layered in the 
al. (2004). central zone of the intrusion. Pyroxenite with 

norite, and gabbro-norite are common rock 



types in deep horizons, and anorthosite with 
Ti-magnetite layers are predominate in the 
higher positions of the central zone. 
Orthopyroxene (from bronzite to 
hypersthene, Fe#-0.23-0.37), Ti-augite (Fe#- 
0.45-0.50), plagioclase (No. 50-60), and 
brown hornblende are the main minerals in 
gabbroic rocks. These rocks also contain Ti- 
magnetite, ilmenite, apatite, Al-spinel, 
titanite, rutile, and sulfide mineralization. 

The specific zonality of mineral 
composition has been observed in gabbroic 
rocks from the central core to the eastern 
contact zone of the intrusion. Typically, 
homogen~ous gabbro in the central zone of the 
intrusion transforms to gabbro-diorite- 
pegmatite, and monzodiorite bodies, with 
lenses of granite at the marginal zones of 
intrusive. The common minerals in the 
intrusion marginal zones include hornblende, 
diopside-augite, biotite (Fe#-0.55-0.58), 
orthoclase as the overgrowth of primary 
plagioclase, actinolite, chlorite, epidote and 
quartz and in intergranular spaces of these 
minerals. 

This petrologic zonality from the central to 
contact zones of the intrusion is the result of 
meta-m,agmatic processes, which include 
auto-metamorphic and auto-metasomatic 
reactions, with further propylitic alteration 
due to fluid-magmatic system evolution in 
the Chineisky Pluton. 

It is significant that the increase of sulfide, 
PGE, atnd Au-Ag mineralization is fixed to 
the direction from the central to marginal 
zones, ,according to the petrologic zonality. 

3 MINERALOGY OF SULFIDE ORES 

Sulfide mineralization generally occurs at 
the lower contact of the intrusion with host 
rocks and forms either as impregnations in 
gabbrc~ic rocks, or as a veined stockwork 
within a 20 m thick impregnation envelope of 
skarn and hornfels. Endo-contact and exo- 
contact types of sulfide mineralization can be 
distinguished according to their localization. 

Typically, endo-contact sulfide ores are 
located as the zonal 'droplet' nests of 
pyrrhotite intergrowths, cubic modification of 
chalcopyrite, and pentlandite surrounding Ti- 

magnetite and ilmenite segregations. 
Formation of endo-contact sulfide ores is 
related to the separation of sulfide droplets 
from a primary basic melt and the 
crystallization history of the Chineisky 
Pluton. 

Exo-contact sulfide ores are represented by 
tetragonal chalcopyrite with a broad 
replacement by bornite, covellite, and 
lepidocrocite in fissures due to oxidation. 
Small amounts of pyrrhotite, maucherite, 
nickeline, gersdorffite, violarite, millerite, 
siegenite, and others were also identified in 
ores of the veined stockwork and 
impregnation envelope in the altered 
sandstone. Exo-contact sulfide stockworks 
cut endo-contact sulfide ore bodies. The 
location of stockwork is related to fracturing 
processes near the contact of the intrusion. 

4 PGE, AU, AND AG CONCENTRATION 

Significant PGE, Au, and Ag contents 
occur in both exo-contact and endo-contact 
ore types. PGE minerals, Au-Ag alloys and 
PGE solid solutions in maucherite and 
gersdorfite have all been identified (Table 1). 

The concentration of Ag predominates over 
Au one in both ore types, and reaches up to 
15 ppm in endo-contact and up to 160 ppm in 
exo-contact ores. At the same time Au 
concentration runs up to 1 .l and 2.7 ppm in 
endo-contact and exo-contact ores 
respectively. Kiistelite dominates over 
electrum among the Au-Ag alloys, and 
hessite (Ag2Te) is frequently identified. The 
Ag:Au ratio in both sulfide ore types 
averages 250: l .  

The concentration of Pd predominates 
among PGEs, and reaches up to 1.5 ppm in 
endo-contact and 17.4 ppm in exo-contact 
ores. The Pd phases are represented by 
dissolved form in addition to mineral form. 
The ratio Pd@t varies from 5 to 100 due to 
heterogeneous distribution of Pd-minerals in 
ores. The overall Pt concentration in ores is 
insignificant, and generally averages about 10 
ppb; however sperrylite (PtAs2) appears as 
the predominant PGE mineral. 

Positive correlations have been observed 
between Au+Ag and PGE-with-Cu in 



Table 1. The content of precious and base metals (g/t) in igneous and host rocks of Chineisky massif 

The place Rock Sampl 
of sample type eNo. Au Ag Pt Pd Rh CO Ni Cu S 
borehole 58 gabbronorite ch 3 0,090 0,70 0,12 0,09 0,012 118 413 1748 650 

gabbro ch 5 0,180 1,10 0,10 0,92 0,029 80 250 3404 650 
gabbro ch 6 0,120 1,06 0,07 0,51 0,018 53 183 2134 640 
gabbro ch 7 0,110 1,20 0,06 0,41 0,026 66 226 2024 600 

borehole 6 1 gabbro ch 15 0,200 0,70 0,04 0,01 0,006 73 254 1693 610 
gabbro ch 16 0,038 0,29 0,05 0,12 0,002 80 368 2400 770 
sandstone ch17 0,014 0,63 0,02 0,44 0,011 39 98 184 1600 
sandstone ch 18 0,052 0,54 0,09 0,42 0,002 204 741 410 3080 

borehole 24 monzodiorite ch 21 0,200 0,77 0,07 0,51 0,016 64 183 2852 650 
borehole 42 sandstone ch22 0,240 9,40 0,09 0,58 0,009 88 1229 6164 6980 
borehole 44 monzodiorite ch 23 0,076 0,53 O,11 0,64 0,032 21 1 914 650 3000 

sandstone ch24 0,200 1,10 0,22 1,00 0,030 242 939 1940 3950 
tranch monzodiorite ch 26 0,070 1,50 0,14 O,81 0,013 125 593 1060 1770 
402A sandstone ch 27 0,280 14,lO 0,43 7,00 0,028 80 494 2680 2800 

tranch 106 gabbro ch 28 0,110 2,80 0,07 1,04 0,048 67 230 41 10 790 
sandstone ch 29 0,560 4,lO 0,19 2,14 0,057 72 289 7452 1330 

tranch 3 1 1 gabbro ch 30 0,040 2,06 0,09 0,95 0,024 72 312 5060 1050 
sandstone ch31 0,150 4,85 0,18 0,62 0,021 77 300 11316 2020 

tranch 430 monzodiorite ch 32 0,140 2,40 0,22 1,52 0,052 60 390 8372 1150 
sandstone ch 33 0,480 4,85 0,36 7,69 0,062 57 304 6260 5570 

tranch 72 endocontact ch 34 0,530 10,80 1,30 9,72 0,057 60 605 3670 3560 
exocontact ch 35 0,440 62,50 3,48 15,28 0,078 136 1326 13770 13480 

The outcrop oxidized ore ch 40 0,060 1,13 0.76 1.30 0,038 47 247 1300 1280 
The outcrop sulphide ore ch 44 0,170 44,00 0,02 2,34 0,002 84 716 32000 27170 

Pd with As and Sn minerals were identified 
gabbroic of the pluton (fig. 2), at least from sample intervals in borehole 58 to 
as Occur in loo% sulfide phases. depths of 100-350 m. These include 
Probably, this data indicates that Au-Ag and palladoarsenide (pd2As) and Pt-bearing 
Pt-Pd mineralization are genetically related paolovite ( P ~ , P ~ ) ~ s ~ ) ,  along with spenylite 
through the chalcopyrite constituent of grains Cooperite (PtS), formed in Pt- 
endocontact chalco~~ri te-~~nhot i te  Ores. Fe alloys, and rare grains of Bi-bearing 
Contrary the evidence in the endo-contact kotulskite (Pd(Te,Bi)) have been found in this 
sulfide ores (fige2), there is no observed interval, but Fe,Co,NiAsS minerals are 
relationship between Pt, Ag, Au and absent. The suite of PGE minerals changes 
in the mineralized sandstone in exo-contact near the contact of gabbroic rocks, as 
zones (Tolstykh et al., 2004). observed in the profile of borehole 58 to 

5 PGE MINERALOGY depths of 400-650 m. The quantity of Pd-As 
grains decreases and Pd-Sb phases begin to 

The new data of PGE mineralogy have occur as Bi-bearing sudburyite (Pd(Sb,Bi)) 
been obtained at present on the basis of study and stibiopalladinite (Pd5Sb2), which 
the samples from boreholes 58 and 61, which frequently occur in (Fe,Co,Ni)AsS and 
intersected the marginal zone of the intrusion. Nil 1Ass or NiAs. 
Borehole 58 is localized among gabbro- PGE mineralization in monzodiorite is 
diorite-pegmatite, whereas the borehole 61 found in sample intervals of borehole 61 to 
crossed the propylitic altered monzodiorite depths of 200-239 m. Mineralogically, they 
with lenses of granite and host hornfels are represented by Pd-Sb and Pd-Sb- Te 
sandstones (Fig. 1). inclusions in predominantly maucherite or 

nickeline. In addition, Fe,Co,Ni sulpho- 



arsenides replace Ni-As phases. 
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Figure 2. The correlation of PGE, Au, Ag and Cu in 
sultide ores. 

Also cobaltite or gersdorfite contain PGM 
inclusions and hessite (AgzTe).The same 
minerals remain in mineralized sandstone to 
depth of 239-270 m, but the abundance of the 
Pd-Bi and Bi-bearing phases appears in the 
exo-contact zone, including fioodite (PdBi2), 
sobolevskite (PdBi), michenerite (PdBiTe), 
and Bi-bearing sudburyite (Pd(Sb,Bi)). 
Sulphoarsenides in exocontact ores include 
the relics of maucherite and nickeline. 

6 CONCLUSIONS 

The investigation results above have shown 
that tlhe geochernistry-mineralogical zonality 
of PCiM assemblage from near the plutonic 
center to the contact zone corresponds to a 
progressive thermal gradient away fiom the 
intrusive center. The suite of Pd-minerals 
changes at the same direction: Pd-Sn + Pd- 
As -+ Pd-Sb + Pd-Te +Pd-Bi, with a 
successive substitution of others elements for 
each. Pd-paragenesis is accompanied by 
replacement of Ni arsenide by Ni,Fe,Co- 
sulphoarsenides in the direction of the contact 
zone. PtAs2 is dispersed throughout the 

profile; however, Pt3Fe and PtS have been 
observed only in or near the plutonic center. 

The primary magmatic concentrations of 
precious metals in endo-contact sulfide ores 
occurred under the influence of magma- 
togene and post magmatic hydrothermal fluid 
processes. Precious metals were redistributed 
in fractures near contact zones where sulfide 
ore stockwork formed. The mineral-forming 
processes led to the crystallization of PGM- 
bearing assemblages, and distribution of 
numerous Pd concentrations in marginal 
zones of the Chineisky Pluton. 
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ABSTRACT. Chromitite samples from the Mugla-Isparta-Antalya areas, in southwest 
Turkey, are found to contain a large number of primary inclusions of platinum-group mineral 
(PGM) and mafic silicates. The chromite ore bodies are surrounded by dunite envelopes 
which show transitional boundaries to various degree of depleted mantle harzburgite. The 
chromites have high cr-number [Cr/(Cr+Al)=O.72-0.821 and mg-number 
[ ~ ~ / ( ~ ~ + ~ e ~ + ) = 0 . 5 9 - 0 . 7 2 ] .  The most common inclusions in the chromites are olivine and 
clinopyroxene as well as the hydrous minerals amphibole and phlogopite. Almost all mafic 
silicates are rich in Cr203 and have high mg-number. The platinum-group element (PGE) 
mineralogy consists of sulphides (laurite, erlichmanite, kashinite), sulpharsenide (irarsite), 
native PGE consisting of OS and Ir alloys and one unidentified (Ru,os)(C~,Ni)~ compound. 
Bulk rock PGE contents of the chromitites are similar to other ophiolitic chromitites 
elsewhere, ranging from 98 to 390 pbb with Pd/Ir ratios between 0.055 and 0.353 which show 
the unfiactionated nature of the mantle chromitites. Hydrous mafic silicate and PGM 
compositions in the chromitites imply that they formed in supra-subduction setting 
environment, under high activity of fluids and wide range of sulfur fugacity conditions. 

1 INTRODUCTION accessories base metal sulphides (BMS) and 

Lens-like chromitite bodies are widespread alloys (BMA). Serpentine and chlorite are 

in Cretaceous ophiolitic rocks of SW Turkey also present as inclusions in chromite. 

(Mugla-Isparta-Antalya) (Fig. 1). They have Although ophiolitic rocks with chromitite 

relatively sharp contacts with surrounding bodies are extensively distributed in Turkey, 

dunite envelopes hosted by harzburgite, and their PGE contents and PGM assemblages 

are found as massive, disseminated and have been poorly studied. 

nodular types. Chromites of the SW Turkey chromitites 

Limited primary olivine is preserved in the have primary inclusions of olivine and 

matrix of the chromitites which is composed clinopyroxene, with primary hydrous silicates 

mainly of chlorite and serpentine with such as edenite, tremolite and phlogopite. 
Olivine inclusions usually vary in shape from 



rounded t.o euhedral, reaching up to 200 pm 
in size while clinopyroxene inclusions are 
small grains up to 40 pm and most common 
minerals in chromitites investigated. 
Secondary minerals serpentine and chlorite, 
possibly alteration product of olivine, occur 
as intergrowths and tend to form large 
inclusiorls that are usually linked by fractures 
to the m;&ix. 

Fig. 1. Distribution of ophiolites in western 
part of Turkey and location of the study area. 

Although primary hydrous mineral and 
PGM inclusions are common in chromite of 
ophiolite complexes and layered intrusions of 
the world, this is the first report on primary 
hydrous silicate and PGM inclusions in 
chromite from the SW Turkey chromitites 
included in Cretaceous Ophiolite Belt. 

2 AN.ALTICAL TECHNIQUES 

Electron probe microanalyses (EPMA) 
were carried out on chromite, PGM and 
silicate inclusions with CAMECA SX-100 
and CAMECA SX-5 1 wavelength dispersive 
electron microprobe at the Institute of 
Mineralogy and Petrology of the Hamburg 
University and Mineralogical Institute of 
Heidelberg University, respectively. 
Analytical conditions operated were 15-20 
kV accelerating voltage and a beam current 
of 20 nA, with a beam diameter of less than 1 

pm. The amounts of ferric and ferrous iron 
were calculated assuming stoichiometry for 
spinel. Whole rock PGE analyses of 
chromitites were obtained in the Genalysis 
Laboratory, Australia, by NiS-ICP-MS. 
Detection limits were 2 ppb for OS, Ir, Ru, Pt, 
Pd, l ppb for Rh and 5 ppb for Au. 

3 MINERAL CHEMISTRY 

3.1 Chromite Chemistry 

Chrome spinels, forming ore-bodies in the 
SW Turkey are usually fresh and contain a 
large number of inclusions such as silicates, 
sulphides and alloys. They are almost 
uniform in core-composition, showing high 
cr-number (0.72-0.82) and mg-number (0.59- 
0.72) with low Ti02 contents (<0.34 wt%), 
except one sample with cr-number of 0.62. 

Temperature estimates based on the Fe-Mg 
exchange of spinel and olivine are low for 
highly magnesian olivine inclusions in 
chromian spinel. For SW Turkey chromitites, 
570-680 'C is calculated by using the 
calibration of Ballhaus et al. (1991). 
Calculated oxygen fbgacities for spinel- 
olivine assemblages in chromian spinel give 
values of ~ 1 0 ~ ~ 0 2 ) ~ ~ ~  1.1 1-2.40. 

3.2 PGM Inclusions 

PGE sulphides and alloys are the most 
common PGM in SW Turkey chromitites 
composed of laurite-erlichmanite series as 
sulphides and osmium and iridium as alloy. 
Very rare kashinite, irarsite and one 
unidentified (Ru,os)(C~,Ni)~ phase were also 
found for the first time from the SW Turkey 
chromitites. Selected EPMA of PGMs is 
given in Table 1. All PGMs, up to 30 pm 
across, found to be enclosed within fresh 
chromite. 

The OS content of laurite-erlichmanite 
varies from 5.73 to 45.50 wt% indicating 
variable amount of substitution of OS for Ru 



(Fig. 2a). Grains are usually homogeneous 
and contain Rh up to 4.77 wt%. Single phase 
kashinite were found enclosed in chromite 
containing 3.96 wt% Rh and stoichiometry 
corresponds to the formula (Ir1.75Rh0.18)t1.93 

s3.07- 

The irarsite with the formula 

@\ (Ir,Rh,Os,Ru,Pd)to.99 S 1.18 As0.84 is also found 
as composite inclusion with 0s-Ir alloy and OS ir 

contain 5.35 wt% Os+Ru. Ru-0s-Ir (at %) ternary diagrams for laurite- 
Subhedral to euhedral osmium and iridium erlichmanite series (a) and Os-Ir alloys (b) 

are the only PGE-alloys from SW Turkey from SW Turkey chromitites. 
chromitites and like the other PGMs, the 
grains of ''-Ir are occasionall~ Olivine is highly rnagnesian (forsterite, 
included within chromite. Up to 6.43 wt% Ru mg#=o.96-0.98) and contains high momts 
and Rh are Present in ''-Ir of NiO (0.60-1.12 m) and Cr203 (up to 
alloys (Fig. lb). Furthermore, anunidentified W%). For olivine in 
sing1e phase was detected, to harzburgite has lower mg-number, NiO and 
formula (Ru,Os)(Cu,Ni)2. Cr203 contents. 

Table 1. EPMA of PGMs (La: laurite; Er: Clinopyroxenes are diopside (Er47-53 FSO-2 
erlichmanite; Kash: kashinite; Irs: irarsite; mg#=0.96-0.99) and by far the most 
0s:  o § ~ u D &  IT: iddium; bdl: below detection inclusions in chromites. They 
limit) contain higher Na20 (0.03-1.14 wt%) and 
sample MFK MFH K-8 MKa K9 MFK Cr203 (0.87-2.53 wt%) but lower A12o3 
Probe 2-2 4-1-3 9 3-2-2 12 2-1 
W% La Er Kash I ~ S  OS I, (0.29-2.35 W%) contents than the accessory 
RU 39.19 19.31 bdl 4.23 6.43 4.51 clinopyroxene in harzburgite. Very rare 
Rh 0.72 0.19 3.96 3.06 0.77 0.68 
~d 0.13 0.03 0.17 bdl 0.42 anhedral orthopyroxenes in chromites are 
0 s  
Ir 

13.62 45.50 0.07 3.30 30.03 pure enstatite (Eng6 Fs4 Woo; mg#=0.96). 
10.21 5.63 73.21 52.40 41.19 63.36 

S 32.04 29.54 21.39 13.90 0.26 0.04 Amphiboles are generally highly 
As 2.52 0.80 bdl 23.14 0.34 0.16 
Total 98.30 101.10 98.66 100.20 99.98 99.20 magnesian (mg#=0.92-0.98), enriched in 
PFU Cr203 (1.46-4.36 W%) and Na20 (0.23-3.79 
RU 0.749 0.41 1 - 0.113 0.112 0.082 
~h 0.014 0.004 0.177 0.081 0.013 0.012 W%), and low in TiO2 (0.07-1.43 W%) and 
Pd - 0.003 0.002 0.005 
0 s  

0.0°7 K20 (up to 0.50 wt%). Edenitic to pargasitic 
0.138 0.515 0.002 0.047 0.474 0.289 

Ir 0.103 0.063 1.752 0.740 0.378 0.604 hornblende is common, and well defined 
ZMetal 1.004 0.996 1.933 0.986 0.977 0.994 
S .931 3.067 0.015 0.002 trend exists toward tremolite compositions. 
AS 0.065 0.023 - 0.838 0.008 0.004 Inclusions of mica are quite common in 
Total 3.000 3.000 5.000 3.000 1.000 1.000 

SW Turkey chromites. Na- and K-phlogopite 
3.3 Silicate Inclusions are identified. Both types are highly 

Olivine, clinopyroxene, amphibole and 
phlogopite are the common silicate inclusions 
in chromites studied. 

magnesian (mg#=0.94-0.99) and Ti02 
contents are always less than 1.33 wt%. The 
Na/(Na+K) ratio is between 0.6 1 - 1 .OO for Na- 
phlogopite and 0.04-0.57 for K-phlogopite. 



Table 2. EPMA of silicate inclusions in 
chrornlite (olv: olivine; cpx: clinopyroxene; 
edn: edenite; trml: tremolite; phl: phlogopite; 
na: not analvzed: bdl: below detection limit) 

d 

Mineral Olv Cpx Edn Trml Na-Phl K-Phl 
SiOz 41.77 54.89 45.02 57.76 41.32 41.09 
TiOz 
A1203 
Cr203 
Fe0 
NiO 

MgO 
CaO 
Na20 

bdl 
0.02 
1.36 
2.51 
1.01 

53.80 
bdl 
bdl 

0.04 0.51 0.07 0.29 0.42 
0.49 10.19 1.28 14.69 13.89 
1.61 4.34 1.51 3.55 2.77 
1.21 1.52 0.88 0.76 0.88 

na na na 0.80 0.62 
18.09 19.73 22.94 26.61 25.01 
24.83 12.74 13.34 0.14 bdl 

0.07 3.67 0.28 4.79 1.68 
K20 bdl 0.01 0.05 bdl 0.16 7.30 
Total 100.47 101.24 97.77 98.06 93.11 93.66 

4 PGE CONCENTRATIONS IN WHOLE- 
ROCK SAMPLES 

Bulk rock PGE concentrations of SW 
Turkey chromitites vary between 98 and 390 
ppb (Table 3). The mantle normalized 
patterns are characterized by slight negative 
slope 10s-Ir, and clear positive slope Ir-Ru, 
with negative slope Ru, Rh, Pt and Pd, 
similar to those characteristic of Alpine-type 
podifom chromitites. Although Pt and Pd 
contents in some samples below detection 
limit, Pd contents of some other samples 
shows slight positive slope (Fig. 3). PdJIr 
values vary from 0.055 to 0.353 which show 
an unfractionated nature of SW Turkey 
chromitites. 

5 CONCLUSIONS 

High cr-number and low Ti content, and 
Pt-Pd poor PGE concentrations indicate that 
the SW Turkey chromitites crystallized fiom 
boninitic magma generated by high degrees 
of partial melting of depleted mantle in supra- 
subduction setting. The PGM assemblages 
are typical for ophiolitic chromitites formed 
under high activity of fluids, causing 
crystallization of PGM and chromitite down 
to low 'r and relatively highAS2). 

Table 3. Average bulk PGE concentration 
(ppb) of chromitites from SW Turkey (n: 
sample number; mantle values are taken from 
McDonough and Sun, 1995) 

PGE Mugla Is~arta (n=3) Antalva (n=3) Mantle 

Total Q17 4 4 9  <23 8 
Min 127 98 105 
Max 304 176 390 

Fig. 3. Mantle normalized average PGE 
patterns of S W Turkey chromitites. 

The large number of hydrous silicate 
inclusions is a clear evidence for 
exceptionally high activity of fluids during 
the chromite crystallization. 
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ABSTRACT. The East Pana intrusion, part of the Fedorova-Pana layered Low-Proterozoic 
mafic complex, extends for at least 40 km from west to east. A Layered Horizon (LH) has 
been identified along its entire length and is composed of gabbro, gabbronorite, norite, 
leucogabbro and anorthosite. PGE-bearing sulfide mineralization has been discovered 
throughout the strike extent of the LH, At one particular location, towards the footwall of the 
intrusion, a continuously mineralized Productive Layer (PL) was discovered with high grade 
PGE mineralization. 

l GEOLOGICAL SETTING three large blocks: Fedorova, West-Pana and 
East-Pana intrusions. The intrusive complex 

The Fedorova-Pana layered intrusive 
is confined to the northern boundary of the 

complex is situated in the central part of the 
Lower Proterozoic Imandra-Varzuga 

Kola Peninsula. It is over 90 km long and up 
volcano- 

to 6-7 km wide at surface. The complex is 
split by transverse tectonic movement into 
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sedimentary belt. The age of the intrusion 
was determined by the U-Pb method from 
zircons and varies from 2,491+1.5 Ma for 
gabbronorite to 2,447 + 12 Ma for 
anorthosite. 

The East-Pana intrusion (EPI) extends for at 
least 40 km from west to east and dips 
southwest at 65-70' in the central area where 
the thickness of the EPI does not exceed 3.5 
km. The most common EPI rocks are coarse- 
to medium-grained leuco- to mesocratic 
gabbro (pCa) up to 2,400 meters thick. This 
gabbrc) zone hosts numerous layers of olivine 
gabbro (opCa) and gabbronorite (pabC). The 
lower part of the EPI stratigraphy is 
comprised of a gabbronorite zone up to 800 

meters thick composed mainly of mesocratic 
gabbronorite (pabC) with occurrences of 
olivine gabbronorite (opCba, opbCa) layers. 
This gabbronorite zone hosts the Layered 
Horizon (LH) and an olivine-enriched 
horizon (Fig. l). 

The thickness of the EPI decreases 
eastwards, eventually pinching out. It is also 
characterized by steeper layering with dips of 
80-85'. The far eastern part of the EPI is 
composed of gabbro and gabbronorite zones 
with reduced widths, as well as a thinned LH. 
PGE-bearing sulfide mineralization has been 
observed throughout this eastern extension. 
The lithologies of this zone are strongly 
altered and schistose. Sulfides and PGE- 



minerals appear to be remobilized by this drilling. The PL is composed of fine-grained 
tectonic process. gabbronorite (paCb) and hosts low-sulfide 

PGE-bearing mineralization. The lower part 
2. LAYERED HORIZON ( LH) of the PL is often typified by coarse-grained 

The LH is composed of leucocratic (pCa) 
and mesocratic (paC), significantly 
amphibolized gabbro at the base, and 
alternating thin layers of gabbronorite (pabC, 
pCab, pCba), gabbro (paC), norite (pbC), 
leucogabbro and anothosite (pCa, pc)  in the 
upper part. PGE-bearing sulfide 
mineralization occurs throughout the LH. 
Table 1 shows areas with good PGE 

. - 
potential. 

3. PRODUCTIVE LAYER (PL) 

massive norite and pyroxenite bodies (bCp) 
as well as nests of pegmatitic gabbroids. The 
upper contact of the PL and overlying 
massive medium-grained gabbronorites 
(pabC) is often very sharp and clearly 
distinguished with a thin (2-5 m) layer of 
massive fine-grained mesocratic gabbronorite 
(pabC) and frequent lenses of mottled 
pegmatitic gabbro. The lower contact of the 
PL is normallv less distinctive. The PL 
appears very similar to the PGE-bearing J-M 
reef of the Stillwater Complex (Naldrett, 
2003). PGE-mineralization located in the 

The Productive Layer (PL) was discovered upper part of the PL sometimes crosses into 
at East Chuarvi during 2004 and is located the overlying pegmatitic gabbro. 
about 200 m above the footwall contact with 
the underlying alkaline granites and lie in the REFERENCES 

of a Naldrett A.J. Magmatic sulfide deposits of Cu-Ni and 
gabbronorite unit (pabC). The average PL PGE ores. S-Petersburg, StP University, 2003,487 p. 

thickness is about 50 m and it has been traced Russia"). 

along strike for about 1.4 km with diamond 

Table 1. Extreme and average values of metals contents and ratios PdIPt, NiICu 

Type Area Pt, Pd, Au, PGE+Au, PdPt Ni, Cu, NiICu S, 

g/t g/t g/t g/t % % % 

LH 0.1- 0.1- 0.1- 0.3-21.0 0.01- 0.01- 0.05- 

Churozersky 3.42 17.81 0.66 0.42 0.66 0.70 

Predgorny 

East Chuarvy 17.2 67.5 4.16 0.55 1.19 -5.0 

1.97 4.27 0.23 6.28 2.2 0.04 0.07 0.57 0.20 
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ABSTRACT. The Merensky reef of the Bushveld Complex is highly variable but petrological 
and ge:ochemical details of facies types remain poorly documented. We describe a previously 
unrecognised variant of compound sulphide layers in the Merensky Reef of the eastern 
Bushveld Complex resulting in a highly PGE-enriched reef type. 

1 INTRODUCTION 

The Merensky reef of the Bushveld 
Compllex in South Africa is one of the 
world's largest single stratabound resources 
of PGE. However, after many years of 
intense mining operations and research 
activities details of the facies variations of 
Merensky reef remain relatively poorly 
documented. There is also only limited 
consensus as to its origin. The current study 
reports on one aspect of a detailed mine-wide 
investigation of Merensky reef in the eastern 
Bushveld Complex at Lebowa Platinum 
Mines. The study has recognized and 
documented important mining features (see 
Brown and Wilson; this volume) and has 
detailed compositional and textural features 
in the mining area. We report here on a 
hitherto undescribed highly metal-rich facies 
type of Merensky reef relating to distribution 
of PGE and mineralization style. 

2 THE BUSHVELD COMPLEX 

The Bushveld Complex is a large lopolithic 
intrusion of mafic and ultramafic cumulate 
rocks up to 10 km thick, formed from 
magmas that intruded the early-Proterozoic 
Transvaal Supergroup at 2.05 Ga. The 
primary magmas of the Bushveld Complex 
were largely of two types: tholeiitic magma 
and a magnesium-rich andesite. Mixing of 
these magmas is postulated to have been 
responsible for the origin and mineralization 
of the Merensky reef. There are five main 
lobes of the intrusion developed on a regional 
basis and this study relates to the eastern lobe 
in the Lebowa Mining area. The 
lithostratigraphy of the Bushveld Complex is 
a follows: the Lower Zone and the lower part 
of the Critical Zone comprising a sequence of 
ultramafic rocks (harzburgites and 
pyroxenites); pyroxenite layers, norites and 
anorthosites make up the Upper Critical 



Zone; the Main and Upper zones are mafic pyroxenite and underlying norite or 
rocks (gabbronorites and norites). anorthosite. In terms of mineral abundances, 

the 'pyroxenite' component ranges from true 
3 THE MERENSKY REEF pyroxenite to melanorite (commonly 

The Merensky reef is the mineralized 
portion of the pyroxenite component of the 
Merensky Cyclic Unit located close to the 
boundary of the Upper Critical Zone and the 
Main Zone. The pyroxenite layer of the 
Merensky Cyclic Unit ranges in thickness 

pegmatoidal), commonly as alternating 
layers. Orthopyroxene in the pyroxenite is 
cumulus and plagioclase is interstitial or 
oikocrystic and therefore contrasts with 
underlying anorthosites and overlying norites 
in which the plagioclase is entirely cumulus. 

from 1 - 10 m and gives rise to the so-called 3.1 Thick-reef Merensky Type at Lebowa 
narrow- and wide-reef types with associated Platinum Mines 
mineralized zones ranging from 10 - 200 cm 

The thick-reef facies of Merensky reef at 
in thickness. A widely held, but largely 

Lebowa Platinum Mines is a feldspathic 
incorrect assumption, is that the metal content 

pyroxenite up to 11 m thick containing 
of the Merensky reef is essentially constant 

several zones of sulphide mineralization. The 
irrespective of the thickness of the both the 

pyroxenite is coarse to medium-grained and 
mineralized zone or the enclosing pyroxenite. 

made up mainly of orthopyroxene with 
The pyroxenite is located at the base of the 

interstitial plagioclase and minor 
Merensky Cyclic Unit and grades upwards 

clinopyroxene. 
through melanorite into norite. The lower 
contact of the pyroxenite is usually marked 3.2 Sulphide and PGE mineralization 
by a narrow chromitite layer 0.5 to 2 cm thick 

The sulphide minerals (mainly pyrrhotite 
and acts as a sharp boundary between the 

and minor pentlandite and chalcopyrite) are 

S PP= Total W E  (ppb) IS @pm) WPd 
b 1 ~ ~ 3 8 8 O @ J a O O E O  l 2 4  J 5 C  7 8 0 1 2 J 4 5 6 7 8 9 1 9  

Cn - gabbronorite Chr - chromitite Peg - pegmatoid Fpyx - feldspathic pyraxenite 

Figure 1. Compound sulphide layers in enriched Merensky reef 



interstitial to the pyroxene and are either 
disseminated or form a variable net-texture. 

In this facies type, mineralization is located 
in four zones contained within the Merensky 
pyroxenite (see Figure). From the top down 
these art:: Zone 1- upper zone of gradually 
increasing sulphide over a thickness of 1 - 
2m; Zone 2 - a highly mineralized zone 
approxirnately 1 m in thickness of generally 
abundant sulphide and high PGE values; 
Zone 3 - an intermediate zone of thin and 
highly variable sulphide layers 5 - 10 cm in 
thicknes's; Zone 4 - a lower sulphide up to 
two metres in thickness containing uniform 
net-textured sulphide. 

The cumulative amount of sulphide and 
PGE in this type of Merensky reef is a factor 
of 5 to 10 times greater than that encountered 
in the more common reef types and points to 
a separate or compound mineralizing event. 
The highly mineralized Zone 4 has a 

progressive change in PGEIS and Pt/Pd 
superimposed on a regular distribution of 
sulphide indicating fiactionation of PGE 
relative to sulphide and between the various 
metals. This is also observed in Zone 1, but to 
a lesser degree because of the depletion of 
PGE in the system. These patterns contrasts 
with the highly erratic values observed in 
Zones 2 and 3 where decoupling of PGE has 
occurred. Chondrite normalized PGE patterns 
result in a variety of highly variable patterns. 

These data suggest that each of the 
mineralized zones represents separate event 
and that Zones 1 and 4 arose fiom the 
primary magmatic accumulation of PGE, 
whereas Zones 2 and 3 have been 
reconstituted and remobilized at a late stage. 
This study emphasises the importance of 
detailed documentation of facies types of the 
Merensky reef. 
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ABSTRACT. A flow-through chromatographic experiment was carried out to determine the 
ability of an oxidized, acidic, chloride-bearing solution to transport Pd through a column of 
crushed Columbia River basalt. An initial plug of solution containing 13.8 mg Pd/kg H20 was 
loaded onto the basalt column and eluted with an air-saturated, 1 m NaCl solution of pH 3. 
Even after 3374 hours of elution, corresponding to a fluid rock ratio of 1319, no Pd was 
detected in the eluent. The results suggest that very large amounts of oxidizing and acidic 
fluids are required to react with basalt in order overcome the acid- and redox-buffering 
capacity of the rock and to mobilize palladium. 

l. INTRODUCTION 

Thermodynamic calculations based on both 
theoretical predictions and experimental 
solubility studies indicate that significant 
amounts of Pd can be transported as chloride 
complexes at temperatures < -400°C only 
under extremely oxidizing and acidic 
conditions, irrespective of salinity (Wood, 
1992; 2002). It is predicted that such 
solutions could not maintain their Pd-bearing 
capability while interacting with mafic or 
ultramafic rocks, until the acid- and redox- 
buffering capacities of these rocks are 
exceeded. 

palladium in an acidic, Cl-rich fluid through 
crushed basalt was studied at room 
temperature. Although hydrothermal Pd 
deposits form at higher temperatures, initial 
experimentation at room temperature offers 
several advantages including precise 
determination of reaction parameters such as 
pH, visual monitoring of the progress of 
reaction fronts, and use of a metal-free 
experimental system, thus avoiding metal 
loss by alloying or reduction. These low- 
temperature experiments provide an 
important starting point for subsequent 
experiments at elevated temperatures, and 
suggest that the above-mentioned theoretical 

Here we report the results of a flow- predictions are valid. 
through experiment in which the mobility of 



2. APPROACH 3.2 pH measurement 

The behavior of Pd was studied during 
interaction of air-saturated, acidic, 1 m X 1  
solutions with basalt (Columbia Plateau) by 
flowing fluid through a rock-filled glass 
column at 25OC. 

The rock in the column first was saturated 
with a HCl-NaCl solution of pH=3. 
Subsequently, a 2-gram aliquot of solution 
with the same HC1 and NaCl concentrations, 
but also containing 13.8 mg PdIKg H20 was 
introduced. After the top of the slug of the 
Pd-spiked solution reached the top of the rock 
column, the glass column was filled to the top 
with the Pd-free HC1-NaC1 solution and 
connected with a reservoir containing the 
same solution. In essence, the experiment 
consisted of a chromatographic elution. The 
HCl-NaCl solution in the reservoir remained 
in contact with air and was allowed to flow 
continuously for 3374 hours. 

3. COLUMN DESIGN AND DATA 
COLLECTION 

3.1 Flow-through column 

The clear glass column was partially filled 
with 6.83 grams of crushed basalt (grain size 
74- 100 microns). The basalt occupied 1 8 cm 
of the column corresponding to a volume of 
5.04 cm3 for a volume of rock of 2.28 cm3. 
The calculated porosity of the portion of the 
column filled by rock was 45.2 %. This 
corresponded to a volume of 2.76 cm3 of 
fluid to saturate the porosity of the rock 
colum1. 

Fluid flowed through the rock column at a 
variable rate between 0.9 and 4.7 g h  for a 
total duration of 3374 hours. The mass of 
fluid circulated during this time was 9010 
grams for a total Fluid/Rock (FIR) mass ratio 
of 1319. 

The pH was determined using an Orion 
combination glass electrode and a 
Radiometer Copenhagen meter. The electrode 
and meter were calibrated using standard 
solutions prepared at the same ionic strength 
as the experimental solutions to minimize 
liquid junction and activity coefficient errors. 

3.3 Fluid sampling 

In order to closely follow the behavior of the 
Pd injected at the start of the experiment, 
particularly during the critical initial stages, 
twelve samples weighing between 1 and 28 
grams were collected during the first day, 
sixteen samples the second and third day (- 
1.6 grams each), and nine samples during 
the forth day. After that the number of 
samples was gradually decreased to two per 
day. All the fluid was collected. A portion 
of the fluid was used to measure pH and 
another diluted ten times with water and 
acid (see below). 
All fluid samples were analyzed by ICP- 

AES using a Perkin Elmer Optima 3000XL at 
the University of Idaho. Analyses were 
performed for Si, Al, Fe, Mn, Mg, Ca, K and 
Pd using standard solutions prepared from 
commercial standards and deionized water, 
and acidified to 2% HC1 and 4% HN03 to 
match the matrix of the experimental 
solutions. 

4. RESULTS 

4.1 Variation of pH and concentration-time 
profiles 

Solution pH dropped sharply from a value of 
> 7 to a value of 6.3 within the first 39 
hours of reaction, and then smoothly to a 
value of 5.8 after about 200 hours of 
reaction. The pH then decreased at a slower 
rate to a value of 5.2 after 2534 hours of 



reaction. After this, the pH dropped 
suddenly to a new plateau value of 4.8. 
With the exception of Si and Al, metal 

concentrations were very high at the start of 
the experiment (reflecting dissolution of 
adhering fine-grained material, sharp edges 
and sites of high strain) and dropped sharply 
within the first 24 hours of reaction. 
Following this initial stage, Fe concentrations 
increased sharply between 30 and 40 hours of 
reaction from a value of 3x10-~ m to a value 
of 2xl0-~ m which was approximately 
maintained until 95 hours. Fe concentrations 
increased again abruply to a value of -3x10-~ 
m after 115 hours. From 115 to 2534 hours, 
the Fe concentrations varied within the 
restricted range of 3 to 4x10-~ m. After this, 
the Fe concentrations dropped sharply, and 
this sharp drop was accompanied by a sharp 
increase in A1 concentrations. Palladium was 
below the detection limit (10 ppb) in all the 
samples. 

4.2 Oxidation front 

An oxidation front characterized by the 
formation of ochre-yellow secondary iron 
oxide minerals progressed with time through 
the basalt column at a rate of 50 micronsh 
for the first 817 hours of reaction. This rate 
increased to a maximum of 70 micronsh 
after 16 13 hours of reaction, after which time 
it decreased to a value of 64 micronsh by 
the time the front had passed through the 
entire column (3 1 10 hours). 

The passage of the oxidation front through 
the bottom of the basalt column accompanied 
the relatively sharp decrease in pH from a 
value of 5.2 to a value of 4.8, the sharp 
decrease in the iron concentrations, and 
concomitant increase in A1 concentrations. 
5. DISCUSSION 

5.1 Palladium speciation and solubility 

Calculations show that the speciation of 
palladium in aqueous NaCl solutions 
containing a total 1 m total Cl (based on 
experimentally determined equilibrium 
constants provided in van Middlesworth and 
Wood, 1999) is dominated by the species 
~ d ~ 1 4 ~ -  at a pH below 6.7, the species 
P ~ C L O H ~ -  at pH 6.7 to 7.9, and the species 
Pd(OH)2" at pH above 7.9 (and < - 12). 
Under reducing conditions (log f O2 < -22.47, 
metallic palladium is the stable solid phase, 
and its solubility decreases precipitously with 
decreasing f 0 2 .  

5.2 Palladium mobility 

Based on the color of the altered basalt, we 
suggest that iron oxides-hydroxides formed 
an important part of the secondary mineral 
assemblage. Calculations using the 
Geochemist's Workbench show that iron 
and manganese oxides-hydroxides are 
greatly supersaturated if f02 is fixed to a 
value corresponding to that in air (0.21 bar). 
However, the relatively high concentrations 
of dissolved Fe at the pH values of the 
experiment suggest that the conditions were 
reducing, probably due to the reaction of 
~ e "  contained in the silicates with the fluid 
through a reaction of the type 

to form the secondary iron oxides- 
hydroxides. Furthermore, the sudden drop in 
the iron concentration of the fluid after the 
oxidation front passed through the entire rock 
column suggests that the capacity of the rock 
to maintain low f02 was greatly diminished 
after that. 
As a first-order approximation, fOz was 

calculated by assuming that the elevated 
iron concentrations reflect formation of 
goethite at saturation. The results (Figure 1) 



suggest that f 0 2  was maintained to a value this played a minor role. If the fluid flowing 
where the solubility of palladium in the through the rock column remained oxidized 
fluid was extremely low (<<l ppb) for the rather than reduced, the very large amounts 
duration of the experiment, consistent with of acidic fluid circulated should have 
the lack of detectable Pd in the eMuent mobilized a significant portion of the 
throughout the experiment. Reduction, palladium, and it should have been detected. 
combined with neutralization of acid, were 
the rnain factors that retained palladium in 6. CONCLUSIONS 
the basalt column. 

The experiment shows that extremely large 
amounts of fluid (FR  >> 1000) are required 

0 " I i l ;  
to counteract the neutralization and reduction 

I I I I i  potential of basalt and, thus, to allow porous 
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acidic and oxidizing fluids. By extension, the 
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Figure 1. log f O2 - pH diagram showing the 
stability fields of amorphous Pd(OH)2 and 
Pd metal (separated by solid line), the fields 
of predominance of the aqueous palladium 
complexes (separated by long dashed lines), 
and the solubility contours for total 
palladium in mglkg water (dotted lines). 
The diagram was constructed assuming total 
free Cl' = 1.0 m. Filled circles represent 
calculated conditions for selected samples 
assuming saturation with goethite. Path A 
corresponds to samples collected before the 
oxidation front passed through the entire 
rock column. Path B corresponds to samples 
collected after the oxidation front passed 

W I 

through the entire column. Arrows indicate 
the direction of reaction progress. 

palladium from oxidizing, acidic, chloride- 
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The Loma Peguera chromitites are hosted in ophiolite-related ultramafic rocks (Loma Caribe 
peridotite), exposed in the Cordillera Central of Dominican Republic. The chromitite bodies 
have small size and show massive textures. The chromite composition is Cr-rich (C# = 0.75- 
0.78) and exhibits systematically high Ti02 (0.79-0.93 W%) and Fe203 (7.23-8.46 W%) 
contents. The chromitites are PGE-rich (up to 2.04 ppm of total PGE) and show an 
enrichment in the Os+Ir+Ru relative to Rh+Pd+Pt. Consistently to the high PGE 
concentration, PGM are very abundant in Loma Peguera chromitites. The mineralogy of PGE 
comprises Ru, OS, Ir and Pt phases, including laurite, irarsite, ferronickelplatinum, Ru-0s-Ir- 
Fe oxides, unknown Ru-0s-Ir-Pt-Fe-Ni-Cu compounds, native Ru and Ru-rich Ni-Fe alloy. 
The composition of Loma Peguera chromite (high Cr, Fe, Ti, PGE contents) is uncommon in 
mantle hosted ophiolitic chromitites, and probably represents a record of chromitite formed in 
suboceanic upper mantle, ffom a mantle plume (Duarte plume). 

1. INTRODUCTION 

A number of ophiolite-related ultramafic 
rocks crop out along the northern plate 
margin of the Caribbean Plate. One of these 
occurrences is the Loma Caribe peridotite, 
exposed in the Cordillera Central of 
Dominican Republic (Fig. 1; Lewis et al. 
2004). The peridotite body is about 4-5 km 
wide and extends for 95 km from La Vega to 
Cerro Prieta north of Santo Domingo, but the 
southeastern part of the peridotite is exposed 
as thin fault slices only. Most of the 
ultramafic body consist of serpentinized 
harzburgite, with minor clinopyroxene-rich 
harzburgite, dunite and lherzolite These 

mantle rocks are considered to have been 
exposed because of the collision of an 
oceanic plateau (Duarte plateau terrane) with 
the primitive Caribbean island-arc (Maimon- 
Amina terrane) at Aptian time (Draper et al. 
1996, Lewis et al. 2002). According to Lewis 
et al. (2003), the mantle peridotites of the 
Loma Caribe probably represent suboceanic 
mantle, including mantle underneath oceanic 
ridge, oceanic plateau and island arc. Nickel 
laterite is well-developed over the Loma 
Caribe serpentinized peridotites and is 
presently being mined. Recently, during 
mining activities, small chromitites bodies 
have been found for the first time in Loma 
Caribe Peridotite. These bodies are located in 



the soilthem part of the ultramafic body values are typical of ophiolitic chromitites 
(Loma Peguera area, Fig. 1). elsewhere. However, Loma Peguera chromite 

In this contribution, we report the first data exhibits systematically high Ti02 (0.79-0.93 
on PGE concentration and description of wt%) and Fe203 (7.23-8.46 wt%) contents. 
PGM in chromitites from Dominic Republic. 

3. PGE CONCENTRATION AND 
MINERALOGY 

Fig. 1. Geological map of southern part of the 
Loma Caribe Peridotite, showing the location of 
the Lo~na Peguera chromitites (Modified from 
Haldem~ann et a. 1979). 

The total PGE concentrations of the Loma 
Peguera chromitites are high, ranging from 
1.82 to 2.04 ppm. The chondrite-normalized 
PGE patterns show an enrichment in the 
Os+Ir+Ru relative to Rh+Pd+Pt, causing a 
negative slope between IPGE and PPGE. 
Among the PPGE, a positive anomaly of Pt is 
present (Fig. 2). 

0 

2. THE CHROMITITES OS Ir Ru Rh Pt Pd 
Fig. 2. Chondrite nirmalized patterns of Loma 

The chromitite bodies of Loma Peguera Peguera cl~romitites. 
have small size, and show mainly massive 
textures, with intergranular silicates such as Platinum-group minerals (PGM) were 
olivine, serpentine and chlorite accompanied discovered in 14 polished sections of 
by minor pentlandite and Fe-Ni alloys. chTOmitite with an average frequency of 

Chromite grains contain inclusions of olivine. about 2 grains per square centimeter. 
Primary chromite composition from the Generally, they are less than 10 pm in size. 

Lama Peguera chromitite is Cr-rich. the Cr# The mineralogy consists of Ru, 0% h and Pt 

varies from 0.75 to 0.78 (corresponding to phases, laurite, irarsite, cr203 contents between 49-42 and 5 1.66 ferronickelplatinum, Ru-OS-Ir-Fe oxides, 

wt%, and A1203 behueen 9. 3 and 13 unknown Ru-OS-Ir-Pt-Fe-Ni-Cu compounds, 

wt%), the Mg# fiom 0.47 to 0.50. These native Ru and Ru-rich Ni-Fe 



chromitites. Abbreviation: RuO = Ru-Fe-Ir-OS 
oxides, Fe-Chr = ferrian chromite, Chl = chlorite, 
Fnp = ferronickelplatinum, A1 = PGE alloys, L = 

laurite, Irs = irarsite, Aw = Awaruite, Ru = native 
Ru. Scale bar is 5 microns. 

The PGM occur in the chromite in contact 
with fissures and cracks along which ferrian- 
chromite and chlorite alteration is developed 
(Fig. 3A, B). More rarely, the PGM are 
included in solid unaltered chromite (Fig. 
3C) or in the chlorite matrix of the 
chromitite. 

Native Ru forms small spots inside 
awaruite, in contact with chlorite and ferrian- 
chromite (Fig. 3D). Some grains of 
pentlandite rimmed by awaruite have also 
been found associated with chlorite, along 
cracks. Except for laurite and irarsite, most 
grains are characterized by an irregular shape, 
rugged surface and porosity. In some case, 
the PGM grain consists of two phases 
intimately intergrown, one containing oxygen 
and the other composed of a sulfide or a PGE 
alloy. The texture of these grains indicates 
that the oxide represents a late replacement of 
the former phases, in most case laurite. The 
alteration process modified the primary PGM 
"in situ", causing only mineralogical 
transformation. As consequence, the re- 
mobilization of PGE occurred only at small 
scale. 

4. SUMMARY AND CONCLUSION 

The chromite composition of Loma 
Peguera chromitites is characterized by high 
content of Cr203, Fe203 and Ti02. This 
chemical composition, to our knowledge, is 
uncommon in mantle-hosted ophiolitic 
chromitites. The high TiOz content in 
chromite from podiform deposits is 
associated with Al-rich chromite, never with 
Cr-rich chromite as in the Loma Peguera 
chromitite. 

The PGE pattern of the Loma Peguera 
chromitites are similar to that of the 
chromitites hosted in the mantle sequence of 
the ophiolites, showing an enrichment in the 
Os+Ir+Ru relative to Rh+Pd+Pt, that causes a 
negative slope between IPGE and PPGE. 
However, the total PGE concentration are 
relatively high (up to more than 2 ppm) 



compared to the values generally reported for 
ophiolitic chromitites. Furhtermore, the Loma 
Peguesa chromitites display a Pt anomaly 
relatively to Rh and Pd. 

Consistently to the high PGE 
concentration, PGM are very abundant in 
Loma Peguera chromitites and they comprise 
specific phases of OS-Ir-Ru, as typical for 
ophiolitic chromitites, accompanied by 
abundant Pt minerals, as common in the 
Alaskan type chromitites (Garuti et al. 2003). 

Loma Peguera chromitites are hosted in 
typical mantle peridotites in terms of 
minera~logy, composition and texture, and 
seem to have derived from a magma 
characterized by high Cr, Fe, Ti and PGE 
contents. The composition of chromite from 
Loma Peguera chromitite is similar to that 
reported for disseminated Cr-spine1 from 
oceanic plateau basalts (e.g. Nauru Basin 
Oceanic Plateau, SW Pacific, see Lewis et al. 
2003 fbr reference). Probably, Loma Peguera 
chromitite represent an example of chromitite 
formed in a suboceanic upper mantle affected 
by a mantle plume (Lewis et al. 2003). 
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ABSTRACT. Mantle peridotite xenoliths from two different environments - basanite 
volcanic flows and granulites - were analysed for platinum-group elements (PGE), Ni, Cu 
and partly S. Mantle xenoliths from volcanic flows have similar PGE contents as spinel 
peridotite and dunite xenoliths from granulites. Garnet peridotite xenoliths are strongly 
depleted in all PGE (especially Ir). 

1 INTRODUCTION 

Highly siderophile character of platinum- 
group elements (PGE - OS, Ir, Ru, Rh, Pt, 
Pd) gives excellent tool for the study of 
mantle differentiation and processes of the 
Earth accretion (Morgan 1986, Lorand & 
Allard 2001, Lee 2002, Schrnidt et al. 2003). 
bsolute and relative variations in PGE 
together with Ni and Cu in mantle xenoliths 
raise a question whether this variation is 
primary or secondary. If primary, these 
lithologies provide an insight to the 
behaviour of PGE in the Earth's lithosphere 
(Crocket 2002). 

2 MANTLE XENOLITHS 

2.1 Xenolith localities 

Mantle xenoliths from two different 
environments were studied: alkali-basalt lava 
flows and granulites. Mantle xenoliths in 

Cenozoic alkali-basalt flows are abundant in 
the Ohfe rift and Labe tectono-volcanic 
structure in the northern part of the Bohemian 
Massif. Neogene (4-6 Ma) basanite volcano 
of Kozakov near Turnov is the first studied 
locality. The second site is the Brtniky 
basanite volcanic flow of uncertain age. Both 
localities belong to the Labe tectono-volcanic 
zone. Xenoliths in granulites of the 
Moldanubian Gfdhl unit are widespread (e.g. 
Horni Bory, PleSovice). The Horni Bory body 
comprises quartz-feldspathic high-pressure 
granulites of Variscan age. 

2.2 Petrology and equilibrium temperatures 
of the samples 

2.2.1 Kozcikov, Brtniky 

The Kozikov xenoliths consist mainly of 
spinel lherzolite with subordinate harzburgite, 
dunite, websterite, pyroxenite and lower 
crustal olivine gabbronorite (Fediuk 1971). 



Spine1 Ulerzolites are of two varieties with were carried out at the Faculty of Science 
different textures: (i) coarse-grained xenoliths (Prague). 
in which spinel occurs only in symplectic 
intergrovvths with pyroxenes, and (ii) 4 RESULTS AND CONCLUSIONS 
medium-grained xenoliths, which contain 
spinel as a discrete phase (Christensen et al. 
2001). Olivine Mg#s range from 0.902 to 
0.917, except for one sample (Mg# 0.882), 
which probably represents a cumulate. High 
Mg# of olivine and positive correlation with 
Cr# in spinel show a high degree of 
depletion. Pyroxenes show a wide range of 
A1203 (I .74-5.88 wt. %) and Cr203 (0.2 1-0.8 
wt. %) contents, reflecting different 
eq~ilibr~ation temperatures and depths of 
xenoliths: 682-1064 "C and 32.5-69.4 km, 
respectively (Christensen et al. 2001). 

Xenoliths from the Brtniky basanite flow 
have not been studied in detail. They consist 
of mainly spinel lherzolite with subordinate 
dunite. 

2.2.2 Horni Bory 

Horni Bory xenoliths form boudins tens of 
centimetres to metres in size, concentrated in 
several horizons in the Bory granulite. They 
consist of lherzolite, dunite, harzburgite and 
pyroxenites, some of which are garnetiferous. 
Highly variable (0.803-0.906) Mg#s reflect 
cumulate origin of Fe-rich samples and 
typical mantle-derived peridotites (Mg-rich 
samples). Equilibration temperatures were 
estimated at 870-960 "C (Medaris et al. 2005 
in print). 

3 ANALYTICAL METHODS 

PGE metals were collected to Ni-button 
using nickel fire assay technique (Czech 
Geological Survey, Prague) and then 
analysed by ICP-MS at the Faculty of 
Science (Prague). Ni and Cu analyses by 
ICP-MS and gravimetric analyses of sulfur 

All measured PGE, Ni and Cu values and 
Cu/Pd ratios are shown in Table 1. Mantle- 
normalized PGE, Ni and Cu distributions are 
given in Fig. 1. Primitive mantle values were 
adopted fiom McDonough & Sun (1995). 
The order of elements follows Barnes et al. 
(1988) - Ni, OS, Ir, Ru, Rh, Pt, Pd and Cu. 

4.1 Kozakov, Brtniky 

Absolute PGE concentrations in the six 
xenoliths range between 0.7 and 1.6 for OS, 
0.7 and 3.8 for Ir, 1.1 and 8.3 for Ru, 0.19 
and 1.66 for Rh, 2.08 and 5.08 for Pt, 0.68 
and 5.45 for Pd (in ppb, Table 1 .). These 
concentrations and mantle-normalized PGE 
(Ni, Cu) distributions are very similar to 
those described in mantle xenoliths from 
Massif Central, France (Lorand & Allard 
2001) and other studies of basalt-hosted 
spinel xenoliths (e.g. Handler & Bennett 
1999). Analyses show no PGE variations 
between coarse-grained (KS2, KS4) and 
medium-grained (94KZSM5, 95KZS4) 
samples, i.e., xenoliths with different 
equilibrium temperatures and depths fiom the 
Kozakov locality. Two samples (94KZSM5, 
KS2) are depleted in Pd (0.68 and 1.17) and 
exhibit high CuPd ratios (15.92 and 16.85) in 
constrast to other xenoliths. These higher 
CuIPd ratios, compared to primitive mantle 
(6.3 - Barnes et al. 1988 and Barnes & 
Pickard 1993), suggest that either sulphides 
segregated from the xenoliths during volcano 
eruption or that some sulphides retained in 
the source of the xenoliths during partial 
melting. 

4.2 Horni Bory 



Total PGE concentrations of xenoliths 
varied widely, depending on the presence of 
garnet. The highest values were obtained for 
garnet-free peridotites (sp Ih, dun): OS (0.7- 
3.8), Ir (0.3-2.63), Ru (0.3-5.82), Rh (0.24- 
0.97), Pt (2.67-10.04) and Pd (5.5-16.88). In 
contrast, garnet-bearing peridotites and 
pyroxenites exhibit low contents of OS (0.7), 
Ir (0.14-0.34), Ru (0.3-1-45), Rh (0.13- 

0.29), Pt (1.66-2.72) and Pd (0.91-3.44). 
This feature is difficult to explain. All but 
two xenoliths have very high Cu 
concentrations (up to 208 ppm) compared to 
the southern African garnet lherzolites from 
kimberlites (6 ppm, Pearson et al. 1995). This 
is probably a result of later hydrothermal 
processes affecting the xenoliths duringlafter 
emplacement. 

Table 1. PGE (ppb), Ni, Cu (ppm) and S (%) contents in the xenoliths. 

Sample Rock Ni 0 s  Ir Ru Rh Pt Pd Cu S Cu/Pd 
KO~AKOV 

spllh 1979 0.70 0.70 1.10 0.19 2.82 1.17 18.6 
spl Ih 1901 0.70 0.90 5.60 0.74 3.90 5.45 11.6 
spl Ih 2101 0.70 1.80 2.00 0.35 2.57 0.68 11.5 
spllh 1780 1.60 2.50 3.50 0.28 2.08 1.82 5.7 

spllh 2077 0.70 1.30 2.80 0.69 3.23 1.33 4.6 
dun 1999 0.70 3.80 8.30 1.66 5.08 1.72 2.3 

HORN[ BORY 
HB2 spl Ih 2039 2.63 5.82 0.94 6.37 5.50 25.7 
HB14 spl Ih 1799 1.46 3.65 0.87 10.04 16.88 135.65 
85GM8B spllh 1205 3.80 0.40 0.30 0.24 2.67 5.26 125.2 
BY3BB grtlh 608 0.70 0.30 0.30 0.23 2.72 2.52 208.4 
HB8 dun 1855 0.70 0.30 4.50 0.97 7.57 6.36 21.0 
HB9 dun 1928 1 .OO 1.90 2.30 0.79 7.83 11 -91 140.5 
HB3 grt px 392 0.14 0.99 0.13 1.66 0.91 119.5 
HB4 grt px 582 0.34 1.45 0.29 2.14 3.44 200.7 

spl = spinel, grt = garnet, lh = lherzolite, dun = dunite, px = pyroxenite. 

0.0, 0.91 L-------- - 

NI OS Ir Ru Rh Pt Pd Cu Ni Os Ir Ru Rh Pt Pd Cu 

Fig. 1 Mantle-normalized PGE, Ni and Cu patterns of mantle xenoliths from granulites (A) 
and volcanic flows (B). 
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ABSTRACT. The mantle section of the Neoproterozoic Bou-Azzer ophiolite, Anti-Atlas, 
Morocco, is known for its various types of mineralization, of which the most significant are 
the cobalt layer of Bou Azzer and the copper layer of Bleida. The ore deposits are located at 
the boundary between serpentinized mantle peridotite and plutonic, metamorphic or volcanic 
rocks. Several mines of CO-Ni-As-Au-Ag, as well as chromitite deposits are now working in 
Bou Azzer and adjacent areas. Two types of mineralization are recognized, 1) mineralization 
at the serpentinite contacts with wall rocks, 2) mineralization veins in the wall rocks. Relics of 
the primary textures indicate that the mantle section of Bou Azzer ophiolite is composed 
mainly of harzburgite, dunite lenses and masses, and small scale chromitite pods. Late stage 
of hydrothermal magnetite veins and veinlets are also well developed in the sheared 
serpentinized peridotite. Chromitites display a steep negative slop of PGE distribution 
patterns which can be attributed to the high degrees of partial melting in supra-subduction 
zone environment. On the other hand, the enrichment of magnetite and, to a lesser extent, 
serpentinite, in Ni, CO and Au suggest their main role in the formation of CO-rich ore bodies 
along the borders of serpentinite massif during hydrothermal events. 

1 INTRODUCTION 

Chromitites and associated ultramafic 
rocks are the main host of platinum-group 
elements (PGE) and Ni-sulfide deposits. 
There is a wide agreement that the PGE are 
of magmatic origin, but they can be slightly 
redistributed and concentrated during the late 
stage hydrothermal activity (e.g. Dillon- 
Leitch & Watkinson, 1986; Rowel1 & Edgar, 
1986). The cobalt-arsenide and sulfide 
deposits in the Neoproterozoic ophiolite of 

a primary magmatic deposits; they are instead 
result from a hydrothermal metasomatic 
transformation of the serpentinized ultramafic 
rocks (Leblanc & Billaud, 1982; Fischer et 
al., 1987). There is very little information 
about the concentration and distribution of 
base metal sulfides, Au and PGE in the 
mantle rocks and mineralized zone of the late 
Precambrian ophiolite, Bou Azzer, Morocco. 
This study aims to investigate the distribution 
and concentration of PGE, Au and Cu, Ni in 

Bou-Azzer, Morocco is considered not to be 



the mantle rocks and hydrothermally-derived 
minerals in Bou Azzer ophiolite. 
2 GEOLOGICAL, SETTING 

The Bou-Azzer area is located in the 
central part of the Anti-Atlas, about 300 km 
east of' Agadir city, Morocco (Fig.1). The 
Bou-Azzer ophiolite exhibits an ophiolitic 
sequence of about 5 km in thickness and 
comprises the following rock units in 
ascending order; upper mantle tectonite 
peridotites, mafic-ultramafic cumulates, 
submarine basaltic pillow lavas, diorite- 
quartz diorite, and volcanosedimentary 
sequence (Leblanc, 1976; Bodinier et al., 
1984). Almost all rocks were metamorphosed 
to green schist facies during the Pan-African 
orogeny (Bodinier et al., 1984). The 
serpentinized mantle peridotite forms about 
40 % of the total complex. Due to severe 
serpentinization, almost all primary silicate 
minerals in ultramafic rocks have been 
serpentinized to various extents, and the 
contact between the mantle peridotite and the 
overlaying ultramafic cumulates is not clearly 
defined (e.g. Leblanc, 1976). Hydrotherrnal 
Ni-rich magnetite of different shapes, 
octahedric and fibrous, is well developed in 
the sheared serpentinized peridotite. 

Fig. 1. Geological sketch map of the major 
rock units in the Bou Azzer ophiolite, 
Morocco (after Bodinier et al., 1984). 

The cobalt arsenide mineralization is 
located in carbonate-quartz lenses along the 
borders of serpentinite rocks (Leblanc & 
Billaud, 1982). Several shapes and sizes for 
the cobalt ore bodies are found including 
lodes, veins small stocks, small lenses. 
Almost all the ore bodies are located along 
the tectonic structures between serpentinites 
and diorite dykes and intrusions. 

3 ANALYTICAL TECHNIQUES 

Thirty two samples of chromitites, dunites, 
harzburgites, magnetite and sulfide- 
mineralized zones were analyzed for all PGE 
(OS, Ir, Ru, Rh, Pt, Pd), and Au as well as Cu 
and Ni. The analysis was conducted using 
ICP-MS, after the Ni-sulfide fire assay 
collection at the Genalysis Laboratory 
Services Pty. Ltd., Australia. Detection limits 
are 2 ppb for OS, Ir, Ru, Pt and Pd, 1 ppb for 
Rh and 5 ppb for Au. 

4 Cu, Ni, Au AND PGE DISTRIBUTION 

4.1 Mantle rocks 

Relics of the primary textures indicate that 
the mantle section of Bou Azzer ophiolite is 
composed mainly of serpentinized 
harzburgite, dunite lenses and masses, and 
small scale chromitite pods (Ahmed et al, in 
press). Dunites and harzburgite host are 
usually of intermediate PGE contents ranging 
from 18 to 68 ppb showing remarkable 
positive anomalies of Ru and Rh (Fig. 2). The 
Au content varies fkom 5 to 56 ppb 
displaying a positive trend from Pd (Fig. 2). 
Ni content in dunite and harzburgite ranges 
from 1563 ppm up to 2640 ppm, 2 1 12 ppm 
on average, while Cu content ranges from nil 
up to 206 ppm, 52 ppm on average. 



+ Dunite samples 
A Harzburgite samples 

Fig. 2. Chondrite-normalized PGE patterns of 
serpentinized dunite and harzburgite of Bou- 
Azzer ophiolite. 

Chromitite pods of Bou-Azzer ophiolite 
display a steep negative slop of PGE 
distribution patterns, being enriched in IPGE 
(OS, Ir & Ru) and extremely depleted in Pt 
and Pd (Fig. 3). The average Ni content of 
chromitites is 1263 ppm, while Cu content is 
5 pprn on average. Gold content reached up 
to 14 pprn displaying a positive trend from Pd 
(Fig. 3). 

1 
Chromitites 

Fig. 3. Chondrite-normalized PGE patterns 
of chromitite pods of Bou-Azzer ophiolite. 

4.2 Hydrothermal magnetite 

Two types of late stage hydrothermal 
magnetite veins and veinlets; fibrous and 
octahedral shapes, are well developed in the 

sheared serpentinized peridotite of Bou Azzer 
ophiolite. They have very low PGE contents, 
up to 24 ppb; display a positive PGE 
distribution pattern reflecting their 
hydrothermal origin. Gold content of 
magnetite reached up to 13 ppb. On the other 
hand, the fibrous magnetite is very rich in Ni 
compared with the octahedral one, 92 19 pprn 
and 1081 ppm, respectively. Cu content is 
very low in the former, 2 ppm, while it is 
very high in the latter, 272 ppm. 

4.3 Mineralized zones 

The sulfide mineralization zones in Bou- 
Azzer and Bleida districts show low to 
intermediate PGE contents ranging from 11 
up to 69 ppb displaying unfractionated 
patterns with slightly and strongly positive 
Rh and Au anomalies, respectively (Fig. 4). 
There is a wide range of Ni and Cu contents 
in the sulfide mineralization samples, up to 1 
wt % Ni and 0.8 wt % Cu. The Co-rich ores 
have the highest Ni content. Gold content 
reached up to 2 pprn in the Co-arsenide ores, 
while it is up to 62 ppb in the host sulfide- 
rich rocks. 

1000 p- --- AGD\ 1 

+ 16 1 
-* W Cu-sulide ore 

Fig. 4. Chondrite-normalized PGE patterns 
of the mineralized zones (ores and host 
rocks) of Bou-Azzer ophiolite. 



5. DISCXJSSION AND CONCLUSION 

The PGE enrichment of chromitites, 
especially in IPGE, in the Bou-Azzer 
ophiolite is attributed to the entrapment of 
these highly refractory elements as discrete 
mineral inclusions within the early formed 

patterns in the serpentinized mantle rocks and 
the CO-rich ores, on one hand, and sulfide- 
rich host rocks, on the other hand, implies 
that the source of PGE, CO and Au are the 
serpentinized peridotite and hydrothermal 
magnetite. 

chromi,an spine1 (e.g. Bai et al. 2000). A 
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(Northern Ladoga region) 
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ABSTRACT. Iron oxide-copper-gold (IOCD) ores have been suggested as an independent 
type after the discovery of the world class Olympic Dam deposit in Australia. At present time, 
many objects have been united into this group including large to very large deposits. The 
northern Fennoscandia IOCG-province has been described on the Baltic Shield (Edfelt at al., 
2004). Until now, IOCG deposits have been regarded as a source of Fe, P, Cu and Au. Our 
preliminary data allow to assume the Pt- specification of IOCG-type for the ores of Valimgki 
massive (south-east of Baltic Shield). 

1 INTRODUCTION 

The IOCG ores represent a new, poorly 
understood, controversial deposit category 
that includes Ernest Henry and Olympic Dam 
deposits in Australia, Candelaria and Salobo 
in South America (Edfelt at al., 2004). The 
IOCG deposits are very diverse in age, 
tectonic setting, local geological 
environment, P-T conditions of formation 
and character of associated alterations. 

The region of Northern Finland, Norway 
and Sweden has been regarded as a typical 
IOCG-province on the basis of characteristics 
of palaeoproterozoic Fe and Au-Cu 

dominated (Swedish occurrences Aitic and 
Pahtohavare). 

The ores of IOCG deposits commonly 
associate with volcanic andlor intrusive 
rocks. Sulphide Cu-Au and Au ores of this 
composition are normally considered as 
epigenetic type associated with igneous 
rocks. The close relationship with shear zones 
is typical for this mineralization. High 
graphite or iron contents in the host rock are 
important in many deposits. Apatite-iron ores 
are considered as orthomagmatic or 
hydrothermal ones, or both orthomagmatic 
and hydrothermal. 

mineralization and extensive albite and 
2 VALIMAIU MASSIVE 

scapolite alterations (Martinsson, 200 1 ; 
Williams et al., 2003). End-members are Historically and traditionally, gabbro- 
distinguished in several genetic schemes for pyroxenite Valimiiki intrusion has been 
the IOCG family of deposits: an apatite-iron regarded as a Fe-bearing object. Titanium- 
dominated (Kiruna-type) and Cu-Au sulphide magnetite ores have been utilized as a source 

of Fe by Finland exploitation companies until 



I massive): a zone of trachytic gabbro, zone of 

Flyvc  I. .%heale or I(KCi deprm1la d m h !  I h c  Ibhlc S h ~ d )  
(badon Edkh cl al. data. 20a01 

contrast rocks (pyroxenites, magnetite 
pyroxenites, gabbrodiorite, diorite) and zone 
of gabbrodiorit. Ore-pyroxenites are enriched 
by apatite up to 10%. 

There are well displayed zones of 
potassium metamorphism in the Valimaki 
massive and its ore-pyroxenites related to 
superimposed tectonic destructions. In this 
processes, the primary association (diopside 
* brown hornblende * red-brown biotite * 
plagioclase * titanium- magnetite) was 
replaced by biotite-2 (green-brown) * 
rnicrocline * orthoclase * hornblende-2 
(green) * actinolite h chlorite * epidot * 

30-th years of the previous century. Later, the 
mines have been left off and there was not 
any interest in these ores because of their 
small Fe-supplies. But during last years we 
succeeded to demonstrate the possible 
perspective of this ores in connection to its V, 
P, Au, Pt- bearing. 

Valimaki massive intrudes biotite- 
stavrolite svecofennian schist and is located 
at the south-east part of Svecofennian and 
Karelian domains junction zone of Baltic 
Shield. For comparison, deposits of the 
northern Fennoscandia IOCG-province are 
located in the same zone but at the north-west 
part of it (fig. l). The age of compared objects 
is similar too: 1.89 Ga for Valimaki intrusion. 
The similarity has been established for the 
styles of paleoproterozoic hydrothermal 

tourmaline * titanit * chalcopyrite and pyrite. 
This metasomatits are controlled by the 
tectonic zone of East-North-Eastern direction. 
The composition of the metasomatits and 
there localization correspond to Au deposits 
of Finland and Northern Ladoga region. The 
results of AAS analysis of the first specimens 
have demonstrated the presence of Au (1,3- 

293 PP@, Pt (0,1-2,0 P P ~ ) ,  Pd (0905 pp@. 
The high content of Au, Pt, Pd is related to 
epidot-biotite-actinolite tourmaline-bearing 
metasomatits localized in magnetite 
pyroxenites. Gold grains associated with 
chalcopyrite and pyrite have been discovered 
in the gravitational concentrates of basic 
rocks. Sperrylite grains have been discovered 
in the heavy concentrate from the eluvial of 
basic rocks. 

mineralization at the compared regions too: 
alteration assemblages include albite, 3 CONCLUSIONS 
amphibole, biotite, sericite, epidot, scapolite, the basis of the similarity of ore 

associated with pyrite, mineralization, alteration assemblages and 
chalcopyrite, titanit. In particular, the places geology-structural position, 
of intensive mineralization of this type have occurren,,, of Valim;iki intrusion have been 
been discovered at the Valimaki massive. suggested to be included in the IOCG 

'Ones of magmatic rocks have category that was described for the 
been distinguished in the structure of Fennoscandia IOCG-province (Edfelt at al., 
intrusive (from contact to the centre of 2004). It is necessary to research the 



ValimSiki apatite-iron-gold ores in future. Our 
data of Pt-Pd contains of this ores are 
preliminary but it is not a casual result as we 
believe. This is the first information about Pt- 
Pd appearance of the IOCG-ore type. Taking 
into account a world wide exploration interest 
to this type (to include deposits of the 
northern part of the Fennoscandian shield) it 
is necessary to pay attention to possibility of 
Pt-Pd-bearing of these objects. 
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ABSTRACT. The Baranskoe-Kluevskoe deposit, associated with the Volkovsky gabbro- 
diorite massif in the Ural Platinum Belt (Russia), contains economic concentrations of 
palladium and gold related with taxitic mafic-ultramafic sequence within gabbro. All types of 
rocks are extremely enriched in phosphorus due to high apatite concentrations. Petrochemical 
features and REE distribution of rocks have bean discussed. The Pd-Pt-Au minerals associate 
with Fe-Cu-CO sulfides and are represented by Pd-tellurides, Pd-sulfoselenides, Pd-arsenides, 
Pd-arsenoantimonides, Pd-arsenotellurides, Pt-sulfides, Pt-arsenides, native gold and silver. 
Different noble metal mineral assemblages were distinguished and their geological position 
have lbean shown. The mineralogical assemblage indicates that the mineralization formed at 
the late-magmatic and post-magmatic stage by the action of fluids in which the fugacity of S 
was decreasing and that of Te and As increasing with decreasing temperature. 

1 GEOLOGICAL BACKGROUND prospecting investigations, the massif 
consists of different olivine-gabbro and 

The; Volkovsk~ gabbro-diorite massif is gabbro-norite blocks located in the outer zone 
situated 20-25 h to the North from Nizhny- and diorite intrusion in the central part. More 

Tagil town. It occurs next to the north angle younger syenite intrusions cut gabbro and 
of the Tagil Barancha gabbro complex of the diorite in the north-west and south-east. Each 
Ural platinum belt (UPB). According to the 



gabbro and diorite blocks have own internal 
concentric-zonal structure dipping to the 
center of blocks. A rather big, economical 
important cupper-iron-vanadium deposit 
related with gabbro is located in the northern 
part of the massif (Formation.. ., 1984). 
Minor clinopyroxenite, wehrlite and olivinite 
bodies occur within olivine gabbro and 
extend about 6 km long and 0.6 wide along 
the south-western contact of the massif with 
the country rocks. This mafic-ultramafic 
sequence contains the recently discovered 
gold-palladium mineralization - Baronskoe 
and Kluevskoe deposits (Zoloev et al, 2001). 

The stratigraphical structure in the ore- 
forming mafic-ultramafic section is not clear. 
Olivine clinopyroxenite with olivinite and 
wehrlite schlieren occur in the bottom and 
change upward by plagioclase bearing 
clinopyroxenite with anorthosite pods and 
then by taxitic olivine gabbro. Coarse-grained 
irregular textures of the rocks are very typical 
for this block. Almost all rock lithologies 
content different amount of amphibole, 
titanomagnetite and apatite. Younger two- 
pyroxene gabbro forms vein-like bodies 
cutting bedding and rock-fabrics of mafic- 
ultramafic sequence. Diabase and 
leucogranite dykes are also present. 

2 GEOCHEMISTRY 

The most important geochemical feature of 
all Volkovsky gabbro is extremely high 
enrichment of phosphorus, approaching 2-3% 
and related with high apatite abundances. 
This apatite enrichment is responsible for the 
high Sr and LREE concentration found in the 
mafic-ultramafic rocks (fig. 1). These Sr and 
LREE concentration are different when 
compared with those reported for the same 
lithologies in other UPB massifs, including 
Tagil-Barancha gabbro massif, located close 
to the Volkovsky gabbro (Shmelev, 1996; 

Fershtater et al, 1999). Nevertheless, the 
geochemistry of rare elements in gabbro from 
the Volkovsky and other UPB massifs 
display similarity and reflects a possible 
common origin and evolution. All ore-host 
rocks (different gabbro and clinopyroxenite) 
are also characterized by similar distribution 
of trace and rare earth elements (fig. 2). 
Young gabbro-norite contains less REE than 
olivine-bearing gabbro and has lower YtYb 
and L ~ M J  ratios. 
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Fig. 1. P2O5 VS Sr and P2O5 VS REE diagrams 
for rocks of the ore-host section of the 
Kluevskoe deposit. 1 - apatite olivinite; 2 - 
clinopyroxenite; 3 - taxitic olivine-magnetite 
gabbro; 4 - troctolite; 5-6 gabbro and gabbro- 
norite. 

3 THE Au-Pd MINERALIZATION 

The Au-Pd mineralization occurs inside of 
the most chemically and texturally irregular 
transitional zone between ultramafites and 
gabbro. Within this interval the noble metals 
are distributed also very irregular. Their high 
concentrations are noted practically in all 



lithologies. But average total amount of noble 
metals statistically increases from the taxitic 
olivine-bearing gabbro through plagioclase 
pyroxenite to olivine-rich ultramafites, 
approaching of maximum in apatite wehrlite 
and olivinite. P o t  ratio varies from 10 to 
100, increasing parallel with the total amount 
of noble metals (fig. 3). The two-pyroxene 
gabbro is always characterized by low 
contents of Au, Pd and Pt. On the basis of its 
geological position we can conclude that this 
gabbro was formed after formation of Au-Pd 
ore. 

PGE minerals associate with the interstitial 
50-300 pm patches of chalcopyrite 
accompanied by minor bornite, corrolite and 
native copper. More than one hundred PGM 
grains were encountered in examined 
samples. The PGM assemblage comprises: 
Pd-sulfides, Pd-tellurides, Pd-sulfoselenides, 
Pd-arslenides, Pd-arsenoantimonides, Pd- 
arsenotellurides, Pt-sulfides, Pt-arsenides, 
native gold and silver. The compositions and 
relationships of some minerals and their 
associations suggest a low temperature 
hydrothermal origin of ore in the presence of 
fluid, under high oxygen fugacity. 

CS Rb Be Th Nb Le Ce Sr HI Zr Sm Eu Ti Y Er Yb Lu 

Fig. 2. MORB normalized spider diagram for 
different rocks of the Kluevskoe deposit. 1 - 
gabbro; 2 - gabbro-norite; 3 - taxitic olivine- 
magnetite gabbro; 4 - plagioclase 
clinopj~oxenite; 5 - olivine clinopyroxenites. 

0 10 20 30 40 50 

Fig. 3. Pd vs PdIPt ratio diagram for rocks of 
the ore-host mafic-ultramafic sequence. l - 
olivine clinopyroxenites, wehrlite and 
olivinite; 2 - plagioclase clinopyroxenites; 3 
- amphibole-magnetite clinopyroxenites; 4 - 
taxitic olivine-magnetite gabbro. Solid lines 
at the diagram show average distributions of 
Pd and PdIPt ratio for different types of 
rocks, corresponding to the number in legend. 

We suppose that during ore formation the 
fugacity of S in fluid permanently decreased 
and Te and As increased with decreasing of 
temperature (Zaccarini et al, 2004). 

The different PGM assemblages display 
links with the different lithologies. Thus, 
sulfide mineralization with vysotskite, as 
dominant phase, accompanied by minor Pd- 
arsenotellurides which form isomorphic row 
between two end-members Pd-/(As,Teh and 
Pd9(As,Te)4, occurs mainly within apatite 
olivinite (fig. 4a), (Zaccarini et al, 2004). Pd- 
tellurides and Pd-arsenides are very rare in 
this paragenesis. Taxitic coarse-grained 
olivine and plagioclase-bearing pyroxenites 
occur under and above of olivinite. These 
rocks are related by a transitional zone, and 
do not display a sharp and intrusive contact. 
The dominant phase in pyroxenite is 
merteite-I1 Pd7.97(Sb1.60As1.43)3.03 and his Te- 
bearing variety Pd7.96(Asl.45Sbl.36Te0.23)3.04. 

Arsenotellurides, tellurides and arsenides are 
less abundant (fig. 4b-c). Temagamite 
Pd3.16Hg0.86Te2.98 and Hg-guanglinite 



Pd-As- Sb Pd-Te-(As) Au-Ag-Pd 
Pd-S Pd-As Pd-Te-Hg 

Fig. 4. Distribution of different noble metals 
mineral assemblages in apatite olivinite (A), 
plagioclase clinopyroxenite (B), olivine- 
plagioclase clinopyroxenite (C) and taxitic 
olivine-magnetite gabbro (D). 

Pd2,73Hg0,22As~,~~ are also present in this 
type of mineralization. The amount of 
palladium arsenides slightly increases in this 
section in comparison with those found in the 
olivinite and wehrlite. The PGM assemblage 
in taxitic olivine gabbro, which is 
characterized by a not too high concentration 
of noble metals, is similar to apatite olivinite, 
although the modal relationships among Pd- 
bearing sulfides, arsenotellurides and gold are 
quite different (fig. 4d). 

We suppose, that this zonal distribution of 
different PGM assemblages in the ore zone is 
related with the different temperature, oxygen 
and sulfur fugacity during the interaction of 
fluids with host rock. At this stage of 
investigations we suppose that iron-copper- 
cobalt sulfides and noble metals 
mineralization started to form at the late- 
magmatic stage and mostly continued to form 
in post-magmatic hydrothermal conditions 
under the active action of oxidized fluid. 

This study was supported by RFBR-Ural 04- 
05-96009r2004ural-a and grant of Scientific 
School NS-85.2003.5 and grant of joint 
scientific projects Ural and Siberian 
Divisions of RAS. 
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ON TlHE ORIGIN OF THE PGE MINERALIZATION IN THE ELATSITE 

PORPI3YRY CU-AU DEPOSIT: A COMPARISON WITH OTHER 

ALKALINE PGE-RICH PORPHYRIES 
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ABSTRACT. The Elatsite porphyry copper deposit contains a platinum-group-element (PGE) 
mineralization associated with base-metal sulfides. It takes the form of merenskyite, 
moncheite, palladoarsenide and undetermined Pd-Ag-Te-Bi minerals, and is contained in a 
magnetite-bornite-chalcopyrite mineral assemblage. Other minerals such as linnaeite, 
carrollite, siegenite, rammelsbergite, uncommon in typical porphyry copper deposits, indicate 
a mantle-derived environment for the specific PGE-CO-Ni episode. The extremely low OS, Ir 
and Ru content in the Pt-Pd-rich facies is a characteristic of the mineralization. It corresponds 
to specific conditions in the mantle partial melting and magmatic evolution, rending available 
the precious metals in the magma, with a specific evolution preventing the early formation of 
the sulphides and the subsequent concentration of the PGE (mainly Pd) in the hydrothermal 
fluids. The characteristics of the PGE mineralization present striking similarities with, the 
PGE mineralization in alkaline porphyry deposits (such as those in British Columbia). 

1 GEOLOGICAL SETTING AND 
MINERALIZATION 

According to Dragov & Petrunov (1996), 
four main mineral assemblages are 

The Elatsite porphyry copper deposit lies 
about 6 km NW of the main volcanic centre 
with which the Chelopech Au-Cu deposit is 
associated (Fig. 1). It is associated with Late 
Cretaceous subvolcanic (granodiorite to 
monzodliorite) dykes that dip in the direction 
of an inferred magma chamber of the 
volcano-intrusive structure that cuts 
Precamlbrian to Early Palaeozoic phyllite of 
the Berkovitsa Group, and Late Palaeozoic 
granodiorite. 

The Elatsite deposit, which covers an area 
of about 700 X 1000 m, includes intrusive 
bodies cut by NW-SE and NE-SW faults. The 
mineralized zone forms a large ellipsoidal 
stockwork (in which the mineralization is 
veinlet-disseminated in the granodiorite 
porphyry dyke and disseminated in the host 
metamclrphic facies of the Berkovitsa Group. 

recognized: 
- An early quartz-magnetite-bornite- 

chalcopyritekmolybdenite assemblage (Stage 
1) that is developed irregularly throughout 
the deposit. The assemblage is completed by 
a large variety of PGM and CO, Ni, Te, Se, 
Bi, Au and Ag minerals, and is associated 
with a potassic alteration (hydrothermal 
biotite, amphibole and K-feldspar). 

- A quartz-pyrite-chalcopyrite assemblage 
(Stage 2) associated with a strong phyllic 
alteration stage. This constitutes the 
economic ore of the deposit. Rare Pd-bearing 
minerals (Pd-rammelsbergite, pallado- 
arsenide) and CO-Ni-As phases have been 
described as reaction products in this 
assemblage. 



- A quartz-pyrite-chalcopyrite-calcite 3 PRECIOUS METALS 
assemblage (Stage 3) found in the marginal 
part of the main orebody, preceding . . . The PGE content of the 10 composite-chip 

- A late quartz-calcite-zeolite (stilbite, samples is fairly low with Pt between 1. l and 
heulandite) alteration stage (Stage 4). 46 ppb and Pd between 4 and 78 ppb; the 

gold content varies between 261 and 1350 
ppb. The Pt and Pd tend to correlate with one 
another (except in one sample, El-3), and 
Pt+Pd shows a general positive correlation 
with gold, the Au/Pt+Pd ratio being between 
10 and 50 (Fig. 2). 

'COOC3 -- 
Ehtalt. 

Pt + Pd ppb 

Figure 1 Simplified geological map of the southern 
part of the Panagyurishte district showing the main 
porphyry-epithermal deposits; 1 Precambrian gneiss, 
2, 3 and 4 Palaeozoic units, 5 Triassic sediment, 6, 7 
and 8 Cretaceous andesite dacite, and granodiorite, 9 
Maastrichtian flysh, 10 Tertiary conglomerate, 1 1 
Quaternary sediment, 12 Fault, 13 Au-Cu epithermal 
deposit, 14 Cu porphyry deposit, 15 Limit of the 
mineralized zones (Elatsite-Chelopech, Assarel- 
Medet-Krassen-Petelovo and Elshitsa-Radka, 
respectively, from north to south). 

2 SAMPLING 

Fifteen samples were analysed for their Figure 2 (Pt+Pd)-Au and Pt-Pd correlation diagrams 
precious-metal and minor- and trace-element for various samples of the Elatsite deposit. British 
contents : 10 composite samples (EL-1 Columbia samples plotted for comparison (data fkom 

to EL-10), and 5 mineralized hand Thompson et al., 2001) 

specimens of massive ore firom the PGE-rich 
magnetite-chalcopyrite-bornite paragenesis The PGE content of the five mineralized 

Seven samples studied previously were also hand specimens is highly variable, from a 

reinvestigated for PGM. low of 2 ppb Pd and 4 ppb Pt (El- 14) to highs 



of 345) ppb Pt (El-17) and 3440 ppb Pd (El- Ni-As phases are partly replaced by sulfides. 
15). The Pt and Pd show a slight correlation, The presence of PGM is not at all systematic 
and the PdRt ratio ranges between 10.8 and in the Stage 1, suggesting an apparently 
41.7. 'The gold content also varies from a low erratic character of the PGM distribution at 
of 1.8 ppm (El-14) to a high of 34.1 ppm (El- deposit scale. 
16; Fig. 2). The content of the other PGE in 
the hand specimens is extremely low; below 3.1 Merenskyite 

the detection limit for 0 s  (<3 P P ~ ) ,  Ru (<l Merenskyite occurs as euhedral acicular 
P P ~ )  a.nd Rh (<l ppb) and between O m 2  and grains, 4 to 80 pm in size, included in 
0.6 P P ~  for Ir. The five are chalcopyrite and bornite, or at the interface 
also characterized by relatively low Ni (12-25 between these two phases ( ~ i ~ .  da, b, c, d). 
ppm, except One with 67 ppm), Cr About 50 analyses of merenskyite were 
generally below the detection limit (<l ppm), obtained on 2 1 grains from 10 samples in 
C0 30 and 44 ppm *g between l7  Stage 1 and one sample in Stage 2. Most of 
and ppm, and high (the the compositions are rather homogeneous, 
maximum value of 49.0 wt.% reflecting the c.ose to the ideal P ~ T ~ ~ .  ~h~ ~ i - ~ d - ~ ~  
very high proportion chalco~~rite and distribution confirms a solid solution between 
bornite in these samples). PdTe2 and NiTe2 (melonite pole) with up to 

Reported on the mantle normalized ~ ~ o ~ s a ~ ~ o ~ 4 4 ~ e 2 ~ o o ,  although Ni-rich 
diagram (Fig- 3), the Elatsite samples show merenskyite seems to be restricted to one 
considerable impoverishment in and a flat sample (EL- 6). 
pattern. (which is not significant with the 
values being below the detection limit) for OS 3.2 Palladoarsenide 
to Rh, and a strong Pd and Au anomaly, with 
a relative depletion in Pt. According to Strashimirov et al. (2002), 

palladoarsenide is associated with the Stage 2 

Elatsite pyrite-chalcopyrite paragenesis. However, we 
found several anhedral grains (Fig. 4f) in 

10000 samples characteristic of the Stage 1 PGE- 
rich magnetite-chalcopyrite-bornite 
paragenesis, but none in the Stage 2. Their 
composition varies 

10 
between 

Pd2.03(As~.92Sbo.~4Te~.~1) in sample 256-B 1 
and Pd2.00(Aso.99Sbo.ol) in sample EL- 16. The 

0.1 palladoarsenide forms anhedral wires riming 
0.01 large hessite grains (up to 20 pm) intimately 

OS Ir Ru Rh Pd Pt Au associated with merenskyite. 

3.3 Moncheite 

Figure 3 Mantle-normalized platinum-group element The composition obtained for one grain in 
content for PGE-mineralized samples fiom the Elatsite sample 256-A4 (Fig. 4e) is intermediate 
deposit. between that of moncheite (PtTe2) and that of 

4 PGM MINERALOGY 
merenskyite (PdTe2) with a very small 
amount of Ni. The average composition, 

The presence of PGM is characteristically obtained from seven analyses, is 
related to the Stage 1 mineral assemblage. (P~~.~~P~O.~~N~O.O~)~O.~~(T~~.OOS~O.O~B~O.OI)Z~.O~. 
The PGM and other minor phases are Tarkian et a1 (2003) obtained a true 
scattered thoughout the samples as merenskyite end member from the Elatsite 
inclusions in chalcopyrite and bornite. Like PGM, as well as a merenskyite-moncheite 
the magnetite, the thiospinels and other CO- continuous solid solution with a maximum Pt 



content corresponding to (Pd0.69Pt0.39)Te1.92, 
i.e. a rather platinian merenskyite. 

Figure 4 SEM microphotographs of the Elatsite ore 
mineralogy. (a) to (d) merenskyite (Mrk) crystal in the 
chalcopyrite/bornite assemblage (EL-18): in (b) and 
(d) the merenskyite is associated with hessite (Hes). 
(e) An acicular moncheite (Mon) crystal in bornite 
(Bn) (256-A4). (Q Hessite with merenskyite "relicts"; 
the hessitelmerenskyite assemblage is bordered by 
palladoarsenide PdAs. Scale bar: 10 pm. 

5 MODEL 

Mungall (2002) has discussed the 
conditions into which large deposits of Au 
and Cu can be generated in suprasubduction 
zones. It requires the availability of 
chalcophile elements (such as Cu, but the 
mobilisation of Ni, and PGE can be 
envisaged) to the arc magma in their mantle 
source region. This involves oxidation of the 
mantle wedge to relatively high values. 
According to Mungall (2002), this is 
achieved by ferric iron, carried in solution by 
the slab-derived partial melts. 

For the British Columbia porphyries, 
Thompson et al. (2001) suggested that the 
alkaline nature of the magma prevented the 
early fractionation of the of the sulphides, a 

possible explanation of the PGE enrichment 
in porphyry deposits. 

In view of the fact that the characteristic 
bornite-chalcopyrite-magnetite-selenide- 
telluride-CO-Ni thiospinel-PGM assemblage 
has a clear mantle-derived signature, the 
Elatsite PGE-Au-Cu mineralization probably 
results from multiple events: 
- Generation of an Au-PGE-Cu-rich magma 
after sulfide-undersaturated melting of fertile 
astenosphere induced by the flux of Fe203 via 
slab melts; 
- Emplacement of this adakitic or potassic 
calc-alkaline magma, the oxidised water-rich 
nature of the magma preventing the early 
fractionation of the sulfides; 
- Concentration of Cu and precious metals by 
magmatic-hydrothermal fluids in the 
porphyry environment. Expression of an F1 
fluid phase of magmatically generated, high- 
salinity fluids, possibly mixed with meteoric 
waters, responsible for the transport of Au 
and Cu (Tarkian et al. 2003). 
- Local deposition of PGM, thiospinel and 
Ni-CO-As minerals from PGE-rich F2 fluids 
(stage 1). 
- Massive deposition of the Cu-porphyry 
system from the F1 fluids, and potassic 
alteration (Stage 2). 

6 REFERENCES 

Dragov, P. & Petrunov, R. 1996. Elatsite porphyry 
copper - precious metals (Au and PGE) deposit. In 
Plate tectonic aspects of the Alpine metallogeny in 
the Carpatho-Balkan region. UNESCO-IGCP Project 
356, Proceedings Annual Meeting (E. Popov, ed.), 
Sofia, l ,  171-175. 

Mungall, J.E. 2002. Roasting the mantle: Slab melting 
and the genesis of major Au and Au-rich Cu 
deposits. Geology, 30,915-918. 

Strashimirov, S., Petrunov, R. & Kanazirski, M. 2002. 
Porphyry-copper mineralisation in the central 
Srenogorie zone, Bulgaria. Mineral. Deposita 37, 
587-598. 

Tarkian, M., Hiinken, U., Tokmakchieva, M. & 
Bogdanov, K. 2003. Precious-metal distribution and 
fluid-inclusion petrography of the Elatsite porphyry 
copper deposit, Bulgaria. Mineral. Deposita 38, 261- 
281. 

Thompson, J.F.H., Lang, J.R. & Stanley, C.R. 2001. 
Platinum group elements in alkaline porphyry 
deposits, British Columbia. Exploration and Mining 
in British Columbia, Mines Branch, Part B, 57-64. 



Geochemistry of Re and PGE in the marine and non-marine 
organic-rich sediments from Egypt 
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ABSTFACT. In this study samples representing the Jurassic non-marine coal and black shale, 
Cenomanian non-marine black shales and upper Cretaceous marine black shale from Egypt 
were analyzed for C,, N, Re and platinum group elements. 

The high C,,,/ N ratios among the studied samples reflect the effect of both the source of 
organic matter and preferential release of N during diagenesis control the C,,/ N ratios. 
Marine black shales have higher Re and OS contents compared to the non-marine coals and 
black shale. Both elements are related to the organic carbon fraction (hydrogeneous) in the 
marine black shale while they are more likely related to the detrital fraction in the non-marine 
coals and black shale. Except non-marine Jurassic black shale, samples are radiogenic with 
1870s/1f'80s higher than the mean continental crust ratio. Marine black shales are mixtures of 
high OS and radiogenic end member that likely corresponds to the hydrogenous component 
and low OS and less radiogenic end member that likely corresponds to the detrital component. 
Radiogenic nature of the marine black shales is attributed to the high Re/Os contents in these 
shales at the time of their deposition. Non-marine coals and black shales show a mixing line 
between an end member of high OS and low '870s/1880s ratios (ultramafic component) and an 
end-member of low 0 s  and '870s11880s ratios (loess component). Rhenium-OS system showed 
that both marine and non-marine rocks are experienced either loss or addition of Re and OS 
during weathering. Rhenium-OS system is more sensitive to weathering compared to organic 
carbon. 

Marine black shales in general have higher Rh, Pt and Pd contents compared to the non- 
marine sediments. Iridium has a negative correlation with C,, in both marine and non-marine 
samples suggesting its occurrence in the detrital fractions. Osmium/iridium ratios are 
generally higher in the marine black shales compared to non-marine coals and balck shales. 
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ABSTRACT. The N-E part of the Baltic Shield is characterized by two 300 km long belts 
with Proterozoic PGE layered intrusions: Kola belt (North) and Finnish-Karelia (South). Kola 
belt includes Mt.Generalskaya, Monchepluton, Maine Range, Fedorovo-Pansky and Imandra 
intrusions. Finnish-Karelia belt composes Olanga group in Karelia and Kemi, Koilismaa, 
Akanvaara ets. in Finland. All layered intrusions belong to pyroxenite-gabbronorite- 
anorthosite formation. Precise U-Pb ages on zircon and baddeleyite define a 100 Ma duration 
for the formation of the two belts from 2.5 Ga to 2.4 Ga. New U-Pb isotope zircon and 
baddeleyite data for the rocks of Monchepluton and Main Range reflect quite similar ages. In 
the diagram &Nd-Isr all rocks of the formation lie in the enriched mantle reservoir EM-l. 
Isotope Sm-Nd age of the rock-forming minerals from the mafic dykes (fider zone) in 
Monchegorsk region show more older age and positive &Nd. Proterozoic PGE layered 
intrusions are known in the different cratons in the world and according to Heaman (1997) 
they were a product of the mantle plume which is breakup the oldest supercontinent. 

1 INTRODUCTION 

The Baltic Shield is occured by widespread 
layered Pt-bearing intrusions which 
composed two 300 km long belts: Kola 
(North) and Finnish-Karelia (South). 

In Kola region there are Proterozoic PGE 
layered intrusions and the biggest of them: 
Mt.Generalskaya, Monchepluton, Main 
Range, Fedorovo-Pansky and Imandra 
1opolith.The Finnish-Karelia belt includes 
Olanga group ing Karelia and Kemi, Penikat, 
Akanvaara est., in Finland. Summarasing age 
data of the Finnish intrusions are about 2.44 

Ga according to (Hanski et al., 2001). All 
layered intrusions associated with pyroxenite- 
gabbronorite-anorthosite assemblage and 
according to R.Ernst and K.Buchan (2003) 
belongs to large igneous province. The oldest 
rocks of the first phase of gabbronorite from 
Mt. Generalskaya, Monchepluton, Main 
Range and Fedorovo-Pansky massifs have 
precise U-Pb dating zircon and baddeleyites 
ages of 2.5 Ga. Metallogenesis associated 
with the gabbronorite is characterized by CO- 
Cu-Ni ores and Pt-Pd mineralization. 

NEW ISOTOPE DATE 

Recent U-Pb isotope ages on zircon 



Fig. 1. Isotope U-Pb diagrams: 
(a) - baddeleyite ( 1-2) and zircon(3-5) kom 
~pbbronorite-pegmatite Monchepluton and 
1.b-c) - zircon k m  gabbronorite Monchetundra (Maine 
liange). 

and baddeleyite from the gabbronorite - 
pegmatite of the Monchepluton and 
gabbronorite of the Main Range have the 
similar ages (Fig. 1). The second and younger 
phase consist of anorthosite formation from 
Mt. Generalskaya and Fedorovo-Pansky 
massifs yielded U-Pb age 2446i10 Ma and 
2447k: 12 Ma respectively (Bayanova, 2004). 
The E'GE ores of this anorthosite occur in 
reefs and have predominantly Pd over Pt. The 

latest and youngest olivine gabbronorite with 
U-Pb zircon-baddeleyite age 239355 Ma and 
monzodiorite dykes (U-Pb zircon age is 
2398i21 Ma) of Imandra lopolith are 
associated with Cr and Ti-bearing 
mineralization. The rocks of the two belts 
have similar chemical features: relatively low 
initial Sr isotope ratios ranging from 0.703 to 
0.704, negative epsilon Nd varying from -2.5 
to -1.1 : model Srn-Nd WR ages from 2.9-2.8 
Ga (Mitrofanov et al., 2004). New Sm-Nd 
mineral isochron (Cpx, P1, and WR) from 
mafic dyke in Monchegorsk region is 
2507k20 Ma and it is curiously note that E N ~  
is positive +3.3. Evidently it is a contribution 
on depleted mantle reservoir into primary 
magma source (Hofinann, 1977). 

New Sr and Nd isotope investigations on 
WR of the intrusions indicate of the enriched 
mantle reservoir and in the diagram ENd-ISr 
lie in the field EM1 (Fig2). Proterozoic 
global mafic igneous activity which is 
connected with layered intrusions are known 
in the Baltic Shield and the Superior and 
Wyoming provinces and probably is the 
result from the break up an oldest 
supercontinent (Heaman, 1997). 

Fig. 2. Variation ENd-Isr in WR layered PGE 
intrusions in the Kola region 
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ABSTRACT. We present new high-pressure experiments in the (F~,N~,CU)~,S sulfide system 
to investigate the influence of sulfide composition on the melting temperature of monosulfide 
solid solution (mss) at upper mantle conditions. It is shown that reduced sulfide with high 
metaVS atomic ratio has a lower melting temperature than oxidized sulfide. Only in oxidized 
mantle can we expect that the silicate solidi overlap with the 2-phase (mss + liquid) field of 
mantle sulfide. 

1. INTRODUCTION 

Bockrath et al. (2004) showed that at the P- 
T conditions of convecting upper mantle, two 
sulfide phases may be stable, crystalline 
monosulfide (mss) and sulfide melt. The two 
sulfides stable will fractionate the noble 
metals; OS, Ir, Ru, Rh in mss and Re, Pt, Pd, 
Au in sulfide melt. This fractionation is 
passed on to a segregating basaltic melt. 
During rnelt segregation, mss remains like all 
other crystalline phases in the mantle residue, 
retaining the refractory PGE in the mantle, 

Obviously, the model is based to a large 
extent on the observation that two sulfides 
may coexist with silicate melt of the upper 
mantle. This is only the case if the sulfide 
bulk composition chosen by Bockrath et al. 
(2004) is stable in fertile upper mantle. 
Presumably, the phase relations are 
compositionally dependent, and therefore it is 
essential to demonstrate that a chosen sulfide 
composition can coexist in the upper mantle. 
In this contribution, we aim to constrain the 
composition of sulfide in fertile upper mantle. 

whereas sulfide melt will partition as 
immiscible droplets in the silicate melt and 

2. MANTLE SULFIDES 

will sequester Re, Pt, Pd, Au to the basalt. Sulfide bulk composition in the earth's 
The fractionation of PGE occurs during mantle is controlled (1) by the abundances of 
mantle melting and is governed by chemical chalcophile elements in the mantle, (2) by 
as well as physical properties of sulfide exchange equilibria with mantle silicates if 
phases i n  the upper mantle. elements in sulfide are also soluble in silicate 

and oxide phases, and (3) by intensive 



parameters such as pressure, temperature, and 
the fugacities of s u l h  and oxygen (fS2 und 
fo2). Direct analysis of sulfide is of little use, 
for the following reasons: 

Available mantle samples are usually 
lithospheric or derived fiom alpine-type 
peridotites, i.e. lithologies that are 
commonly affected by metasomatism 
andfor alteration. It is very easy to 
overprint mantle sulfides as variations in 
3 4 ~  in sulfides from upper mantle material 
show. 

Sulfide compositions and phase relations 
are not quenchable from high 
temperature. For example, sulfides are 
reset so easily that phase compositions of 
pyrrhotite - pentlandite - PtFe - PtS 
assemblages of the Merensky reef record 
closure temperatures of around 100 to 
150°C (Ballhaus and Ulmer 1995). Even 
immiscible (Fe,Ni,Cu)l-,S monosulfide 
droplets in basaltic glass are recrystallized 
to pyrrhotite - pentlandite - chalcopyrite * 
pyrite assemblages, stable only below 350 
to 400°C. 

Sulfide in upper mantle rocks is 
potentially heterogeneous because it 
recrystallizes so easily during cooling. If 
indeed two sulfides are stable at the P-T 
conditions of convecting asthenosphere 
(Bockrath et al. 2004), rnss and sulfide 
melt may segregate from each other at 
high temperature; mss to become 
included in silicate and sulfide melt (or its 
precipitates) to concentrate at grain 
boundaries. 

Considering these complexities, it is doubtful 
if microprobe analyses of sulfides from upper 
mantle lithologies, or indeed bulk 
compositions of sulfide separates, are able to 

record equilibrium with high-temperature 
upper mantle mineralogy and bulk 
composition. The only option is to deduce 
sulfide compositions from experimental 
phase relations. 

3. EXPERIMENTAL DETAILS 

Based on the S content of fertile upper 
mantle, - 200 ppm S, we can expect that the 
mantle contains - 600 ppm (F~,N~,CU)~-,S 
sulfide. The Ni content can be calculated 
using the exchange equilibrium with mantle 
olivine, i.e. K&i/Fe~l''l 

Sulfid * 
= XN~S 

Olivin X~e~i0.502 1 (XF~S Sdfid * ~NiSiO.502~~~~'~). 

Assuming the KD is - 11 (Doyle & Naldrett 
1987), mantle sulfide will contain - 12 
atomic percent Ni. The Cu content may be 
constrained from the Cu concentration in 
primitive upper mantle (- 20 ppm; Palme & 
O'Neill2004), to a maximum of - 1.3 at.% if 
all mantle Cu is accommodated by sulfide. 
However, an additional Cu sink is 
clinopyroxene for which variable Cu is 
reported between 20 and 100 ppm. The 10 to 
15 wt.% clinopyroxene present in fertile 
upper mantle compositions may absorb up to 
50 percent of bulk mantle Cu. Hence, the 
minimum Cu in bulk sulfide is estimated to 
be - 0.65 at.%. Even more difficult to 
contrain are S concentration and atomic 
metaVS ratio of bulk sulfide. In FeO-bearing 
systems metaVS is buffered by the 
equilibrium 2FeS + 0 2  = 2Fe0 + S2 and a 
function of the fo2/fS2 ratio, in addition to 
pressure and temperature. To our knowledge, 
this equilibrium, i.e. (F~,N~,CU)~-,S sulfide 
coexisting with FeO-bearing mantle silicates, 
has never been calibrated at controlled fo2 
and fS2 at upper mantle pressure conditions. 
We only know that metaVS will increase with 
decreasing fs2 and fo2. Oxygen was kept out 
of the charges by adding traces of metallic 
silicon to the sulfide mixture which 



scavenges excess 0 2  and precipitates it as 4. RESULTS 
SOz. Because sulfide compositions in upper 
mantle are so poorly contrained, our strategy 
is to experiment with limiting bulk sulfide 
compositions and hope that natural mantle 
sulfide fall inside these limits. 

In arddition to the composition investigated 
by Bclckrath et al. (2004) we have studied a 
more reduced sulfide composition with a bulk 
meta11S ratio of 1.06. Ni is set at 12 at.% in 
accortfance with a KD of 11. Cu is set at 1.35 
at.% (and chosen to assume that all Cu is 
hostecl by sulfide. MetaVS (i.e. Fe and S 
contents) is set at 1.06, i.e. significantly 
higher than in the composition of Bockrath et 
al. (2004), anticipating that the compositional 
parameter most influential on melting 
temperature is the atomic metalIS ratio. All 
experiments are performed in a piston 
cylinder press between 0.5 and 3.5 GPa and 
1020 to 1250°C. Run times are 30 min. 

As capsule material we use welded, 
evacuated SiO2 glass tubes. Because sulfide 
is so ]poorly quenchable, the capsule lengths 
extend well beyond the hotspot of the 
graphite heater. Such extralong capsules have 
a vertical temperature gradient of about 
150°C', and they help interpret the phase 
relations. Occasionally, phase relations of 
sulfide are ambiguous, and sometimes it is 
difficult to distinguish based on quench 
textures between runs just above the solidus 
and runs at superliquidus conditions. 
However, if a single experimental charge 
covers the quench textures of all possible 
phase relations (subsolidus to superliquidus), 
then the direct comparison of quench textures 
in different capsule regions usually solves 
most problems. In ideal cases, a single run 
with an extralong sample capsule may be 
used to quantify the width of the 2-phase 
(mss + liquid) field because the vertical 
temperature gradient is well constrained. 

Since sulfide melt is not quenchable to 
glass, phase relations involving sulfide melt 
are to be deduced from quench textures. 
Subsolidus runs give homogeneous polygonal 
monosulfide grains that tend to disintegrate to 
granular aggregates when the capsule is 
opened after a run. Incipent melting causes 
sulfide charges to become more compact, and 
grain boundaries can be enriched in Cu even 
if all melt was consumed by back reaction 
with equilibrium mss. In addition, whenever 
a melt was present, rnss grains are larger than 
in subsolidus runs and often optically 
continuous over several square millimetres. 
In general, partial melting causes marked 
chemical heterogeneity reflected by highly 
variable Cu contents in mss. Experimental 
runs well inside the 2-phase (mss + melt) 
field return rounded to ovoid FeS-rich zoned 
monosulfide grains embedded in interstititial 
material (former sulfide melt) composed of 
quench mss, various Cu-rich phases including 
iss, bornite, and chalcocite, as well as traces 
of skeletal magnetite. Finally, superliquidus 
runs result in large dendritic rnss grains that 
can be optically coherent over an entire 
charge. Some superliquidus runs are l-phase 
while others are 2-phase, with Cu-rich 
quench sulfide wedged between dendritic 
mss. 

The reduced composition has a solidus 
temperature more than 100°C lower than the 
more oxidized composition studied by 
Bockrath et al. (2004). Obviously, the higher 
bulk metaVS, the lower the temperature of 
first melting. First EPMA analyses of rnss of 
runs in the 2-phase field suggest that bulk 
metaVS has little if any influence on the 
metaVS ratio of equilibrium mss. Obviously, 
bulk compositional variations both with 
respect to Cu and metaVS are accommodated 
entirely by the sulfide melt. This suggests 



that (Fe,Ni,Cu)r-,S mss forms at a thermal 
maximum. Our results demonstrate that 
microanalysis of sulfide phases in natural 
mantle samples will not give any sensible 
information as to the composition of bulk 
sulfide in convecting upper mantle. Only in 
oxidized mantle may we expect that partial 
silicate melt coexists with two sulfides. 
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ABSTRACT. Two sulfide-bearing levels structure in the Kivakka intrusion were established. 
They are presented by dissipated sulfide-bearing turnings on at presence of two most saturated 
horizons - one in the basis of a level and second in its top. Sulfide-bearing turnings date the 
greatest saturation capacity on for a series of thin melanorite or bronsitite layers and schlieren. 
All horizons have the trending conterminous with layering and, as a rule, are spread by a thin 
melanocratic layers strip. Thickness of horizons is changeable. Sulfides of two types are 
allocated. First are the rather large formations reaching the first millimeters. The second type 
of sulfide excretions - dissipated in surrounding silicate minerals. 

In a section of central part of Norite zone 
in Kivakka intrusion two strongly significant 
sulfide-bearing levels are diagnosed. 
Bottom (I) sulfide-bearing level is dated for 
the overhead (1 5- 17) rhythms of the Subzone 
of a rhythmical bronzitite and norite layering 
(fig. 1). It is limited from below the bases 15 
melanocratic norites rhythm and from above 
coarse-grained melanocratic norites (the basis 
18 rhythm), crowning a contrast layering. 
During: field researches horizons with the 
greatest concentration of sulphides - in the 
basis of a level and in its top - distinctly 
precipitate out. Between evolved sulfide- 
bearing horizons presence of sulphides, 
evenly "dissipated" on all section which 
quantity is insignificant is observed. 

Overhead (11) sulfide-bearing level is above 
the Subzone of a contrast layering, per se in 
rather homogeneous norites, and is dated for 
a small-scale irregular layering meso- 
leicocratic norites with participation of 
unrestrained layers and rare schlieren-like 
short-grained melanorites. 

Detailed research of the bottom sulfide- 
bearing level has allowed to bleed two 
horizons most enriched by sulphides - S-15 in 
area pass from 15 rhythm to 16 and S- 17 it is 
immediate under probed crowning a zone 
coarse-grained melanorites. 

The structure of sulfide-bearing horizon S- 
15 is characterized by heterogeneity of the 
rocks saturated with sulphides. there are no 
correlation sulfides to any fixed type of rocks 



Fig.2. PI support and S concentration in 
S-1 5 horizone rocks 

H, m 
792 

S,mas% 

I m2 ES Thickness of horizons is changeable. 
ng. I. SchemaWC geologicstructure of the Nvakka intnrs~on. Lower and Comparison of norite quantitative - mineral 
Upper Border series (LBS and UBS),oiivinite zone (OZ),norita zone (NZ) 
subzone of ~ntercaiatan of bronzltrtes and norltes (SZIBN)] gabbronorlte ~ ~ m p ~ ~ i t i ~ n ,  designed on their density, and 
zone (GNZ): zone of gabbronorites with plgeonite (ZGNP), vertlcal 
section of the contrasting layering sequence (I ) Bronzite cumulate. (2) s u l k  concentration in rocks has shown, that 
bronz~te--plag~oclase cumulate, and (3) bmnz~te-plap~odase--~u@te 
cumulate; and posmon of su~fide-bearing levels. (fig. 2). Sulfide excretions can concentrate 

both in leicocratic, and in melanocratic 
It is defined by presence numerous and the noriteS. 
thin layers distinguished from each other by Sulfides of two types are allocated. First 
quantitative - mineral com~osition (in are the rather large formations reaching the 
massive mesocratic meet both first millimeters. They fill intercumulative 
melanocratic, and leicocratic excretions). It is space and presented by an association of 
practically impossible to bleed legible spatial several sulfide minerals byrrhotite, 

structure of this P m  of a section, as layers chalcopyrite and pentlandite, sometimes 
have different and changeable thickness. magnetite) with difficult mutual 

Nevertheless, they have legible boundaries relations. Emersion of the secondary minerals 
and elements of their burial coincide with (,-hlorites) and chloritization shallow 

falling and trending of the basic stratification. fractures accompany rather frequently large 
It is marked that large accumulations of sulfide excretions. 
sulfides gravitate frequently to schlieren-like ~ h ,  second type of sulfide excretions - 
excretions. Schlieren form the extended dissipated in surrounding silicate minerals the 
Zones repeating burial of stratification, shallow turnings on diagnosed under a 
accordingly and the greatest ~ccumulations of microscope. As a rule, they are dated for the 

sulfides form the extended horizons well first type, surrounding larger sulfide grains. 
traced along the strike in field conditions. The greatest concentration of sulfides is 



observed in a transition range from 
mesocratic norites of 15 rhythm to close- 
grained melanorites of 16 rhythm. Above the 
most saturated sulfides sections are marked 
pegmatoid excretions. As established on 
collateral profiles of sampling, the habits 
circuniscribed above characterize whole 
horizon and are not individual for a separate 
sectioli of an upright projection. 

Sulfide-bearing horizon S- 17 is in the basis 
17 rhythm. Its structure is similar to a 
structure of sulfide-bearing horizon S-15 - the 
layering meso-and melanocratic norites is 
observed. In a layering participate schlieren 
melanocratic and leicocratic excretions for 
which the greatest accumulation of sulfides is 
dated. Zonal structure of the some schlieren 
is marked. 

All horizons have the trending 
conterminous with layering and, as a rule, are 
spread by a thin melanocratic layers strip. 
The bottom sulfide-bearing level is well 
tracked along the strike as a minimum on 200 
m (in limits of nakedness), conserving habits 
of the structure. 

The overhead sulfide-bearing level is in a 
strata concerning homogeneous norites in 130 
m above boundary of rhythmically stratified 
strata and Norite zone. This part of a section 
is characterized by presence of layers with a 
various relationship of minerals, however 
here there is no well defined rhythm of an 
layering;: mesonorites form a matrix in which 
are chaotically located thin or schlieren-like 
layers of melanocratic and leicocratic norites. 

The overhead sulfide-bearing level on 
habits of a structure is similar on bottom. It is 
presented by dissipated sulfide-bearing 
turnings on at presence of two most saturated 
horizons - one in the basis of a level and 
second in its top. As well as in case of the 
bottom sulfide-bearing level, the greatest 
saturation capacity is dated by sulfide-bearing 

turnings on for a series of thin melanorite or 
bronsitite layers. 

As the top level spatially is in area 
concerning homogeneous norites, here there 
is no well defined contrast layering, and 
quantitative - mineral composition conform 
to meso-leicocratic rocks. Nevertheless still 
there are layers rather melanocratic close- 
grained rocks. Their emersion is 
accompanied with accumulations of sulfides. 

Two sulfide-bearing horizons, S-901 and 
S-902, are allocated, as well as in the bottom 
level. 

The structure of the section containing 
sulfide-bearing horizon S-90 1, is 
characterized by the following habits. In the 
basis there is rather bull zone of the 
secondary changes accompanying a quartz 
vein, that essentially shades a relationship of 
different rocks on quantitative - mineral 
composition. The basic part of a section 
composes mesocratic norites. Rocks are 
medium-grained, frequently trachytoid, also 
sections with numerous schlieren-like 
excretions and thin layers both melanocratic, 
and leicocratic norites are meet. Sulfide- 
bearing mineralization is dated for two layers 
close-grained melanocratic norites with 
legible boundaries power of 0.5 and 1 m, 
taking place in 6 m from each other. The 
greatest concentration of oxidated spots is 
observed at lower boundary of both layers 
(here rusty a stain form practically 
continuous strip with thickness about 5 sm). 
Sulfides accompany also with emersion 
~ P O H ~ H T H T O B ~ I X  schlieren. In meso- 
leiconorites sulphides are meet as trace 
shallow spots. 

Sulfide-bearing horizon S-902 is spatially 
located in a transition range from mesocratic 
norites with well defined granularity to 
norites, which differ the increased viscosity. 
They discriminate not only external shape, 



different extent of susceptibility to 
efflorescence, but also chemical composition 
(that was established by A.A.Jaroshevsky 
with the help of the claster analysis). As well 
as in all other cases, presence of sulfides is 
connected to melanocratic layers appearance, 
in spite of the fact that rocks with such 
bronzite quantity for this part of a section of 
are not characteristic. Melanorites occur all 
over again as schlieren-like excretions, and 
then as the layers forming a thin layering 
with mesocratic rocks. Essential 
concentration of sulfides is registered in the 
field of the greatest amount melanocratic 
rocks. In mesonorites sulfides form rather 
large, but detached a stain. Here emersion of 
pegmatoid is marked. As this part of a section 
is naked poorly, it is difficult to track extent 
of horizon, however the separate rocky yields 
containing sulfide-bearing accumulations 
allow to speak about a volume, that these 
excretions also form horizon. 
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ABSTRACT. The Platreef is a very thick (up to 400 m), laterally inhomogeneous package of 
mainly illtramafic rocks. Mineralization is erratically developed (vertically and laterally). 
Cr/MgO values demonstrate that the Platreef is produced from magma with Critical Zone 
lineage, whereas Sr/A1203 values suggest that there may be as many as three chemically 
discrete magma injections. CaO/A1203 and K20/Ti02 values demonstrate variable amounts of 
contarnillation or overprinting of original chemistry. None of these parameters correlate with 
mineralization and so we suggest that the mineralization is a primary feature inherent in the 
original magma, and that the subsequent interaction with floor rocks merely caused 
redistribution and resetting of mineralization and geochemical parameters. 

1 INTRODUCTION 

The 131atreef in the northern limb of the 
Bushveld Complex is currently the largest 
and most intensively prospected area for PGE 
mineralization. Considerable information was 

similarities and differences with sections 

accrued and published by Johannesburg 
Consolildated Investments (White, 1994) and 
has been reviewed by Lee (1996). It 
comprises a succession of mainly pyroxenitic 
rocks up to 400 m thick that occurs along the 
base, and is in contact with a range of rock 
types. As a result of interaction with these 
footwall rocks considerable variation in 
stratigmphic succession of the Platreef 
results. Here we document some of the 
resultant geochemical features, discuss 

from the eastern and western limbs, and 
assess their relevance to the genesis of the 
mineralization. The simplified geology is 
shown in Fig. 1. 

2 VERICAL PROFILES 

We have made a geochemical study of 
three boreholes, from sections with an 
ironstone footwall (Tweefontein Hill, TN), a 
dolomite footwall (Sandsloot, SS) and 
granitic gneiss footwall (Overysel, OY). Each 
shows similar lithological profiles through 
the Platreef. In general pyroxenite is most 
common with minor norite and melanorite. 
Two large xeoliths of country rock occur in 



the SS borehole and one in the OY borehole. footwall material reset the chemical 
Sulphide mineralization occurs at different composition of these rocks.) This parameter 
levels: bottom, middle and top in TN, bottom exceeds 80 in most Platreef and true Critical 
and top in SS and top in OY. Zone rocks, and is less than 80 in Main Zone 

Fig. 1. 
Platreef 
isotope 
Barton 

Simplified geological map of the 
' after White (1994), including some 
ratios from Buchanan (1981) and 
et al. (1986). The model proposed 

here suggests that at stage 1 primary 
magmatic mineralization was produced, 
which, at stage 2, was overprinted by later 
melts and fluids. 

3 GEOCHEMISTRY 

First, we address the issue of whether the 
silicate host to the Platreef has affinities to 
other sections of the Bushveld Complex, and 
also to identify the nature of the upper 
contact to overlying Main Zone. Criteria that 
can be used to identify the upper contact of 
Platreef to Main Zone involve the CrIMgO 
whole-rock ratio. Being relatively immobile 
elements, Cr and Mg provide a useful 
reference unaffected by processes of 
assimilation or overprinting. (The former 
term is used to suggest melting of xenoliths 
or footwall into the magma fkom which 
various minerals form. The latter term is used 
to imply that the cumulate rocks formed from 
relatively uncontaminated magma, and that 

samples (Fig. 2a). The Platreef appears 
identical to the normal top of the Critical 
Zone (below the Merensky package) in the 
eastern and western limbs although it lacks 
the anorthosites typical of the top of cyclic 
units in normal Critical Zone.The CrIMgO 
values give no support to the hypothesis that 
the Platreef has formed from a mixed magma. 

h; m ,  
~z*_.. , .-!f--~~ l -.-;X?- -- -I'" 

i S'. 

4 0 8 0 1 2 0  40 80120  40 80120  40 8 0 1 2 0  
Cr l MgO 

TN SS OY Union 
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Fig. 2 Plots of geochemical parameters that 
identzjj magma types. Platreef proJiles m, 
SS and OY are compared with typical profiles 
through the western limb. Cr/MgO data from 
Impala Pom Schurman (1993) and Mitchell 
and Man three (2002). Sr/Alz03 * from Eales 
et al. (1986). B, M, P, U, U refer to Bastard, 
Merensky, PseuodreeJ; UG2 and UGl. 

subsequent mobilization of xenoliths or 



An indication of assimilation of dolomite is 
provided by the ratio of CaO/A1203. Pure 
plagioclase has a ratio of 0.6, and since 
orthopyroxene contains insignificant amounts 
of both elements, mixtures of these two 
minerals will have the same ratio of 0.6. 
Values that significantly exceed that value 
suggest the presence of clinopyroxene, 
probal3ly attributable to reaction with 
dolorn~ite. In Main Zone samples from all 
three profiles, the ratio ranges from 0.5-0.8, 
comparable to values in the eastern and 
westem Bushveld. The same value is found 
in Platreef samples from TN. However, in 
the SS: and OY sections values range up to 5 
and 1.16, suggesting variable interaction. 

Sr and A1 are slightly less reliable because 
of possible assimilation and later infiltration 
effects, but the ratio Sr/A1203 (with A1203 
modified for the presence of A1 in pyroxene) 
has been used to recognise cycles within the 
Critical1 Zone (Eales et al. 1986). 

Conlparison with their profile from the 
Union section is of interest (Fig. 2b). The 
Main Zone has a ratio of 12 at Union section. 
Here, the Main Zone in all profiles has a 
value of 13. At Union the Merensky and 
Bastard cycles have progressively slightly 
higher values, whereas in these three profiles 
(and at Impala, Mitchell & Manthree 2000) 
immediately below the Main Zone, the value 
is sligh~tly lower at 12. 

Significant differences between the three 
profiles appear lower in each succession. The 
lower parts of both TN and OY have values 
of 18- 15, decreasing upwards. Similar trends 
(related to magma addition) are observed by 
Eales et al. (1986) in the subcycles above the 
UG2 chromitite. Thus, we suggest that two or 
even thee cycles may exist in the Platreef 
profile. In the SS profile values are scattered 
and cornparison with the other sections is less 
certain. 

The initial Sr isotope ratio provides krther 
evidence on possible processes operative in 
the formation of the Platreef. In Main Zone 
samples from all three profiles values fall in 
the range 0.706-0.709 (with one exception of 
0.714). This range is wider than, but similar 
to, values reported from other sections of 
Main Zone. The Platreef samples are more 
varied. Typical Critical Zone values are 
0.705-0.706. In TN values from 0.707-0.709 
are obtained, suggesting minor 
contamination. However, for OY profile 
values range from 0.71 1-0.722. The higher 
values in this range are definitive. Local or 
deep source material for such contamination 
does not exceed 0.72 in its ratio. Thus 100% 
contamination would be required to produce 
the observed values. The pyroxenitic nature 
of these rocks makes that impossible. Instead, 
we suggest that pyroxene cumulates formed 
that may have had slightly enriched values 
(0.706). These were variably invaded by a 
later remelt or fluid from the floor, and 
dominated the Sr budget of these rocks, and 
so produced the very high ratios at low 
degrees of contamination. Such a process 
may have changed the Sr/A1203 values in the 
base of the OY profile. 
A more robust test for contamination 
processes may be applied using whole-rock 
K20/Ti02 values. Typical feldspathic 
pyroxenite of the Critical Zone has a ratio of 
0.75 and typical norite of the lower Main 
Zone has a ratio of 1.8. Average values for 
Platreef from TN, SS and OY are 1.05, 1.6 
and 1.7. If the contaminant was a granitic 
partial melt, the proportion needed to produce 
these values is less than 20%. However, such 
small amounts would not produce the 
observed changes in initial Sr isotope ratio. 
Further, there is no correlation between the 
K20/Ti02 value and initial Sr isotope ratio, 
and so the two are not simply related by 



contamination. Thus, changes in the Sr 
isotope ratio may have been by a fluid that 
changed the ratio without adding 
substantially to the Sr or K20 budget of the 
rocks. 

A schematic model for the development of 
the various geochemical parameters is shown 
in Fig. 1. 

4 CONCLUSIONS 

We conclude by noting that there are great 
differences in the geochemical processes 
active in these three profiles, yet all contain 
moderate mineralization. Hence, we do not 
consider any of the contamination and 
alteration processes operative in this complex 
zone as the trigger to mineralization, merely a 
parameter that further complicated the final 
rock compositions. Cr/MgO values 
demonstrate that this succession is of typical 
Critical Zone magmatic affinity. The SrIA1 
value suggests that there may be several 
discrete pulses of magma, not a single event 
that produced the Platreef. 

In view of the very considerable thickness 
(up to 400 m), erratically distributed PGE 
mineralization within the entire package, 
lateral variation in geochemical parameters, 
and the fact that there may be several magma 
pulses we suggest that the name Platreef is 
possibly misleading, optimistic and hence 
inappropriate. We suggest that the name, 
Mokopane Unit might be more objective at 
this stage. This unit usually contains 
stratabound mineralization. 
We thank Anglo Platinum for logistical 
support and permission to publish. 
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ABSTRACT. Some exploration boreholes on the Karee mine of the western Bushveld 
Complex become iron-stained and decompose rapidly on surface exposure. This alteration 
occurs in pyroxenites immediately above and below the UG2 chromitite layer and adjacent to 
the Merensky Reef. Chemical analyses of such rocks contain Cl contents from 0.1 to 0.2 %. 
Analyses of comparable fresh rocks, Merensky pyroxenite and also the iron-rich ultramafic 
discordant pipes all give values of less than 0.03 % Cl. The mineral hibbingite has been 
identified as veins that cut serpentine that occur in olivine. These textural relationships show 
that this alteration occurred at below 500°C, and so far is limited to one small area of the 
mine. There is no evidence for resetting or distribution of PGE in the UG2 chromitite or 
Merensky Reef associated with this alteration. 

Despite an age of 2.06 Ga, the igneous 

attributed to the same process, and is 
described here. 

minerals of the Bushveld Complex are in 
general remarkably fresh. Only olivine 

2. GEOLOGICAL SETTING 

displays occasional and variable degrees of 
alteration, typically to serpentine. However, 
some sections of borehole core from Karee 
mine, 20 km east of Rustenburg, rapidly 
disintegrated on surface. In the Duluth 
Comple.~ similar alteration processes are 
noted in core boxes f?om exploration in the 
Hibbing area. This alteration was identified 
as due to the presence of a secondary iron 
chloride, hibbingite, named after this locality 
(Dalberg and Saini-Edukat 199 1, Saini- 
Eidukat et al. 1991). The cause of the 
decomposition of Bushveld core is also 

Karee Mine is situated in the western 
Bushveld Complex, 20 km east of 
Rustenburg. Mining on both Merensky Reef 
and UG2 chromitite began 20 years ago, but 
mines to east and west have been in existence 
much longer. The deepest current mining on 
this property is 1000 m. Further exploration 
drilling is currently being undertaken to 
depths of 2000 m. Some sections of core 
appear fresh when brought to surface, but 
rapidly decompose on surface, producing a 
brown alteration product and an acidic feel. 
Two vertical sections tend to show most 
alteration, the pyroxenites above and 



especially below the UG2 and in the 
Merensky pyroxenite. Occasionally, the 
footwall pegmatitic pyroxenite to the UG2 
also shows some alteration. These rocks 
contain minor olivine. The adjacent olivine- 
free rocks do not show signs of alteration. A 
total of 44 boreholes, covering an area of 7 
km by 4 km that had been logged 
immediately after drilling were relogged, 
weeks to months later and classified 
according to the extent of alteration and 
decomposition now visible in the core. As a 
result, an area where alteration is significant 
was defined, being approximately 2 km 
north-south and 4 km east-west. A major, 
north-northwest syenite dyke runs through 
this area. However, there are numerous such 
dykes cutting the Bushveld Complex, and no 
others are associated with this kind of 
alteration. Further, the zone of alteration is 
elongated east-west, although irregular and 
not parallel to the dyke, and so is not 
obviously associated with this dyke. 
Exploration drilling to similar depths has 
been undertaken on mines to the east and 
west, and none report such alteration, and so 
it is not considered to be related to the 
specific depth. 

In the same area there are some discordant, 
pipe-like pegmatitc wehrlites (the so-called 
iron-rich ultramafic pegmatoids). However, 
these bodies have been encountered on many 
mines and have not previously been noted to 
be associated with this kind of alteration. 

3. PETROGRAPHY 

The rocks adjacent to the UG2 and 
Merensky have been described in many 
publications (Vermaak 1976, Cawthorn & 
Barry, 1992), and all the rocks studied here 
are similar. The hangingwall to the UG2 is an 
olivine-bearing pyroxenite. Subhedral olivine 
grains are surrounded by subhedral to 

polygonal orthopyroxene grains, with minor 
interstitial to poikilitic plagioclase. Olivine 
shows very minor cracks filled with 
serpentine. All the studied samples had been 
kept on surface for a few weeks before thin 
sections were prepared by conventional 
methods. 

At this point of time, the possibility of 
similarities with alteration at Duluth was 
considered, and the reference to hibbingite in 
Duluth (Saini-Edukat et al. 1994) indicated 
that hibbingite is water soluble. A further 
sample was collected immediately when 
brought to surface, sun-dried and tightly 
wrapped in plastic and prepared for thin 
section under paraffin. (This particular 
sample was taken from the Merensky 
pyroxenite.) Microscopic study revealed the 
presence of hibbingite, with the same optical 
features as observed in the Duluth 
occurrence. It occurs as veins cutting through 
the serpentine veins in olivine (Fig. 1). 

Fig. 1 .  Photomicrograph of hibbingite cutting 
olivine grain in Merensky pyroxenite. Between 
hibbingite and olivine is an irregular margin of 
serpentine. Scale 2* 1 mm. 

The mineral has moderately high relief and 
has fractures or cleavage that run 
perpendicular to the length of the vein. The 
fracture system in olivine can be traced into 
adjacent orthopyroxene grains, but serpentine 



and hibbingite are not present. A series of Cl-rich fluids (Schiffries 1982), a number of 
electron microprobe scans were taken of these samples were also analysed for Cl. It 
these areas, and high Fe and C1 contents were has also been suggested that the Merensky 
found, with no Si, Mg, Ca (Fig. 2). Reef mineralization might have been 
Quant:itative analysis was attempted, but the introduced by Cl-beairng fluid or magma 
compositions obtained were slightly variable (Ballhaus & Stumpfl 1986, Boudreau 1995). 
in terrns of Fe and Cl, but similar values to Hence, a set of PGE mineralized samples 
Saini-Edukat et al. (1991) obtained. from the Merensky Reef were also analysed 

for Cl. What is important is that fresh 
samples of pyroxenite, samples from the 
Merensky Reef and samples fiom the 
pegmatitic wehrlite all contain minimal C1 (< 
0.04 %). The samples that display the rapid 
alteration on surface all contain variable but 
elevated concentrations of C1 between 0.08 
and 0.16%. 

5. MINERALIZATION IN THE UG2 

Samples of UG2 from all cores in the area 
were subject to the normal analytical 
procedures for PGE used by Karee Mine. 
PGE contents lie in the normal range 
obtained for UG2 in this part of the Bushveld 
Complex, and so there is no evidence for any 
changes in the PGE distribution as a result of 

Fig. 2. Element map back-scattered electron . . - .  - - proximity to this alteration phenomenon. 
image of vein of hibbingite in olivine. Elements 

are fi-on2 top left - Si, top right - Cl, centre left - 
Mg, centre right - Fe, bottom left 0, bottom right 

6. INTERPRETATION 

- average atomic mass. Scale 1 * 1 mm. Routine petrographic investigation of rocks 
from the Bushveld Complex is unlikely to 

4. WHOLE-ROCK GEOCHEMISTRY identify the presence of hibbingite. Because it 

Whole-rock analyses have been performed 
on both altered and fresh samples from a 
number of vertical sections. These have been 
compared with data reported by Cawthorn & 
Barry (1992) from a similar section of UG2 
pyroxenite. In terms of major and trace 
elements usually analysed, no differences 
could be identified. A sub-set of samples was 
then analysed for C1 by XRF techniques. 
Since one theory for the origin of the 
pegmatitic wehrlites involves replacement by 

is water soluble it will almost certainly be 
lost during thin section preparation. It 
occupies such thin cracks within the 
serpentinised olivine that its removal may not 
be obvious. It is more likely that the 
distribution of hibbingite can be determined 
by analysis for C1 immediately after drilling. 

Hibbingite has so far only been identified 
cutting serpentine in olivine grains. This 
observation suggests that it must post-date 
the serpentinization process. The event that 



produced serpentization is not known, but it Saidi-Edukat, B., Kucha, H. & Keppler, H. 1994. 
Hibbingite, Fe2(0H)&1, a new mineral from the 

must have occurred at temperaNes Duluth Complex, Minnesota, with implications for 
about 500°C. So far, no high C1 values have the oxidation of Fe-bearing compounds and the 

been obtained from rocks that do not contain transport of metals. American Mineralogist, 79, 555- 
561. 

O1ivine' the of Schifiies, C.M. 1982. The petmgenesis of a 
discordant wehrlite have low C1 contents and platiniferous dunite pipe in the Bushveld Complex: 

so appear not to have been affected. Based on infiltration metasomatism by a chloride solution. 
Economic Geology, 77, 1439- 1453. 

the absence of alteration in these wehrlites Vermaak, C.F. 1976. The Merensb Reef - thoughts 
and the low temperature at which the on its environment and genesis. ~conomic ~eology,  

hibbingite was formed in the layered rocks it 71, 1270-1298. 

can be concluded that these discordant bodies 
are not likely to have been the source of this 
Cl-rich fluid. This fluid is obviously very 
different in temperature fiom the kind of late- 
magmatic fluid envisaged by Boudreau 
(1995) and the high-temperature end of fluids 
identified by Ballhaus & Stumpfl (1986). 
Perhaps more diagnostic is the fact that 
hibbingite contains ferrous iron, and so 
probably indicates relatively reducing 
conditions, in marked contrast to 
serpentinization processes that usually 
liberate magnetite. 

Finally, there is no obvious effect on the 
PGE distribution in the UG2 chromitite 
associated with this alteration, and so there is 
no obvious association of this alteration with 
either introduction or remobilization of PGE. 
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ABSTRACT. The Bushveld Complex is both the Earth's largest intrusion and the largest 
source of Platinum Group Elements (PGE's). The present study uses density measurements as 
a rappid and accurate way to profile the sections of drill core. The profiles show broad 
similarities and differences as well as detailed similarities and differences for drill core from 
the northeast and southwest parts of the Bushveld. Density experiments reflect directly on the 
whole rock mineral composition of the sample tested, as well as alteration effects. The 
implication seen in the profiles is that the Bushveld Complex in the northeast and southwest 
were formed at the same time by similar events. 

1 INTRODUCTION resources of the PGE (Pt, Pd, Rh, Ir, OS, Ru) 
and therefore knowledge of its internal 

As tlie worlds largest source of PGE's, the 
structure, rock engineering properties and 

Bushveld complex in NW Province and 
origin, is both of economic importance and 

Mpumalanga, South Africa continues to be 
great scientific interest. 

subject of intense research activities. This 
This paper is part of the first study to date 

intrusion of about 1 million cubic kilometers 
of integration to petrological studies, 

of magma that took place 2.06 X 109 years 
geochemistry and important physical 

ago (Buick et a1 2001) is the Earth's largest 
properties (to mining and rock processing) 

intrusion and contains a major proportion of 
such as rock strength and density. It has been 

the world's supply of Pt, Pd, Rh, Ni, V, and 
found in this study that precise density 

CO as -well as many other metals (Eales and 
measurements give a detailed reflection of 

Cawthorn 1996, Lee 1996). This resource is a 
fundamental rock properties such as 

major contributor to the South African 
alteration (which effects mining calculations 

economy. A layer of rock approximately 2 m 
of rock mass), as well as the mineralogical 

thick, and occurring over a lateral extent of 
make-up of the rock. Two main minerals 

nearly .300 km and mined to a depth of 2 km, 
constitute the bulk of the rocks in the 

called the Merensky Reef (after its discoverer 
Merensky Reef: orthopyroxene and 

nearly 80 years ago) is one of the main 



Figure 1. Density profiles of drill core 
from the northeast (with symbols) and 

southwest (without symbols). 
BP - Batard Pyroxenite, MR - Merensky Reef 

plagioclase, with contrasting densities. The 
combination of these minerals leads to an 
intricate pattern of density changes which 
gives insight into the complex layered 
structure of the Merensky reef and allows 
deductions to be drawn regarding its origin 
and fractionation, the latter reflecting the 
fundamental phase diagrams controls on the 
solidification process. Accurate density 
information is vital for resource modeling. 

2 RESULTS 

What is shown by these relatively simple 
measurements is that trends reflect the 

fractionation process, which in turn reveals 
both the path of the liquid on a multi- 
component phase diagram and previously 
unknown complex internal structures of the 
reef. It also reveals details of the zone 
relating to the enrichment of the value metals, 
and the effect of alteration, which can 
influence the extraction process of those 
metals. 

The results for two boreholes are shown in 
figure 1. These bore holes represent diamond 
drill core from the northeast Bushveld 
Complex (profile with symbols) and the 
southwest Bushveld Complex (profile 
without symbols). Each of the plots has been 



configured so that the basal chromitite of the the Bushveld Complex, South Afica, Journal of the 
Geological Society London 158,3-6. 

Merensk~ Reef forms a base line represented Eales, H. V., and Cawthom, R.G. (1996). The 
by the zero datum on the y-axis and a three- Bushveld Complex. Layered Intrusions. R. G. 

Cawhorn, Elsevir Science B.V., Layered Intrusions, point moving average has been used to 181 - 228. 
smooth the data. These boreholes are Lee, C. A. (1996). A Review of Mineralization in the 

approximately 300 km apart. Bushveld Complex and some other Layered 
Intrusions. Layered Intrusions. R. G. Cawthom, 

The density profiles are broadly similar. A Elsevier science B.V., 103 - 1 4 ~ .  
major difference can be seen between the 
width of the gap the Merensky Reef and The 
Bastard Unit. Visible at the base of the 
Bastard Pyroxenite in both sections is a low 
density alteration zone. 
The norite directly above the Bastard 

Pyroxenite shows a density grater than the 
anorth'osites and norites above. This angular 
decrease in values should be compared to the 
curved decrease above the Merensky Reef. 
Above the Bastard Unit the density increases 
steadiky over 38 metres of core with a 
consistent gap between profiles. Sharp 
trough:; are alteration zones. 

3 CONCLUSIONS 

The simplicity of the mineral composition 
of rocks in this section of the Bushveld 
Complex lends itself to this type of 
experiment. The profiles show similarities 
that suggest that these sections of the 
Bushveld Complex formed by similar 
processes. The differences between the 
profiles, specifically that present above the 
Bastard Unit, reflect subtle differences in 
rock and mineral compositions. 
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ABSRACT. Excepting those of Usgao and Aladahalli, the Cr-spinels of Western Dharwar 
Craton (WDC) are enriched in iron and depleted in Mg# as compared to those of Bushveld, 
Stillwater, and other well known layered complexes. The chromite of the PGE mineralized 
complex in particular is extremely enriched in Fe and depleted in Mg#. The recorded 
compositional variations of chromite of WDC are attributed to a combination of factors such 
as (initial) magma composition, post-cumulous reaction with interstitial liquids, Mg-Fe 
exchanges during subsolidus reequilibration, oxidation of iron during metamorphism and 
changes in f,, and f,, during chloritization. Penetrative deep alteration as compared to 
restricted alteration, limited mainly to border areas of individual grains, is recorded in the 
chromites of PGE mineralized and non-PGE mineralized ultramafic complexes respectively. 
The overall characteristics of ultramafic complexes of WDC and their Cr-spine1 chemistry 
suggest that they are largely Alpine type. 

Chemistry of Cr-spinels occurring in PGE 
and non-PGE mineralized ultramafic 
complexes existing at various locations in the 
Western Dharwar Craton (WDC) 
(Nijagunappa 1994, Devaraju et a1 2002, 
2004a, 2004b) is discussed here based on 
almost 200 new microprobe analyses. This 
has been done to bring out the 
sirnilaritiesldifferences in the chemistry of 
the mineral occurring in the two said 
categories of ultramafic rocks and to 
understand how the data compared with the 
chemistry of Cr-spinels in the extensively 
studied world famous stratiform and Alpine 
type complexes. The Cr-Spine1 samples 
studied are from: ( l )  the pear-shaped layered 
Usgao complex in Goa, (2) the 12 km long 
curvilinear Shankaraghatta ultramafic body 
(SG), (3) the 40 km long segmented mafic- 
ultramafic Channagiri Complex (CUC), 
which includes 3 % km long PGE 
mineralized Hanumalapur segment (HS), (4) 
the dismembered, dominantly ultramafic 
complex of Rangapura-Shivani-Heggadehalli 

(RSH) and (5) the mafic ultramafic complex 
of 50 km long Nuggihalli belt (NB) (see 
Fig.1 for locations). They all bear evidence 
of tectonic emplacement, polyphase 
deformation, segmentation and 
dismemberment. Besides, they are affected 
by penetrative hydrothermal and lowgrade- 
metamorphic alterations; less altered relic 
patches exist only locally. Among the 5 
complexes mentioned, only HS of CUC and 
SG ultramafite bear evidence of PGE 
mineralization. The others have not yielded 
recognizable evidence of PGE 
mineralization. 

The chromite analysed occurs forming (1) 
isolated chromite lenseslpods, which are 
smaller in size, measuring < 54 m in thickness 
and < 2-3 m in length (e.g., Usgao, RSH 
complex), than relatively large ones, 
measuring a meter or more in thickness and 
tens of meters in length (e.g., Byrapur and 
other locations in NB) amenable for small 
scale commercial mining, (2) < 1 or 2 mm to 
a couple cm thick bandsllayers (e.g., RSH 



and partly Nuggihalli) and (3) disseminations 
in the P'GE mineralized HS, however, the 
mineral is present forming a large number of 
small interlacing lenses and disseminations 
embedded in a chloritic matrix. 

The chromite grains studied vary in shape 

Figure. 1: Geological sketch map of WDC 
showing the distribution of ultramafic 
complexes studied 

from euhedral to rounded and in grain-size 
from fine to coarse. In the lenseslpods, they 
typically occur as hetered cumulates whereas 
in bandsllayers, they show a range of micro 
textures which may be described as net, 
chain, ring, reticulate, skeletal, occluded and 
myrmekitic. 

Cr-spinels from ultramafic complexes of 
WDC show a broad and distinctive 
compositional spectrum. They are, however, 
predominantly in the range of ferrochromite- 
chromite-hereynite. Spine1 and magnesio- 
chromite components assume prominence 
locally in  the non-PGE mineralized portions 
of HS and NB. 

The minerals associated with Cr-spine1 
include [(l) chlorite, ilmenite, magnetite and 
host of IPGMs in HS, (2) antigorite-chlorite, 
magnesilte Ni-Cu sulphide, native gold and 
Pd-Ni minerals in SG (3) chlorite and 
amphibole in RSH (4) chlorite, talc, 

serpentine, relics of pyroxenelolivine in 
Usgao and NB. 

Excepting those from Usgao complex and 
Aladahalli in NB, the other Cr-spinels of 
WDC analyze distinctively more iron ( Fig 
2), strongly depleted in Mg# (Fig 3a) and Ti 
(Fig 3b) and show wider range of Cr# as 
compared to the chromites of the well known 
stratiform and Alpine complexes. The ternary 
~ l - ~ r - ~ e ~ '  plotting (Fig. 4) indicates that 
most WDC chromite compositions overlap 
with those of ophiolite, komatiite and 
stratiform complexes; exclusively stratiform 
and SE Alaskan type are represented only 
among those of Usgao and non-PGE 
mineralized HS 

FeOt 
HS PGE mineralized host rock 

0 HS without PGE 1 
A Rangapurn A Baktarahal 
XTagadu a Usga 
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Figure 2. Cr203 VS F ~ o ( ~ )  plot for chromites 
ofWDC, RLM-Red Lodge Montana, FIS- 
Fiskanesset, BUV-Bushveld, STW- Still Water, 
KHC-Kemiprsai High Cr, KHA- Kemprisai High 
Al, CHR- Carribean High Cr, CHA-Carribean 
High Al, GRD-Great Dyke (fields after Thayer 
1970). Note overall Fe enrichment of WDC 
chromites and extreme enrichment in PGE 
mineralized HS. 

The compositional variations recorded 
among the Cr-spinels of WDC are apparently 
related to a combination of factors such as 
(1) degree of melting in the mantle source 
region and related initial melt compositions, 
(2) post-cumulous reaction with interstitial 
liquid (Cameron 1979, (3) Mg-Fe exchanges 
with silicate phases during subsolidous 
reequilibrium Irvine 1967, Dick & Bullen 
1984) (4) oxidation of iron during 



metamorphism (Evans & Frost 1975, Jan & 
Windley 1990) and (5) alteration in response 
to change in fo2 and fHz0 during 
chloritization. 

- 8  RIO 
m13 

0.0 0.5 1.0 1.5 2 0  2.5T1 

Figure 3. Comparison of Cr-spinels of WDC with 
those of Bushveld 1, Great dyke 2 and Stillwater 
3, in respect of Mg#, Cr# and Ti values. 4 HS 
with PGE, 5 HS without PGE, 6 Rangapur, 7 SG, 
8 Usgao, 9 Tagadur, 10 Jambur, 1 1 Aladahalli, 
12 Baktaahalli, 13 Byrapur. 

In general, exception intensely altered 
PGE mineralized HS of CUC, the Cr-spinels 
of WDC are relatively less altered and 
contain far less Fe203. Besides, while in the 
HS the alteration of chromite has penetrated 
deep into the interiors of the individual 
grains, in all other complexes it is essentially 
confined to the edgeshorder zones of the 
grains. Analysis of central and border areas 
of individual altered grains, and cores, inner 
and outer shells of zoned crystals (Fig. 5), 
has indicated outward migration of Al, Mg, 
Zn and Ni (into the surrounding) and 
concomitant increase in Fe203 content 
through oxidation of FeO. Comparison of the 
analyses of the least altered core (which still 
retains memories of the original chromite 
composition), less altered inner rim and most 
altered outer rim of the zoned crystals has 
shown that there is no significant change in 
Cr203 and Fe0 contents fiom core to rim. 
The impaired valency associated with the 
said migration of elements was apparently 
balanced by matching increase in Fe203 
content. A1 released quantitatively into the 
surrounding from the altered Cr-spine1 has 
reacted with Si, Mg and Fe of olivine (and 
pyroxenes) in the presence of hydrothermal 
solutions to produce chlorite. The alteration 

Figure 4. Ternary Cr-Al-Fe3+2Ti plot of WDC with reference to fields defined by well 
known chromite associations (fields after Jan and Windley 1990). Note the concentration 
WDC chromites in the area where ophiolite, stratiform, komatiite and SE Alaskan fields 



was so thorough and complete that no relics 
of original silicates remained over. As 
compiued to the generally observed patterns 
of alteration described in the preceding, the 
disseminated chromite grains in the SG 
ultramafite are characterized by border 
zones., which are sharply depleted in Cr203, 
resulting in the transformation of chromite 
into Cr-magnetite. 

Figure 5. Zoned chromite in the PGE mineralized 
HS. Core representing original Cr-spine1 
composition analyses 15.3% A1203, 30.8Cr203, 
32.2 FeO, 19.4% Fe203 and 0.7% MgO whereas 
the outer rim of the crystal analyses 1.9% A1203, 
30.3% Cr203, 30.8% FeO, 34.6% Fe203, 0.1% 
MgO The bright looking laurite in the center 
measures 4 microns. 

While the early workers (e.g. Pichrnuthu 
1956, Radhakrishna 1957) have considered 
chromite deposits of Nuggihalli belt as 
Alpine (podiform) type, some of the recent 
workers (e.g., Nijagunappa & Naganna 1983, 
Srinivasan et a1 1991) have interpreted these 
as stratiform. The present comprehensive 
study based on a large number of Cr-spine1 
analyses and also taking into account the 
typical occurrence of the host ultramafic 
complexes as tectonically emplaced, 
segmented and deformed small bodies favour 
interpretation of both Nuggihalli and other 
examples of WDC as largely 
podifodAlpine-type deposits. While the Cr- 
spinel present in the PGE mineralized HS is 
an exceptionally Fe-rich phase, those of 
others either compare with the Alpine 
(ophiolite) type or overlap with both Alpine 
and stratiform deposits; only Usgao complex 
contaiils some Cr-spinels fully comparable to 
those of Bushveld. 
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ABSTRACT. The geophysical methods employed for PGE exploration in a mafic-ultramafic 
layered complex on the Kola Peninsula (NW Russia) are discussed. A high proportion of 
remanence in the magnetic properties of the rocks is demonstrated. The dependence of IP- 
survey efficiency on the choice of various techniques is considered. The successful 
application of geophysical methods in exploration for different styles of PGE-mineralization 
is mentioned. 

1. INTRODUCTION 

The often narrow, low-sulfide PGE-bearing 
mineralization can be considered, in 
geophysical terms, as low contrast and thus 
remains a difficult target for geophysical 
methods. To develop an adequate approach to 
exploration is important because of the high 
proportion of poorly outcropping and deep 
targets. 

2. GRAVITY SURVEY 

A gravity survey may be used in the initial 
stage of exploration to discover mafic- Fig. l. Kola Peninsula: l - mafic-ultramafic PGE- 

ultramafic intrusions of high density. In the bearing layered intrusions; gravity highs caused 

Fenno-Scandian region, PGE-bearing layered by: 2 - Proterozoic volcanic-sedimentary zone; 3 

intrusions are confined to the contact of low- - other rocks; 4 - gravity lows; 5 - some regional 

density Archean basement and high-density faults. Intrusions: 1 - Fedorova-Pana, 2 - 

Proterozoic volcanic belts mainly controlled Imandrovskaja, 3 - Moncha&Monchetundra, 4 - 

by large scale transverse faults (Fig. l). Mt. Generalskaja. 



The gravity anomalies generated by these 
intrusions are to be resolved from large-scale 
gravity step. 

3. MAGPmTIC SURVEY 

3.1. Magnetic properties of ma$c layered 
intrusions 

A characteristic signature of the mafic 
layered intrusions (Stillwater, Fedorova-Pana, 
Burakovski, Moncha) is a high magnetic 
remanence, which is particularly strong for 
the highly magnetic bodies (fig.2). It has been 
proven, for some intrusions at least, to be 
caused by very fine-grained magnetite in 
plagioclase (Dudkin & Rundkvist, 2002, 
Sobolev!, 1990, Selkin et al, 2000). 

Koenigsberger 
ratio 

ICO ; 

1 : 

intrusion, generated mainly from remanewe, 
was found to correlate with fine features of 
the rock's microstructure (Pripachkin & 
Dudkin, 1999). 

3.2. Internal structure of layered intrusions in 
magnetic$eld 

A magnetic survey (M) is the most efficient 
geophysical tool to study the internal 
structure of these layered intrusions, namely 
a) tectonic disruptions and general tectonic 
features, b) magmatic layering and high- 
magnetic stratigraphic markers and c) 
stratigraphic levels prospective for PGE. 

Tectonic zones are well traced by a low 
magnetic field due to oxidation and physical 
disintegration of the fine-grained magnetite 
via plagioclase-epidote alteration processes. 
Both magnetic susceptibility and remanence 
are sensitive to even weak alteration. 

Magmatic layering is often clearly 
observed in the magnetic field. Sometimes, 
M surveys reveal layering not seen in 
geological observation, where the proven 
cause of magnetic differences is a slight 
variation in the plagioclase composition. 

Magnetite-bearing gabbros and diorites are 
typical of the upper part of layered intrusion 
stratigraphy (Dodin et a1 1994, Latypov & 
Chistiakova 2000). As they can be traced in 

1 the magnetic field they provide distinctive 
markers of later crystallization stages. 

Fig.2. Magnetic properties of some layered 3.3. PGE-reefs in magneticfield 
intrusions (Tiuremnov et a1 1982, Sobolev 
1990, Blakely & Zientek 2002) 

Orientation of remanence shows the main 
pole 1-40', D-OO corresponding to an age of 
-1.8 C;a. This pole demonstrates the re- 
magnetization of intrusions during the 
Svekofennian event (Pesonen, 1989, 
Mertanen, 1989). Magnetization of the Pana 

The PGE mineralization is confined to 
alternating magnetic field, which corresponds 
with the layered horizon(s). Within these 
horizons PGE's can be correlated with both 
high and low levels of the magnetic field 
(fig.3). The type of correlation was found to 
be quite consistent. Model 1 predominates 
(80-90%) for the West-Pana intrusion, both 
North and South reefs up to 20 km along 



strike, and the Churozero block of the East- 
Pana intrusion, up to 9 km along strike. 
Model 2 prevails (70-90%) for Fedorova 
intrusion (up to 5 km along strike), the 
Chuarvy block of the East-Pana intrusion (up 
to 10 km along strike), and in the Moncha- 
Monchetundra intrusive complex. 

4. ELECTROMAGNETIC SURVEY (EM) 

An EM-survey is normally ineffective for 
low-sulfide-PGE-bearing mineralization, 
which shows little resisitivity contrast from 
the host rocks. There are a few examples of 
conductive PGE-mineralization in sulfide 
veins successfully discovered using EM 
(Fedorova intrusion, Moncha intrusion). It is 
interesting to note that EM is sometimes 
more efficient at mapping magnetite gabbro 
than magnetism, as EM picks up high 
magnetic susceptibility but not remanence. 

Model 1 

N 

unit 
PGE level 

Model d / m a g ,  2 m 

Posltionif 
PG€ level 

Fig.3. Two models of correlation between 
PGE-reefs and magnetic field. 

5. INDUCED POLARIZATION SURVEY 

The effectiveness of the induced 
polarization (IP) method strongly depends on 
the choice of technique. Topographic 

conditions must also be considered when 
designing a survey. 

1000 --- - - - - - - - --  - 1  

ABl2, m 
Fig.4. Typical electrical sounding curves 
(solid line - polarization, dashed line - 
resistivity). 

Fig.5. IP forecast for Platrif style PGE deposit 
(Fedorova intrusion, Sergejev 1995); a - 
measured and modeled resistivity and 
polarization, 6 - IP modeled interpretation, B - 
drilling cross-section (simplified): 1 - till cover; 2 

- gabbronorite (from drilling), 3 - gabbronorite 
of different resistivity (from IP), 4 - sulfide 
dissemination (modeled and drilled), 5 - host 
granite-gneiss; 6 - drillholes and sulfide intervals 
from drilling. 

Fig.4 shows typical electrical near-surface 
sounding curves (Pana intrusion). The highly 



polarized 2- 10 m thick near-surface layer 
may be explained as a weathered surface 
zone. The results of sounding are important 
to choose geometry of an array. 

For Fedorova style PGE-bearing sulfide 
mineralization (sulfide content 1-5%, 
thickness 5-50 m) the efficiency of IP- 
forecast was 85% (fig.5). For the Pana style 
(sulficle content 0.5-2%, thickness < 2 m) the 
efficiency of IP-forecast varies from 2565%. 
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ABSTRACT. A total of 1 12 Au-nuggets, collected from alluvial placer deposits from the Guli 
Massif, located in northern Siberia, Russia, were investigated. The Guli Massif consists of a 
dunite core complex, an alkaline to highly alkaline rock suite enveloping the dunite and 
carbonatite intrusions. The nuggets are characterized by various size and shape, show 
chemical compositions, i.e. Au, Au-Ag, and AuCu, typical for a derivation from carbonatites 
andlor ultramafic complexes. The nuggets are further characterized by a great variety of 
oxide, silicate, REE-minerals, carbonate and sulfide inclusions. These inclusions coincide 
with characteristic mineral constituents of the alkaline to highly alkaline rock suite 
surrounding the Guli dunite core complex and are, thus, considered as the source for Au- 
nuggets. 

1 INTRODUCTION, 
GEOLOGY 

GENERAL 

The Guli Massif is located in the 
Maimechia-Kotui province in the northern 
part of the Siberian Platform (Russia). It 
occupies an area of 2000 km2 at the 
intersection of the Taimyr-Baikal and the 
Yenisei-Kotui paleorifis (Malitch 1999). The 
Guli Massif is composed of a 
clinopyroxenite-dunite core with rare 
disseminated and schlieren-type chromitites, 
various alkaline rocks and carbonatite 
intrusions. Economic PGE and Au placer 
deposits are hosted in river beds (i.e. in recent 
and Qarternary alluvial, fluvial and terrace 
beds) of the Ingarinda, Gule, Sabyda and 
Selinga rivers and their tributaries (Malitch & 
Lopatin 1997, Malitch 2002, Malitch & 
Thalhammer 2002). This study represents a 

detailed mineralogical and geochemical 
investigation of representative composite Au- 
nuggets from the Ingarinda river. These 
results are compared with a detailed study of 
the alkaline rock sequences located between 
the dunite core complex and the carbonatite 
intrusion, in order to find the source rocks for 
the Au-nuggets. 

2 MORPHOLOGY OF THE Au-NUGGETS 

The morphology of the total of 1 12 Au- 
nuggets investigated was described on the 
basis of dm (dm = (L+W)/2, L = max. length, 
W = max. width, Table l), apart of measuring 
the max. length of the nuggets and 
determining their sphericity and roundness. 
There is a great variety in the shape of the 
Au-nuggets expressed here by dm. 10% of 
the nuggets revealed a dm between 0.125 - 



0.25 mm, 38% between 0.25 - 0.5 mm, 39% 4 INCLUSIONS AND INTERGROWTHS 

and 21.5 to 27.7 wt.% Cu. Quite commonly 
Au-nuggets show zonation defined by either 
AuCu, or electrum core and an Au rim, the 
latter is generally irregular and less than 5 pm 
in thickness. 

range from 0.5 to l .O mm, 7% l .O - 1.5 mm, 
A main focus of this study was directed to 

2% 1.5 - 2.0 mm, and 4% between 2.0 and 
the great variety of inclusions in and 

2.5 mm. 
intergrowths with the Au-nuggets (Figure 2). 

Table l . Composition of Au-nuggets from the Oxides, various silicates, REE-containing 

Guli M assif phases, carbonates, and a great variety of 
sulfides have been observed. Oxides 

Figure 2. Microphotograph under reflected 
light, parallel Nichols, showing typical 
inclusions in Au-nuggets. 

Figure 1. Complex tetra-auricupride- 
electrum-gold nugget. 

comprise Ti-magnetite, perowskite, ilmenite, 
and Cr-magnetite. Clinopyroxene, Na- 
amphiboles represent the most common 
silicate inclusions, less commonly sphene, 
chlorite and rare serpentine, olivine, 

1 (1 1,43%) 
Il-A (5,71%) 
I l-B (24,29%) 
Il-C (31,43%) 
Il-D (1 1,43%) 
I l l  (15,71%) 

phlogopite occur. Calcite and dolomite also 

3 COMPOSITION OF THE NUGGETS form quite common inclusions; apatite is 
intergrown with the Au-nuggets. 

Three distinct classes of Au-nuggets were Furthermore, REE-containing mineral phases 

distingluished On the basis the such as zirkelite and chevkinite have been 
compositional characteristics (Table 1). In identified. sulfides pentlandite, 
genera' composite (Au, chalcopyrite, cobaltite, pyrrhotite, nickeline, 

- tetra-auricupride (AuCu) nuggets chalcosine, breithauptite, hessite, cubanite, 
(Figure 11, and single gold and parkerite, bomite, and galena. Sulfide 
electrum grains have been detected. Electrum inclusions are usually less than 10 pm in size 

represents the most common com~osition, and appear as mono-phase as well as poly- 
and contains varying 20-59 wt.% Ag. Tetra- phase inclusions ( ~ i ~ ~ ~ ~  2). 
auricupride contains 71.8 to 77.6 wt.% Au 

Au-Ag and Au-Cu 
AuAgx (x>l) 
AuAg to Aul,gAg 

Au& to AuS,gAg 

A u ~ A ~  to A~g,gAg 
AuxAg (X>6) 
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ABSTIUCT: Paleo- and Mesoproterozoic mafic intrusions located in the northern Grenville 
Province of Ontario have been the subject of recent Cu-Ni-PGE mineral exploration. 
Paleoproterozoic intrusions, most notably the River Valley intrusion, are related to similar age 
and composition intrusions in the adjacent Southern Province. The Mesoproterozoic 
intrusions are part of a larger Geon 12 magmatic event in the region. The geology and mineral 
potential of both intrusive suites is described. 

Orenvilb Province Superior Provlnu 
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Figure 1. Location map showing the location of the study area, the distribution of Archean rocks in the south- 
central Canadian Shield in Ontario, the distribution of rocks of the East Bull Lake intrusive suite, and the Flett 
Township intrusions. 



1 INTRODUCTION 

Since 1998, mafic intrusions near the 
Grenville Front in Ontario have been prime 
exploration targets for Cu-Ni-PGE 
mineralization. To assist in this effort, the 
Ontario Geological Survey has conducted 
detailed mapping in high potential areas of 
the Grenville Province between 1999 and 
2002. This poster summarizes the results of 
these mapping efforts. 

2 EAST BULL LAKE INTRUSIVE SUITE, 

INCLUDING THE RIVER VALLEY 

INTRUSION 

Country rocks to East Bull Lake intrusive 
(EBLI) suite rocks are mainly Archean in 
age, and are grouped into 4 gneiss 
associations. Metamorphic grade is upper 
amphibolite facies; country rocks to the mafic 
intrusions are commonly migmatitic. The 
mafic intrusions themselves are not 
migmatitic. 

The Paleoproterozoic EBLI suite consists 
of several mafic layered intrusions emplaced 
between 2490 and 2468 Ma (James et al. 
2002) that occur over a distance of -250 km, 
roughly centered on the present site of 
Sudbury. The largest of these bodies in the 
Grenville is the River Valley intrusion, which 
underlies roughly 100 km2 of Dana and 
Crerar townships. Previous maps correlated 
mafic rocks west of Crerar Township with the 
River Valley intrusion. This study indicates 
that at least 3 separate intrusions are present, 
each emplaced into different country rocks, 
and with different stratigraphy and mineral 
potential. 

Although historically referred to as an 
anorthosite to anorthositic gabbro intrusion, 
the River Valley intrusion is dominated 
(-60% of surface area) by gabbro, norite, 
gabbronorite, leucogabbronorite and 

leuconorite, with some units containing 
modal olivine. True anorthosite makes up less 
than 10% of the surface area of the intrusion, 
but even in these areas, the distribution of 
mafic minerals is irregular, so that the areas 
of anorthositic rock are closer to noritic 
anorthosite or gabbroic anorthosite in 
composition. Noritic and gabbroic anorthosite 
probably underlie about 30% of the surface 
area of the intrusion. 

The crystallization order of primocryst 
phases is most commonly plagioclase (Ango- 
62), olivine (Fo76-59), orthopyroxene (En75-5g), 
titanomagnetite, and clinopyroxene. In Dana 
Township, the River Valley intrusion locally 
exhibits primary mineralogy and well 
preserved igneous textures. Phase layering 
varies from cm- to m-scale, which is 
discernable in outcrop, and dm or larger, 
which is identified by detailed mapping. 
Isomodal layering is most common; mineral 
and size graded layers are less common. 

Observed stratigraphy in the intrusion 
differs slightly north and south of the 
Sturgeon River. A near continuous section in 
Crerar Township has a maximum thickness 
of 1.4 km, and from base upward, consists of: 

150-200 m of gabbro and melanogabbro 
forms a heterogeneous Marginal zone that 
contains f?agment-rich zones, disrupted 
layering, and considerable diking. Sulphide 
minerals are common. This zone grades 
upward into leucogabbro and anorthositic 
gabbro. 

400-500 m of gabbroic anorthosite to 
anorthosite (Anorthosite zone, thin Olivine 
Gabbronorite zone). Melanogabbro and 
olivine melanogabbronorite layers up to 2 
m thick occur near the top of this zone. 

350 m of norite and gabbronorite 
(Gabbronorite zone) commonly layered on 
the scale of centimetres to decametres. 



Layers have pyroxenite bases and gabbroic of S-saturated, inclusion-bearing, second- 
anorthosite tops. stage (PGE enriched, i.e. 20 to 100 ppb PGE) 

magmas that entered the magma chamber 
200 m or leucogabbro to gabbroic 

carrying liquid sulphide droplets (James et al. 
anorthosite (Leucogabbronorite zone). 

2002). Reef-style mineralization has yet to be 
200 m or more of oxide-bearing documented within the EBLI suite, but could 

leucogabbro to gabbroic anorthosite be present. 
(Oxide-bearing Leucogabbronorite zone). 
A regional magnetic anomaly is associated 3 GEOLOGICAL HISTORY BETWEEN 
with this unit. Rocks in this zone show a 
decrease in Mg-# (GO) compared to other SUDBURY AND RIVER VALLEY 

stratigraphic units in the intrusion Archean rocks in this area record a 

(typically >57). sequence of events similar to that observed in 
the Levack Gneiss complex and high-grade 

The top of the section is not observed, due portions of the Quetico subprovince, but 
to intense deformation in the rocks above unlike the Pontiac subprovince. The 
this stratigraphic level. following geological history is inferred. After 
Cryptic layering is well documented for the deposition of greywackes south of the 

River Valley intrusion. Pearce-element ratio Temagami greenstone belt, invasion by 
and chondrite-normalized diagrams tonalitic to granodioritic plutons, probably 
illustrate that each body formed from one or accompanied by burial, formed the 
more co-genetic magmas. A high-A1, rnigmatitic gneisses now represented by the 
tholeiite composition can explain the pardo and Red Cedar Lake gneiss 
dominant leucocratic rock compositions in associations, likely between 2685 and 2675 
the EBLI suite (James et al. 2002). Ma. This was followed by a second period of 

Within the EBLI suite, contact-type Cu-Pd- tonalitic to granodioritic magmatism, 
Pt mineralization (1 to 10 g/t Pd+Pt+Au) deformation and metamorphism at mid- 
occurs in the matrix of an inclusion andor crustal levels between 2670 and 2660 Ma. 

gabbronorite to leuco- The Crerar gneiss association represents the 
gabbronorite at the base Or side of the products of this latter activity. Subsequent 
intrusions where the primary igneous contact felsic magmatism at roughly 2640 Ma was 
is Preserved. A second, similar, zone of accompanied by emplacement of pegmatite 
mineralization may occur 100 to 200 m above veins. 
the contact. Examples occur throughout the A logical extension of this work is to 
EBLI suite, however, the most consistent interpret the gneiss associations as a 
grades have been the River southward-deepening section of the crust. As 

in Dana Township' interpreted, Archean metawackes exposed 
Chalcopyrite and lesser pyrrhotite form l to immediately north of the Grenville Front 
3% sulphide, either finely disseminated or as represent high-levels of the crust. The Pardo 
local cm-sized patches. PGE mineralization is immediately south of the Grenville 
commonly associated with sulphide minerals. Front, represents the middle paR of a 10-15 
Study of the East L*e km thick upper crustal layer dominated by 
indicates that mineralization originates from supracmtal and intmsive rocks. The Red 

the intrusion and subsequent dynamic mixing Cedar Lake gneiss and the gneiss 



association represent the basal portion of this 
upper crustal layer, with the former derived 
fiom a metasedimentary rock sequence and 
the latter fiom a greenstone sequence. 
Intrusive rocks of the Crerar gneiss 
association are part of a 10 to 15 km thick 
middle crustal layer. This crustal section is 
roughly equivalent to that observed across the 
Wawa gneiss domain. 

Emplacement of EBLL suite bodies occurs 
at several levels within this crustal section, 
not just at high crustal levels. Despite this, 
the roofs of the EBLI suite intrusions are 
rarely seen, although in several areas, floor or 
side contacts are well exposed. 

4 FLETT 

INTRUSIONS 

TOWNSHIP MAFIC 

Evidence for a bimodal mafic and A-type 
granite magmatic province in the northern 
Grenville Province was discovered while 
examining mafic intrusions near Temagami 
that occur in Tomiko terrane, near its contact 
with the Grenville Front tectonic zone. These 
intrusions were examined because of 
suggestions that they were correlative with 
the East Bull Lake intrusive suite. 

Proterozoic country rocks consist of 
gneissic granite, with minor mafic and 
quarztose gneiss and metaconglomerate. The 
Fall Lake intrusion consists of little 
metamorphosed gabbro and leucotroctolite. 
The Fanny Lake intrusion consists of 
olivinite and troctolite. Igneous texture is 
well preserved, but metamorphic coronas 
occur around primary olivine and 
clinopyroxene. Geochemistry indicates that 
both bodies are slightly alkalic, 
compositionally similar to the Sudbury 
diabase dike swarm dated at 1238 * 4 Ma, 
and have affinities to within-plate basalts. 

The Flett Township intrusions are barren of 
Cu-Ni-PGE mineralization. A magnetite 

deposit, containing up to 22 wt.% Ti02 
occurs along the northeastern margin of the 
Fall Lake intrusion. 

The Fall Lake intrusion yielded pristine 
baddeleyite, with 3 concordant or just slightly 
discordant grains giving an average 
207~b/206~b age of 1235 i 2 Ma. The Fanny 
Lake sample yielded baddeleyite, with some 
grains having thin zircon overgrowths, 
consistent with the presence of corona 
textures in the body. Two concordant grains 
without overgrowths gave an average 
207~b /206~b  age of 1238 k 2 Ma. 

Both intrusions are spatially associated 
with the A-type Mulock granite, dated at 
1244~~1-3 Ma. Intrusions of similar age 
include the Sudbury dike swarm, Mercer 
anorthosite, and the West Bay and Powassan 
granitoid plutons. The new age data provides 
further evidence for the presence of a 
bimodal magmatic province active fiom 
1270-1235 Ma in the Laurentian margin of 
the Grenville Province. The tectonic setting is 
interpreted as an extensional rift that formed 
inboard of a continental arc active on the 
southern margin of North America between 
1450-1300 Ma. This setting resembles that of 
the Cenozoic Columbia River Basalt Group. 
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Contribution of mafic magmas and mafic rocks to Pd and Pt 
contents in porphyry Cu deposits: evidence from the Skouries 
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ABSTRACT. Certain porphyry Cu-Au deposits, including the alkaline porphyry deposit of 
Skouries (Greece), additionally to Au have shown significant enrichment in Pd and Pt. 
Palladium, Pt and Au contents are higher in the magnetite (pure)-bornite-chalcopyrite 
assemblages, dominated at the central parts of the deposits, associated with pervasive potassic 
and propylitic alteration. The lower Pd content in the chalcopyrite concentrates from the 
count~y rocks (amphibolites) compared to that derived from the main ore body of the Skouries 
deposit, coupled with the presence of only a narrow halo of alteration in the country rocks and 
a negative trend between Cr, Ni and Pd contents would be inconsistent with the possibility 
that amphibolites being a significant Pd source. The spatial and temporal association of the 
porphyry stocks with mafic dykes suggest that Pd and Pt may have been inherited from 
magma mixing of felsic with mafic alkaline magmas. Additional evidence for incorporation 
of PGE, Cr, CO, Ni-enriched material either in the mantle source orland during upward-rising 
of magma within crust, prior to the final emplacement, are the 8 7 ~ r / 8 6 ~ r  and 207~b/204~b 
value:;. 

l INTRODUCTION sufficient PGE to f o m  to economic levels - 

Recently, certain porphyry Cu-Au deposits, PGE deposits, if a PGE source is available 

including the alkaline porphyry deposits in (Xiong and Wood, 2000). Porphyry Cu-Au- 

the Cordillera of British Columbia, Skouries P&Pt deposits are associated with alkaline 
rocks, or K-rich calc-alkaline, which (Greece), Elatsite (Bulgaria) and Santo 

Tomas I1 (Philippines), additionally to Au represent volatile-rich, moderately 

have shown significant enrichment in PGE fractionated parent magmas, although exhibit 
an enrichment (hundreds ppm) in compatible reaching contents over 5 ppm and Pd and Pt 
elements such as Cr, CO h Ni. The presence potential over 15 tons and 3 tons, respectively 

(Mutschler et al., 1985; Eliopoulos and of mafic fragments (xenoliths) andfor mafic 
dykes cutting mineralized porphyries of the Economou-Eliopoulos, 199 1 ; Tarkian and 

Stribry, 1999); Economou-Eliopoulos and Balkan Peninsula along with textural 

Eliopoulos, 2000; Tarkian et al., 2003). The correlation may contribute to the 

Pd-Pt potential of certain porphyry Cu interpretation of such diversity, and the 
source of palladium and platinum in certain deposits is consistent with the capacity of the 
porphyry Cu deposits. related hydrothemal for transporting 



2 CHARACTERISTIC FEATURES OF 
ALTERATION AND MINERALIZATION 

The Skouries Cu deposit related to 

porphyry of subalkaline-alkaline 
composition, belongs to the Vertiskos 
Formation of the Serbo-Macedonian massif 
(SMM), consisting of old basement gneiss, 
amphibolite, schist and marble, Tertiary 
intrusions, ophiolites (the Therma-Volvi- 
Gomati) and subvolcanic-porphyritic stocks 
related to porphyry Cu deposits. Potassic- 
propylitic is the predominant alteration type 
in the Skouries porphyry deposit, which is 
characterized by intense silicification. Two 
mineral assemblages of mineralization, occur 
as veinlets and disseminations: (a) magnetite, 
reaching up to 10 vol% (average 6 ~01%) - 
bornite - chalcopyrite, llnked to pervasive 
potassic and propylitic alteration type, in the 
central parts of the deposit, and (b) 
chalcopyrite-pyrite, dominated at deeper and 
the peripheral parts of the deposit. 
Molybdenite occurs in small amounts, 
commonly in late pyrite-sericite-carbonate 
bearing veinlets (Frei, 1995). Chalcopyrite, 
and in a lesser extent bornite, contain 
exsolutions of galena which commonly has 
significant concentrations of Se (up to l 1  
wt% Se), while clausthalite is rare. Minor ore 
minerals are gold-electrum, clausthalite- 
galena, hessite and merenskyite-moncheite 
(Tarkian et al., 1991). 

Textural relationships between mineralized 
cross-cutting veinlets, and the presence of 
mafic fragments (xenoliths) within the main 

porphyry of the Skouries deposit (Fig. 1) 
indicate a dynamic interplay between 
hydrothermal and tectonic processes during 
the evolution of the mineralised system. 

Dark-green fine grained fragments are 
mainly composed by orthoclase, phlogopite 
and lesser amounts of biotite remnants. Fine- 
grained magnetite, is Cr-bearing, the Cr 

ranging from 0.65 to 0.98 wt% Cr203 in the 
ma- trix, to 0.29 wt% Cr203 in magnetite 
within thin quartz veins in contrast to the Cr- 

Fig. 1 .  Drill core sample of the Skouries Main 
monzonite porphyry dominated by the mt-bn-cp 
assemblage. Angular mafic fragments (stage I), 
pervasive (stage 11), textural correlation between 
successive quartz veining mineralization (stages I11 & 
IV), and a quartz-biotite vein (stage V), reflect a wide 
range of hydrothermal and tectonic evolution. 

Pyrite, contains nickel ranging from 0.45 to 
2.4 wt% Ni, while CO ranging from 0.64 to 
4.18 wt% CO (Kroll et al., 2002). 

In addition, there is a Cr- and Ni- 
enrichment, reaching values up to 690 mm Cr 
and 560 ppm Ni, and a negative relationship 
with the Pd, Pt contents (Table 1 ; Economou- 
Eliopoulos et al., 2001). 

On the other hand, the high values of the 
ratios CeILu (>225), and relatively high F, 
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Fig. 2. Back scattered image from the mafic fragments 
(xenoliths) within the Skouries porphyry deposit, 
showing a mineralized quartz vein. Drill core sample 
SK8, from the depth of 670 m. Abbreviations: mt = 

magnetite; cp = chalcopyrite; py = pyrite; ab = albite; 
bi = biotite; phl = phlogopite. 

Cl, Th and U contents are evolved 
geochen-dcal signatures, of the Skouries 
deposit, reflecting probably a strong 
fractiona~tion of parental magmas. There is a 
frequent association of magnetite and Cu- 
minerals (bornite and chalcopyrite) with 
inclusio~is of thorite, U-bearing thorite, 
hydroxyl-apatite and rare earth element 
(REE)-enriched silicates of the epidote-group 
(allanite), zircon and rutile, Also, the average 
F content (whole rock) is 900 ppm F 
(Eliopoulos and Economou-Eliopoulos, 
1991), while mica phases contain up to 0.19 
wt% C1 and 2.48 wt% F (Kroll et al., 2002). 

Assurning that Pd is mainly associated 
with chalcopyrite (merenskyite inclusions) in 
porphyry-copper deposits, calculating the 
measured Pd contents in chalcopyrite 
(measured contents are normalized to 100 
percent chalcopyrite), then the average Pd 
values ill deposit is -3000 ppb Pd. Palladium 
is much lower in the country amphibolites, 
e.g. 470 ppb Pd (Economou-Eliopoulos and 
Eliopoulos, 2000). 

The composition of alkaline parent 
magmas, the wide range of physico-chemical 
conditions and the dynamic interplay between 
magmatic, hydrothermal and tectonic 
processes during the formation of porphyry 
Cu deposits may be major controls of their 
precious metal potential and characteristics 
(Richards, 2003). 

The relatively high Cr, Ni and CO contents 
at deeper and peripheral parts of the Skouries 
(Greece) deposit and the Elatsite, Medet and 
Assarel porphyry Cu deposits of Bulgaria 
(Table 1; Eliopoulos et al., 1995) may 
suggest that these elements share a common 
source with precious metals. In addition, the 
presence of Cr-bearing magnetite and Ni-Co- 
pyrite in the mafic fragments and country 
amphibolites and the gradual assimilation of 
mafic remnants within porphyry (Fig. l), 
suggest a reaction between country rocks 
(amphibolites) and parent magma of 
porphyry. Thus, amphibolites would be the 

I _ 
skul00 -344 46 ' 4630: 1.13 1 l2 23- -34  1 - - - -  
S O P ~ ~  27 28 1170 1.29 1 6 0 ~  140- 24 -- -- 
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Pd source for the Skouries porphyry Cu 
deposit. 

However, the lower Pd content in the 
chalcopyrite concentrate fiom the country 
rocks 75 ppb Pd, even the calculated to 100% 
chalcopyrite (470 ppb Pd) compared to that 
derived fiom the main ore body of the 
Skouries deposit, coupled with the presence 
of only a narrow halo of alteration zone in the 
country rocks and a negative trend between 
Cr, Ni and Pd contents (Table 1) would be 
inconsistent with the possibility that 
amphibolites being a significant Pd source. 

The spatial and temporal association of the 
subvolcanic stocks with lambrophyres and 
mafic dykes in the SMM and the Elatsite 
deposit suggest that Pd and Pt may have been 
inherited from magma mixing of felsic with 
mafic alkaline magmas. The incorporation of 
the volatile components coming from mafic 
magma into the overlying felsic magma 
chamber has been suggested for the Bingham, 
Utah porphyry deposit (Hattori and Keith, 
2001). The oxidized nature of the alkaline arc 
magmas inhibits fractionation of sulphides, 
while the precious metals remaining in the 
magmas were transported by magmatic- 
hydrothermal fluids and were precipitated in 
the porphyry environment (Thompson et al., 
200 1). Additional evidence for incorporation 
of PGE, Cr, CO, Ni-enriched material either 
in the mantle source orland during upward- 
rising of magma within crust, prior to the 
final emplacement, are the 8 7 ~ r 1 8 6 ~ r  and 
207~b1204~b values (Frei, 1995). 

In summary, the Pd level in chalcopyrite 
concentrates derived from country 
amphibolites and that fiom mineralized 
porphyry would be inconsistent with the 
possibility that amphibolites being a 
significant Pd source. The 8 7 ~ r / 8 6 ~ r  and 
207~b1204~b values, and the presence of 
lambrophyres and mafic dykes point to a 

contribution from crust rocks and a direct 
involvement of mantle in an arc-subduction 
environment. 

REFERENCES 

Eliopoulos, D. G. & Economou-Eliopoulos, M., 1991. 
Platinum-Group Element and Gold Contents in the 
Skouries Porphyry-Copper deposit, Chalkidiki 
Peninsula, N. Greece. Econ. Ceology 86,740-749. 

Eliopoulos,DG., Economou-Eliopoulos, M., 
Strashimirov, St., Kovachev, V., & Zhelyaskova- 
Panayotova, M. 1995. Gold, platinum and palladium 
content in porphyry Cu deposits from Bulgaria: a 
study in progress. Geol. Soc. Greece 5 ,7  12-716. 

Economou-Eliopoulos, M. & Eliopoulos, D.G., 2000. 
Palladium, platinum and gold concentrations in 
porphyry copper systems of Greece and their genetic 
significance. Ore Geol. Reviews, 16,59-70. 

Frei, P. 1995. Evolution of Mineralizing Fluid in the 
Porphyry Copper System of the Skouries Deposit, 
Northern Chalkidiki (Greece): Evidence from 
combined Pb-Sr and Stable Isotope Data. Economic 
Geology, 90,746-762. 

Hattori KH & Keith JD (2001) Contribution of mafic 
melt to porphyry copper mineralization: evidence 
from Mount Pinatubo, Philippines, and Bingharn 
deposit, Utah. Miner Deposita 36: 799-806. 

Kroll, T. Muller D, Seifert, T. Herzig, P.M. & 
Schneider, A. 2002. Petrology and Geochemistry of 
the shoshonite-hosted Skouries porphyry Cu-Au 
deposit, Chalkidiki, Greece. Miner. Deposita 37, 
137-144. 

Richards, J.P. (2003). Tectono-magmatic precursor for 
porphyry Cu-(MO-Au) deposit formation. Econ. 
Geology ,98: 15 15- 1533. 

Tarkian M. & Stribrny B. 1999. Platinum-group 
elements in porphyry copper deposits: a 
reconnaissance study. Mineral. & Petrology 65, 
161-183. 

Tarkian, M., Eliopoulos, D.G. & Economou- 
Eliopoulos, M., (1991), Mineralogy of precious 
metals in the Skouries porphyry copper deposit, N. 
Greece. Neues Jahrbuch fir Mineralogie 
Abhandlungen, vol. 12, pp. 529-537. 

Thompson, J.F.H., Lang, J.R. & Stanley, C.R. 2001. 
Platinum group elements in alkaline porphyry 
deposits, British Columbia. Exploration and Mining 
in British Columbia, Mines Branch, Part B: 57-64. 

Xiong, Y. & Wood, S.A., (2000). Experimental 
quantification of hydrothermal solubility of 
platinum-group elements with special reference to 
porphyry Cu environments. Mineral. & Petrology 
68, 1-28. 



Geochemical Characteristics, Distribution of PGE and PGM 
in Chromitites of the Bou Azzer Ophiolite, Morocco 

M. El Ghorfi, T. Oberthiir, F. Melcher 
Federa! Insttute for Geosciences and N-al R e s w m ,  Stillaveg 2, 30655 Hamver, Germany 

e-mail: must eInhorfi@hotmail.com 

A. El Boukhari, L. Maacha, A. Maddi, M. Mhaili 
Univmity Cadi A y y d  Faculty of Sciencm Semlaliu, Depart. of Geology and Remina Exploration, AV. 

Allal a1 Fmsi, Mawakh, Morocco 

ABSTIUCT. The Neoproterozoic Bou Azzer ophiolite complex is host to small lenticular 
bodies of massive and disseminated chromite. Cores of metallurgical-grade high-Mg and 
high-Cr spinel (48-62 wt% Cr203) reveal complex alteration patterns resulting in successive 
Cr enrichment and loss of A1 while Mg# remains almost constant. Concentration patterns of 
platinum-group elements are typical for ophiolitic chromitite poor in sulphides, with 
predominance of the IPGE, variable Rh, and low Pt and Pd. Laurite, OS-Ir-Ru alloy and 
kashinite occur either included in spinel or in silicate matrix, accompanied by NiICo 
sulphides, arsenides and sulpharsenides. Alteration of primary PGM encompasses formation 
of Ru-rich alloy from laurite, and Ir-rich phases found in Ni arsenide. 

1. INTRODUCTION 

Knowledge of the Neoproterozoic chromitite 
deposits and associated rocks of Bou Azzer 
and their PGE concentrations is limited to the 
study of Leblanc and Fischer (1990). In the 
present article, we present new data on (i) the 
mineral chemistry of the chrome spinels, (ii) 
PGE concentrations and distribution patterns 
of the chromitites, and (iii) the first platinum- 
group minerals (PGM) identified in the 
chromiiite deposits of the Bou Azzer 
ophioli1.e. 

Anti-Atlas of Morocco (Leblanc, 1975; 

2 GEO1,OGICAL SETTING 

Saquaque et al., 1989) (Fig. 1). The 
ultramafic bodies consist mainly of 
serpentinites, talc carbonate rocks, and a 
number of interlayered lenses and pockets of 
chromitite. Chromitite deposits occur mainly 
as lenticular bodies of variable dimension. 
The lenses may contain up to several 
thousand tonnes of chromitite. The studied 
deposits of Inguejem and Ait Ahmane are 
located in the eastern part of the Bou Azzer 
ophiolite and were mined intermittently. The 
chromitite lenses are concordant to sub- 
concordant to the host rocks and trend 120 to 
140°NE. The massive chromitites are 

Dismembered mafic-ultramafic ophiolite generally highly fractured and the chromite 
complexes are abundant in the Late grains show signs of alteration and 
Proterozoic belt of Bou Azzer in the central 



replacement by ferritchromite, Cr-rich 
magnetite and/or magnetite. 

Fig. 1. Simplified lithological map of the SE part of 
the Bou Azzer ophiolite, Anti-Atlas. 

3 CHROMITE CHEMISTRY 

Electron microprobe analyses on unaltered 
chromite cores, across optically zoned 
chromite grains, and on optically 
homogeneous, but altered chromite grains 
revealed that Cr contents vary from 48 to 69 
wt% Cr203 and A1 contents from 1.5 to 18.3 
wt% A1203. The Cr# number [Cr/(Cr+Al) 
atomic ratio] ranges from 0.64 to 0.99. Ti 
contents are generally low (c0.1 wt% Ti02). 
The Mg# number [Mg/(Mg+~e23 atomic 
ratio] of the spinel phases is variable, and 
inversely correlated with Cr#. In the Cr# vs 

A Decolourized chromite 

+ Cr-rich rims 

Fig. 2: C# vs Mg# ratios of the Bou Azzer 
chromites. Arrow: alteration trend. 

Patchy alteration of homogeneous chromite 
cores by a "decolourized" chromite phase is 
characterized by higher Cr#, but similar m# 
than the respective cores. This intermediate 
phase is in turn coated by thin rims of Cr-rich 
spinel almost devoid of A1 (Fig. 3,5). Typical 
changes firom core to rim via decolourized 
chromite are: 50 + 60 + 68 wt% Cr203, 15 
+ 7 -, 2 wt% A1203, 15 -* 13 + 11 wt% 
MgO. The outermost rims are enriched in Mn 
(>0.3 wt% MnO). The compositional overlap 
between decoburized chromite and chromite 

Mg# face of the spinel prism (Fig. 2) most of cores having primary textural attributes in 
the analyses plot at the high-Cr end of the some samples (e.g., similar C*, Mg# 
Alpine-type field, matching "type 111" numbers) suggests that extensive subsolidus 
peridotites of Dick & Bullen (1984) for reequilibration has taken place during 
which a convergent plate margin setting is metamorphism and/or serpentinization. The 
assumed. exchange mainly affected the Cr-A1 ratios; 

Chromite cores lacking visible alteration extensive enrichment and oxidation of Ee 
are characterized by considerable such as observed in many metamorphosed 
compositional variations in Cr# (0.64-0.83) chromitites has not taken place (Evans & 
and Mg# (0.60-0.74); CrIFe ratios range from Frost 1975, Thalhammer et al. 1990). 
2.5 to 4.5. 



Fig. 3: BSE image, Two-phase alteration of chromite, 
decolourized chromite (dch) and Cr-rich rim. Sample 
AS692 1 .  

4 PGE CONTENTS OF CHROMITITES 

PGE contents are quite uniform in both the 
Inguejem and Ait Ahmane areas, with total 
PGE contents ranging from 191 to 221 ppb 
CPGE. Chondrite-normalized PGE patterns 
are flat from OS to Rh, and negatively sloping 
from Rh to Pd (Fig. 4). 
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Fig. 4: Chondrite-normalised PGE patterns of 
chromitites from Bou Azzer. Shaded field = range 
of opl-~iolitic chromitites. 

The PdIIr ratio is low, ranging from 0.1 to 
0.3. Tlle most notable features are variations 
in (1-20 ppb) and Au (8-34 ppb) 
concentrations. Generally, the total PGE 
contents and the chondrite-normalized PGE 
patterns of the chromitites from Bou Azzer 

Fig. 5: BSE image of chromite crystal partly 
decolourized (dch) due to alteration. Note inclusion of 
laurite in unaltered chromite. 

are consistent with typical ophiolitic 
chromitite PGE patterns (Fig. 4). 

5 PLATINUM GROUP-MINERALS 

PGM are described from chromitites of the 
Bou Azzer ophiolite for the first time. More 
than 10 PGM grains, up to 20 pm in size, 
were identified by reflected-light microscopy 
in five samples and analyzed by electron 
microprobe. The PGM comprise laurite 
[RuS2] (Figs. 5, 7), OS-Ir-Ru alloy (Fig. 6), 
rare Ir-Rh sulfide (kashinite), and 
unidentified Ir-Ni and Ir-Sb compounds. 
Based on textural and paragenetic evidence, 
the PGM can be divided into two groups: 

(i) Primary PGM which occur as euhedral 
crystals locked within fresh chromite grains 
consist of laurite, OS-Ir-Ru alloys (Fig. 5), 
and rare kashinite. They are believed to have 
formed in the high-temperature magmatic 
stage. 

Laurite having an average composition of 
(Rugg.~~0s0.0~Ir0.~~)S2 is close to the [RuSz] 
endmember composition, both in single and 
polyphase grains (n = 5). 

Ir contents range from 0.0 to 2.5 wt%, and 
OS contents vary from 0.2 up to 2.7 wt%. Rh, 
As and Fe are minor elements, with average 
concentrations of 0.8, 0.7 and 0.5 wt%, 
respectively. 



OS-Ir-Ru alloys (n = 3) have the following 
compositional ranges: 26.2 to 51.3 wt% OS, 
34.7 to 56.5 wt% Ir, and 6.9 to 10.2 wt% Ru. 
Maximum contents of other elements are: 5.3 
wt% Pt, 1.2 wt% Rh, and 0.8 wt% Fe. (ii) 
Rare secondary PGM are unidentified Ir-Ni 
and Ir-Sb compounds included in Ni 
arsenide, and Ru-rich alloy replacing laurite 
(Fig. 6). 

Flg. 6: BSE Image of PGM grain in chromite, Ait 
Ahmane. 1 = 0s-Ir alloy, 2 = Ir-0s alloy. 

Secondary PGM occur in silicate matrix 
(serpentine, chlorite) andlor in cracks in 
chromite and are associated with 
heazlewoodite, Ni and CO arsenide, 
gersdorffite, cobaltite, chlorite, ferritchromite 
and magnetite. 

Chromite 

20 pm 

Fig. 7: BSE image of PGM grain in chromite, Ait 
Ahmane. Laurite (grey) is spotted with secondary 
Ru-rich alloy (brighter phase). 

The secondary PGM probably formed at a 
post-magmatic stage, most likely during 

metamorphic-hydrothermal alteration 
including serpentinization of the Bou Azzer 
ophiolite. 

6 SUMMARY AND CONCLUSIONS 

(1) Chemically, chromites from the Bou 
Azzer area are high-Cr, high-Mg chromites 
and plot within the Alpine-type field. They 
reveal variable alteration features to 
compositions poor in Al. 

(2) PGE concentrations and chondrite- 
normalized PGE distribution patterns 
characterized by low PPGEIIPGE also 
resemble patterns fiom Alpine-type 
chromitites. 

(3) For the first time, PGM were 
discovered in the chromitites of the Bou 
Aner  ophiolite. They comprise laurite, OS-Ir- 
Ru alloy, Ir-Rh sulfide (kashinite), and Ir-rich 
secondary phases found in Ni arsenide 
interstitial to chromite. 
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ABSTRACT. At Bleida Far West, structurally controlled, hydrothermal and virtually sulfide- 
free AIL-Pd mineralization occurs in altered amphibolites and chlorite schists of the 
Neoproterozoic Bou Azzer ophiolite. Free gold is silver- and palladium-bearing and is 
intergrown with a distinct suite of PGM, namely mertieite-I, keithconnite, palladseite and 
sperryli~e. The mineralization closely resembles the "jacutinga" ores of Brazil, i.e. hematite- 
rich veins that formed from hydrothermal, oxidizing fluid systems under low-pressure 
conditions. 

2 GEOLOGICAL SETTING 

The 13ou Azzer-El Graara inlier of the Pan- The Precambrian basement of the Anti- 

African belt in the Anti-Atlas is well known Atlas, Morocco, comprises the northern 

for the CO, Ni & Ag ore deposits of Bou border of the West African Craton (2000 

Azzer with gold as a by-product of cobalt Ma), located to the SW, and a segment of a 

mining and the Ble'ida copper deposit. Pan-African orogenic belt (685-580 Ma) to 

Recently, geochemical prospecting by the NE. The continental margin domain of 

Reminex Exploration led to the discovery of a Bleida is located in the central part of the 

significant gold-palladium mineralization Anti Atlas. It consists of a Neo-Proterozoic, 

some 7 km NW of the former Ble'ida copper intimately imbricated sequence of 

mine (P4 30°35', W 06'30'). sedimentary (70%) and volcanic rocks 

Surface samples and drill core (up 103 m (30%), about 2500 m thick. Two Pan 

depth) from the newly discovered Bleida Far African events affected the region: The main 

West gold-palladium mineralization have stage B1 (685*15 Ma) is associated with a 

been investigated by light and scanning regional N90° to N120°E schistosity (S l), 

electroll microscopy and geochemical medium grade metamorphism and coeval 

methods (XRF, ICP-OEM and NiS fire assay- ductile, sinistral E-W shearing, pervasive 

INAA). The ore minerals were analyzed by mylonitic foliation and E-W trending 

electron microprobe. stretching lineation. The second stage B2 



(608k7 Ma) is characterized by E-W upright 
folds and dextral shearing with axial-plane 
schistosity (S2) and NE-SW faulting 
accompanied by sinistral shearing, crenulation 
cleavage and reverse brittle faults (Leblanc, 
1975). 

Fig. 1 : Shearing of auriferous calcitelquartz vein. 
Host rock is altered amphibolite (dark patches of 
Mn-Fe oxide (Mn-Fe) and chlorite). FW-0417007b. 

3 STRUCTURES & MINERALIZATION 

Pt only. Maximum noble metal contents of 
the investigated samples (n = 22) are 53.1 
ppm Au, 6.82 ppm Ag, 456 ppb Pd and 25.6 
ppb Pt. No distinct trend with depth is 
obvious from the whole rock data regarding 
the AuIAg ratios, however, Pd contents 
appear to increase from surface downwards. 

5 ORE MINERALOGY 

The pristine gold-palladium mineralization 
fiom greater depth is virtually sulphide-free; 
only some rare grains of Cu-sulfides (mainly 
chalcocite) were detected, and some very 
rare grains of Ag-Bi-Te minerals and 
clausthalite. Gold (grain sizes up to 300 pm) 
is present in association with specular 
hematite and variable amounts of quartz, 
calcite, barite, epidote and chlorite (Fig. 2). 
Gold is usually homogeneous; locally, it 
contains inclusions of PGM or is intergrown 
with PGM grains along its peripheries. 

At Bleida Far West, mineralization is present 
in a ca. 5 by 3 km wide area consisting of 
hydrothermally altered amphibolites and 
chlorite schists. The mineralization is 
associated with intense silicification and 
numerous, narrow, variably deformed and 
recrystallized quartz-dominated, carbonate- 
and hematite-bearing veins and breccia zones, 
which are parallel to the penetrative S2 
foliation (Fig. 1). The ore lodes usually 
occupy structurally favourable S2 sites in 
mylonitic bands. Individual veins are 
generally narrow (1-2 cm, locally up to 0.5 m 
wide) and are discontinuous along strike and 
down dip. A number of ore zones have been 
proven to depths of at least 100 m. Drilling is 
in progress to evaluate the geometry of the 
orebodies and the size of the deposit. 

4 GEOCHEMISTRY 

In surface rock and drill core samples, gold 
shows positive correlations with Ag, Pd and 

Fig. 2: SEM image showing intergrowth of gold (Au), 
hematite (hm) and barite (ba). FW03-F03. 

Surface samples often show visible gold 
grains associated with goethite, carbonate- 
rich Mn-Fe and Mn-Bi-V oxides. The 
presence of large gold grains (up to 1.5 mm 
in diameter) on fracture planes indicates 
redistribution of the noble metal in the 
exogenic environment. 

The composition of gold analysed by 
EPMA (n = 82) ranges from 79 to 93 wt.% 



Au, 6 to 19 wt.% Ag, and 0.5 to 6.29 wt.% [PtAs2] were identified in the ores. Their 
Pd (Fig. 3). Maximum concentrations of Cu grain sizes range from about 5 to 40 pm. 
are 3 wt.%. Individual gold grains and 
grains within individual samples are usually 
chemically homogeneous. Locally, nugget 
gold is cut by veinlets (up to about 10 pm 
wide) of silver-poor gold at its margins as 
portrayed in'Fig. 4. 

Fig. 5: Gold (Au) intergrown with mertieite-I (me) 
and palladseite (ps). Sample B 116830. 

Secondary PGM are regarded products of 
exogenic weathering and mainly consist of 
ill-defined phases or mixtures of oxides or 
hydroxides containing the elements Pd, Bi, 
V, Cu, Fe and Mn. Mertieite-I and 

Fig. 3: Chemical composition of gold (in at.%) as 
determined by electron-microprobe analyses. palladseite are locally replaced by a Pd-rich 

oxidelhydroxide phase ( Fig. 6). Electron 

Fig. 4: Gold nugget (1) with 92 wt. % Au cut by 
veinlets of pure gold (2). Note inclusions (Pd-Te) of 
unnamed pdTe2]. Sample FW04-0 117007~. 

6 PLATINUM-GROUP MINERALS 

All grains of PGM observed are either 
included in or intergrown with gold (Figs. 4 
and 5). In decreasing order of abundance, 
mertileite-I [Pdl l Sb2As21, keithconnite [Pd3- 
.Te], palladseite [Pd17Se15] and sperrylite 

microprobe analysis of the alteration halos 
around mertieite and palladseite yield 78 - 
82 wt.% Pd, 10 - 13 % Bi, 2 - 3 % V, 
2 - 2.5 % Mn, 2 - 5 % Cuand 10 - 12 % 0 .  

r --- - 

Fig. o: Gold (Au), palladseite (ps), mertieite-I; ana 
unnamed Pd oxideslhydroxides in network made up 
by needles of hematite (hrn). Sample B116830. 

7 SUMMARY AND CONCLUSIONS 

At Bleida Far West, gold-palladium 
mineralization is hosted by hydrothermally 



altered amphibolites and chlorite schists. The 
mineralization occurs in a corridor about 10 
by 7 km wide, and is associated with intense 
silicification and numerous, narrow, quartz- 
dominated, carbonate-bearing veins, which 
are parallel to the penetrative S2 foliation. A 
number of ore zones have been proven to 
depths of at least 100 m. The ore lodes 
commonly occupy structurally favourable S2 
sites in folded and sheared mylonitic bands. 
Typical are dominantly brittle ore-hosting 
structures and open-space filling ore textures. 
Individual veins are generally narrow (1-2 
cm, locally up to 0.5 m wide) and are 
discontinuous along strike and down dip. 

Close to surface, the mineralization is 
present as weathered, soft, clayey and 
powdery material rich in Mn and Fe 
oxideshydroxides with visible gold. 

The pristine Bleida FW mineralization is 
virtually sulfide-free. Gold is associated with 
hematite, quartz, calcite, barite, epidote and 
chlorite. Gold is silver- and palladium- 
bearing (up to 19 wt.% Ag and 6.29 wt.% 
Pd), and is intergrown with a distinct suite 
of PGM, namely mertieite-I, keithconnite, 
palladseite and sperrylite. Secondary PGM 
formed by weathering are ill-defined phases 
or mixtures of Pd, Bi, V, Cu, Fe andfor Mn 
oxideshydroxides. 

The Bleida FW mineralization represents a 
new deposit type in the Anti-Atlas of 
Morocco. Barakat et al. (2002) performed 
fluid inclusion studies and attested an 
epithermal setting, probably related to Late 
Pan-African magmatism, and ore formation 
at temperatures decreasing from 300 to 
150°C. As the mineralization is associated 
with hematite and barite and lacks sulfides, 
oxidizing fluids are indicated. 

The mineralization may be placed in the 
wide, highly debated group of "iron oxide- 
copper-gold" deposits (Hitzmann, 2000). 

More specifically, however, it closely 
resembles the palladian gold occurrences of 
Brazil (the "jacutinga" ores of the 
Quadrilatero Fem'fero, and Serra Pelada), 
which are associated with hematite-rich 
veins that formed from hydrothermal, highly 
oxidizing fluid systems under relatively low- 
pressure conditions (Olivo et al., 1995; 
Cabral, 2005). Interestingly, as noted by 
Varajgo et al. (2000), the Brazilian Au-Pd 
"jacutinga" ores are associated with the last 
deformational event of the Brazilian-Pan 
African orogeny (750 - 450 Ma). 

Our ongoing work on the Bleida FW 
deposit includes further EPMA analysis and 
fluid inclusion studies with the aim of 
formulating a conclusive genetic model. The 
present chemical and mineralogical evidence 
suggests a low-temperature hydrothermal 
origin from oxidizing fluids of the palladian 
gold, probably related to syn-tectonic quartz- 
diorite intrusions or to later, still imprecisely 
known events. 
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ABSTRACT: This paper deals with the PGE-bearing bodies of the micrograined 
gabbronorites known within the Lukkulaisvaara layered complex. The source of the melt that 
has formed the micrograined bodies has been discussed for many years. Two possible sources 
have been suggested: an additional portion of fresh magma and the residual melt of the 
intrusion. The results of the Sm-Nd isotope analyses show no differences between the 
micrograined gabbronorites and the rocks of the massif. The E N ~  values range from -2.6 to - 
1.2. The microgabbronorite bodies appear to have originated from the melt of the intrusive 
chamber. 

different levels of the noritic zone (Fig. 1). 

The Lukkulaisvaara layered intrusion 
belongs to the chain of layered intrusions 
exposed along the southern border of the 
Panajarvi rift zone of the Baltic Shield (NW 
Russia). According to the U-Pb dating the 
age of the intrusion is 2.44 Ga (Amelin et al. 
1994). The Lukkulaisvaara intrusion is 
divided ilnto four zones based upon cumulate 
stratigraphy: ultramafic, noritic, gabbronoritic 
and gabbroic (from the bottom to the top). A 
distinguishing feature of the intrusion is the 
presence of micrograined gabbronorites that 
form large lenticular or drop-like bodies at 

PGE mineralization is confined to spotted 
anorthosites, which occur along both the 
upper and lower contacts of the 
gabbronorites. These rocks contain up to 20 
ppm Pt + Pd with Pd 1 Pt = 3. The most 
common PGE minerals are bismuthides, 
tellurides and arsenides of Pt and Pd, which 
are associated with disseminated pyrrhotite, 
pentlandite and chalcopyrite. 

The bodies of micrograined gabbronorites 
are of great interest due to associating 
platinum mineralization. Despite the 
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Figure 1. Geological scheme of the Lukkulaisvaara layered intrusion. Microgabbronorite 
bodies: l - "Chizh", 2 - "Nizhnee", 3 - "Cherep", 4 - "Nadezhda". 

exhaustive research, the source of the melt 
remains unclear. There are two principal 
hypotheses on the origin of the bodies. The 
first one (Glebovitsky et al. 2001) assumes 
that an additional portion of fresh magma has 
formed the micrograined bodies. Another one 
(see Kazanov et al., present volume) 
supposes that the microgabbronorites have 
formed in a course of petrologic processes 
inside the intrusive chamber. 

In order to verify the hypothesis Sm-Nd 
isotope system has been studied in the rocks 
of four micrograined bodies and cumulate 
gabbronorites that host them. These bodies 
are exposed on the different levels of the 
noritic zone of the intrusion. 

2 SAMPLES AND ANALITYCAL 
PROCEDURE 

Samples analyzed in this study were 
collected from the outcrops. The rock types 
are specified in the Table 1. 

Sample dissolution, column chemistry, and 
mass spectrometry were carried out at the 
Laboratory of Isotope Geochemistry and 

Geochronology, Institute of Precambrian 
Geology and Geochronology RAS, Saint- 
Petersburg. 

The Sm-Nd isotope measurements were 
performed using isotope dilution method. 
Isotopic ratios of Sm and Nd were measured 
on a TRITON thermal ionization mass 
spectrometer equipped with multiple 
collectors. 

143~d1144~d ratios are normalized for the La 
Jolla standard. Weighted mean calculations 
were done using the ISOPOLOTIEx 2.2 
program (Ludwig, 2000). 

The E N ~  (T) values were calculated using the 
values for a chondritic uniform reservoir 

( c m )  143~d/1%d=~.5 1263 8 and 
147~rn/'%d=0. 1967 (DePaolo, 198 1). 

3. RESULTS AND DISCUSSION 

Sm and Nd isotope ratios were measured in 
the samples of four microgabbronorite bodies 
as well as their host rocks. The 
concentrations of Sm and Nd and E N ~  values 
are presented in Table 1. The E N ~  values for 
both microgabbronorites and cumulate rocks 



Table l. Sm-Nd data on the rnicrogabbronorites and host cumulate gabbronorites from the 
different stratigraphic levels. 

Sample Rock type, Sm, Nd, 147~m/  1 4 3 ~ d /  Err, 2s sNd (2.44) 
location ppm ppm I4%d 14%d 

3033 Cumulate rock, 0.557 3.160 0.1 107 0.51 1257 13 0.1 
"Chizh" 

3034 Microgabbronorite, 0.63 1 
"Chizh" 

2076 Cumulate rock, 0.629 
"Nizhneye" 

2079 Microgabbronorite, 0.396 
"Nizhnee" 

2050 Cumulate rock, 0.7 13 
"Cherep" 

202 1 Microgabbronorite, 0.206 0.656 0.1973 0.5 12562 13 -1.7 
"Cherep" 

2102 Cumulate rock, 0.617 3.002 0.1291 0.51 143 1 12 -2.3 
"Nadezhda" 

2098 Microgabbronorite, 0.329 1.090 0.1894 0.5 12389 16 -2.6 
"Nadezhda" 

of the layered series vary between -1.2 and - 
2.6, except the sample 2079 which has E N ~  

value as high as 0.1. 
Data obtained do not support the idea that 

microg;abbronorites and the main melt of the 
intrusion have come from the different 
sources of magma. We suppose that 
microgabbronorites have formed as a result 
of  uper er cooled intrachamber melt 
crystallization (Kazanov et al. 2003). 

intrusive chamber, which is in agreement 
with Ar isotope data provided before 
(Kazanov et al. 2003). 
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ABSTRACT. Chromitites of the Urals associate with ophiolitic mantle tectonite, layered 
dunite-websterite-clinopyroxenite cumulates overlaying mantle tectonite, and dunite in 
concentrically zoned Uralian-Alaskan-type complexes. The chromitites from the residual 
ophiolitic mantle consist of magnesiochromite high in Cr-Mg and poor in Ti and ~ e ~ ' ,  with 
PGE distribution dominated by Ru-OS-Ir. The compositions of spine1 from Uralian-Alaskan- 
type chromitites define wide ranges of variation fkom magnesiochromite to Ti-rich Cr- 
magnetite. The PGE distribution is characterized by Ir and Pt anomalies in former and Pt-Pd 
enrichment in the latter. Compositional variations in layered chromitites may reflect Al- 
enrichment and PGE fractionation across the Moho transition, or multiple pulses of magmas 
from compositionally different sources. 

1 INTRODUCTION 

The Ural chain was built up by Palaeozoic 
collision between the European and Asian 
continental platforms. The orogeny brought 
to the surface a number of mafic-ultramafic 
complexes which are now located along a 
suture zone (the Main Uralian Fault) 
extending S-N over more than 2500 km (Fig 
1). These mafic ultramafic complexes 
represent: 1) depleted ophiolites in supra- 
subduction setting, 2) concentrically-zoned 
complexes emplaced at the root of the island- 
arc (Ural-Alaskan type complexes), and 3) 
lherzolite-harzburgite mantle and crustal 
cumulates "incertae sedis", possibly exhumed 
fkom the sub-continental margin. Post- 
orogenic erosion of these ultramafic 
complexes generated a number of PGE placer 
deposits which are genetically related with 
primary proto-concentrations mostly hosted 

in chromitite and dunite. In this paper we 
have summarized the compositional and 
mineralogical differences of the PGE proto- 
concentration in chromitite associated with 
mafic-ultramafic complexes in different 
geological settings of the Urals. 

2 GEOLOGICAL SETTING 

Lode chromite-PGE mineralization in the 
Urals occurs in three different types of 
ultramafic rocks, namely: ophiolitic mantle 
tectonite, supra-Moho layered cumulates, and 
Ural-Alaskan-type dunite. Ophiolitic mantle 
tectonites host podiforrn chromitites of 
economic size. The chromitites of Kempirsai 
(Main Ore Field, MOF) and Ray-Iz occur in 
harzburgitic mantle, frequently surrounded by 
dunite. At Kraka the mantle tectonite consists 
of poorly depleted lherzolite, however, the 
chromite deposit is found at in the southern 



block of the ophiolite complex, where 
harzburgite predominate over lherzolite. 

Platinum 
bearing belt 

Mafic-ultramafic 
complexes 

1 Volcanics and 
rnetavolcanics 

Precambrian md 
Paleomic rocks 
Continental 
sediments 
Asia and Euro~e  

LyJ continental 
platforms 

Fig.1: Simplified geological setting of the Urals. 

At Kluchevskoy, sub-economic pods and 
layers of chromitite occur in harzburgite- 
dunite rnantle and in the transition zone of 
the ophiolite complex. The chromitite 
minerali~zation in supra-Moho sequences 
consists of lenses and layers within cumulus 
dunite, wehrlite and pyroxenite, overlaying 
mantle-tectonite. The samples examined are 
from the Batamshinsk (BAT) and Stepninsk 
(STP) ore fields to the north and north east of 
the Kernpirsai massif, and fiom the mafic- 
u1trama:fic complexes of Nurali and East- 
Habarny. Dunites of the Ural-Alaskan 
complexes (Kytlym, Kachkanar, Nizhny 
Tagil, TJktus) host sub-economic chromitite 
mineral~ization, consisting of centimetric 

segregations, veins, schlieren and lenses, up 
to a maximum size of a few ten meters. Field 
relations and textural evidence indicate that 
chromitite and dunite are syngenetic, in most 
cases, except for the epigenetic chromitite 
described by Betechtin (1 96 1) which are not 
considered here. 

3 CHROMITE-PGE MINERALIZATION 

Mantle-hosted chromitites consist of 
homogeneous magnesiochrornite, with high 
#Mg and #Cr numbers and low TiOz and ~ e ~ +  
(Fig. 2, 3). 

'1 

Fig. 2: Composition of chromian spine1 from 
chromitites of the Urals. Open square = East 
Habarny; gray square = BAT (Kempirsai); 
triangle = Nurali. Mantle-hosted and Ural- 
Alaskan chromitite are shown as fields. 



Fig. 3: Composition of chromian spinel from 
chromitites of the Urals. Symbols as in Fig. 2. 

Their negative PGE patterns (Fig. 4A) 
reflect the refractory character of the PGM 
assemblage, mainly consisting of Ru-OS-Ir 
sulfides and alloys. Spinel-olivine 
relationships and PGM mineralogy indicate 
on-cooling equilibration down to less than 
800°C, in a regime of decreasing f02  and 
increasing fS2 (Fig. 5). 

involving enrichment in Ti and (Garuti 
et al. 2003). The increase in ~ e ~ +  occurs at the 
expenses of Cr with a trend distinctive from 
that typical of the mantle chromitites (Fig 3). 
In general, the PGE patterns exhibit sharp 
peaks of Ir and Pt due to abundant inclusions 
of Ir-PGM and Pt-Fe alloys (Garuti et al. 
2002, 2003). However, fractionation between 
IPGE and PPGE is suggested by the 
comparison of PGE profiles from Fe-poor 
magnesiochromite of Uktus (UK) and the Cr- 
rich magnetite of Kytlyrn (KT) (Fig. 4B). 
Ural-Alaskan chromitites equilibrated 
between 1300" and 900 "C. The ~ e ~ + - r i c h  
composition of spinel and the PGM 
assemblage indicate high f O 2  and low fS2 
(Fig. 5). 

The chromites fiom BAT and STP 
deposits (Kempirsai) are Al-rich and Ti-poor 
(Fig. 2,3). In contrast, compositions from the 
East-Habarny complex overlap the Ural- 
Alaskan field, while those fiom Nurali define 
distinct groups at high-Al, low-Ti and high- 
Fe, high-Ti, respectively (Zaccarini et al. 
2004). All the layered chromitites are poor in 
PGE, except for the chromitites of Nurali 
which are alternatively enriched in Os+Ru+Ir 

0.000 l 
0 s  Ir Ru Rh Pt Pd Au 0 s  Ir Ru Rh Pt Pd Au OS Ir Ru Rh Pt Pd A*] 

Fig. 4: Chondrite normalized PGE patterns of chromitites from the Urals. 

Spinels from Ural-Alaskan chromitites or Pt+Pd (Fig. 4C). Mineralogical 
define fractionation trends from observations suggest that the enrichment in 
magnesiochromite to Cr-rich magnetite, Pt+Pd was originally due to accumulation of 



an immiscible sulfide phase interstitial to 
chromite (Zaccarini et al. 2004). 
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Fig. 5: Estimated S and 0 fugacities as 
function of T in chromitites. Black square = 

mantle; grey square = layers; triangle = Ural- 
Alaskan. 

4 CONCLUDING REMARKS 

The diversity of chromite-PGE 
mineralization in ultramafic complexes of the 
Urals indicates variation of the chemical and 
physical conditions in the chromitite-forming 
systems. Spinels from mantle-hosted 
chromitites have characters broadly similar to 
spinels tiom boninite (Roeder 1994). The 
estimated trends of T°C, f02 and fSz reflect 
low-temperature re-equilibration and fluid 
metasomatism, possibly in a supra- 
subduction zone setting (Melcher et al. 1999, 
Garuti et al. 1999). The high-Al, PGE-poor 
chromitites from the Supra-Moho cumulates 
of Kempirsai are compositionally consistent 
with MORB-type parent melts (Melcher et al. 
1999), and reflect the Cr-A1 and IPGE-PPGE 
vertical zoning observed in ophiolitic 

chromitites across the Moho-transition 
(Leblanc & Nicolas 1992). The association of 
different chromitites in supra-Moho layered 
sequence of the Urals (i.e.: East-Habarny, 
Nurali) suggests that magmas extracted from 
compositionally different sources intruded in 
quick succession into the same accretion 
zone. The considerable chemical variations in 
Ural-Alaskan chromitites indicate rapid 
evolution of T°C, f02 and relative 
concentrations of Cr, ~e~~ and PGE with 
fiactionation. The general Er-Pt anomaly may 
reflect a distinctive feature of their parent 
melts that, therefore, raises the question of 
the possible mantle source of the Ural- 
Alaskan-type magmas. 
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ABSTRACT. Noble metals mineralization in the Keivitsa intrusion occurs in the form of 
pipe-like, subvertical bodies aligned along a N-S trending structure in the center of a larger, 
low-grade Ni-Cu deposit. Most PGM are of very fine grain size (< 37 pm) and occur included 
in secondary hydrous silicates. The most abundant PGM are sperrylite, moncheite, geversite 
and braggite although their volumetric proportions are very variable in the different orebodies 
studied. The chemical composition of PGM are very variable too. Pt and Pd tellurides exhibit 
extensive substitution of Te for Bi and braggite is very rich in Ni suggesting relatively low 
temperature (<600°C) of equilibration. Mineralogical and chemical features of the ore 
assemblages suggest that the (PGE+Au)-rich pipes formed as the consequence of a primary 
magmatic concentration followed by hydrothermal remobilization. 

1 INTRODUCTION 

Two decades of investigation of the 
Keivitsa mafic-ultramafic intrusion (northern 
Finland) by the Geological Survey of 
Finland, Outokurnpu Mining Oy and 
Scandinavian Gold Ltd have led to the 
discovery of several pipe-like, sub-vertical 
zones mineralized in noble metals 
(PGE+Au> 1 ppm) and, to a lesser extent, Ni 
(0.5-1.0 wt. %), in the NE part of the 
intrusion (Parklunen, 2003, Gervilla et al., 
2004b). These pipe-like zones have sections 
ranging from several tens of meters to 
hundred meters and some of them have been 
followed to a depth of 325 m. They are all 
located along a N-S trending structure in the 
central part of a larger, low-grade Ni-Cu 
deposit. This deposit consists of a 
dissemination of Fe-Ni-Cu sulfides in 
partially altered peridotites and pyroxenites 
(metamorphosed under greenschists facies 
conditions). The Ni-Cu mineralization 
broadly follows a sub-horizontal layering. 
The (PGE+Au)-rich mineralization occurs 

only in olivine websterites and olivine 
clinopyroxenites. 

Data obtained from drill cores intersecting 
two PGE-rich pipes and the enclosing Ni-Cu 
sulfide dissemination reveal a contrasting 
mineralogical composition that suggests a 
primary magmatic concentration, later 
modified by hydrothermal alteration and 
metamorphism. 

2 MINERALOGY OF THE LBW-GRADE 
Ni-Cu SULFIDE ORE 

Sulfide minerals occur as fine-grained 
aggregates (with a size most frequently 
between 0.25 and 1.5 mm) interstitial to 
cumulus silicates. Nevertheless, late 
secondary silicates, especially actinolitic 
amphibole cut the primary sulfides. The ore 
assemblage is composed of hexagonal 
pyrrothite, pentlandite, chalcopyrite and 
cubanite with minor amounts of monoclinic 
pyrrhotite, troilite, pyrite, chromite, 
magnetite, PGM, empressite and gold. PGM 
consist of sperrylite, Pt-and Pd-melonite, 



merenskyite and moncheite. Four of the nine grain size between 37 and 90 pm (0.40-5 vol. 
PGM grains identified are included in %). 
sulfides, two occur attached to sulfide grain 
boundaries and three are included in silicates. 

Hexagonal pyrrhotite, monoclinic 
pyrrhotite and troilite have low Ni contents 
(0-0.87 wt. %) and pentlandite is rich in Fe 
(Fe/Ni=l .17- 1.28). The analyzed melonite 
grains contain significant amounts of Pt (6.63 
at. %), Pd (6.13 at. %) and Bi (5.97 at. %), 
moncheite is poor in Bi (0.87 at. %), Pd (5.48 
at. %) and Ni (1.53 at. %), and merenskyite is 
rich in IBi (10.61 at. %) and Ni (7.41 at. %), 
and has a PdIPt ratio close to 1 (1.03). 

3 MINEKALOGY OF THE (PGE+Au)- 
RICH PIPES 

3.1 Sugide ore mineralogy 

The ore assemblage consists of pentlandite, 
pyrite and chalcopyrite, with minor amounts 
of pyrrhotite (hexagonal and monoclinic), 
millerite, heazlewoodite, mackinawite, 
nickelite, maucherite, gersdorffite, bornite, 
troilite, awaruite and an undefined Cu-Fe 
sulfide (-CuFe2S4). These minerals occur 
either in the intercumulus spaces of the 
primary cumulus silicates or intergrown with 
secondary actinolitic amphibole, serpentine 
chlorite and phlogopite. Pentlandite, pyrite 
and, to a much lesser extent, chalcopyrite 
show fine graphical intergrowths. 
Heazle\voodite, mackinawite and millerite 
replace pentlandite. 

Pyrrhotite contains <0.77 at. % Ni and 
pentlandite, especially that intergrown with 
pyrite, systematically exhibits FeiNi ratios 
below 1 (as low as 0.7). Coexisting pyrite 
contains 0.17-1.97 at. % Ni and 0.18-2.37 at. 
% CO (Gervilla & Kojonen, 2002). Ni content 
in pentlandite correlates with that of the 
associated olivine (up to 1.75 wt. % Ni). 

3.1 Pla~!inum-group minerals 

Textural observations made on polished 
thin sections show that 61.61% of the 336 
PGM grains identified occur enclosed in 
hydrous silicates (amphibole, serpentine or 
chlorite; Figure l), 29.17% are in contact 
with sulfides, only 8.04% are included in 
sulfides and 1.19% fill late fractures in 
sulfides. 

The volumetric analysis of heavy metal 
concenlrates shows that most of the 6600 
PGM grains identified are smaller than 37 
pm (95-99 vol. %) and only a few have a 

+ PdBiSbTe 
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Figure 1.  PGM grains included in amphibole. 

Taken as a whole, the mineralogy of PGE 
in the different drill cores studied is 
dominated by sperrylite (30.96 vol. %), 
moncheite (27.26 vol. %), geversite (13.03 
vol. %) and braggite (11.96 vol. %), with 
minor amounts of mertieite I1 (3.77 vol. %), 
an undefined PdBiSb phase (2.97 vol. %), 
merenskyite (2.09 vol. %), Pt-Fe alloys (1.49 
vol. %), cooperite (1.42 vol. %) and 
michenerite (1.33 vol. %) (Figure 2). Other 
PGM occurring in proportions smaller than 1 
vol. % are members of the kotulskite- 
sobolevskite-sudburyite solid solution series, 
Pd-melonite, keitconnite, irarsite, 
rustenburgite, vysotskite, stibiopalladinite, 
erlichmanite, laurite, hongshiite, Pd-Cu alloys 
and three different unidentified Pd and Pt 
bismuthides and antimonides, as well as a Pd- 
, Cu-bearing Pt-Ni-Fe sulfide. 

Figure 2. Average distribution of PGM 

The distribution of PGM in the sections of 
the pipes cut by the different drill cores at 
different depths is heterogeneous. Thus, in 
the upper part (the uppermost 40 m) of the 
pipe sampled by the drill cores 713,695,813, 
KV-9, KV- 10 and KV- l 1 (the central pipe), 
only sperrylite and geversite occur in 
proportions higher than 10 vol. % (52.25 and 



3 1.56 vol. % respectively). The samples fiom 
the intersection of drill core 695 at 60-85 
meters deep, show a PGE mineralogy largely 
dominated by moncheite (81 vol. %). In 
agreement with this distribution, the more 
abundant PGM in drill cores KV-9, KV-10 
and KV-l1 (intersecting the pipe from 24 to 
90 m deep) are moncheite (5 1.91 vol. %) and 
sperrylite (22.09 vol. %). At greater depths 
(310-345 m; drill core 813), sperrylite (69.6 
vol. %) is again the more abundant PGM, 
together with merenskyite (2 1.5 vol. %). In a 
different pipe cut at 60-72 meters deep by 
drill core 824, the mineralogy of PGE mainly 
consist of braggite (73.98 vol. %) with minor 
amounts of moncheite (4.89 vol. %) and Pt- 
Fe alloys (3.63 vol. %). 

The chemical composition of PGM is 
highly variable too. Moncheite exhibits 
complete solid solution with merenskyite: 
fiom nearly stoichiometric PtTe2 to 
(Pt,Pd)Te2 with Pt/Pd=l (Figure 3). 
Merenskyite from the upper part of the pipes 
is very rich in Pt approaching the 
composkion of moncheite; however, -in the 
lower part of the central pipe (drill core 81 3) 
it is poor in Pt (4 .25  wt. %), and exhibits a 
complete solid solution between PdTe2 and 
(Pd,Ni)Te2 with Pt/Pd=l (Figure 3). Both 
moncheite and merenskyite show extensive 
substitution of Te for Bi: fiom their 
stoichiometric compositions to 30.5 wt. % Bi 
and 40 wt. % B i  res~ectivelv. Com~lete solid 

Braggite is very rich in Ni (3.2-8.9 wt. %), 
exhibiting a chemical composition that plots 
out of its compositional field in the system 
PdS-PtS-NiS at 700°C (Verryn and Merkle, 
2002) (Figure 5). This mineral is 
hydrothermally altered to an undefined phase 
corresponding roughly to the formula 
(Pt,Pd)2(Ni,Fe,C~)~s3 (Figure 5). 

Figure 4. Braggite, cooperite and vysotskite 
compositions from Keivitsa (open squares and crosses) 
compared with data from the literature (gray dots) and 
the extent of solid solution fields determined 
experimentally at 700°C by Venyn & Merkle (2002). 
Black dots: composition of the (Pt,Pd)2(Ni,Fe,Cu)5S3 
phase. Crosses: fresh braggite in contact with the 
alteration phase. 

solution is also observed bitweenkotulskite platinum-group elements, especially pd, 
and sobolevskite, although in this case Te is also occur in solid solution in base metal 
substituted by a mixture Bi and Sb sulfides, Ni arsenides and sulfarsenides 
(Gervilla & Kojonen, 2002). (Gervilla & Koionen, 2002; Gervilla et al. 

2004a). The be$ cader of ~d is gersdorffite 
(up to 868 ppm) although nickeline (up to 
342 ppm Pd), maucherite (up to up to 241 
ppm Pd) and pentlandite (up to 150 ppm Pd) 
also contain significant amounts of this noble 
metal. Pyrite contains up to 42 ppm Pd. 

4 DISCUSSION 

The close association between (PGE+Au)- 
rich pipes and orthopyroxene-poor ones, and 
relatively olivine-poor ultramafic lithologies 
as well as the significant increase in Ni 
content in olivine suggest that at least an 

m e 2  mz early stage of the mineralizing process took 
place at high temperature during the 

Figure 3. Chemical composition of moncheite, magmatic differentiation of the Keivitsa 
merenskyite and melonite from drill cores 713 (open intrusion. The disseminated, low grade Ni-Cu 
squares), 695 (thick, open triangles), 813 (thick, open deposit most probably formed at this stage. 
diamonds) and 824 (stars). In contrast, the scarcity of pyrrhotite and 

the presence of pentlandite-pyrite micro- 



intergrowths in the pipes compared with the 
sulfide assemblage of the enclosing Ni-Cu 
dissemination indicate that the composition 
of the parent sulfide melt or the monosulfide 
solid solution had to be modified either 
during late magmatic processes or during a 
hydrothermal alteration. Pentlandite and 
pyrite (without pyrrhotite) can only coexist 
parageinetically at temperatures below 230°C 
(Misra & Fleet, 1973) and can be formed by 
the breakdown of Ni-rich monosulfide solid 
solution. The latter became rich in Ni as a 
consequence of the serpentinization of the 
associated Ni-rich olivine, since the low 
temperature products of serpentinization have 
difficulty hosting Ni (Barnes & Hill, 2000). 

Figure 5. a) Alteration of a braggite crystal to 
(Pt,Pd)2(Ni,Fe,Cu)5S3 along rims and fractures. b) 
Major element variations in altered (points 1 to 6) and 
fresh (points 7 & 8) braggite. 

The low thermal stability of geversite, 
vysotskite, michenerite and Pd-Cu alloy (see 
Makovicky, 2002) as well as the high Bi 
content of merenskyite and kotulskite 
(Hoffrrian & MacLean, 1976), and the Ni 
content of braggite (Verryn & Merkle, 2002) 
also suggest that PGM crystallized or, at 
least, equilibrated at temperatures below 
600°C. This is in agreement with the 

occurrence of most PGM grains as inclusions 
in hydrous silicates. 

The PGE could have been remobilized 
during the late alteration~metamorphic event 
by chlorine-bearing fluids as revealed by the 
relatively good, positive correlation between 
whole-rock PGE+Au and chlorine content in 
the studied drill core sections (Gervilla et al. 
2004b). 

5 ACKNOWLEDGMENTS 

The Scandinavian Gold Ltd is gratefully 
acknowledged for permission to publish this paper. 
The excellent separation and specimen preparation 
work done by Dr. V. Knauf, NATI Research JSC, was 
very important in studying the PGE-mineralogy. The 
assistance of Mr. Bo Johanson and Mr. Lassi Pakkanen 
in making WDS and EDS analyses of the PGM, 
sulfides and silicates is gratefully acknowledged. 
Whole rock analyses were done by the staff of the 
Chemical Laboratory, Geological Survey of Finland. 
Partial financial support to F.G. from the Junta de 
Andalucia (Research Group RNM-131) is also 
acknowledged. 

6 REFERENCES 

Barnes, S.J. & Hill, R.E. 2000. Metamorphism of 
komatiite-hosted nickel sulfide deposits. Reviews in 
Economic Geology, l l ,  203-21 5. 

Gewilla, F. & Kojonen, K. 2002. The platinum-group 
minerals in the upper section of the Keivitsansawi 
Ni-Cu-PGE deposit, northern Finland. Canadian 
Mineralogist, 40,377-394. 

Gervilla, F., Cabri, L.J., Kojonen, K., Oberthiir, T. 
Weiser, T.W., Johanson, B. Sie., S.H., Campbell, 
J.L., Teesdale, W.J. & Laflarnrne, J.H.G. 2004a. 
Platinum-group element distribution in some ore 
deposits: Results of EPMA and micro-PIXE 
analyses. Microchimica Acta, 147, 167-1 73. 

Gervilla, F., Kojonen, K., Parkkinen, J. & Valimaa 
2004b. Platinum-group element mineralogy, 
geochemistry and 3-D modeling of the Keivitsa Ni- 
Cu-PGE sulfide deposit, northern Finland. In: 
Mineral Exploration and Sustainable Development, 
Eliopoulos et al. (eds). Millpress, Rotterdam, 583- 
586. 

Makovicky, E. 2002. Ternary and quaternary phase 
systems with PGE. In: The Geology, Geochemistry, 
Mineralogy and Mineral Beneficiation of Platinum- 
Grow Elements. L.J. Cabri (ed). Canadian Institute 
of ~ h i n ~ ,  ~ e t a l l u r ~ ~  and petroleum, Spec. vol. 54, 
D. 131-176. 

~ i s r a ,  K.C. & Fleet, M.E. 1973. The chemical 
composition of synthetic and natural pentlandite 
assemblages. Economic Geology, 68, 5 18-539. 

Parkkinen, J. 2003. Structural geology of the Keivitsa 
Ni-Cu-PGE deposit updated. Geological Survey of 
Finland. Internal report. 

Verryn, S.M.C. & Merkle, R.K.W. 2002. The system 
PtS-PdS-NiS between 1200" and 700°C. Canadian 
Mineralogist, 40,57 1-584. 



Determination of 3-D distribution of sulphide minerals in the 
Merensky Reef (Bushveld Complex, South Africa) and the JM 
Reef (Stillwater Complex, USA) samples using X-ray 
Computed Tomography : relation to microstructures 

B. Godel, S.-J. Barnes 
Sciences de la Terre, Universitk du Qukbec Chicoutimi, Canada, G7H 2BI 

E-mail: bgodel@uqac.ca , sjbarnes@uqac.ca 

W.D. Maier 
Sciences de la Terre, Universitk du Qukbec a Chicoutimi, Canada, G7H 2Bl 

E-mail: wmaier@uqac.ca 

ABSTRACT - Large mafic and ultramafic layered intrusions contain layers enriched in 
Platinum-Group Element (PGE) in many cases associated with sulphides. Several models of 
formation have been proposed for this kind of deposits. In this work, we proposed to test the 
model where PGE were collected by sulphides droplets (Campbell et al. 1983) and the 
sulphide liquid filtered into dilatancy structures. These structures formed during compaction 
(Barnes and Maier 2002). Two oriented samples of Merensky Reef and JM Reef, respectively, 
were scanned and the microstructure was examined. The study is based on: (i) the 
determination distribution of sulphide in 3-D (by X-Ray Computed Tomography, X-Ray CT); 
(ii) the microstructural analysis of oriented (parallel to the paleovertical) polished thin 
sections made of each samples. The two results were compared. For the two samples, 
sulphides are connected in 3-D and located along the paleovertical. The petrographic study 
shows that sulphides are interstitial to the silicates and oxides minerals. Furthermore, for 
Merensky Reef evidences of crystal deformation formed during compaction of the crystal pile 
have been observed. Low temperature alteration has obscured the microstructures in the JM 
Reef sample and thus the relationship between compaction and sulphide distribution is not 
proven. 

1 INTRODUCTION 

Large mafic and ultramafic layered 
intrusions such as the Bushveld Complex 
(South Africa) or the Stillwater Complex 
(Montana, U.S.A) contain layers called "reef' 
(a mining term which refers to a layer of rock 
containing mineable grades of metal) which 
are enriched in Platinum-Group Element 
(PGE). In many case, these PGE reefs are 

associated with sulphides (pyrrhotite, 
pentlandite, chalcopyrite and pyrite). One 
major problem, still poorly unknown and 
source of debate, is to understand how the 
layers became enriched in PGE. In other 
words, how PGE-rich layers form? Several 
steps in the formation of PGE reef may be 
envisaged (Figure l). 
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Figure 1 : Steps of PGE reef formation 

In this work, we wish to focus on the step 
of collection and migration of sulphide liquid 
enriched in PGE in a cumulate pile. The aims 
of our smdy are : (i) to determine in three 
dimensions (3-D) the distribution of sulphide 
in natural samples using X-Ray Computed 
Tomography in order to see if sulphides are 
connected along paleovertical framework 
corresporiding to direction of shortening 
during c:ompaction; (ii) to correlate the 
relation between sulphide distribution and 
microstructures (results obtain by observation 
under the microscope of oriented-polished 
thin sections) to observe whether there is a 
correlation between microstructures and 
distribution of sulphides. 

2 SAMPLES DESCRIPTION 

In this work, two samples containing 
sulphides enriched in PGE have been studied: 
a Merensky Reef sample and a JM Reef 
sample coming from Bushveld and Stillwater 
Complexes, respectively. 

2.1 Merensky Reef sample 

The Merensky Reef (MR) sample came 
from an oi~tcrop of Normal Merensky Reef at 
Impala Platinum Mines. It is a polished slab 
of 35 cm height, l l cm width and average 3.5 

cm thick. The MR is made up, from bottom 
to top, of a layer of anorthosite overlain by a 
layer of chromite of various thickness 
(between 2 to 7 mm), overlain by a layer 
(average 11 cm) of coarse grain melanorite 
which is a "pegmatoidal pyroxenite" with 
interstitial plagioclase (Irvine 1 982) , overlain 
by a second layer of chromite of various 
thickness (between 3 to 10 mm), overlain by 
melanorite. Between 1 % to 5 % of sulphides 
(pyrrhotite, pentlandite and chalcopyrite) are 
disseminated across the entire sample. 
Nevertheless, anorthosite contains only few 
sulphides. 

2.2 JM Reef sample 

The JM Reef (JM) sample is a part of a 
vertical drill-core coming from Stillwater 
Mine (Stillwater Complex). This sample of 
gabbronorite is 11 cm height , average 5 cm 
width and average 1.5 cm thick and contains 
sulphide (average 5 %) disseminated 
(pyrrhotite, pentlandite and chalcopyrite). 

3 METHODS 

3.1 X-Ray Computed Tomography 

X-ray Computed Tomography (CT) is an 
entirely non-destructive technique which 
allows visualization and reconstruction of the 
internal structure of solid objects in 3-D. 
Initially, X-ray CT was developed and used 
as a medical irnaging technique (Hounsfield 
G.N. 1973). Nevertheless, this technique can 
be used for qualitative and quantitative 
analysis of geological materials (Carlson and 
Denison 1992; Denison and Carlson 1997; 
Ketcham and Carlson 2001; Akin 2003). For 
a given sample, X-ray CT analyses produce a 
large number of contiguous 2-D parallel 
cross-section called "slices". Each slice is a 
map of the variation of X-ray attenuation 
which can be correlated to the density of 



material. The slices are greyscale images 
where dark grey and white correspond to 
materials of lower and high density, 
respectively. Stacking of all slices allow to 
obtain a 3-D view of desired features. 

The MR and JM samples were scanned at 
the INRS (Institut Nationale de la Recherche 
Scientifique, Quebec, Canada) using a X-ray 
CT scanner SIEMENS SOMATOM. Due to 
the size of the Normal Merensky Reef sample 
and in order to obtain a better resolution, it 
was virtually cut into two parts (Bottom and 
Top of average 15 cm height each) which 
were scanned separately. The space 
resolution of the CT machine is 0.25 mm X 

0.25 mm for MR and is 0.125 mm X 0.125 
mm for JM. Furthermore, the minimum 
recognizable volume is 0.0625 mm3 (with 
slice thickness of 1 mm) and 0.0078 mm3 
(with slice thickness of 0.5 mm) for the NMR 
and JM, respectively. All image processing 
and analysis have been made with 3D-DR 
(Able Software Corp.) and IDL (Interactive 
Language Tool, Research Systems Inc., 
1995) softwares. 

3.2 Analyse of microstructures 

In order to determine the relation between 
sulphide distribution and microstructures in 
the two samples, oriented and referenced 
polished thin sections were cut along vertical 
profile and were observed under optical 
microscope. For the MR, thin sections were 
oriented so that long axis correspond to 
paleovertical. For the JM, paleovertical is 
represented by short axis (which correspond 
to width of the drill-core). All results were 
compared with 3-D distribution of sulphide 
obtain by X-Ray CT. 

4 PRELIMINARY RESULTS 

305 slices of 1 mm thickness were obtained 
for the MR (149 for the Bottom and 156 for 

Top parts of the sample) and 219 slices of 0.5 
mm thickness were obtained for the JM. All 
these greyscale images are a representation of 
density change which can be correlated to 
mineral variation through samples (Figure 2). 
Extraction and 3-D rendering (surface and 
volume rendering) of sulphide were carried 
out using 3D-DR. Volume rendering (Figure 
2) creates a 3-D display using voxel (3-D 
pixel) defined by object boundaries. In our 
case, sulphides are minerals of higher density 
and appear in white. 

Figure 2 : Example of volume rendering for 
the JM sample 

According to X-Ray CT, MR contains 1.2 
% and 1.5 % of sulphide in volume for the 
Bottom and Top part, respectively. The JM is 
richer in sulphide and contains 5.3 % in 
volume. 

For MR and JM, X-Ray CT show that 
sulphide are connected and located along 



paleovertical frameworks. Microstructures 
analyses on the oriented thin section of the 
MR indicate that crystal mush has been 
deformed during and after the solidification 
of the crystal. The evidence consists of : 
indented contacts in pyroxene; fractured and 
shortened crystals; unduloses extinctions in 
orthopyroxene and plagioclase; kink band in 
plagioc lase and orthopyroxene; presence of 
subgraim; deformation twins in plagioclase. 
Furthenmore, sulphide are located in domain 
between pyroxene crystals along dilatancies 
that are parallel to paleovertical and that are 
interpred to have formed by extension 
perpendicular to paleovertical. All the 
features observed can be related with a 
paleovertical shortening of the crystal mush 
during compaction. These results in 3-D are 
in agreement with the model of Barnes and 
Maier (2002). 
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ABSTRACT - The Lac des iles Complex contains Canada's only primary Platinum-group 
element (PGE) ore deposit; this is known as the Roby Zone. The Twilight Zone is a PGE 
occurrence to the northeast of the Roby Zone. A remarkable feature of both the Roby and 
Twilight Zones is the high PdIPt ratios of the ores, as high as 20. Most PGE deposits have 
Pd/Pt ratios of 0.5-3. Most of the Twilight and Roby Zones consist of magmatic breccia of 
gabbronorite composition. Some of this breccia is now an amphibolite. There is a strong 
correlation between S, Cu and the PGE indicating sulphides are the phase controlling the 
PGE. There appears to be no difference in PGE or lithophile element contents between the 
amphibolite and fiesh rocks, indicating that metamorphism has not changed the composition 
of the rocks. There is a difference between the composition of the breccia clasts and their 
matrix. The clasts tend to be more leucocratic and have a lower PGE content than the matrix. 
But both the matrix and clasts show the same PGE and incompatible element ratios indicating 
that they are CO-magmatic. A small portion of the eastern section of Roby Zone has been 
converted to actinolite-chlorite+/-talc schist and higher grades of Pd and Pt are found in this 
rock than in the Breccia ore. This is referred to as High Grade ore. In the High Grade ore 
there is no correlation between the PGE and S. This could be because S has been lost from 
the High Grade ore, but most of the chalcophile elements do not show the same enrichment as 
Pd, suggesting that it is Pd that has been added to the rocks rather than S lost. 

1 INTRODUCTION 

The Lac des iles Complex (LDIC) is a 
mafic-ultramafic intrusion of Archean age 
encased by granites and gneisses of the 
Wabigoon-Quetico Subprovince in Ontario, 
Canada. The PGE mineralized domain hosts 
numerous zones including the Roby and the 
Twilight. The Twilight Zone is separated 
from the Roby Zone by the massive East 
Gabbro. In both the Roby and Twilight 

Zones the dominant ore (87 %) is a magmatic 
breccia consisting of metre sized clasts of 
gabbronorite in a matrix of varitextured 
gabbronorite. In the eastern portion of the 
Roby Zone is a narrow zone of actinolite- 
chlorite +/-talc schist. Palladium grades are 
higher in this schist which is referred to as 
High Grade ore. 

Mantle derived magmas have ratios 
between l and 3 and it is expected that in a 



closed system the weighted PdIPt total ratio 
of a cumulate rock assemblage should remain 
around these values. For example within the 
Merensky Reef of the Bushveld Complex and 
the J-kl reef of the Stillwater Complex the 
total weighted ratios are 0.68 and 3.64 
respectively (Barnes and Maier 2002; Zientek 
et al. 2002). A remarkable feature of the 
Roby Zone is the high Pd/Pt ratios of the ores 
- l l ,  and up to 20 for High Grade ore. A 
simple collection of PGE by a sulphide liquid 
from a imafic magma does not account for the 
composition of the Roby and Twilight Zone 
ores. 'This, plus the presence of pegmatitic 
textures and of amphiboles, and the apparent 
lack of correlation between S and the PGE 
led a number of authors to propose models 
invoking introduction or remobilization of 
PGE into the Roby Zone by late magmatic 
fluids. 

2 PURPOSE OF STUDY 

Preliminary results from North American 
Palladium mine assays suggested that there is 
a difference in the PdIPt ratio between 
fragments and matrix material of the Breccia 
ore, thus we sampled matrix and fragments 
from the Breccia to test whether they are 
different. In addition, the suggestion that 
fluids redistributed the PGE led us to sample 
both fresh and amphibole-rich examples of 
both. Further, the High Grade ore was 
samplecl to see whether it differs in whole 
rock composition from the breccia ore. A 
total of' 74 samples were sawed out from 
surface outcrops of the Roby and Twilight 
Zones klreccia. It was not possible to sample 
High Grade ore in situ because very little of it 
remains exposed, so samples 20cm in length 
were selected from drill core based on the 
mine classification "pyroxenite" and on Pd 
assay values (>l ppm). Petrographic 
observations were carried out on polished 

thin sections. Samples were crushed and the 
rock powder was analysed for major elements 
using X-ray fluorescence (XRF). Trace 
elements and Na20 were determined by 
instrumental neutron-activation analysis 
(INAA) on 2g of rock powder. Platinum- 
group elements were pre-concentrated from 
20g samples in a Ni sulphide bead and PGE 
were determined by INAA. 

3 PETROGRAPHY 

Fresh samples from the Roby and Twilight 
Zones range from leucogabbronorite to mela- 
gabbronorite with minor anorthosite and 
felsic dykes. Most of the fragments are more 
leucocratic than the matrix. Textures of both 
the matrix and fragments range from 
medium- to coarse-grained to pegmatitic. 
The matrix is generally more varitextured 
than the fragments. They are plagioclase 
orthopyroxene cumulates with minor 
amphibole and clinopyroxene. The most 
prevalent deformation occurs as the bending 
and wedging of the plagioclase twin planes. 
Sulphides are interstitial, disseminated to 
locally net-textured, comprising pyrrhotite, 
chalcopyrite pyrite and pentlandite. 
Sulphides average between 1 and 3 % by 
volume, the matrix samples having the 
highest concentration. 

The amphibolites from the breccia consist 
of actinolite-chlorite with some plagioclase 
still present in most cases. Traces of 
hornblende remain in some samples. 
Sulphides in these rocks are also pyrrhotite, 
chalcopyrite and pentlandite, and are 
intergrown with the amphiboles. 

Samples from the High-Grade ore are the 
most altered consisting of actinolite-chlorite 
+/-talc schist. These samples contain less 
than 1% visible sulphides. 



4 GEOCHEMISTRY 

4.1 Major elements 

Furthermore the matrix has higher Pd/Pt 
ratios than the fragments (1 1 vs 5). 

In the High Grade ore there is no 
Major element chemistry shows that the correlation between PGE and S. Given the 

fragments and the matrix fiom the Twilight low S content of the High Grade ore it could 
and Roby Zones are CO-magmatic and consist be argued that S has been lost from the High 
essentially of mixtures of plagioclase and Grade ore and originally the rocks simply had 
orthopyroxene. The matrix is slightly richer more sulphide than the Breccia ore. 
in MgO, Fe0 and poorer in Si02 and A1203 However, Cu and S correlate in the High 
than the fragments. The composition of the Grade ore and the High Grade ore has even 
amphibolites is similar to relatively fresh higher PclIPt ratios than the matrix ore 
samples. We conclude that the amphibolites suggesting that it is enriched in Pd rather than 
are the product of the regional greenschist depletion of S that leads to the lack of 
metamorphism in the area and not of correlation between Pd and S. 
hydrothermal processes or late magmatic 
fluids. 

High Grade ore samples also tend to plot 
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flat except for enrichment of the LILE. The 
flat patterns suggest a tholeiitic magma 
source. While the LILE enrichment suggests 
either an arc tholeiite or LILE were added 
during metamorphism. 

4.3 PGE elements 

Breccia ore shows a strong correlation 
between S, Cu, Ni and the PGE indicating 
that these elements are controlled by 
sulphides. There is no difference between 
amphibolites and gabbronorites, thus 
amphibolitization does not appear to have 
affected PGE content of the rocks. On 
average the matrix is richer in PGE than the 
fragments although there is some overlap. 



Platinum Group Minerals in PGE deposits of the 
Paleoproterozoic Monchegorsk Magmatic Complex, Kola 
Peninsula, Russia 

T.L. Grokhovskaya 
IGEM &AS, Staromonetny, 35, Moscow, Russia 

e-mail: fl,g@,inem.ru 

ABSTRACT. The new mineralogical data on low-sulfide PGE deposits related to the Early 
Paleoproterozoic (-2450-2503 Ma) intrusions within the Monchegorsk ore district will be 
discusse:d. The most variable assemblage of platinum group minerals (PGM) was found in the 
PGE occurrences related to the Monchetundra fault zone (which divides the Monchegorsk 
massif ,and the Monchetundra pluton) and to intrusions located south of the Monchegorsk 
pluton (the Vuruchuaivench and South Sopcha intrusions). PGM assemblage includes alloys, 
sulfides, sulfarsenides, bismuthtellurides, and arsenides, as well as PGM of Pd-As-Sb, Pd- 
As-Te-(Sn), Pd-Ni-As, Pd-Ag-Te, Pd-Pb-(S, Se), Pd-Pt-(kFe,Ni,Cu)-(us, S)-0 systems. 
The evolution of PGE assemblages in the postmagmatic, fluid-hydrothermal and tectonic 
processes is shown for the PGE occurrences studied. 

The Monchegorsk magmatic complex 
(MMC)I is placed in the south inner corner of 
Paleoproterozoic rift-transform system 
between the Pechenga and Imandra-Varzuga 
rift zones. The isotopic age of MMC varies 
fkom 2504.4k1.5 to 2453f4 Ma (Balashov, et 
al., 1993; Amelin, et al., 1995). MMC 
includes the Monchegorsk pluton, the 
Monchetundra massif, and several smaller 
intrusions of the same age. The MMC 
intrudes Archean gneisses of the Kola- 
Belomorian complex and in turn is overlaid 
by volcano-sedimentary rocks of the 
Imandra-Varzuga series. Magmatic series are 
predominantly ultramafic ones in the 
Monchegorsk Pluton and gabbroic ones (with 
less ultamafics) in the Monchetundra massif. 

The MMC contains recently discovered 
economic PGE-Cu-Ni and chromite deposits 
(Sholokhnev et al., 1998,2004). 

The reef-like high-grade PGE deposit was 
found in alternate metasomatized 
gabbronorites and anorthosites of the 
Vuruchuaivench massif (Bakaev, Shelepina, 
1998). PGM presented mainly by Pd- 
minerals of Pd-As-(fSb) and Pd-Te-Bi 
systems associate with disseminated base 
metal sulphides (BMS) and sulfarsenides 
(Grokhovskaya et al., 2000,2003). 

The boundary zone of the Monchetundra 
massif and Monchegorsk pluton deserves the 
special attention. The contact between the 
Monchetundra and Monchegorsk intrusions 
coincides with high-permeable zone of the 



SE-NW striking Monchetundra fault. Fault 
zone is featured by intense magnetic anomaly 
(so-called "Magnetic Ridge") and made up of 
a number of narrow steeply-dipping blocks of 
less-altered rocks separated each from other 
by zone of brecciated rocks, milonites, and 
cataclasites. The chromitite horizons do not 
contain PGE mineralization, and rare primary 
PGM are represented by laurite-erlichmanite 
series only. The PGE occurrences have been 
distinguished within the alternating 
peridotite, dunite with chromitite; 
rhythmically layered pyroxenite, peridotite 
and norites with minor chromitite; pegmatoid 
gabbronorite (Fig. 1). 

Fig. 1. PGE-occurrences of the boundary 
zone: within rhythmically layered dunite, 
peridotite, chromitite (l), alternating 
peridotite, pyroxenite, norite with minor 
chromitite (2). 3 - PGE-occurrences within 
pegmatoid gabbronorite of Monchetundra 
massif. (Simplified after Sholokhnev et al., 
2004. Central Kola Expedition, 
Monchegorsk). 

and sperrylite are prevalent. PGM association 
from suits of alternate pyroxenite with minor 
peridotite and gabbronorite consists of 
prevailing sperrylite, Pd-Pt bismuthtellurides, 
minerals of Pd-Sb-As, Pd-Sn, Pd-Pb systems 
with minor izoferroplatinum and Pt-Pd-Cu-Fe 
alloys. 

In ultrabasic rocks PGE associate with 
disseminated BMS, chromite and magnetite. 
Chromite and BMS are substituted by late 
magnetite (Fig. 2). Peridotite and dunite are 
fissured and serpentinized, with prevalent 
amphibole, biotite, chlorite, talc. The 
distribution of the PGM in this rocks was 
affected by the intensive and protracted 
tectonic and fluid-hydrothermal activity. 

Fig. L. B~CK-scatterea electron images of 
izoferroplatinum (Pt3Fe), located in magnetite 
(Mt) - pentlandite (Pn) (a) and chromite 
(Chr) - Mt - Pn (b) assemblages. JSM 5300, 
IGEM RAS. 

In the gabbronorites of the Monchetundra Diverse pGM assemblage within 
n~assif minerals of the bra&& - coo~erite - ultramafics is represented by Pt alloys, 
vysotskite series, Pt-Pd-bismuthtellurides, spenylite, Pd-Pt bismuthtellurides. 



Isoferroplatinum forms large mmomineral 
grains and intergrowths of constant 
composition with base metal sulfides, Fe- 
chromile, and magnetite (Fig. 2a, b). 
Sperrylite is considered as a stable mineral in 
PGE deposits, and its composition is rather 
constant, but sperrylite grains in all studied 
samples from the Monchetundra fault zone 
are fractured, and fissures are filled with Pt- 
Pd-Fe+(Cu,Ni) alloys andlor Ni-As minerals 
(Fig. 3a). 

Pt-Pd-Fe-Ni-Cu alloys with varying 
composition were found in the heavy mineral 
concentrates and polished sections. Pt-Pd-Fe- 
Ni-Cu alloys are replaced by Cu-Pt-Pd-Fe-S 
and then by Cu-Pt-Pd-Fe-S(or As)-0 phases 
along fissures and grain boundaries (Fig. 3 b, 

0 
Cu 50 Fe+Ni 
Fig. 4. Composition diagram of Pt - Fe + (Pd- 
Cu-Ni) alloys (1); Pt-Pd-Cu-Fe-S sulphides 
(2); Pt-Pd-Cu-Fe-(S)-0 phases (3) from 
PGM-BMS-Chr-bearing peridotite, boundary 
zone ( a ~ .  %). 

These multistage PGM assemblages 
resulted diverse processes of PGE 
concentration and redistribution, which 
happened according to thermodynamical state 
of mobile fluid-hydrothermal systems within 
the active Monchetundra Fault Zone 
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ABSTRACT. Creation of the new industrial centre in the Polar Urals results in the necessity 
of a comprehensive assessment of its potentials, primarily the potentials of PGE presense. In 
the Polar Urals the largest chromite-bearing massifs are located, i.e. Rai-Iz, Syum-Keu, 
Voikar-Syn'in. As is shown by results of the work accomplished by us elevated PGE contents 
are recorded: 1) Ir-OS-Ru mineralization in initial chromite, 2) Ir-OS-Ru-Pt mineralization in 
sulfide-bearing-chromite ores. In addition to the main Ir-OS-Ru (Pt) type we describe Pt-Pd 
mineralization in the silicate matrix (pyroxenite) where as the sulfides occur. This type in 
chromite-bearing massifs of Polar Urals as additional mineral sourse of PGE have been 
established. 

1. INTRODUCTION 

The Polar Urals is a new area of Russia, 
which is very important for the development 
of the chrornite mining industry. There are 
great ultramafic chromite-bearing massifs: 
Rai-Iz (380 km2), Syum-Keu (600), Voikar- 
Syn'in (1850), which are most promising for 
the early development (Fig. l). 

In this context, it was decided to undertake 
a thorough study of platinum-group elements 
(PGE) content of their chromite ores in order 
to acertain the feasibility of recovery, as a by- 
product, of the PGE in the course of 
commercial exploitation of chromite deposits 
of the area scheduled for the near fbture. 

This investigation was undertaken by 
VSEGEI geologist with the assistance of 
mineralogists from A 0  "Mekhanobr-Analit" 
and A 0  "NATI", as well of technologists 
from St.Petersburg Mining Institute. 

In the course of a few years (1996-2002) 
we conducted detailed geological, 
petrological, and mineralogical studies in the 
massifs, collected a lot of factual and 
analytical date. 

As a result of this work, it is possible now 
to discuss the problem of prospects of Polar 
Urals massifs for PGE mineralization. 

2. PGE MINERALIZATION 

Platinum presence in the chromite ores has 
not yet been adequately studies. 

New data that obtained by petrology and 
mineralogy, make it possible to eastablish 
specific features of the PGE occurrence 
within individual massif. 

The Rai-Iz Massif is becoming an 
economically important object for the 
development of chromite-processing industry 
of Russia. This Massif is characterized by a 
tendency toward accumulation of plationoids 



in coarsegrained chromite-bearing dunite 
bodies of central zone. Whereas the PGE 
(mainly Ir, OS, Ru) concentrations are there 
re1ative:ly low exceeding (0,l-0,3 ppm). 
However, in some areas, where the processes 
of metamorphism are known to have 
occurred, the concentration of PGE 
(including Pt and Pd) may be higher (0,5-0,7 

PP@. 

Fig. l Sketch map showing distribution of the 
ultramafic massifs of the Polar Urals. 
The massifs: I - Spm-Keu. II - Rai-lz, 111 - 
Voiliar-Syn'in; the complexes: I ,  dunite- 
ha~zburgite, 2. dunite-~iherljte-clinopymxenite; 
the stmcture: 5. paleoceanic plate, 4. 
pal~rocontinental plate, 5. Main fracture Tmst, 
6. Faults. 7. Area of Pt-Pd rrririeraliz~tion. 

Our work has established the occurrence of 
26 PCiE minerals. The prevailing minerals are 
those of Ir, OS, Ru (85% of all PGE 
minerals), the remaining (15%) are minerals 
of Pt and Pd. Among the PGE minerals, one 
finds numerous native metals, minerals of the 
solid solution class and sulfides, i.e. Laurite - 

RuS2, Erlichmanite - OsS2, Kashinite - Ir2S3, 
Irarsite - IrAsS. 

Mineralization of Pt-Pd: Braggite - (Pt, Pd, 
Ni)S, Mayakite-PdNiAs, Atheneite- 
(PdHg)3As, may be observed mostly at the 
south-west area of Rai-Iz Massif (occurrence 
Nc 201,214) in Gabbro-Pyroxenite zone. 

These minerals occur as individual grains 
(from 10 to 60 mm across) inside chromite 
crystals or in intergrowth with pentlandite, 
millerite, heazlewoodite. 

The Voikar-Syn'in Massif is an 
exceptionally well exposed and well 
preserved complicated complex. It is about 
250 km long and 50to 80 km wide. Reviews 
of the geology, petrology, mineralogy, and 
structure of the Voikar-Syn'in Massif are 
contained in very many works. The 
descriptions of the PGE of this Massif are 
based on these references and on ours too. 

The highest concentration of PGE is 
reported from rich dissemination chromite 
ores of high-alumina consistency. The 
predominating association of PGE is Ir-Os- 
Ru-Pt. A lot of minerals containing PGE have 
been indentified: Laurite, Erlichmanite, 
Irarsite, Sperrylite - PtAs2, Hollingworthite - 
RhAsS, Isoferroplatinum - Pt3Fe. 

Advantage Pt-Pd association is the 
representative for high-ferriferous chromite 
ores. The localization of PGE (to 3 ppm) is 
connected with zones of metamorphic 
ultramafic rocks. This association is 
distributed in Choilinsk, Lagortinsk, Northern 
High and Piatirechenskoe (Ozernoie) 
occurens. 

The Syum-Keu Massif, the northernmost 
of ultramafic massifs known in the Urals, 
remains the least studied, though its area is 
large and remarkable for chromite 
specialization. 

Exploration for chrome has been recently 
commenced there that required the assesment 



of chromite ore for PGE metals. Platinum 
content of this massif has been not studied, 
and data gained by the authors are first 
published. 

Detailed studying of the platinum content 
in the Syum-Keu Massif revealed several 
types of PGE mineralization: 

(1) Ir-OS-Ru in initial chromite ores with 
PGE content of 0,l-0,3 ppm; 

(2) Ir-OS-Ru-Pt in sulfide-chromite ores, 
where PGE content increases up to 
0,7-0,8 ppm; 

(3) Pt-Pd type in sulfide-bearing 
pyroxenites containing 1,O- 1,5 ppm 
PGE. 

About 30 various PGE minerals were 
found in these ores, four of them where not 
know earlier. 

In the first type of ore main minerals are 
Laurite RuS2 (65% of all PGE minerals), 
Erlichmanite OsS2(25%), Irarsite IrAsS and 
Kashinite h S 3  (ca. 10%). 

In the second type the portion of iridium 
and platinum minerals essentially increases: 
iridium minerals portion is 30-35%, platinum 
8- 10%, with minor amount another PGE. 

The third type is the most promising, since 
sites of sulfide mineralization with platinoids 
are rather widespread throughout the 
pyroxenite complex. Major PGE minerals 
here are Spenylite PtAs2 (60% of all 
minerals), Mayakite PdNiAs (25%), Braggite 
(PtPdNi)S, mercury minerals - Atheneite 
(PdHg)3As, and Temagamite Pd3HgTe3. The 
Pt-Pd type have wide-spread occurrence 
along the eastern flang of this Massif. 

3. CONCLUSION 

which do not exceed 0,l-0,3 ppm. The higher 
PGE content, in particular Pt and Pd, are 
reported from a few localities only, where the 
processes of re-crystallization and high- 
temperature metamorphism were especially 
strong. The association of Pt-Pd 
mineralization with the locality of strongly 
metamorphosed rocks, the presence of 
volatile-beating minerals (phlogopite, 
amphiboles, finely-dispersed carbon) testify 
to the metamorphogenic origin of sulfide Pt- 
Pd concentration resulting from the 
reworking of primary rock by ascending fluid 
flows. 

The genetic conecpt stemming from the 
above data assumes 1) magmatic ore 
formation of Ir-OS-Ru (Pt) association in 
common with chromite, 2) 
metamorphogenetic origin of sulfide Pt-Pd 
concentration with importance of role of 
volatile flows from the mantle by high t°C. 

Pt-Pd mineralization is not typical for 
mafic-ultramafic massifs of ophiolite 
complexes. It is possible regard this type as 
additional source of PGE of chromite-bearing 
massifs of Polar Urals. 

On the basis of genesis concept, the PGE 
potential of Polar Urals massifs can be 
reassessed and the general strategy of PGE 
prospecting can be outlined. 

The authors are greatly appreciated to the 
government of the Yamal-Nenets 
Autonomous Area for financing and 
organization of these works. 
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ABSTIIACT. The platinum group element (PGE) bearing Seagull Intrusion is one of four 
Mid-Proterozoic mafic to ultramafic intrusions emplaced into the Mid-Proterozoic Sibley 
Group and underlying Archean rocks of the Nipigon Embayment, that are in turn intruded by 
Mid-PI-oterozoic sills of the Nipigon Diabase Sill Complex. The ultramafic intrusions have 
cumulate textured peridotite cores with olivine gabbro to olivine melagabbro border phases 
that art: geochemically similar with [La/Yb],, ratios of 6.4-41.9 and weakly depleted Th, Nb, 
and Tal. A series of thinner mafic sills occur scattered through the Embayment and they are 
geochemically similar to the ultramafic intrusions. These intrusions and sills are most reliably 
distinguished from the diabase sills using geochemistry (e.g., [La/Yb], 2.9-6.2). The 
similarities in the geochemistry of the thinner mafic sills and intrusions suggests that the 
mafic sills may be indicators of additional intrusions in the Nipigon Embayrnent with a higher 
potential to host mineralization. 

Foul- 1106 - 1124 Ma (Heaman et al. 2005) 
mafic -to ultramafic intrusions, and a series of 
mafic sills, were emplaced into the 4 6 7 0  Ma 
Sibley Group (Heaman et al. 2005) and 
underlying Archean rocks of the Quetico 
Subprovince of the southern portion of the 
Nipigon Embayment. The intrusions are cut 
by diabase sills of the 11 10 - 11 13 Ma 
(Heaman et al. 2005) Nipigon Sill Complex. 
Emplacement of the ultramafic intrusions and 
diabase sills appear to have been controlled 
by a series of north and northwest-trending 
faults defining the Black Sturgeon Fault 

Zone. Three of the ultramafic intrusions, 
Disraeli, Seagull, and Hele, are located 
between Lake Nipigon and Lake Superior 
and the Kitto intrusion is located to the 
northeast on the east shore of Lake Nipigon 
(Hart 2005; Hart et al. 2002). All four 
intrusions are composed of a pyroxene 
peridotite core predominately cumulate 
textured with an irregular olivine gabbro to 
olivine melagabbro border zone, and the 
olivine gabbro contains irregular pods or 
bands of monzogabbro or granophyre. 



The intrusions have a present geometry 
that is sill-like covering areas of between 20 
and 85 km2 and range in thickness from 130 
to 750 m. and are considered to be remnants 
of larger bodies. The PGE hosting Seagull 
Intrusion is the largest intrusion with a central 
saucer-shaped portion that may be a product 
of post-intrusion faulting or a result of 
emplacement into a pre-existing structure. 
Underlying, or peripheral, feeder structures 
have not yet been identified for any of the 
intrusions but limited inversion modelling 
based on ground gravity data (Ontario 
Geological Survey, 2004) indicates the 
presence of deeper anomalies peripheral to 
the Seagull and Hele intrusions (Hart 2005). 

The intrusions are geochemically similar in 
composition, with major element contents 
mirroring lithologic variations but with 
relatively uniform REE and HFSE contents 
of 2.32-5.24 GdrYb and 4.07-30.07 LaIYb, 
and a flattening of the patterns between Th 
and La on mantle normalized extended 
element diagrams (Hart 2005, Hart and 
Magyarosi 2004). The La/Yb and Gd/Yb 
ratios for these intrusions are distinctly higher 
than those of the Nipigon Diabase Sill 

Complex. The intrusions have REE and 
HFSE ratios that are comparable to ocean 
island basalts (e.g. Heggie and Hollings 
2004). 

Mantle normalized PGE diagram patterns 
for the unmineralized intrusions generally 
resemble continental flood basalts. The 
Seagull Intrusion contains reef-type PGE 
mineralization hosted in three zones that have 
PGE contents that vary laterally from 
anomalous to very PGE enriched (e.g., 
3399.79 ppb Pt, 1198.07 ppb Pd, 13 ppb Au, 
99.2 ppb Rh, 77.9 ppb Ru, and 524 ppb Te 
Hart and Magyarosi 2004).The PGE 
mineralization is interpreted to be a result of 
sulphur saturation of the magma during initial 
stages of emplacement and also as a result of 
at least two later influxes of less evolved 
magma (Heggie and Hollings 2004). 

A series of geochemically distinct mafic 
sills occur scattered through the Embayment. 
A 50 -60 m thick olivine gabbro to peridotite 
sill in the north west portion of the 
Embayment (MacDonald 2004) has 8.04- 
22.94 wt.% MgO and ratios of 2.9-3.4 
Gd/Yb, and 8.02-9.83 La/Yb (MacDonald 
and Tremblay 2005). This sill is 
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Embayment with a similar potential to host 
PGE mineralization. The ultramafic 
intrusions of the Nipigon Embayment may be 
part of a regional scale Keweenawan 
magmatic event that also formed the 1 1 1 1 Ma 
Echo Lake gabbro (Cannon and Nicholson 
200 1) and Mesoproterozoic Yellow Dog 
peridotite (Rossell and Coombes 2004), 
located about 400 km to the south in northern 
Michigan. 
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ABSTRACT. Mid-Proterozoic diabase sills of the Nipigon Sill Complex intrude the 
Mesoproterozoic Sibley Group and the Archean rocks of the Quetico and Wabigoon 
subprovinces within the Nipigon Embayment. The majority of the complex consists of a series 
of shallow-dipping sills of relatively uniform mineralogical and geochemical composition 
with minor stratigraphic variations within some sills suggesting multiple pulses of magma that 
may have cooled as single units. The exception to the uniform geochemistry is a sill in the 
northwest portion of the Nipigon Embayment, which has higher La/Yb and ZrN ratios. The 
diabase sills intrude four older mafic to ultramafic bodies which are geochemically distinct 
from and probably genetically unrelated to the diabase sills. One of these intrusions, located 
at Seagull Lake, is currently being explored for platinum group elements. The platinum group 
element contents of the diabase sills is comparable to typical continental flood basalts, and the 
lack of depletion or significant enrichment suggests there is little potential for these sills to 
host mineralization. Diabase of the Nipigon Sill Complex extend as far south as Thunder Bay 
while sills of the Logan Sill Complex predominate further to the south. 

Bedrock mapping and research studies 
summarized herein were undertaken as part 
of the Lake Nipigon Region Geoscience 
Initiative (LNRGI). The LNRGI is a 
geoscience-based geological data acquisition 
and compilation program operated by the 
Ontario Prospectors Association (OPA) and 
funded through an agreement with the 
Northern Ontario Heritage Fund Corporation 
(NOHFC). This work was conducted to 
investigate the regional geological setting of 
the Nipigon Embayment which hosts the 

platinum group element (PGE) bearing 
Seagull Intrusion, one of four 
Mesoproterozoic mafic to ultramafic 
intrusions located in the southern portion of 
the Nipigon Embayment. 

The Nipigon Embayment is 
approximately 19 000 km2 area of 
Mesoproterozoic igneous and sedimentary 
rocks centred on Lake Nipigon, north of Lake 
Superior, approximately 100 km northeast of 
Thunder Bay, Ontario. The Embayment is 
underlain by Archean rocks of the Wabigoon 
Subprovince to the north, and the Quetico 



Figure l :The Nipigon Embayment centred on 
Lake Nipigon, north of Lake Superior, 
northm est Ontario 

Subprovince to the south. Sedimentary rocks 
of the relatively flat-lying 4 6 7 0  Ma Sibley 
Group (Heaman et al. 2005) unconformably 
overlie the Archean rocks. The 1547 Ma 
Englislh Bay volcanic-intrusive complex 
(Heaman et al. 2005; Hollings et al. 2004) is 
located in the northwest portion of the 
Embayment, and to the north of the complex 
is the l590 Ma Pillar Lake intrusion (Heaman 

et al. 2005) overlain by the Mesoproterozoic 
Pillar volcanic unit. Four 1106 - 1124 Ma 
(Heaman et al. 2005) mafic to ultramafic 
intrusions, and a series of thinner sills, 
intrude the Archean rocks. A series of 
shallow-dipping 1 1 10 - 1 1 13 Ma diabase sills 
of the Nipigon Sill Complex (Heaman et al. 
2005) intrude all other rock types in the 
Embayment. A series of north and northwest- 
trending faults appear to have controlled 
emplacement of the sills and ultramafic 
intrusions. 

The Nipigon Sill Complex is composed of 
at least 3 major and a series of minor 
shallow-dipping diabase sills ranging in 
thickness from a few 10s of metres to nearly 
200 m. The diabase is commonly sub-ophitic 
to ophitic, massive, medium- to coarse- 
grained feldspar and pyroxene with trace 
olivine and 1 to 2% magnetite. Internal 
subdivisions in the sills are variably exposed 
and best represented in diamond drill holes 
with a generalized section of a sill from top to 
bottom comprising: 1) chill, 2) fine-grained 
variably amygdaloidal, 3) magnetite-rich, 4) 
medium to coarse-grained, 5) coarse to very 
coarse-grained, 6) fine-grained, variable 
amygdaloidal, and 7) chill (Hart and 
Magyarosi 2004). Medium- to coarse-grained 
diabase forming the majority of the sills 
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should properly be classified as gabbronorite 
to gabbro, but to avoid confusion with other 
intrusions in the area the diabase 
classification has been applied to all rocks 
associated with the sills. The sills are 
generally shallow-dipping occasionally 
forming broad, up to 6 km wide, saucers with 
interiors occupied by older rock types 
suggesting a geometry similar to that 
suggested for other sill complexes (e.g., 
Thomson and Hutton 2004). 

The Nipigon diabase sills have 0.71- 2.5 
wt.% Ti02, 4.23-1 1.72 wt.% MgO, 15-500 
ppm Cr with ratios of 1.37-2.18 GdlYb, 2.01- 
4.19 LdSm, 2.5-4.5 ZrN, and 1.61-3.29 
[LaAlb], with moderate negative Nb 
anomalies ([Th/Nb], 1.8-3.1) (Hart 2005; 
MacDonald and Tremblay 2005). The sills 
have a relatively consistent major and trace 
element geochemistry with little variation 
throughout the Embayment. The exception 
being a diabase sill centred around Inspiration 
Lake in the northwest portion of the 
Embayment that intrudies and overlies the 
flat-lying 4 5 1 4  Ma Pillar volcanic unit 
(Heaman et al. 2005). These sills are 
macroscopically very similar to the Nipigon 
sills but have a positive magnetic polarity in 
contrast to the negative polarity of the 
Nipigon sills, and ratios of 4.68-5.72 LdSm, 
5.5-7.5 Z rN and 12.5-16.7 [Lm],, .  
Detailed geochemical sampling of a number 
of diamond drill holes indicate geochemical 
variations consistent with the Nipigon sills 
being formed as a result of multiple injections 
of magma with the thicker sills cooling as 
single units. Preliminary isotopic data 
suggests variable crustal contamination 
consistent with field relationships indicating 
assimilation of country rocks (Richardson 
and Hollings 2005). 

The diabase sills intrude four 1 1 06- 1 124 
Ma mafic to ultramafic bodies which are 

geochemically distinct from and probably 
genetically unrelated to the diabase sills. One 
of these intrusions, the Seagull Intrusion is 
currently being explored for platinum group 
elements. PGE contents of the diabase sills 
are similar to the trend followed by most 
continental flood basalts and are not enriched, 
or depleted, in Ni (12 - 608 ppm) or Cu (70 to 
515 ppm) (Hart 2005) suggesting there is 
little potential for these sills to host 
mineralization 

South of Thunder Bay, diabase sills of the 
Logan Sill Complex intrude the 
Mesoproterozoic Animikie Group in the area 
of the Crystal Lake Gabbro, which hosts the 
Great Lake Nickel Cu-Ni-PGE deposit. 
These diabase sills are characterised by 3.45- 
3.79 wt.% Ti02 5.5 - 7.2 ZrN and 6.5-7.8 
[La/Yb], ratios (Hart, 2002). Similar 
geochemical variations related to geographic 
position have been observed in some flood 
basalt provinces (e.g., Mantovani et al. 1985) 
suggesting that the Logan and Nipigon sills 
may be part of a single intrusive event. 
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ABSTRACT. The mafic and ultramafic volcanics within the Svecofennian (1.9 Ga) Kotalahti 
and Vammala Nickel Belts, Finland, were studied in a collaborative project between CSIRO 
and Geological Survey of Finland (GTK). On the basis of the geochemistry the Kotalahti Belt 
intrusions are comagmatic with at least some of the analysed volcanics. In the Vammala Belt 
it is likely that the intrusion parent magmas and picrite magmas have a common mantle 
source but have evolved along distinct paths, and the picrites probably do not represent parent 
magmas tapped directly from the intrusions. PGE results show differences in area1 scale: in 
the Kotalahti Belt the SE end volcanics are S-undersaturated, while the volcanics in the more 
northern part of the Belt are predominantly S-saturated. Vamrnala picrites are predominantly 
S-undersaturated. 

1 INTRODUCTION 

The Svecofennian orogeny in Finland The mafic and ultramafic volcanics within 
produced a series of 1.9 Ga mafic-ultramafic the Kotalahti and Vammala Nickel Belts, 
intrusions in which, according to Nironen deemed to be comagmatic with the nickel 
(1997) and Peltonen (2005), the mafic bearing intrusions, were studied in a 
magma intruded in tensional structures above collaborative project between CSIRO and 
the subduction zone. Most of the nickel Geological Survey of Finland (GTK). During 
bearing intrusions occur within the Kotalahti 
and Vammala Nickel Belts around the 
Central Finland Granitoid Complex (Fig. 1). 



of hornblende, diopside, plagioclase and 
biotite. Remnant pillow structures have been 
stretched and flattened. Ultramafic lavas, 
thought to have been olivine-phyric picrites 
have been metamorphosed into 
porphyroblastic olivine-pyroxene-amphibole 
rocks composed of varying amounts of 
metamorphic olivine, metamorphic 
orthopyroxene, tremolite, hornblende and 
serpentine. Pillow structures are found also in 
these meta-picrites. 

3 GEOCHEMISTRY 

The volcanic rocks have been divided on 
the basis of geographic location, major 
element composition and trace element 
characteristics into five suites: Rantasalmi 
low-Mg (basaltic) and high-Mg Opicritic), 
Pielavesi low-Mg, and Kestilii low-Mg, all 
fi-om the Kotalahti Belt, and the Vammala 
Belt high-Mg "picrite" suite. 

Figure 1. Location of the sampling sites and 
the Kotalahti and Vammala Nickel Belts in 
Finland (modified M$&inen & 3.1 Incompatibletraceelements 
Makkonen 2004). Rantasalmi high and low-Mg suites have 

the years 1999-2003 altogether 130 samples 
were collected in the Kotalahti and Vammala 
Nickel Belts for petrographical and 
geochemical study (Fig. 1). In addition GTK 
chemical and petrologic data on the Kotalahti 
and Vammala Belts was used to compare the 
volcanics with the intrusions. 

2 SAMPL,E PETROGRAPHY 

The composition of the sampled volcanics 
varies fiom intermediate to ultramafic the 
mafic ones forming the majority. 
Metamorphic grade is in most places between 
low to high amphibolite facies. The mafic 
volcanics are typically metamorphosed into 
foliated, banded and gneissic amphibolites 
with a mineral assemblage consisting mainly 

overlapping and broadly similar trace element 
patterns (Fig. 2) implying a likely 
comagmatic origin; the slightly higher 
relative LREE abundances in the high-Mg 
rocks may be the result of alteration. These 
rocks show little evidence for crustal 
contamination. The Kestila and Pielavesi 
low-Mg suites are similar to one another in 
having relatively steep LREE enrichment and 
negative Nb anomalies, but the Pielavesi 
rocks have distinctive HFSE depletio~ a 
feature typical of arc-derived mafic magmas. 
These suites are interpreted as arc tholeiites 
with distinct source characteristics. 

The Vammala picrite suite is 
indistinguishable geochemically fiom the 
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Figure 2. Incompatible element concentrations in rocks from the various volcanic suites in the 
Kotalahti Belt, and from picrites and intrusions in the Vammala Belt. Lines show median, loth 
and 90" percentiles for each group. 

Rantasalmi high-MgO suite, and is likely to the range in the intrusion samples is probably 
be comagmatic. Both these suites are related to in-situ wall rock contamination. 
believed to be derived from high-Mg basalt 
magmas with around 10-15% MgO, and 3.3 Platinum Group Elements and Sulphur 
contain variable proportions of entrained Saturation 
phenocryst olivine. 

3.2 Relationship to intrusions 

PGE depletion is a sensitive indicator of 
extraction of sulphide liquid during 
fractionation. High-precision low-level PGE 

Mafic-ultramafic intrusions in both belts analyses were obtained on representative 
show a considerably wider range in trace samples from all five volcanic suites, using 
element abundances and ratios than the the nickel sulphide fire assay1ICP-MS 
volcanics, but there is a broad range of method at geoscience laboratories, Sudbury, 
overlap. On the basis of the geochemistry the Canada. 
Kotalahti Belt intrusions are comagmatic Data are plotted on figure 3 in terms of 
with at least some of the analysed volcanics. mantle normalized PGEITi ratio, using the 

In the Vammala Belt it is likely that the preferred mantle values of Barnes et al. 
intrusion parent magmas and picrite magmas (1988). PtITi and PdITi ratios for all suites 
have a common mantle source but have are depleted relative to the expected mantle 
evolved along distinct paths, and the picrites value of l ;  however, the upper limits are 
probably do not represent parent magmas close to the typical values of around 0.3 and 
tapped directly from the intrusions. Much of 0.5 respectively found in S-undersaturated 

komatiites (Puchtel et al., 2004; unpublished 



CSIRO data compilation), which may be a 
better estimate of typical mantle sources. 
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Figure 3. Mantle-normalised ratios of Pd and 
Pt to Ti in volcanic rocks from the Kotalahti 
and Vammala Belts, vs. MgO content, wt % 
anhydrous. 

Rantasalmi high-Mg and Vammala picrite 
suites are similar in having relatively 
undepleted PGE abundances, compared with 
the other suites, although there is a wide 
range implying the presence of both S- 
saturated and S-undersaturated components. 
The K-estila and Pielavesi suites are markedly 
PGE depleted compared to both of these, and 
to the Rantasalmi low-Mg suite, and appear 
to have been pervasively S-saturated on 
eruption. S-poor samples fiom the margins of 

intrusions in both belts are consistently PGE- 
depleted. 

We suggest that there is likely to be a 
comagmatic relationship between intrusions 
and volcanics in both belts, but the detailed 
relationships are obscured by crustal 
contamination and alteration. Some PGE- 
undepleted magmas reached the surface 
without attaining sulphur-saturation, but there 
is widespread evidence in the belt for S- 
saturation and sulphide liquid extraction at 
depth affecting at least some component of 
all the intrusive and extrusive suites. S- 
saturation is pervasive in the arc-related 
Kestila and Pielavesi suites. 
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ABSTRACT. Platinum-group mineral (PGM) assemblages from certain localities along the 
Platreef show variations apparently correlatory with changes in footwall lithology. At 
Sandsloot and Zwartfontein, where Malmani dolomite forms the footwall, tellurides and 
alloys dominate the PGM assemblage with a lack of sulphides. On Overysel, where the 
footwall is granite, tellurides, bismuthides and sulphides are dominant, with a corresponding 
lack of alloys. However, on a smaller scale, there are a wide range of PGM assemblages, 
characteristic of different rock types, which are controlled by localised magmatic and fluid 
processes which have taken place during or after emplacement. Therefore footwall lithology 
changes only partially control the observed mineralogy, with a significant influence of 
secondary fluid processes, some of which will be related to footwall assimilation, also 
fundamentally important. 

1 INTRODUCTION 

The northern limb of the Bushveld 
Complex, South Africa, hosts one of the 
world's largest deposits of platinum-group 
elements (PGE). The Platreef is a 10-200m 
thick package of pyroxenitic lithologies with 
PGE and base-metal sulphide (BMS) 
mineralization, and is located at the base of 
the igneous sequence, overlain by norites and 
gabbronorites of the Main Zone of the 
Complex. The Platreef overlies progressively 
older units north from Mokopane (formerly 
Potgietersrus), including sediments of the 
Timeball Hill and Duitschland Formations; 
the Penge BIF; the Malmani dolomite and 

Variations in both the distribution and 
mineralogy of the PGE mineralization are 
thought to be a result of, varying amounts of 
assimilation and contamination from the 
various footwall rocks (Vijoen and 
Schiirmann, 1998), which is consistent with 
the PGM data compiled by Kinloch (1982). 
Holwell et al. (2004), using a large sample 
set from Anglo Platinum's Sandsloot mine, 
showed that variations in platinum-group 
mineral (PGM) mineralogy on a meter-scale 
are largely due to syn- and post- 
crystallisation fluid activity, which produce 
characteristic PGM assemblages within 
similar rock types. 

archaean basement granite (Fig. l). 



We now build on these findings to 
investigate further these meter-scale 
variations related to localised fluid activity, 
and also to identify any kilometre-scale 
variations possibly controlled by floor-rock 
litholog!r. In addition to the samples collected 
at Sandsloot (Holwell et al., 2004) further 
samples have been collected from Anglo 
Platinum's open pit at Zwartfontein, and from 
borehole cores from Overysel, (Fig. 1). 

Figure 1. The central and northern sectors of 
the Platreef in the northern limb of the 
Bushveld Complex. 

4 PETROLOGY 

The Platreef in the Sandsloot-Zwartfontein 
sector of the northern limb consists of a basal 
package of pyroxenitic rocks, with cumulus 
orthopyroxene, intercumulus clinopyroxene, 
plagioclase and BMS. Serpentinised xenoliths 
of calc-silicate are common, and some areas 
are (overprinted with secondary Fe-rich 
olivine. The hangingwall Main Zone rocks 
are norites and gabbronorites with cumulus 
plagioclase and orthopyroxene and 
interc:umulus clinopyroxene. A thin mottled 
anorthosite is often present at the basal 

contact, and small intrusive fine-grained 
melanorites are common. Beneath the 
igneous reef, a package of recrystallised 
metamorphic clinopyroxenites, termed 
'parapyroxenites,' is usually present above 
calc-silicates derived from the Malmani 
Dolomite. At Zwartfontein, serpentinization 
of the reef and the footwall is common and 
intrusive, or 'hybrid' norites occasionally 
intrude the reef. PGE mineralization occurs 
variably throughout the igneous reef and 
xenoliths therein, to some depths into the 
footwall and occasionally at the base of the 
hangingwall. 

From Overysel northwards, where 
basement granite forms the footwall, the 
hangingwall and reef lithologies are similar 
to those at Sandsloot-Zwartfontein, though 
the presence of irregular occurrences of 
disseminated chromite and small xenoliths of 
chromitite are also present. Intrusive norites 
also occur. Between the reef pyroxenites and 
the basement granite, a hybrid lithology of 
variable thickness termed 'granofels' is 
present. These are banded tonalitic gneisses 
with granitic and pyroxenitic banding. PGE 
mineralization occurs throughout the reef and 
irregularly through the granofels, to 
considerable depths, and occasionally into the 
granite. 

3 PGM ASSEMBLAGES 

3.1 Sandsloot 

The PGM assemblages at Sandsloot are 
described by Holwell et al. (2004) and can 
summarised as follows. Pyroxenitic reef is 
dominated by Pt and Pd tellurides; olivine- 
replaced reef is dominated by Pt-Fe and Pd- 
Pb alloys; the footwall calc-silicates and 
clinopyroxenites have an arsenide dominant 
assemblage; serpentinised footwall carries the 
highest numbers of antimonides; and finally, 
the base of the hangingwall contains an 



assemblage of Pd-bearing pentlandite, 
intergrown with Pt-Fe alloy and laurite, 
locally altered to a germanide dominant PGM 
assemblage. Each assemblage is indicative of 
one or more fluid andfor magmatic processes 
which have affected the reef during and after 
emplacement. The almost total lack of PGE 
sulphides is attributed to conditions of low 

$32 during crystallisation. 

3.2 Zwartfontein 

At Zwartfontein, serpentinisation of the 
reef is extensive and much of the 
mineralization is hosted by serpentinite. 
Table 1 shows the PGM assemblages in five 
rock types studied from samples taken from 
pit faces and borehole cores at Zwartfontein: 

Table l :PGM assemblages at Zwartfontein. 

PGMtype (%) PX SP OR CH HM 

Pt tellurides 3 7 

Pt arsenides 8 3 8 28 92 

Pd tellurides 23 22 

Pd antimonides 6 3 1 3 5 8  

Pd bismuthides 5 5 

Sulphides 2 3 8 

Arsenosulphides 8 3 24 

Pt alloys 14 22 5 

Pd alloys 38 35 

number ofgrains 49 59 37 21 13 

PX=pyroxenite; SP=serpentinite; OR= 
olivine bearing reef; HM=hangingwall mela- 
norite; CH= chromitite. 

Overall, tellurides and alloys dominate and 
sulphides are virtually absent other than in 
the chromitite, as is the case at Sandsloot. 
The reef pyroxenites differ from those at 
Sandsloot, being dominated by bismuthides 
rather than tellurides (though many of these 
phases, such as sobolevskite, PdBi, are Te- 
bearing). No alloys are present and most 
PGM are Pd-phases. The serpentinites 

contain a highly alloy-dominant assemblage, 
particularly Pd-Sn phases. Many of these 
PGM are associated with small BMS, 
partially altered to magnetite. The olivine- 
bearing reef samples contained an 
assemblage of Pt-Fe and Pd-Pb alloys and Pb 
bearing kotulskite, Pd(TePb), which is almost 
identical to the one observed in the 'olivine- 
replaced reef at Sandsloot. A sample of 
chromitite contained a typical chromite- 
associated PGM assemblage of laurite 
(RuS~), hollingworthite (RhAsS) and Rh- 
bearing sperrylite (PtAs2). Interestingly, the 
melanorite which intrudes the hangingwall, 
contained an almost monomineralic 
assemblage of sperrylite along its margins, 
along with some BMS. 

3.3 Overysel 

Table 2 shows the PGM assemblages in 
eight PGM-bearing rock types from a suite of 
samples taken from borehole cores drilled on 
Overysel, where the footwall is granite. The 
overall assemblage differs from that at 
Sandsloot and Zwartfontein in that sulphides 
are present, bismuthides are much more 
abundant, and there are very few alloys. 
Tellurides, however, are still the most 
abundant PGM type, and as at Sandsloot, are 
dominant in the reef pyroxenite. Altered 
pyroxenites contain higher abundances of 
arsenides and bismuthides. PGM assemblages 
in calc-silicate xenoliths within the reef are 
dominated by Pd bismuthides, particularly 
Sb-bearing sobolevskite, Pd(BiSb). The 
intrusive 'hybrid' norite holds a telluride 
dominant PGM assemblage associated with 
high BMS contents. The granofels lithologies 
have a similar assemblage to the reef 
pyroxenites, though contain more 
bismuthides. Samples of 



Table :!. PGM assemblages at Overysel. 

PGM type (%) PX APX HYN CSX GFS MS NTS BGT 

Pt tellurides 62 22 70 3 1 92 90 11 

Pt arsenides 5 13 20 4 2 1 1  

Pt bisnluthides 1 3 6 

Pd tellilrides 21 26 3 32 6 

Pd antimonides 3 2 

Pd bis~nuthides 1 2 1 57 14 55 

PGE Sulphides 8 9 12 1 1  

PGE A~senosulphides 17 

Pt alloys 2 

Pd alloys 1 8 2 

number of grains 84 96 70 40 191 116 42 3 5 

PX= pyroxenite; APX=altered pyroxenite; HYN=hybrid norite; CSX=calc-silicate xenolith; 
GFS=granofels; MS=massive sulphide; NTS=net-textured sulphide; BGT=basement granite 

sulphide and net-textured sulphides within However, the greatest controlling factor in 
the granofels are almost exclusively Pt the mineralogy seems to be the affect of syn- 
tellurides (moncheite, PtTe2), and often occur and post-emplacement fluid and magmatic 
as needles surrounded by pentlandite in activity in recrystallising PGM, though some 
exsolution textures within pyrrhotite, so it of these processes are undoubtedly related to 
appears that PGE were dissolved in the assimilation of differing footwall rocks in 
sulphitde liquid that formed the massive different localities. So the observed 
sulphide. Finally, in one borehole, the mineralogy is a result of fluid and magmatic 
basement granite was mineralized, containing activity related to assimilation of footwall 
a PGM assemblage dominated by Pd rocks, and post emplacement fluid processes. 
bismuthides in association with chalcopyrite 
and millerite. The presence of millerite would 
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ABSTRACT. A mineralogical mass balance has been calculated for the fraction of platinum- 
group elements (PGE) incorporated as solid solution in sulfides and sulfarsenides and the 
fraction that occurs as major constituents in platinum-group minerals (PGM) in the Kelly 
Lake Ni-Cu-PGE sulfide deposit in the Copper Cliff Offset, Sudbury. Low levels of PGE in 
sulfides were determined quantitatively, for the first time in Sudbury ores, by laser ablation 
microprobe - inductively coupled plasma - mass spectrometry (LAM-ICP-MS), providing a 
significantly more robust estimate for the inventory of the PGE occurring in solid solution in 
sulfides and sulfarsenides than in previous studies. The majority of Pt (98%), Rh (97%), Ir 
(86-91%) and lesser but still large fractions of Pd (77-87%) and Ru (67-71%) occur as 
discrete PGM with the remainder occurring in solid solution in gersdorffite (CPGE = 1700 
ppm), pentlandite (ZPGE = 1.35 ppm), chalcopyrite (CPGE = 0.5 ppm), and pyrrhotite (CPGE 
= 0.3 ppm). Although the PGE are present in low concentrations in sulfides, the abundances 
of these phases can be sufficiently high to constitute a significant fraction of the total 
inventory of the PGE. This has important implications for the genesis of the PGE and for 
metal recovery during ore beneficiation. 

1 INTRODUCTION Pd + Au (Inco Limited Press Release, March 
6,2000). 

The Kelly Lake deposit four Ore Petrographic studies, whole-rock analyses 
bodies (710, 7209 7259 and 740) that were of platinum-group elements (PGE), and in 
first identified in 1997 and contain an situ microbeam analyses of sulfides, estimated 10.5 million tonnes of ore at 1.77% 
Ni, 1.34% Cu, and 3.6 g/tonne combined Pt + sulfarsenides, tellurides, and platinum-group 

minerals (PGM) have been used to establish 
the distribution, phase apportionment, and 



mass balance of the PGE between sulfide 
phases and discrete PGM. 

PGE mass balances are critical in 
constraining the genesis of magmatic 
sulfides, understanding the mobilities of PGE 
during magmatic cooling and hydrothermal 
alteration, and in optimizing recoveries 
during ore beneficiation. This is the first 
attempt to quantitatively establish the precise 
distributions of PGE in a Sudbury ore deposit 
employing LAM-ICP-MS. The new data are 
particu'larly relevant to providing important 
constraints for mineral processing in 
recovering PGE from the Kelly Lake deposit 
or other similar Sudbury ores. 

3 ORE TEXTURES AND MINERALOGY 

The Kelly Lake deposit is hosted by the 
Copper Cliff quartz diorite (QD) Offset dike, 
Sudbu?ry. In general, the dike has a narrow, 
fine-grained marginal zone and a coarser, 
inclusion-rich core. The majority of the 
deposits in the CC0 are associated with the 
inclusj on-bearing QD. 

The most common ore types in the Kelly 
Lake deposit include: 1) sulfide-poor (<2%), 
medium-grained equigranular quartz diorite 
(QD); 2) finely disseminated interstitial 
chalcopyrite to blebby pyrrhotite-pentlandite- 
chalcopyrite making up 2-25% total sulfide, 
hosted predominantly by QD; 3) inclusion 
and non-inclusion bearing semi-massive 
pyrrhotite-pentlandite-chalcopyrite with 25- 
65% total sulfide; 4) inclusion and non- 
inclusion bearing massive pyrrhotite- 
pentlandite * chalcopyrite with >65% total 
sulfide; and 5) fracture-controlled pyrrhotite- 
pentlandite-chalcopyrite with variable 
amounts of total sulfide. 

The sulfide assemblage comprises 
pyrrhotite [Fel-,S], pentlandite [(Fe,Ni)9S8], 
and chalcopyrite [CuFeSz] with trace 
amounts of gersdorffite [(Co,Fe)AsS-NiAsS], 
sperrylite [PtAsz], michenerite [(Pd,Pt)BiTe], 
tsumloite [BiTe], froodite [PdBi*], 
holli~lgworthite [RhAsS], ruarsite [RuAsS], 
galena [PbS], and sphalerite [ZnS]. Figure 1 
shows typical sperrylite and michenerite 
associations. 

Figure l. BSE images of a) sperrylite-l, 
gersdorffite-2, pyrrhotite-3, and b) 
michenerite- l ,  pyrrhotite-2, quartz-3. 

4 ANALYTICAL TECHNIQUES 

4.1 Whole-Rock Geochemistry 

Sulfur was analyzed by infrared 
absorption; Fe, Cu, Ni, CO, and Zn were 
analyzed by inductively coupled plasma - 
atomic emission spectrometry; Pb was 
analyzed by atomic absorption spectrometry; 
and Pt, Pd, Rh, Ru, Ir, and Au were pre- 
concentrated by Ni-sulfide fire-assay and 
analyzed by inductively coupled plasma - 
mass spectrometry (ICP-MS) Bismuth and Te 
were analyzed by ICP-MS and As by 
instrumental neutron activation analysis. 

4.2 Mineral Chemistry 

Quantitative analyses of sulfides, 
sulfarsenides, tellurides, and platinum-group 
minerals were carried out using a JEOL JSM- 
6400 scanning-electron microscope equipped 
with a LINK (Oxford) energy dispersive X- 
ray spectrometer and a Cameca SX50 
electron probe microanalyzer. 

4.3 LAM-ICP-MS Analyses 

In situ trace-PGE analyses were carried out 
for pyrrhotite, pentlandite, chalcopyrite, and 
gersdorffite (Table 1) using an in-house built 
266 nm Nd:YAG laser system attached to a 
VG Fisons PlasmaQuad II+"SW quadrupole 
mass spectrometer. Data were standardized 
against the PO-30 and PO-31 sulfide 
reference materials and reduced using the 
spreadsheet based program LAMTRACE. 



Table 1. LAM-ICP-MS results. 5.2 Discrete PGM Phases 

Mineral CPGE (ppm) 
Gersdorffite 1700 
Pentandite 1.35 
Chalcopyrite 0.5 
Pyrrhotite 0.3 

5 PGE MASS BALANCE CALCULATION 

The PGE in the Kelly Lake deposit occur: 
1) in solid solution in pyrrhotite, pentlandite, 
chalcopyrite, and gersdorffite; and 2) as 
discrete PGM. Therefore, the whole-rock 
abundance of each PGE is the sum of each 
PGE in sulfide, sulfarsenide, and discrete 
PGM phases, weighted according to the 
relative abundance of each phase. The 
approach here is to determine the amount of 
PGE in solid solution in the sulfides and 
sulfarsenides and then attribute the remaining 
balance to discrete mineral phases. The 
advantage of this approach is that more 
precise estimates can be made of the modes 
of the major sulfide and sulfarsenide minerals 
than for the PGM. 

5.1 Modal SulJide and Sulfarsenide 
Abundances 

In terms of a PGE mass balance, it is 
essential to know how much of each sulfide 
and sulfarsenide phase is present, as the PGE 
can occur as solid solution in these phases. 
The modal sulfide and sulfarsenide 
mineralogy was calculated using whole-rock 
data, the known mineral assemblage, and 
analyzed mineral compositions. Based on 
petrographic observations, the following 
assumptions were made in calculating modal 
sulfide abundances in the Kelly Lake ores 
fiom whole-rock chemistry: 1) all Cu, Zn, 
and Pb is attributed to chalcopyrite, 
sphalerite, and galena, respectively, 2) all As 
is attributed to gersdorffite, 3) any remaining 
Ni is attributed to pentlandite, 4) any 
remaining S (after subtraction of that in 
chalcopyrite, pentlandite, gersdorffite) is 
attributed to pyrrhotite. 

The amount of each PGE that is attributed 
to discrete PGM, regardless of the identities 
of the host minerals, is considered to be the 
difference between the whole-rock PGE 
content and the abundance of that PGE in 
sulfides and sulfarsenides. We have estimated 
the distribution of PGE within each PGM 
based on abundances of PGM found in this 
and related studies. The only Pt-bearing PGM 
recognized at Kelly Lake to date is end- 
member sperrylite. Two Pd-bearing minerals 
were identified, michenerite and minor 
fioodite. Discrete Rh- and Ru-bearing 
minerals, hollingworthite and ruarsite, were 
reported by Carter et al. (2002) at Kelly Lake. 
Discrete Ir-bearing phases have not been 
documented at Kelly Lake. The PGM carriers 
for the metals Rh, Ru, and Ir have not been 
identified to date, however, the mass balance 
for Rh, Ru and Ir assumes that the remainder 
of the PGE can be simply grouped under a 
category of discrete PGM regardless of their 
identities, given that the PGE attributed to 
base metal sulfides have already been 
accounted for. 

6 RESULTS 

The resulting mass balance of the PGE 
(i.e., percentage of the total of each of the 
PGE within each mineral phase) is shown in 
Figure 2. Almost all of the Pt (-98%), Rh 
(-97%), and Ir (86-91%) are carried by "Pt- 
PGM" (assumed to be sperrylite), "Rh- 
PGM", and "Ir-PGM", respectively, most of 
the Pd (77-87%) is hosted by "Pd-PGM" 
(assumed to be michenerite and froodite), and 
most of the Ru (67-71%) is hosted by "Ru- 
PGM". Most of the Pt that is not present in 
discrete PGM is attributable to gersdorfite; 
Pd and Rh not present in discrete PGM is 
attributable to gersdorffite, pentlandite, and 
pyrrhotite. 
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Gersdorffite (Gers) 

Chalcopyrite (Ccp) 
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Figure 2. Percent of total PGE attributed to 
each mineral phase. 

7 CONCLUSIONS 

A significant result of this study compared 
to thosle done previously is the quantitative 
demonstration that significant proportions of 
the Pd (-14-23%) and Ru (-30%) in Sudbury 
ore are hosted by sulfides and sulfarsenides. 
It has been demonstrated in this study that, 
a1thoug;h the PGE are present in low 
concentrations (-1 to <0.1 ppm) in sulfides, 
the abundance of these phases is sufficiently 
high to constitute a significant fiaction of the 
total iinventory of the PGE. On the other 
hand, gersdorffite, contains the most PGE 

provide a cost-effective, time-efficient 
method to establish the amount of each PGE 
in each mineral phase, whether as dilute solid 
solutions in sulfide minerals or as major 
constituents in discrete PGM. 

The majority of the PGE in Kelly Lake 
ores occur as discrete PGM and to a lesser 
extent in solid solution in pyrrhotite, 
pentlandite, chalcopyrite, and gersdorffite, 
providing constraints in mineral processing. 
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ABSTRACT. The ultramafic complexes of the East Afi-ican Orogen (EAO) in western 
Ethiopia include Yubdo, Ankori Daleti, Kingy and Tulu Dimtu and are known hosts of 
platinum-group elements. These complexes have been considered as both ophiolitic and 
Alaskan-type and have been used to locate a suture marking the closure of East and West 
Gondwanaland. We show the results of the analysis of 340 spinels fiom Yubdo and the 
nearby intrusions. The C# and Mg# of these spinels fall into compositional space assigned to 
Alaskan-type intrusions - even after alteration has been considered. In addition to placer 
PGMs already described, we document OS and Ir alloys in the olivine and disseminated 
chromites of Yubdo, which are often found as inclusions within the placer Pt-Fe alloys. 

1 INTRODUCTION 

The ultramafic complex at Yubdo is one of 
five adjacent complexes within the Western 
Ethiopian Shield (WES) (figure 1). The 
placers around Yubdo are well known to 
contain PGMs. The other complexes also host 
PGE mineralisation. 

Considered to be ophiolitic, the ultramafic 
complexes of the WES were taken to locate 
the suture marking the closure of 
Gondwanaland (Berhe and Rothery, 1986; 
Stern, 1994). However, the PGE 
geochemistry and PGMs found at Yubdo 
show similarities to Alaskan-type intrusions 
(Mogessie et al., 2000). 
This abstract presents 340 analyses of 
disseminated chrome-spinels fiom Yubdo 
and the other four ultramafic complexes 
spanning a distance of over 60krn fiom north 
to south along the WES. We present data 
which investigates the magmatic origin of the 

complexes by the use of C# and Mg#. The 
variation of spinel composition between 
dunites and pyroxenites can be used to 
identify fiactionation trends in each complex 
and comparisons between complexes can 
indicate differences in origin and hence 
influence ideas of both PGE prospectivity 
and palaeographic reconstructions of the 
EAO. 

2 GEOLOGY AND MINERALOGY 

The rocks of the WES occur within the 
greater EAO. Formed during the closure of 
east and west Gondwanaland, the EAO 
extends from the Arabian peninsula to 
Mozambique (Stem, 1994). The ultramafics 
in question occur within a central volcano- 
sedimentary domain surrounded by higher 
grade orthogneissic rocks (Johnson et al., 
2004). 



Figure 1. Terrain Map of the WES with 
locations of spinel analyses and ultramafic 
complexes indicated (dark grey). 

Yubdo and Tulu Dimtu, the two largest 
complexes (15km2 and 30km2 respectively) 
show a concentric zonation of lithotypes 
where dunite is surrounded by 
clinopyroxenite then hornblendite. Ankori, 
Daleti and Kingy are narrow lens-shaped 
bodies from 1 to 5km in length. All 
complexes are serpentinised and shearing is 
commoli on the flanks of Yubdo and Tulu 
Dimtu and throughout the smaller bodies. 

Otteniann and Augustithis (1 967) first 
documented the PGM in the laterites of 
Yubdo, as "ferroplatin" minerals with 
(Os,Ir)S (Roseite) inclusions. These alloys 
from laterites were further studied by 
Mogessie and Belete, (2000) who described 
many isoferroplatinum and tetraferroplatinum 
grains with native-OS and Rh-Ir-Pt-arsenide 
inclusions. PGMs in primary rocks 
documented at Yubdo are isoferroplatinum, 
tetraferroplatinum and tulameenite (Belete et 
al., 2000). 

3 METHODS 

Polished blocks were analysed using a Car1 
Zeiss SMT S360 SEM fitted with an INCA 
ENERGY X-ray analyser. Analytical 
conditions were an accelerating voltage of 
20KeV and a probe current of 1nA. Analyses 
were taken from the centres of spinel grains. 
The Fe valency estimation was carried out 
based on the method of D. R Wones as 
described by Buddington and Lindsley 
(1 974). Divalent cations and trivalent cations 
are grouped together and then allocated to 
minerals present in the spinels. 

Spine1 compositional fields (figure 2) were 
taken from the updated dataset provided by 
Barnes and Roeder (2001). Fields were 
delineated by 386 analyses of Alaskan-type 
intrusions and 3604 analyses of ophiolites. 

4 SPINEL GEOCHEMISTRY 

Individual disseminated spinel minerals 
frequently display a zonation where the more 
altered rims are lower in and ~ 1 ~ '  than 
the centre. ~e~ increases with alteration and 
Fe3+ increases at the expense of ~ e ~ ' .  The 
consequent effect of alteration is shown on 
each diagram in figure 2. 

Of the Yubdo, Daleti, Kingy and Tulu 
Dimtu complexes some display Cr/(Cr+Al) 
(Cr#) slightly higher than the Alaskan-type 
intrusion field, but none fall within the 
ophiolite compositional range. The Ankori 
spinels display Cr# values which are lower 
than those of the Alaskan-type intrusions and 
F ~ ~ + / ( M ~ + F ~ ~ C )  (Fe#) which are too high for 
the ophiolite compositional range. 

At Tulu Dimtu, the spinels hosted by 
dunite and olivine-clinopyroxenite show a 
narrow range of C& and a wider range of 
Fe#. Conversely, pyroxenite hosted spinels 
show a narrow Fe# and wide Cr#. The 
pyroxenite of the Kingy lensoid ultramafic 
hosts spinels of distinctly restricted Cr# 
range. Conversely, other parts of the Kingy 
complex show a narrow Fe# range and wide 
Cr# range. Unlike elsewhere in this dataset, 
the spinels at Daleti have a similar range in 
values of Cr# and Fe#. Two populations of 
spinel composition occur at Yubdo, each with 



a restricted C& range, but many of the ' 
spinels hosted by serpentinised dunite show a 
higher C& and Fe#. 

Figure 2. Spine1 composition of the 
ultramafic complexes of the WES. 

5 PLATINUM GROUP MINERALS 

From the rocks of the Yubdo Complex we 
describe three PGM and their host minerals. 
The PGM are alloys 4-5 pm in length. 

,' moLm Previous studies have concentrated on the 
eluvial and alluvial PGM. This is the first 
description of OS and Ir alloys from in situ 
rocks in the area. 

1 f 

L I 

I 
Figure 3: Primary I ,,ds from the Yubdo 
complex A: Ir-OS alloy (with minor Rh and 
Ru) in chomite; B: Pt-Fe alloy in chromite; 
C: OS-Ir alloy (with minor Ru and Fe) in 
olivine. Scale bars represent 5pm. 

6 DISCUSSION 

The spinels from the WES show 
compositions which fall mostly inside the 
Alaskan-type intrusion compositional range - 

Ankori Dunite however some analyses display slightly 
greater C& values. Due to the pervasive 
alteration of these rocks it can be expected 

I that the spinels will display the effects of 
alteration - regardless of the precise position 
of analysis within each grain. Here, these 



effects are understood through the analysis of 
the zone!; of individual grains. For instance, 
at Tulu Dimtu (figure 2d) the population 
showing higher C# values - resulting from 
lower and A13' - can be considered as 
the altered equivalent of the grains of lower 
C#. 

Given the difference in C# between the 
altered and fresh grains in figure 2d, it is 
reasonable to expect that if we were able to 
analyse solely the fresh grains then they 
would plot within the Alaskan-type C M e #  
range. 

The work of Stowe (1994) showed that 
within one locality the C# of ophiolitic 
chromites often vary by a range of 0.4. This 
is supported by the dataset of Barnes and 
Roeder (2001) - sourced from several 
ophiolites - which shows a wide range of C# 
values (figure 2). Every complex in this 
dataset displays a C# range of significantly 
less that those of ophiolites. The widest range 
of C# values in this dataset (Daleti) is 0.2. 

The anomalously low cr3+ and high A13' 
values for Ankori mean that the analyses do 
not fall into either the ophiolite or Alaskan- 
type fields. The key to this difference may lie 
in the work of Evans and Frost (1975) who 
described the enrichment of ~ 1 ~ '  in the 
spinels of highly metamorphosed ultramafic 
complexes. 

Here we describe primary alloys of OS and 
Ir in addition to Pt-Fe. Previous authors 
describe only Pt-Fe alloys in primary rocks, 
however OS-Ir alloys of comparable size 
(5pm) are abundant as inclusions within 
placer Pt-Fe alloys at Yubdo (Belete et al., 
2000). 

7 CONCLUSIONS 

Spine1 analyses for the complexes in the 
dataset - covering most of the WES - plot 
within the Cr#/Mg# compositional range of 
Alaskan-type intrusions (Barnes and Roeder, 
2001). The Ankori complex displays cr3+ and 
A13' values which are inconsistent with both 
Alaskan-type intrusions and ophiolites. 
Unlike in ophiolites (Stowe, 1994), all 
analyses occupy a narrow C# range (~0.2) .  
The linear arrangement of the ultramafics in 

the EAO is similar to the arrangement of 
PGE-bearing complexes in Alaska and the 
Urals. OS and Ir alloys from the rocks at 
Yubdo - described here - show similarities to 
inclusions in Pt-Fe alloys of the surrounding 
placers. 
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ABSTRACT: The Sonju Lake intrusion (SLI) of northeast Minnesota formed by closed- 
system differentiation of a tholeiitic magma. In 2002, three exploration drill holes defined a 
90-m-thick, stratiform PGE-enriched interval within oxide gabbro cumulates. Continuous 
geochemical sampling across the interval shows base and precious metal mineralization to be 
zoned and stratigraphically offset. The top of the precious metal zone (PMZ) corresponds to 
an abrupt increase in Cu and S and a strong narrow Au peak. Within the PMZ, Pd and Pt 
concentrations are broadly offset, with Pd below Pt, and show several subzones of 
enrichment. Maximum grades of 0.3m intervals are 410 ppb Pd, 275 ppb Pt, and 1080 ppb 
Au. Above the Cu-Au break, all precious metals are strongly depleted. The homogeneity of 
the host rock, the broad thickness of the mineralized interval, and the offset of metal 
concentrations suggest an orthomagmatic process of PGE mineralization whereby fractional 
segregation of sulfide was passively triggered by differentiation of the silicate magma. Late- 
stage sulfide dissolution by deuteric fluids likely caused upward displacement of Cu and Au 
concentrations, but appears to have had little effect on the PGE distribution. 

l INTRODUCTION 

l .  1 Geology of the Sonju Lake Intrusion 

The Sonju Lake intrusion (SLI) is a 1200- 
m thick, sheet-like, tholeiitic layered 
intrusion located within the 1096 Ma Beaver 
Bay Complex of northeast Minnesota. The 
Beaver Bay Complex and the related Duluth 
Complex are the major intrusive components 

of the 1.1 Ga Midcontinent Rift of North 
America. 

The SLI was emplaced beneath a hanging 
wall of leucogranite and monzodiorite and a 
footwall of mixed intrusive and volcanic 
rocks. Internally, it has a unidirectional 
cumulate stratigraphy of 01 (dunite) -, P1+01 
(troctolite) + Pl+Cpx+Ol (olivine gabbro)--, 
Pl+Cpx+Ox+Ol (oxide gabbro) --, 

Pl+Cpx+Ox+Ol+Ap (apatite olivine 



ferrodiorite). The apatite olivine ferrodiorite 
grades irregularly into ferromonzodiorite of 
the overlying granophyre body. This 
systemi~tic cumulus stratigraphy is 
compli~nented by a smooth cryptic layering 
of cumulus mineral compositions which 
together can be modeled by closed-system 
fractiorlal crystallization of an olivine 
tholeiitic magma (Miller and Ripley, 1996). 

1.2 Discovery of PGE Mineralization 

Recognizing the petrologic similarities 
between the SLI and the Skaergaard 
intrusion, a geochemical survey of outcrop 
samples was made in 1999 to evaluate the 
potential for a PGE reef similar to the 
Platinova Reefs (Andersen et al., 1998). This 
survey revealed the presence of a dekameter- 
scale stratiform Pd-Pt-Au mineralized 
interval occurring below a horizon an abrupt 
increase in Cu (Miller, 1999). As in the 
Skaergaard, the PGE mineralized interval 
occurs within an oxide gabbro located about 
213 of the way up from the basal contact of 
the intrusion. The maximum grades 
encountered from this survey were 360 ppb 
Pd, 66 ppb Pt, and 85 ppb Au. 

In June of 2002, Franconia Minerals Corp. 
acquired three drill cores through the PGE 
enriched zone and conducted a detailed 

Fig. 

geochemical survey of the mineralized 
interval with continuous whole rock and 
assay analyses taken at 0.3m intervals. These 
data and thin sections were provided to Greg 
Joslin for further study as part of his graduate 
research at the University of Minnesota 
Duluth. The results of this study are 
contained in his MS thesis (Joslin, 1994) and 
are summarized here. 

2 DESCRIPTION OF THE PRECIOUS 
METAL ZONE (PMZ) 

All three drill holes intersected all or part 
of an 85-m-thick stratigraphic interval of 
anomalous Pd, Pt, and Au concentration, 
which is called the Precious Metal Zone 
(PMZ). The P M .  is hosted by a medium- 
grained, homogeneous, well-foliated, olivine- 
poor oxide gabbro, with no macrocopic 
evidence of its occurrence except for a subtle 
increase in sulfide at the top of the zone. 
Geochemically, this increase in modal sulfide 
from <0.01 to >0.05 % is accompanied by an 
abrupt 5 to 10-fold increase in Cu from <l 00 
ppm to > 400 ppm and a sharp peak in Au 
abundance that locally exceeds 1000 ppb. 
This Cu-Au break occurs over one sample 
interval (0.3 meters) and provides a sharp and 
distinct datum with which to correlate the 

meters above 
c"-A"M SL02-1 

Correlation of Cu, Au, Pd and Pt in drill holes SL02-1, SL02-2, and SL02-3. 



PMZ across the 800 meters of strike defined 
by the three drill cores (Fig. l). 

The lower boundary of the PMZ is defined 
by Pd or Pt concentrations consistently 
exceeding 20 ppb. With the exception of 
localized Pt enrichment associated with a 
ultramafic interval about 110 m below the 
Cu-Au break, Pd+Pt concentrations below the 
PMZ typically range between 5 and 20 ppb. 
Above the PMZ (Le, the Cu-Au break), Pt 
and Pd concentrations are consistently below 
detection limits (2 ppb). 

Within the PMZ, Pd and Pt concentrations 
are broadly offset, with Pd below Pt, and 
show several subzones of enrichment (Fig. 

1). Maximum grades in 0.3m long core 
samples are 410 ppb Pd, 275 ppb Pt, and 
1080 ppb Au. Strong correlations between Fe 
and A1 and Pt and Pd concentrations indicate 
a possible connection between primary modal 
layering of plagioclase, oxide, and olivine 
and PGE mineralization. 

Although concentrations of sulfide are very 
low in the PMZ, all platinum group minerals 
observed within the PMZ are hosted by 
chalcopyrite. The PGM-bearing sulfide 
occurs both interstitial to or as single phase 
inclusions in primary plagioclase, augite, and 
Fe-Ti oxide. The PGM typically occur as 
euhdral inclusions on the outer margins of 
anhedral chalcopyrite. In a few cases, euhdral 
PGM grains have been observed within 
secondary alteration phases (uralite, chlorite, 
goethite), but near chalcopyrite that appears 
to have been partially resorbed and thus may 
have originally included the PGM. 

3 METALLOGENESIS OF THE PMZ 

3.1 Comparison to other PGE reefs 

The PMZ of the Sonju Lake intrusion 
shows marked similarities to other 
Skaergaard-type PGE reefs hosted by 

tholeiitic mafic intrusions (Andersen et al., 
1998; Prendergast, 2000). These similarities 
include: l )  oxide gabbro cumulate host rock; 
2) Cu-rich, Ni-poor composition of sulfides; 
3) stratigraphic zonation of Pd, Pt, Au and 
Cu; 4) PGE enrichment distributed over thick 
(decameters) intervals; and 5) Pd as the 
dominant PGE. These and other 
characteristics set this group of stratiform 
PGE deposits apart from classic PGE reefs 
hosted by ultramafic-mafic complexes and 
exemplified by the Merensky and JM reefs. 
Unfortunately, one of these other 
characterisitics is their generally lower grade. 

3.2 Model for PMZ Mineralization 

The spatial relationship of PGE zonation, 
sulfide distribution, and subtle modal 
layering of cumulus silicate phases strongly 
suggest that the PMZ formed by an 
orthomagmatic process of sulfide liquation 
and fractionation from silicate magma. 
Despite the paucity of sulfide in the PMZ, the 
occurrence of sulfide inclusion in cumulus 
silicate phases indicates that sulfide was a 
saturated phase during crystallization of the 
PMZ. The homogeneity of the host rock, the 
thickness of the mineralized interval, and the 
offset of metal concentrations further implies 
that sulfide saturation was passively triggered 
by fractional crystallization of the SLI 
magma. Mungall (2002) showed that 
stratigraphic offsets of Pd, Pt, Au and Cu 
peaks common to many PGE reefs can be 
satisfactorily explained by a kinetic factors 
attending sulfide liquation and settling in 
well-mixed, differentiated silicate magma. 

Although the zonation of Pd, Pt, Au and 
Cu are generally consistent with a kinetic 
model of sulfide liquation, it does not explain 
the secondary cycles of Pd and Pt 
concentrations nor the sharpness and uneven 
offset of the Cu-Au break from the Pd and Pt 



peaks. 'The correlation of secondary Pd and 
Pt peaks with subtle modal layering suggests 
that the variation in PGE concentrations are 
primary features of the mineralization event. 
Perhaps the secondary cycles are linked to 
large scale convective overturn as suggest by 
Prendergast (2000) to explain a similar 
variatioris in the Rincon del Tigre Complex. 
In contrast, the sharpness and varied offset of 
the Cu- Au break from the Pd and Pt peaks, 
coupled with petrographic evidence of sulfide 
dissolution, suggest that Cu and Au 
concentrations were upwardly displaced by 
deuteric fluids by a process similar to that 
described by Boudreau and Meurer (1999). 
Park et al. (2004) recently presented oxygen 
isotope data from the SLI that indicates 
significant sulfide dissolution and 
mobi1iz:ition by deuteric fluids as well as low 
temperature externally derived fluids. 
However such a process evidently did not 
mobilize Pd and Pt. 

3.3 Ecclnomic Potential of Skaergaard-type 
PGE Reefs 

Altholugh economic metal grades in the 
SLI and other Skaergaard-type reefs have yet 
to be identified, this does not rule out the 
potential for ore-grade PGE reefs in tholeiitic 
layered intrusions. Indeed, what makes the 
known systems uneconomic is not their lack 
of metals, but rather the broad distribution of 
those metals over thick stratigraphic 
intervals. This seems to result from sulfide 
saturation being passively triggered by simple 
magma differentiation. Theoretically, a more 
abrupt lonset of sulfide saturation would be 
expected to yield a narrower, higher grade 
reef. Magma mixing in a tholeiitic system 

would not be an effective trigger because it 
will likely result in sulfide undersaturation. 
However, experimental data suggests that 
decompression due to magma venting may be 
a effective triggering mechanism. Thus, 
open-system intrusive bodies in shallow 
crustal settings, may prove the best 
exploration targets for economic grade PGE 
reefs in tholeiitic magma systems. 
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ABSTRACT. The causes for sulfide saturation and sulfide distribution at Noril'sk are not well 
understood. Anhydrite assimilation can explain sulfur enrichment but is problematic as a 
mechanism for sulfide precipitation because sulfate reduction would increases the f l2  of the 
magma significantly, potentially precluding sulfide saturation. If carbon is added 
simultaneously, anhydrite could be reacted to form sulfides in situ without increasingPz, but 
this may result in sulfide dispersion. Recent experimental work shows that oxidized basaltic 
melts can dissolve roughly 10 times more s u l k  than reduced ones. Thus, if magmas get 
relatively oxidized by anhydrite ingestion, and sulfate reduction by assimilation of carbon is 
achieved only at, or close to, the levels of emplacement, the concentration of large amounts of 
sulfides in small volumes is optimized. If this is the case, the locus of mineralization is largely 
controlled by the distribution of intersections of coal seams with the magma chamber. 
Whether this sequence of events occurred at Noril'sk is difficult to evaluate at this point but 
merits fiwther investigation. 

1 INTRODUCTION mantle. The causes of the anomalies at 

The orthomagmatic deposits in the Noril'sk remain, to a large extent, unknown, 

Noril'sk region consitute the main source for but one of the key factors is the saturation of 

Pd and one of the most important sources of sulfide at, or close to, the point of ore 

Pt and Ni in the world. onlv com~arable to emplacement. Sulfide saturation combined 

the Bushveld and Sudbury deposits (Kendall, with accumulation of sulfides over narrow 

2004, Naldrett, 2004). Such deposits are volumes would favor extremely rich 

some of the largest geochemical anomalies deposits. Here I will show that sequential 

in the Earth's crust, requiring an unusual assimilation of anhydrite and carbon can 

combination of processes to accumulate, in effectively maximize the amount of sulfides 

relatively small volumes, precious metal in that can be precipitated fiom a mafic magma. 

concentrations several times larger than their 
average abundance in the Earth's crust and 



2 SULFUR CONTENTS IN BASALTIC 
MELTS AS A FUNCTION OF OXYGEN 
FUGACITY 

The sulfur contents in silicate magmas 
have been studied extensively (e.g., Poulson 
and Ohmoto, 1990; O'Neill and Mavrogenes, 
2002). :However, only few studies have dealt 
with the S content in oxidized melts (e.g., 
Carroll and Rutherford, 1987; Luhr, 1990). 
Jugo et al. (2005) provided experimental data 
on the sulfur content of basaltic melts under 
oxidized and reduced conditions. Fig. 1 
summarizes the results of the experimental 
work in Jugo et al. (2005) at 1300 'C and 1 
GPa. 

'O'W~ 0 Equilibrated with CaSW E ] Equiiibrated with F& 

0.01 
-41 -2 0 2 4 6 

Oxidation state, AFMQ 

Figure 1. Contrast in the sulfur content 
between oxidized (sulfate-saturated) and 
reduced (sulfide-saturated) basaltic melts. 
Modificd from Jugo et al. (2005) 

As shown above, a basaltic melt saturated 
with anblydrite can dissolve up to 1.5 wt% S. 
This is roughly 10 times more than the 
amount of sulfur that can be dissolved under 
reduced conditions (in which case the melt is 
saturatecl with sulfides). Although these data 
were (obtained fi-om high pressure 
experiments, the data of Luhr (1990) and 

Jugo et al. (2005) indicate that temperature 
and melt composition have a larger effect in 
the sulfur content in sulfate-saturated melts 
than pressure. Therefore, at shallow 
pressures, such as those inferred for the 
Noril'sk intrusions, the sulfur content 
between oxidized and reduced basaltic melts 
can be expected differ by a factor of ten. 

3 POTENTIAL IMPLICATIONS FOR 
NORIL' SK 

Isotopic evidence (Li et al., 2003) 
indicates that crustal sulfur was added to the 
Noril'sk magmas, with anhydrite from the 
evaporitic sequences the only potential 
source of the positive 6 3 4 ~  anomalies. 

Assimilation of anhydrite and its reduction 
to form sulfides can be accomplished by 
oxidation of ferrous iron in the melt: 

As noted by Naldrett (2004), this 
mechanism is problematic because it would 
increase the Fe3+/Fe2+ in the melt and 
increase the oxidation state of the system to 
about AFMQ = +4, in which case sulfates 
should precipitate instead of sulfides. 

However, carbon is commonly present as 
coal seams in the area, and was, in fact, the 
main ore in the 1800's (Kunilov, 1992). 
Holloway et al. (1992) showed that carbon 
reacts with the ferric iron in the melt to fiom 
dissolved COz and ferrous iron, and that as 
long as carbon is present the oxidation state 
of the system will not exceed about AFMQ = 

-1. Thus, it is entirely possible that the 
intrusion assimilated "both evaporite and 
coal measures, and reduction occurred in the 
environment of a natural smelter" (Naldrett, 
2004, p. 184). If this was the case, sulfate 



reduction would have been completed 
without significant changes i n n 2 .  

Despite the relevance to the conditions of 
sulfide precipitation at Noril'sk, there are 
very few data on the prevalent f02 for the 
Noril'sk intrusives and its changes during 
magmatic evolution. However, Barnes and 
Kunilov (2002) provided data on spinel 
composition from which qualitative 
information on the oxidation state of the 
system can be extracted. They found 
significant ferric iron contents in spinel, an 
indication that f12 was relatively high when 
spinel crystallized. They also presented 
textural relationships which show: (a) 
euhedral to subhedral spinel, often included 
in all silicate phases and (b) interstitial 
sulfides. These textures are good indicators 
that spinel crystallized before sulfide 
saturation and can be interpreted as the 
magmas being oxidized first and then 
reduced. This precipitation sequence should 
not be expected if graphite and anhydrite are 
reacted simultaneously with the melt, but it 
is the expected sequence if the magma is 
allowed to assimilate anhydrite and become 
oxidized before it reacts with the coal seams. 
Because oxidized magmas can carry 10 
times more S than reduced ones, 
accumulation of sulfides will be optimized if 
the magma reacts with carbon only after it 
has reached anhydrite saturation. Such 
magmas will precipitate up to ten times more 
sulfides that magmas that were initially 
reduced. If this is the case, the locus of the 
intersections of coal seams with the 
intrusions likely acted as a chemical traps 
and largely control the current location of the 
sulfide mineralization. 
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ABSTRACT. The vein Ni-Cu ores of Ioko-Dovyren massif ores are characterized by limited 
PGM species composition and they are presented by Pt arsenides (spenylite) and Pd stibnides 
(sudberiite, phase Pd2Sb) mainly. The disseminated form of Pd was revealed at maucherite 
composition. 

1 INTRODUCTION 

Ioko-Dovyren dunite-troctolite-gabbro 
intrusion is one of the largest layered massifs 
at the south of Siberia (North Baikal region). 
The rich sulphide Ni-Cu ores were 
discovered at 1959 at the bottom part of the 
massif: The high contents of platinum group 
elements (PGE) were established later. The 
list of' the found out minerals PGE in ores 
was limited by spenylite (Kacharovskaya, 
Truneva, 1986) until recently. 

2 GEOLOGY OF THE IOKO-DOVYREN 
MASSIF 

The Ioko-Dovyren layered dunite- 
troctolite-gabbro intrusion is located at the 
North Baikal region (56'30'N and l l OOE). It 
is 26 km long and at most 3.5 km wide sill- 
like body, which was intruded almost 
concordant into the Neoproterozoic 
carbonate-terrigenous rocks of the Synnyr rift 
zone axial part. 

The sediments of Synnyr rift zone are 
overlained by volcanics of Inyaptuk picrite- 
basaltic and Synnyr contrast subalkali basalt- 
basalt-trachydacitic Riphean suites. The 
former was generated in a submarine 
environment (pillow lavas), and the latter 
developed under subairal conditions (red 
effusives). 

A lot of small bodies of peridotites, 
pyroxenites, diabases and single large Ioko- 
Dovyren layered massif intruded these 
carbonate-terrigeneous sediments. The 
estimations of the latter's age are 730-780f 30 
Ma (K-Ar on phlogopite; Gerling et al. 1962; 
Gurulev 1965), 739+55 Ma (Rb-Sr isochron; 
Kislov et al. 1989) and 673f22 Ma (Sm-Nd 
isochron; Amelin et al. 1996). The Ioko- 
Dovyren intrusion appears to be an eroded 
sub-volcanic chamber for the Synnyr 
effusives because of geochemically similarity 
(Manuylova & Zarubin 198 1 ; Konnikov et al. 
1988, 1994; Kislov & Konnikov 1992). The 
massifs age coincides to effusives one 



(700k35 Ma, U-Pb zircon method; Neyrnark 
et al. 1991). 

Thus, there is evidence that allows one to 
attribute the Ioko-Dovyren pluton and the rift 
volcanics to the same volcano-plutonic 
complex. The Ioko-Dovyren pluton may be 
viewed as a formely existing intermediate 
magmatic chamber for volcanic rocks that 
was brought to the present-day surface by 
tectonic displacements. 

The wall rocks at the northwest of the 
massif are fine-grained schists with 
interlayered dolomites and sulphide-bearing 
metapelites. These rocks are folded and 
metamorphosed in the greenschist to lower 
amphibolite facies, but a pyroxene hornfels 
and partial melting veinlets are characterised 
for the contact zone with the intrusion. The 
Ioko-Dovyren intrusion and country rocks are 
bordered by a sequence of Vendian 
conglomerates, gravelites and sandstones 
which unconformably overlies the north-east 
flank of the massif. 

Most rocks of the massif bear the 
assemblage 
olivine+plagioclase+clinopyroxene with 
change of cumulus minerals in following 
order: olivine+chromespinel - 
olivine+plagioclase+chromespinel - 
olivine+plagioclase+clinopyroxene - 
olivine+plagioclase+clinopyroxene+or- 
thopyroxene. The massif consist of the 
following zones distinct in mineral 
assemblages (from the bottom upward): 
Lower marginal zone (up to 200 m thick), 
Ultrarnafic zone (up to 1000 m), Layered 
zone (up to 1000 m), Gabbroic zone (up to 
l l00 m). 

The ophitic granophyric gabbronorites, 
which occur as a sill in the uppermost portion 
of the massif, was produced by a younger 
injection of basalt melt from an intermediate, 
deeper seated reservoir into the chamber 

(Konnikov et al. 1988; Kislov & Konnikov 
1992). Similar rocks form a belt of sills and 
dikes, which cut the plagioperidotites in the 
bottom and country rocks of the massif. 

The Ioko-Dovyren intrusion is specific in 
widely distributed wall rock metasediment 
xenoliths. Magnesian skarns are most typical 
for the upper part of Ultrarnafic zone, it was 
also detected in the base of the Layered zone. 
A layer of xenoliths from 2-3 sm up 100- 150 
m in size occurs about 1000 m above the 
basal contact in the central part of the massif. 
There are brucite marbles, forsterite- 
monticellite-spinel, brucite-forsterite, 
vesuvianite-fassaite skarns. Xenoliths of 
terrigenous rocks are more uncommon and 
occur mainly in the plagioperidotites and 
mafit rocks near the roof. 

3 SULPHIDE Ni-Cu MINERALIZATION 

The Ni-Cu mineralization of the Ioko- 
Dovyren massif is known fiom 1949, it was 
object of geological prospecting during 1959- 
1963 (Gurulev 1965; Kislov 1998). It is 
confined to the plagioperidotites of the Ioko- 
Dovyren massif and to the sills of the same 
composition penetrating the intrusion 
footwall. The disseminated (sometime up net 
textured) and massive sulphide Ni-Cu 
mineralizations are distinguished. The 
mineralization is irregularly distributed in the 
bottom zone and sills, and is mainly 
developed in plagioperidotites cut the dikes 
and sills of granophyric gabbronorites and 
gabbro-pegmatites. 

The disseminated mineralization 
considerably prevails over the net textured 
and massive ones. Bodies of disseminated 
mineralization are traced along a strike for 
1400- 1700 m at the surface exposures, their 
width varies fiom 8 to 25 m and in swells 
reaches 80 m. Orientation of the disseminated 
mineralization lenses commonly coincides 



with strike and dip of the sills and bottom 
zone plagioperidotites. Veined bodies of 
massive mineralization most often occur 
inside the disseminated mineralization. The 
largest sulphide vein was found at the north- 
eastern part of the massif. It extends along the 
intrusion bottom for 650 m, ist width being 
0.7-1.0 m. Sulphide veins of smaller size (15- 
50 m long and 0.2-1.5 m thick) are confined 
to the tectonic zones of sublatitudinal and 
submeridional directions. The drilling data 
indicate that the veins dip almost vertically 
and they stretch to a depth more than 500 m. 
Disseminated mineralization on the whole are 
characteristic of lower concentrations (Ni - 
0.5%; Cu - 0.28% and CO - 0.03% in the 
average). The metal content in the massive 
mineralization is much higher (Ni - 2.1%; Cu 
- 0.64% and CO - 0.1%). The NiICu ratio of 
this kinds of mineralization (1.9 and 3.3, 
respectively) is similar to majority of 
sulphicle Ni-Cu deposits, though the NiICo is 
notably lower (16.7 and 21.0, respectively). 
The increased CO content at the sulphide Ni- 
Cu mineralization is a characteristic feature 
of the loko-Dovyren massif. 

Vein and massive Ni-Cu ores are combined 
on 40-95 % by pseudohexagonal pyrrhotite 
(sometimes in thin intergrowths with troilite), 
pentlaridite and replacing it violarite (7-25 
%), and chalcopyrite also (0.1-6 %). The 
cubanite, ilmenite, magnetite, chromespinel, 
pyrite are exist also. The titanomagnetite, 
cobalt mackinawite, sphalerite, galena and 
maucherite are less often. The fragments of 
serpentinites (with relicts of olivine and Ca- 
rich pyroxene) and fragments of altered 
gabbronorites are present at sulphide cement 
of breccia-like ores. 

Rich Ni-Cu ores are poor by PGE rather, 
the sum seldom exceeds them, as a rule, 1 
ppm (Pt up to 0.5; Pd up to 3.8; Rh till 0.24 
ppm), Au (up to 1.55 ppm) and Ag (up to 

16.0 ppm) are marked also. The Pd dominates 
among PGE as well as in the majority Ni-Cu 
deposits of the world connected with layered 
intrusions. It's concentration naturally grows 
in process of rock saturation in sulphides and 
it's maximal in massive ores. The all types of 
Ioko-Dovyren massif Ni-Cu ores correspond 
to fields of sulphide ores, associated with 
typical layered intrusions on the classification 
diagrams at coordinates PdIIr - Ni/Cu and 
Ni/Pd - CuIIr. The Ni-Cu ores of the massif 
are close to Sudbery ores as a whole on 
character of the normalized noble metals 
concentration distribution in recalculation on 
100 % sulphide phase. But vein ores are 
characterized by lower contents of refractory 
elements and more abrupt inclination of the 
spectrum. 

4 NOBLE METALS MINERALS 

The minerals of noble metals were selected 
from sample of breccia-like ore (weight 6 
kg), selected from trench at "Lake" locality, 
on a technique "ppm-mineralogy" with 
application of original technology of "heavy" 
concentrates hydroseparation. Artificial 
polished sections were investigated by 
methods optical (microscope Axioplan) and 
electronic microscope, and also microprobe 
analysis (Camscan-4DV, Link AN- 10000, 
Microspec-4DV). 

We reveal 60 grains of noble metals 
minerals (table) by above described 
technique. They are represented by two Pt 
minerals - spenylite and geversite, three Pd 
minerals - suberiite, mertiite I and not named 
Pd2Sb mineral Pd2Sb, and one Au-Ag 
mineral also - kiistelite (?). The disseminated 
form of Pd was revealed at maucherite 
composition, characteristic mineral of rich 
Ni-Cu ores. The 6 grains of maucherite have 
concentration of Pd at limits 0.08-0.19 mas. 
%, on the average 1250 ppm, by results of 



microprobe analysis. The Pd was not found at arsenides, plumbides, stannides) have the 
the composition of other minerals, including limited development. 
pentlandite and violarite by microprobe 
analysis. The 2 very fine (< 5 microns) grains ACKNOWLEDGEMENTS 
of sperrylite, 2 grains of mertiite (?) and one 
grain of sudberiite (?) were found in polished 
sections directly only. All of them are located 
at water content secondary silicates (epidote 
and chlorite) aggregates or on borders of 
these minerals with sulphides (pyrrhotite and 
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ABSTRACT. The Cu-Ni-PGE bearing, ultramafic-mafic layered Xinjie intrusion is located 
within Emeishan flood basalts of presumed similar Late Permian ages. A conspicuously 
similar pyroxene-dominated mineralogy within the lower, earliest, part of both the Xinjie 
cumulative- and Emeishan lava stratigraphy, are currently being investigated by various 
petrogri~phic, bulk geochemical and microprobing methods. This work is aimed at elucidating 
the relationship between continental flood basalts and layered ultramafic-mafic intrusions, and 
its possible influence on PGE mineralization. 

1 GEOLOGICAL SETTING 

Many ultramafic-mafic intrusions in the 
Emeishin Large Igneous Province (LIP) are 
Cu-Ni-PGE bearing. One, the layered Xinjie 
intrusion, is situated north of the town Miyi 
and resides within lavas that are part of a 
- 2 . 5 ~  105 km2 large flood basalt cover (Ali et 
al., 2005). 

SHRIMP U-Pb dates on zircons from the 
Xinjie intrusion gave a 259*3 Ma age (Zhou 
et al., 2002), while younger 40~r/39Ar ages of 

Permian-Triassic Siberian Trap volcanism or 
an end-Guadalupian precursor to it (as Zhou 
et al., 2002 propose). 

- 

Emeishan lavas (250-253 Ma) are disputed Figure 1: (A) Location of drill hole ( ~ ~ 4 1 1 )  
(Ali et al., 2005, and references therein). and lower lava profile (Pel) in Miyi segment 

of the Panxi Rift. (B) The Xinjie ultramafic- Hence, it is assumed that the Xinjie intrusion mafic layered intrusion within a lava pile 
was during eruption of Emeishan synform, cut by syenites and faults. Compiled 
lavas (i.e., was not faulted into contact with from various geological maps (in Chinese). 
lavas) - whether penecontemporaneous with 



The exposed -1200 m thick, sill-like, part 
of the Xinjie layered intrusion is dipping -40- 
%"SW, together with the surrounding tilted 
lava pile. It may be the north-eastern flank of 
a more voluminous body at the southern end 
of a large, bimodal ultramafic-mafic and 
felsic intrusion complex, outlined in Figure 1. 

A thick pile of Ti-poor (TiN<SOO) and 
MgO-rich flood basalts are restricted towards 
the centre of the Emeishan LIP and capped 
by a more extensive cover of Ti-rich basalts. 
Xu et al. (2004) ascribe this distribution to 
higher degrees of melting at a mantle plume 
centre and subsequent lower degrees of 
melting as the mantle plume head spread out 
beneath the Province. 

Around the Xinjie intrusion, Emeishan 
lavas are preserved within a dog-legged rift 
system, referred to here as the 'Miyi Rift'. 
Four regionally correlated formations ( P e 4  
add up to a several km thick lava succession, 
which is totally absent between pre-Permian 
basement and Mesozoic covers, east of the 
Miyi Rift (cf., Figure 1). An asymmetrical 
spatial distribution of lava formations in 
Figure 1, furthermore, indicates a progressive 
northward disappearance of lower lavas. 

2 THE LOWER LAYERED SERIES 

A dense army of trenches and boreholes 
across exposed layered parts of the Xinjie 
intrusion map out at least three, laterally 
continuous, Cyclic Units. Each Unit shows a 
sequence from ultramafic to more evolved 
gabbroic compositions. Only the lowermost, 
nearly 400 m thick, Cyclic Unit is addressed 
in this paper. It is composed of 3 main 
lithological units (peridotite, plagioclase 
peridotite and upper gabbro), which have 
been defined more stringently by Zhong et al. 
(2004; and references therein) as peridotite, 
olivine pyroxenite, plagioclase pyroxenite, 

Figure 2: Simplified field log of ZK411, 
showing pyroxenites (dark grey), feldspatic 
pyroxenites (pale grey) and later intrusions 
(white), grouped into various field classified 
lithological units. The petrography of an 
olivine-pyroxenite is shown by scanned 
images of a polished core surface (top right) 
and a thin section (lower right). 



gabbro and quartz-bearing gabbro, capped by 
a V-Ti-Fe rich layer. 

The basal contact of the cumulate sequence 
is variable: In some places bound by an 
additional < 10m thick, fine grained, (olivine) 
gabbroic and PGE-mineralized Marginal Unit 
(Mao and Sun, 1981) and in other places in 
direct contact with plagioclase-phyric lava, or 
cut by a. medium grained doleritic intrusion 
with a clistinctly chilled margin. Thus, it is 
uncertain whether the Xinjie intrusion 
initially developed a discontinuous Marginal 
Unit or if it has been locally displaced by 

- 
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faults/intrusions. Figure 3: Simple N-S section through lower 
The logged and sampled drill core (ZK4 1 1; PYroxene glomero~hyric lava sequence (Pel), 

Figures 1-2) runs at an angle (-40") through with scanned thin section and close-up 
photograph (crossed nicols) of more 

the lower -250 m of cumulates, which is cut cumulative part of a flow. Note zoned 
at the base by a dolerite. Units are classified Dvroxenes. 

I ,  

in the field on the basis of either cumulate 
mafic (0~x9 01) or interstitial felsic ( ~ l g )  plagioclase in some flows. Their character 
component textures, upgraded by reflects limited crystal fiactionation en route 
polished core segment and thin section to the surface, and it is possible that they 
petrography (cf., 2)- Sulfides are more more closely represent primary mantle melts 
common contacts as as (e.g., Mahoney & Coffin, 1997), compared to 
inside pyroxenitic units (Zhong, et al, 2004). later aphyric to plagioclase-phyric flows. 

3 THE LOWER LAVAS 4 LAVA-INTRUSION RELATIONSHIPS 

The lower Emeishan lava formation (Pel) l-he lower pyroxenitic of the Xinjie 
is, according to geological maps, limited to layered intrusion is currently correlated with 
the south-eastern corner of the Miyi Rift lava the pyroxene-glomerophyric lower Emeishan 
field (Figure 1)- Here7 a mapped <1Oo0 m lavas, purely on the basis of their similar 
thick sequence <l0 m thick flows dominant pyroxene assemblage and internally 
CaY many, large &Woxene phenocrysts early stage of igneous formation. Ongoing 
(Figure 3)- The absence of Pel whole-rock and mineral geochemistry work is 
along the contact the lavambasement may made to shed light on early magma chamber 
reflect either restricted early volcanism Or the processes and melt genesis (e.g., Chapter 4 in 
trapping of early melts in shallow intrll~ion~ ~ ~ l d ~ ~ a ,  2004), during PGE mineralization. 
in the northern part of the Miyi Rift. If there is such a correlation, then it will be 

The mapped Pel-lavas are variably aphyric, speculated whether early Emeishan melts 
glornerophyric to as a preferentially got trapped in those ultramafic- 
flow segregation during their emplacement. rnafic intrusions that cluster within the 
The predominant silicate phenocryst is zoned ,,*hern part of the ~ i ~ i  ~ i f i  ( ~ i ~ ~  1). 
pyroxene, with lesser amounts of olivine and 



The importance that early melt entrapment 
might have for PGE mineralization within 
these intrusions, will be addressed. Zhong et 
al. (2004) has shown that PGE mineralization 
could be related to both mixing (layers above 
the transition from peridotites to pyroxenites) 
and host rock interaction (within its Marginal 
Unit). If laterally consistent with our section 
through the lower layered series of the Xinjie 
intrusion (i.e., ZK41 l), the model of magma 
mixing will be re-addressed, in conjunction 
with geochemical variations up through the 
surrounding lava stratigraphy. 
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ABSTRACT. Petrographic composition of ultramafic rocks and connected platinum group 
elements (PGE) mineralization in the Kytlym and Galmoenan massifs (Middle Ural and North 
Kamchatka, fig. l), were sdudied along the cross-sections from central parts of nucleus 
dunites through metadunites of dunite-clinopyroxenite contact zone to the end in 
clinopyroxenites. As a result of the research two PGM associations have been defined: the 
primary PGM association represented in all ultramafic rocks; and the secondary association 
which substitute the primary one and limited to by-contact dunites and clinopyroxenites. 
Besides PGM, the secondary association includes native phases and different Al, Cr, Mn, Fe, 
CO, Ni, Cu, Zn,, Ag, Sn, Sb, Au, Pb, Bi alloys. 

Zonal dunite-clinopyroxenite-gabbro Ural 
type massifs produce Pt, Ir, and OS placer 
deposits that actually have been mined in 
Russia since the nineteenth century. Chromite 
schliers in dunites are considered to be a 
source of placer platinum, the former "being 
the result of low temperature autoreaction- 
scarn process emerged in dunites after their 
consolidation" (Pushkarev et. al., 2002). 
However, the origin of platinum 
mineralization in dunite, outside chromite 
schliers as well as that of clinopiroxenites, 
which remained unaltered under the later 
thermal impact, is still not studied enough. 
In numerous publications on geology and 
platinum-metal ore-formation of zonal Ural 

and Kamchatka complexes (Efimov, 1 984; 
Koriak-Kamchatka.. .", 2002; Lazko, 1988; 
Nazimova et al., 2003; Pushkarev et al., 
2002) the importance of the studies of both 
dunites and clinopyroxenites and the features 
of their mutual contacts have been 
emphasized. 

To find out the special features of PGE 
mineralization at the dunite-clinopyroxenites 
intersection in Kytlym and Galmoenan zonal 
massifs (fig. 1) from four cross-sections have 
been collected and investigated 79 rock 
samples from nucleus dunites through by- 
contact dunites (or "metadunites", Efimov, 
1984) to the clinopyroxenites. The obtained 
samples didn't contain the material of 
chromite schliers or recrystallized large- 
giantgrained dunites, with very high PGE 



content, that makes themselves having Substitution takes place not only along grain 
placer-forming significance. In opposite, the borders (fig. 2b, c) but also inside the grains 
PGE content in dunite and clinopyroxenite along defect zones of crystal lattice, 
samples is not more than 10-30 ppb that followed by the formation of porous spots 
requires the usage of high-sensitive (fig. 2a), and it shows, that substitution taking 
mineralogy studies technology: "ppm - place after fragile deformations in dunites 
mineralogy" (Knauf, 1996; see details on (fig. 2b). 
www. natires. com). 

Figure l .  Massif make-up scheme. 

2 ROCK CHARACTERISTICS 

Figure 2. Mineral alteration character. 

-T 

Nucleus dunites consist of olivine (95-97 
vol. %) and chromite (3-5 vol. %) and 
possess polygonal granoblastic texture. 
Olivine grains size is 0,3-0,7 mm, #Fe 
( F ~ ~ / F ~ ~ + M ~ )  - 8-10%. Chromite is 
represented by two morphological type 
grains: small euhedral grains inside olivine 
and bigger ahedral grains among olivine 
grains. Both types have similar composition: 
#Fe - 60.7-67.0, #Cr ( ~ r / ~ e ~ + ~ r + ~ l )  - 52.7- 
58.4 and #A1 ( ~ l / F e ~ + ~ r + A l )  - 20.2-22.5%. 

Olivine grains in metadunites are 
fragmentized and serpentinized. Olivine 
ferriferrousness is 10-1 1%. A part of 
chromite grains (#Fe - 50-58, #Cr - 62-64 
and #A1 - 15-20%) is replaced by magnetite 
(#Fe - 84-89, #Cr - 17-30 and #A1 - 0-1%). 

Abbreviations: 01 - olivine, CFX - clinopyroxene, 
CRT - chromite, MGT - magnetite, SRP - serpentine, 
SLF - sulfides Cu, Ni. 

Similar mineral transformation character is 
likely to be met in nucleus dunites as well, 
but it happens not so often. 

Clinopyroxenites are composed of diopside 
(85 vol. %, #Fe - 4-7%), altered olivine (up 
to l 0  vol. %, #Fe - 12- 13%) and magnetite (5 
vol. %, #Fe - 89-99, #Cr - 0-9%). 
Clinopyroxene grains (1 - 5.5 mm) are 
euhedral. 

Olivine is represented by grains of two 
morphological types. The first type 
represented by euhedral relict serpentinized 
along the edges and crossing faults olivine 
grains among clinopyroxene grains (fig. 2d). 
The second type of olivine grains have an 
irregular form and partly serpentinized. The 
whole olivine-serpentine aggregation being 



replaced by later euhedral clinopyroxene (in Figure 3. Primary (e-a) and secondary (h$ 
fig. 2d the replacing area is shown in the p ~ ~ ~ ~ ~ ~ ~ i ~ t i ~ ~ ~ .  
circle). Shadow structure of replaced olivine 
grains is highlighted by thin magnetite 
inclusions inside new-formed clinopyroxene 
grains. 

3 PLATINUM GROUP MINERALS 

Two I'GE mineral associations are being 
singled out (primary and secondary) for the 
followin,g reasons: L - primary association 1 
minerals are presented by native minerals and 1 
alloys, and are developed in nucleus dunites, 
metadunites and clinopyroxenites, with grain 
morphology changing regularly along the 
cross-section from euhedral gains in nucleus 
dunite (fig. 2 e, f) to ahedral grains in 
clinopyroxenites (fig. 2 g). 2 - The secondary 
PGE association predominantly emerges in 
metadunites and is mostly developed in 
clinopyroxenites. Apart fiom native phases 1 and alloys with Cu, Ni, Fe, Pd it includes Au, 
Ag and PGE minerals with S, As, Sb, Bi and 
0 (1 2 mineral species) and is followed by OS - native osmium; FPT - ferroplatinum alloys; CRT 

alloys, !;ulfides oxides of Fe, CO, Ni, Cu - chomite; (Cu, Pt, Ni) - alloys; SLF - sulfide Cu, Ni; 

etc. (more than 20 mineral species). 3 - GV - geversit; SPR - sperrilite; Pt-Ox - platinum 
oxide; MGT - magnetite. 

Secondary association minerals are 
developed over primary association minerals The secondary association consist of 
and don't forming euhedra grains. platinum-copper (with platinum content 

The primary association of range from 30.6 - 52.7 mas. %), nickel- - 
intergrowth euhedral femoplatinum alloys platinum-cooper (- 5%, pt), tulameenite, 
(Rh o-7-le5 mas. %) with Pt:Fe 3: and 2: tetraferroplatinum, Pd-Fe-Pt alloy, platarsite, 
ratios and native osmium. Native osmium is hollingworthite spenylite, 
in 

Or lamellar forms with a 'lear erlichmanite, laurite, cooperite, sobolevskite, 
boundarys (fig. 3 e, f). native gold and silver (fig. 3 g, k, i, j). Those 

mineral grains are of irregular form with 
rugged boundaries and they often develop 
over primary association minerals (fig. 3 h). 
Besides, the secondary association including 
different Al, Cr, Mn, Fe, CO, Ni, Cu, Zn, Ag, 
sn, Sb, Au, Pb, Bi alloys, as well as Fe, CO, 
Ni, Cu sulfides. 



It is necessary to point out that the special 
features of the secondary association can be 
seen in nucleus dunites also, but it is very 
rarely and it doesn't change general trend of 
PGM transformation. 

4 CONCLUSIONS 

1) As a result of cross-section 
investigations it has been stated that both 
rock forming and accessory minerals 
(including PGM as well), in dunite- 
metadunite-clinopyroxenite rock series are 
directly alterating, that giving reason to 
suppose the two-stage process of rock species 
formation in zonal complexes. 

2) The recognition of a large number of 
PGM along dunite-metadunite- 
clinopyroxenite cross-sections with pointing 
out primary and secondary PGM associations 
gives basis to the usage of PGE accessory 
mineralization as an informative indicator of 
zonal complexes formation and 
transformation processes. 
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ABSTR9CT. This study presents the first data on distribution of the platinum-group elements 
(PGE) and platinum-group minerals (PGM) in rocks of the early Paleoproterozoic (2.46-2.35 
Ga) small mafic-ultramafic intrusions of the Drusite Complex, Belomorian Mobile Belt 
(BMB), eastern Baltic Shield, Russia. PGE patterns of gabbronorite, pyroxenite and 
plagioclase peridotite are close to that of primitive mantle. However, the rocks show 
insignificant enrichment in Pd and Pt. Firstly discovered PGM assemblage, which include all 
six PGE., in different petrographic types of the Drusite Complex differs fiom PGM typical of 
coeval large mafic-ultramafic layered intrusions with pronounced Pd-Pt mineralization in 
adjacent the Kola and Karelian Cratons. 

1 INTRODUCTION 
The early Paleoproterozoic Drusite 

(Coronite) complex is represented by small 
numerous (>6000) synchronous mafic- 
ultramafic intrusions located in the 
Belomorian Mobile Belt, eastern Baltic 
Shield (Sharkov et al. 2004). Usually, the size 
of these rootless bodies do not exceed first 
hundreds meters, but occasionally may 
amount to first kilometers. Primary intrusive 
contacts are rare, whereas tectonic contacts 
are common. The latter are accompanied by 

rocks, which were formed under amphibolite 
facies metamorphism. Relatively fresh rocks 
are preserved in the inner parts of the 
intrusive bodies, where coronitic (drusitic) 
rims formed by hornblende and garnet 
usually occur along grain boundaries of 
olivine. 

Mineral and chemical composition of the 
Drusite Complex rocks are close to cumulates 
of coeval large layered intrusions of adjacent 
the Kola and Karelian Cratons. As in layered 
intrusions, two main groups of rocks can be 



distinguished: (1) essentially melanocratic - (5) Mt. Panfilova and (6) Nil'mozero), were 
peridotite (mainly plagioclase lherzolite), investigated. 
pyroxenite (bronzitite and websterite) and 
norite, and (2) leucocratic - gabbronorite and Fig. 1. Location of massifs studied 
gabbro-anorthosite. However, in contrast to 
large layered intrusions, main varieties of 
rocks of the Drusite Complex form 
independent bodies with corresponding 
chilled zones. Formation of the complex 
occurred during - 100 Ma, from 2.46 to 2.36 
Ga. 

2 GEOLOGICAL SETTING 

Intrusive bodies of the Drusite Complex 
derived from melts of the siliceous high-Mg 
(boninite-like) series (SHMS) (Sharkov et al., 
2004). They form part of the early 
Paleoproterozoic large igneous province of 
the SHMS, located at eastern Baltic Shield. 
The Drusite Complex is represented by a 
specific variety of synchronous intrusive 
magmatism, which evolved in mobile belts 
(Belomorian and Tersk-Lotta). These belts 
are located between the Kola and Karelian 
Cratons. Within the Cratons SHMS 
magmatism was represented by volcano- 
sedimentary complexes in riftogenic 
structures such as Pechenga-Varzuga, East- 
Karelian, Lapland, etc., dyke swarms and 
large PGE-bearing layered intrusions 
(Monchegorsk, Fedorovo-Pansky, Penikat, 
Lukkulaisvaara, etc.). 

Similarity of rock associations of the 
Drusite complex and the PGE-bearing 
layered intrusions in adjacent Cratons allow 
to consider economic PGE deposits to be 
found among the former like it took place at 
the Canadian Shield (Naldrett 1999). 

Rock samples from six mafic-ultramafic 
intrusions (Fig. l), located in Zelenoborsky 
region (i.e., (1) Bolshoi Petik Island, (2) 
Krivoozersky and (3) Tolstik) and in 
Nil'mozero region (i.e., (4) Chernorechensky, 

All massifs are represented by irregular-oval 
in shape bodies (about 1-2 km2 in area), with 
tectonic contact. They occur among Archean 
tonalite gneisses and migmatites. Two 
massifs i . e .  Bolshoi Petik Island and 
Krivoozersky) are characterized by a 
combination of slightly metamorphosed 
gabbronorites and fresh plagioclase 
lherzolites. Nil'mozero and Chenorechensky 
bodies are composed by fresh plagioclase 
lherzolites and olivine gabbronorite, which 
locally underwent a metasomatism with 
development of edenitic hornblende. Mt. 
Panfilova body is formed by strongly altered 
metagabbronorite and metagabbro- 
anorthosites. 

3 PGE MINERALOGY 

Geological and petrological data indicate 
that the intrusive bodies were originally 
composed by small massifs, which quickly 
solidified within relatively cold media 
without any considerable interaction with 
wall-rocks. Some bodies were not affected by 
metamorphic processes and, therefore, 



preserved. their primary features of initial 
structure and composition. The latter rocks 
are considered a promising target for 
evaluating primary distribution of the PGE 
and PGM. 

Fig. 2. PGM in drusites 

I 

I... 7 I l l 
RAS - ruarsite, RuAsS; SPR - spenylite, PtAs2; PTAS 
- platarsite, PtAsS; HGW - hollingworthite, RhAsS; 
ME I1 - rnertieite 11, Pd*(sb,A~)~; GU - guanglinite, 
Pd3As; BR - braggite, (Pt,Pd,Ni)S; PO - pyrrhotite, 
FeS; SF - sphalerite, (Zn,Fe)S; GN - galena, PbS; M1 
- michenerite, PdTeBi. 

Study of PGM were done using ppm- 
mineralogy technique (Knauf, 1996). Details 
of this technique can be found on 
http://www.natires.coml. PGM, which were 
established in various bodies of the Drusite 
Complex, are represented by sulpharsenides, 
arsenides, sulfides and antimonides 
containing all six PGE (Fig. 2, pict. a-e). 
Contrasting mineralogical variations were 
observed in marginal parts of intrusive bodies 

and narrow zones (0 - 2 m) influenced by 
metasomatic overprint. PGM of IPGE-group 
are absent here, whereas relatively low- 
temperature anhedral grains of bismuth- 
tellurides of Pd and Pt (michenerite, 
merenskite and moncheite, Fig. 2-f) and 
zvyagintsevite are common. Such PGM 
assemblage is also found in narrow 
exocontact zones of large bodies of granite 
pegmatite, which cross-cut these massifs (i.e., 
Mt. Panfilova). Moreover, in the zones of 
metasomatic overprint elevated amounts of 
Ni and Cu sulphides, pyrrhotite, galenite, 
sphalerite, bismuthinite, scheelite, cassiterite 
and native gold, Bi, Cu and as well as Fe in 
intergrowth with knebelite (Mn-olivine) were 
distinguished. Evidently, these minerals were 
formed due to processes of non-isochemical 
thermal alteration on contacts of drusite 
bodies. 

4 PGE GEOCHEMISTRY 

PGE concentrations of the main types of 
rocks were normalized to PGE concentrations 
of chondrite and primitive mantle and are 
shown on Fig. 3. Existence of all six PGE and 
PGM in different petrographic types of the 
Drusite Complex rocks is highly unusual. 
This uncommon feature distinguishes the 
rocks investigated from the rocks of coeval 
large layered intrusions, which have 
pronounced Pd-Pt mineralization in adjacent 
the Kola and Karelian Cratons. PGE-patterns 
are located closely to each other and have 
slightly positive incline. 

Similarity in PGE contents of the rocks 
studied to that in the primitive mantle is 
noteworthy. 



Fig. 3 Chondrite-normalized values of the 

Drusite complex rocks 
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Chemical analysis of PGE was carried out in 
Geolaboratory of Geological Survey of Finland using 
NiS FA ICP MS technique 

There are observed moderate Pd maximun 
and moderate Ir and OS minimum. Only data 
for metasomatized plagioclase lherzolite are 
different (i.e., elevated Au content) from the 
main trend observed. Mantle-normalized and 
chondrite-normalized patterns of weakly 
altered rocks, regardless of their composition, 
are close to each other and have similar 
shape. 

CONCLUDING REMARKS 
It is proposed that the distribution of the PGE 
in the rocks of the Drusite Complex exhibits 
primary feature. This pattern is different from 
ophiolite associations (Malitch et al. 2003), 
layered intrusions (Grokhovskaya 1 988) and 
concentrically-zoned dunite-clinopyroxenite- 
gabbro complexes (Landa et al. 2002). All 
these complexes have different PGE 
specialization and PGE patterns: Ru-OS-Ir 
(chromitites in the mantle sections of 
ophiolites and in the lower parts of layered 
complexes); essentially Pt-OS-Ir (zoned 
complexes), and Pd-Pt (different varieties of 
layered intrusions). 

Low contents of PGE along with similar 
PGE patterns in different rocks of the Drusite 
Complex indicate that (1) there was no 

considerable magmatic redistribution of PGE 
among the rocks and (2) secondary 
enrichment of PGE has been restricted to 
narrow contact zones only. This implies that 
economic PGE potential of the Drusite 
Complex is low. 
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ABSTRACT. Research studies, carried out in late 90's, on the evaluation of PGE potential in 
the Bohemian Massif showed several prosperous localities (e.g., Ransko, Roiany, Kunratice, 
Svitavy, Pfedbofice, Hromnice, Kamenec, Vestfev). A new research project aims at collecting 
more data on the distribution on PGEs in the Bohemian Massif. 

The territory of the Czech Republic 
comprises two basic geological units: the 
Bohemian Massif and western part of the 
Western Carpathians. The Bohemian Massif 
is the largest part of the Variscan fold belt in 
the Central Europe, which consists of 
Precambrian and Paleozoic terrains 
consolidated during the Variscan orogeny 
(ChlupBC 1998). Already known PGE 
mineralisations are related to Ni-Cu 
mineralisation of gabbroic rocks (Ransko, 
Roiany and Kunratice), metal-rich black 
shales (Hromnice, Kamenec) and U-Se 
mineralisation (Pfedbofice). Other 
unconfirmed PGE occurrences (Svitavy, 
TolStejn and others) will be an object of our 
future saldy. There might be a possibility to 
find smaller base metal sulphide deposits 
related to (u1tra)mafic rocks andor PGE 
placers with PGE exploited as a by-product. 

2 CLASSIFICATION OF PGE 
MINERALISATION: IMPLICATIONS TO 
THE BOHEMIAN MASSIF 

A number of different classifications for 
PGE deposits have been proposed by Naldrett 
(1981), Cabri (1981) and others. A summary 
covering both theoretical and exploration 
guidelines for some of the important PGE 
deposits has been provided by Hulbert et al. 
(1988), who proposed grouping of PGE 
deposits into three genetic categories: 
(i) magmatic deposits - Ni-Cu-PGE (Czech 
examples: Ransko, Kunratice, Roiany, 
Svitavy), Cr-PGE (Drahonin, Bory massif, 
Urbaniiv Mlfn), (ii) hydrothermal deposits - 
U-Se (Czech examples: Pfedbofice, RoinS, 
OlSi and others), metal-rich black shales 
(Czech examples: Hrornnice and Kamenec), 
(iii) surficial (placer) PGE deposits - Czech 
examples: TolStejn and Rychory. 



3 REPORTED PGE MINERALISATION OF slightly depleted mantle source with noble 
THE BOHEMIAN MASSIF metals scavenged from this primitive magma 

3.1 Magmatic deposits prior to the development of these rocks. 
Kunratice and Roiany: The Ni-Cu 

Ransko: The Ransko gabbro-peridotite mineralisation occurs in gabbroic dykes, 
massif represents a strongly differentiated derived from lower crust and upper mantle 
intrusive complex of the Lower Cambrian (PaSava et al. 2001), which intruded into 

age 1970) with liquid segregation Of granodiorites of Luiice Massif. The Ni-Cu 
low grade Ni-Cu ores. The massif is formed mineralisation forms pyrrhotite and ilmenite 

the two rock series: (i) Older with subordinate violarite, chalcopyrite and 
dunites, plagioclase peridotites, troctolites rare pentlandite. Fediuk (1958) proposed 
and olivine gabbros with fiequent cumulate hydrothermal origin while PaSava (200 
textures, (ii) younger and favoured magmatic origin of the 
pyroxene-bearing gabbros and gabbrodiorites mineralisation. Vavfin & (1998) 
(MisaP 1979)' Low grade (Fe) Ores are identified PGE discrete phases as spenylite 
confined to a 3 km long and 1 km wide ore and two uMamed tellurides of Pd 
zone cutting the massif in a NE-SW direction (Pd2mi,Fe)2BiTes and PdNi(Sb,Bi)Te2). 
and characterized by strong serpentinization Svitavy: Ni-Cu (Cr) mineralisation was 
and uralitization (Misaf. 1974). A number of discovered in the (ulha)mafic complex of the 
individual deposits occur in the Ransko Svitav geophysical anomaly during 

massif (e.g. Josef, Obrazek, Jezirka, exploration for Ni-Cu ores in the Bohemian 
Doubravka, TGnB). Ni-Cu ores are developed Massif 1968, Kopecky 1992). The 
mainly close to the contact of olivine-rich complex consists of amphibolites, 
rocks with gabbros. The maximum metagabbros and serpentinized lherzolites 
concentration of Ni and Cu locally reaches up (harzburgites), which are covered by 
to 4 wt %. The NiICu ratio varies with the sandstones and claystones of the Czech 

lithology and decreases with depth' Cretaceous Basin. Layers of pyroxenites with 
Of show 'knificant pyrite, pyrrhotite, chalcopyrite, sphalerite and 

'Opper in the upper part Of the Ore pentlandite occur in the serpentinites with the 
body, as a result of remobilisation processes following average metal contents: 0.4 % Ni, 
associated with the intrusion of younger 0.1 % Cu, 0.01 % CO and 0.98 % Cr. PaSava 
quartz diorite (Pokorny 1969). Pyrrhotite, (1998) reported increased PGE 
Pentlandite and c h a l c o ~ ~ i t e  with less concentrations (Pd - up to 28 1 ppb, Pt - up to 
common cubanite, pyrite and magnetite l l 0  ppb, Ru - up to 17 ppb, Rh - up to 8 ppb, 
represent the main ore minerals. and Ir - up to 7 ppb, maximum total PGE 
Mackinawite, valeriite, ilmenite and content 423 ppb). 
sphalerite are disseminated (Pokomy 1969). 
Anomalous concentrations of PGE were 3.2H~drothermaz 
detected in ore samples from the Jezirka ore ~ i ~ d b ~ f i ~ ~ :  ~h~ low-temperahlre uranium 
body (Pasava et al. 1999, 2003). Pd-Bi-Te ,,in-type deposit at Pfedbofice is 
and Pt-As mineralisation is represented by accompanied by selenium-rich paragenesis 
michenerite, froodite and sperrylite. PaSava et consisting of ~ i ,  cu and s b  selenides 

(2003) suggested that host rocks (ferroselite, bukovite, hakite, claustahalite 
originated through partial melting of a 



etc. see Johan 1989 and references therein). 
U-Se mineralisation occurs in quartz or 
quartz-carbonate veins of NW-SE trending. 
Selenium-bearing merenskyite was 
discovered as exsolution in claustahalite by 
Johan (1 989). 

Hromnice, Kamenec: Black shales occur in 
many geological units of the Bohemian 
Massif. Anomalous PGE contents have been 
reported from marine black shales of the 
Barrandjan Upper Proterozoic (e.g., PaSava et 
al. 1996, 1997). The metal-rich black shales 
from the: Kamenec locality (average C,,: 2.3 
wt %) are characterized by anomalous 
concentrations of Zn, Ni, Cu, MO, Cr, Pd (up 
to 102 ppb), Pt (up to 25 ppb) and Rh (up to 
1.7 pp$). Metalliferous facies from the 
Hromnice locality are also significantly 
enriched in Zn (up to 0.42 wt %), V (up to 
0.21 wt %), Ni (up to 0.12 wt %), Cu (up to 
0.12 wt %), MO (up to 0.03 wt %), Au (up to 
132 ppt~), Pd and Pt (PaSava 1991, PaSava et 
al. 1996). Both occurrences are found in 
similar geological settings, i.e. in close 
association with pro-ducts of submarine 
volcanic activity and PaSava (2000) 
documented a close relationship between the 
distribution of PGE in metal-rich black shales 
and adjacent tuffitic rocks. 

3.3 Surficial deposits 

VestFev: Vestfev deposit is located in the 
northenn part of the Bohemian Massif near 
Trutnov. Placer quarternary alluvial 
sediments of the OleSnice stream has been 
intensively mined from the middle 90's for 
garnets (pyrope) from the. Very rare PGE 
minerals (Pt-Fe and OS-Ir alloys) with Au 
were cletermined in heavy concentrate by 
Malec (1997). PGE alloys form small grains 
up to 1 mm. Searching for a primary source 
rock wiill be object of future study. 

4 OTHER PROSPEROUS PGE 
LOCALITIES IN THE BOHEMIAN 
MASSIF 

The most prosperous localities for PGE 
mineralisation are (u1tra)mafic rocks 
(peridotites and gabbros) connected with Ni- 
Cu mineralisation or chromites in various 
parts of the Bohemian Massif (e.g., Urbanfiv 
Ml*, Drahonin, Bory massif). The Besshi- 
type massive sulphide Cu-deposit of Tisova 
with increased Pd values also belongs among 
PGE prosperous sites. This information, 
however, needs to be confirmed. Another 
research will be focused on hydrothermal 
uranium-selenide veins. Many placers (e.g., 
TolStejn) were explored for precious metals 
and gems, but not for PGEs. These placers 
might become another source of PGEs. 
TolStejn placer is located in the northern part 
of the Bohemian Massif close to the 
Kunratice deposit. Low (1928) reported Pt 
(up to 42 glt) in local alluvial sediments. 
These results, however, need to be confirmed. 

5 CONCLUSION 

The Bohemian Massif has a potential for 
finding smaller PGE deposits. A recently 
approved joint research project between the 
Czech Geological Survey and the Charles 
University is focused on the evaluation of 
prosperous PGE sites in various parts of the 
Bohemaina Massif. Present activities are 
concentrated on TolStejn area and Tisova 
deposit. We also work on completion of a 
database of (u1tra)mafic bodies and another 
prosperous PGE sites. 

This is a contribution to IGCP 479. 
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ABSTRACT: The platinum group minerals (PGM) of the Kemi chromite deposits, northern 
Finland, consist of laurite RuS2, ruarsite RuAsS, osmiridium (OS, Ir), Ir oxide, Ir(Os)As, 
irarsite Ir(Rh)AsS, IrSbS, RhSbS, osarsite Os(Ir)AsS, iridosmium @,OS), moncheite 
(Pd,Pt)(Te,Sb)z, braggite (Pd,Pt)S, unnamed Pd3Sb3Te2, PdS,(Pd,Cu)Sb and Pt(Sn). The 
PGM occur both as inclusions in chromite and in the silicate matrix. The average chondrite 
normalized patterns of different ore bodies show relative enrichment of Ru, Ir, and OS, and 
depletion of Pt and Pd. 

1 INTRODUCTION 

The Proterozoic (2.44 Ga) Kemi chromite 
deposit is the largest chromite lumpy ore and 
fine concentrate sourtce in Europe with 
annual production of 1.2 m.t. of chromite ore. 
The ICemi chromitite is part of a series of 
layered intrusions extending eastward from 
the Swedish border across Finland and to east 
of tlue Russian border ( F g l )  These 
intrusions host apart fiom chromitites, 
titanium - vanadium - magnetite deposits and 
PGE-Ni-Cu-mineralizations (Alapieti et al. 
1989)~ 

The first data on the mineralogy of the 
Kemi chromitite by Vaasjoki & Heikkinen 
(1961) described chromite, magnetite and 
ilmenite, and sulfide minerals occurring as 
very small inclusion in chromite, in fractures 
of chromite and in the matrix silicates 
between the chromite grains. The base metal 
minerals reported were chalcopyrite, pyrite, 
pyrrhotite, pentlandite, linneite, millerite, and 
maucherite. 

This paper gives a summary of platinum 
group minerals (PGM) found in the Kemi 
chromite ore bodies (Kojonen et al. 1999, 
Gornostayev et al. 2000) and in the tailings 



and also the analytical results of the MS-ICP part of gabbronorites and the lower part of 
(fire assay, nickel sulfide collection). ultramafic pyroxenite, peridotite and 

Figure 1. Generalized geological map 
showing the location of the early Proterozoic 
layered intrusions in northern Finland, 
redrawn after Alapieti and Lahtinen (1989). 

2 GENERAL GEOLOGY OF THE KEMI 
LAYERED INTRUSION 

The Kemi layered intrusion (Fig. 1) is one 
of the Early Proterozoic (2.44 Ga) layered 
intrusions distributed over a large area of the 
N-E part of the Fennoscandian Shield in 
Finland, Sweden and Russia. Most of the 
intrusions are located stratigraphically within 
the late Archaean granitoids or at the contact 
between these and the overlying Proterozoic 
supracrustal sequence of volcanic and 
sedimentary rocks (Alapieti and Lahtinen 
1989). 

The Kemi layered intrusion (Fig. 2) 
comprises an ultramafic lower part and a 
gabbroic upper part. The uppermost part of 
the intrusion is composed of gabbros 
containing anorthositic interlayers, the central 

chromitite layers (Kujanpaa 1986). It is a 
single sill-like intrusion, which has no 
distinct megacyclic units unlike many other 
layered intrusions of the 
Tornio-Narankavaara layered intrusion belt 
(Fig.1). The contact between the intrusion 
and underlying granitoids is irregular, 
showing distinct interaction between the 
intrusion and the basement (Alapieti and 
Lahtinen 1989). The intrusion was tilted and 
broken up by tectonic movements during the 
Svecokarelidic orogeny to form a body 
dipping about 70°NW. The ultramafic 
cumulates are mainly replaced by 
talc-carbonate rocks, talc-chlorite schists, 
serpentinites and metaperidotites. The 
pyroxene cumulates are replaced by 
amphiboles and Ca-plagioclase by albite. The 
chromite grains, too, have suffered from 
alteration, but the cores of the grains still 
exhibit primary compositions (Alapieti et al. 
1989). The chromite ore is hosted by the 
ultramafic lower part. The stratigraphic 
location of the uppermost chromite ore 
contact is 100-150 m fiom the basal contact. 

Fig. 2. Geological map of the Kemi area, redrawn after 
Alapieti and Lahtinen (1  989). 



The upper part of the main chromitite is 3 

layered, whereas the lower part is more 
massive and partly brecciated. The ultramafic 
rock above the hanging wall ore contact is l& 

characterized by thin chromitite layers ;% Y - l ( a ~  YlsDOO 

I*120 
(Alapieti and Lahtinen 1989). Figure 3. The Kemi ore bodies at the +l20 m 

level. 
3 THE KEMI CHROMITE DEPOSIT 1 = Matilainen, 2 = Matiisoja, 3 = Nuottijhi, 4 = 

Surmaoja, 5 = Elijhi, 6 = Elijarvi-E, 7 = LZinsi-Viia, 
The length of economical chrome ore is 1.5 8 = It5-Viia, 9 = Pohjois-Viia 10 = Viianrnaa. 

km anti it is mined with both open pit and 
underground mining methods from five ore 
bodies: Elijarvi, Elijiirvi E, Ita-Viia, LSinsi- 
Viia and Pohjois-Viia. The ore thickness 
varies from a few meters to 100 m, the 
average being approximately 40 m. The 
principal ore mineral is chromite, which 
constitutes some 55 wt.% of the ore. The 
composition of chromite within the cross- 
section of the main chromitite layer is not 
constant (Gornostayev et al. 2000b). While 
Mgo Increases from 8.24% at the top to Fig. 4. Schematic cross section of the Elijiirvi - 
13.5% at the bottom of the layer, the content Ore 

of Fe0 respectively decreases from 21.4% to l=chromite ore 2=talc-carbonate rocks 
3=footwall gneiss. 

13.6%. The character of the distribution 
curves reflects complex variation of chromite 
composition that may suggest the existence 
of interlayers within the main chromitite ore 
body itself and thus support the multi-stage 
model of evolution of Kemi intrusion 
(Alapieti et al. 1989). There are ten chromite 
deposits indicated, as seen from the +l20 m 
level, in Fig. 3. 

The hanging wall contact of the main 
chrome ore body is regular and sharp, the 
upper part showing an evidently layered 
structulre with numerous faults. The contact at 
the footwall of the ore body, however, is 
highly irregular and heterogeneous due to the 
presence of a chromite dissemination in the 
talc- carbonate rocks. The heterogeneous 
contact has a cut-off chrome oxide content 
20-22Y0 Cr203. The ore can be divided into 
serpentinite and talc-carbonate hosted types. 

The main ore mineral in the deposit is 
chromite, which is an iron-rich chrome spine1 
( F ~ ~ + , M ~ )  ( C ~ , A I , F ~ ~ + ) ~ O ~ ,  its CrIFe ratio 
1.6, and has trace element contents of 0.15- 
0.35% Ti, 0.15-0.2% Mn and <0.1% V. The 
other ore minerals found in Kemi ores 
include (Vaasjoki & Heikkinen 196 1 ; 
Leinonen 1998; Kojonen at al. 1999, 
Gornostayev et al. 2000a,b,c) magnetite, 
ilmenite, chalcopyrite, pyrite, pyrrhotite, 
pentlandite, linneite, millerite, godlewskite, 
heazlewoodite, maucherite, orcellite, native 
nickel. The sulfide minerals occur as very 
small inclusion in chromite, in fractures of 
chromite and in the matrix silicates between 
the chromite grains (Fig. 6).  



4 PGE GEOCHEMISTRY samples. It occurs mostly as euhedral- 

In this study, the platinum group elements 
(PGE) and Au were analyzed with MS-ICP 
from the drill core samples of different ore 
bodies and from tailings and are shown in 
Table 1 and the corresponding chondrite 
normalized diagrams are shown in the Fig. 5. I 1 

Fig.6. Optical reflected light images of sulfides and 
PGM in the silicate matrix and as inclusions in the 
chromite: a) sulfides in matrix between chromite 
grains, b) PGM as inclusion in chromite, oil 
immersion. Width of figures 150 p (a) and 40 pm 
(b). 

Table 1. Average PGE contents of three drill cores 
and tailings in ppb, analyzed by the Geolaboratory of 
the Geological Survey of Finland by MS-ICP method 
(Juvonen et a1 1994). 

but also intergrown on the surface of 
Ore body 

Smanoja(n=15) 

Elijiirvi (n=8) 

Pohjois-Viio (n=7) 

Tailings 

chromite and even in the silicate matrix. 
Osmiridum (OS&), osarsite Os(Ir, Ru)AsS 
and native gold were also found as inclusions 
in chromite and osmiridum (Os,Ir), 
iridarsenite Ir(0s)As and galena in the 
silicate matrix 

SampleICl chondrite (Naldrett LL Duke 1980) 

l* I 

Pt 

7.6 

5.2 

6.2 

11.4 

Fig. 5. Chondrite normalized PGE + Au diagrams 
drawn after Naldrett and Duke (1 980). 

Fig. 7. BSE images of PGM's in the chromitite: a) 
euhedral laurite-ruarsite composite crystal in chromite. 
Scale 5 pm b) iridosmium in chromite. Scale 2 pm, c) 

Pd 

17.0 

4.8 

8.6 

13.6 

5 PLATINUM GROUP MINERALS 

A total of 81 polished sections of &romite Ir-oxide in silicate. Scale 50 pm, d) laurite and 
moncheite in silicate. Scale 5 pm. 

ore samples from dnll cores of Nuottijhi, 

Rh 

14.7 

12.0 

13.6 

15.6 

Surmanoja E l i j h i  and Pohjois-Viia ore 
bodies were studied under polarizing 
microscope. Bright grains consisting of 
sulfides and PGM were found around the 
chromite grains, in the silicate matrix, and as 
inclusions in chromite (Fig.6). 

Laurite (Ru,Ir,Rh,Os,Pd)S2 is the most 
frequently found PGM in the E l i j h i  

A grain of unnamed Pd3Sb3Te2 was 
discovered intergrown with Ni-sulfides. 
Hollingworthite, ideally RhAsS, forms a 
complex aggregate with anhedral laurite in 
altered silicates. One grain of OS-Ir alloy 
(osmium) was found in a chromite grain. 
Three Ir-0 grains were discovered in 
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interstitial silicates and in the edge of 
chromite. One grain of moncheite was also 
found in the matrix. In the Pohjois-Viia ore 
body, besides laurite RuS2, one grain of 
(Os,Ir)-xsenide was found in silicate matrix. 
The Smmanoja ore contains more frequently 
PGM's and sulfides laurite RuS2 being the 
most commonly encountered PGM. Native 
gold and Bi, nigglite PtSn, osmiridium 
(Os,Ir), braggite (Pd,Pt)S, argentite Ag2S, 
unname:d RhSbS and tolovkite IrSbS occur as 
inclusions in chromite. Galena, unnamed 
(Pd,Cu)lSb, irarsite Ir(Rh)AsS, osarsite 
Os(Ir,Ru)AsS, osmiridium (Os,Ir) were found 
within gangue minerals. In the tailings, OS-Ir 
alloy and laurite with OS-Ir inclusions were 
found. 

6 DISCUSSION AND 
CONCLUSIONS 

The 81 studied samples show that the Kemi 
chromite ore contains numerous PGM. The 
PGM are mostly Ru, Rh, OS and Ir bearing 
alloys, sulfides or sulfarsenides, which are 
indicated in the chondrite normalized PGE 
distribution pattern. Only a few Pd and Pt 
minerals were found. The primary PGM 
occur as inclusions in chromite, and the 
secondary PGM form anhedral grains in the 
gangue minerals. The Ir-oxide phases found 
in secondary silicates represent oxidation of 
pre-exi sting magmatic phases. 

Acknowledgements: The authors thank Outokumpu 
Oyj for permission to publish this paper. 
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ABSTRACT. Platinum-group minerals (PGM) in the Hitura Ni-Cu-PGE ore concentrate 
consist of sperrylite (8 1.1%), michenerite (6.6%), irarsite (1.9%), fioodite (6.9%), 
hollingworthite (1.9%) and an undefined Rh-Ni-CO sulfarsenide. The average contents of the 
PGE (in ppb) in the sulphide concentrate are: Ir 5 1, OS 20, Pd 4 17, Pt 1 125, Rh 123 and Ru 
46. A new mineral species, tarkianite, with a general formula (Cu,Fe,Co,Ni)(Re,M0,0s)~Sg, 
was discovered in sulphide concentrate samples. The average Re content is 20 ppb in the 
concentrate. The main ore bodies consist of dense disseminations and net-textured primary 
intergrowths of pyrrhotite, pentlandite and mackinawite with secondary films of magnetite 
along cleavage planes of the sulfides. Chalcopyrite, valleriite, and graphite are common, and 
less common ore minerals include cobaltite, maucherite, nickeline, parkerite, native gold, Au- 
Ag-alloy, native bismuth, pilsenite, tellurobismuthite, galena, altaite, clausthalite, ilmenite, 
chromite, cassiterite, monazite and uraninite. 

1 INTRODUCTION Hitura ore was discovered by the GSF and 

The Hitura Nickel Mine is located about the mining rights were transferred to 

13 kilometers south of the town of Nivala in Outokumpu Oy in 1964. Full production at 

western Finland (lat 63'5 1 'N, long. 25'02'W) the Hitura mine started in February 1970 as 

and 150 km south of Oulu. The Nivala area an open pit and by 2004 more than 13 million 

has a long nickel mining and milling tonnes of nickel ore had been extracted. Since 

traditions. The Makola Mine, discovered by 1991 the operation has been underground, 

the Geological Survey of Finland (GSF) in with an average head grade of Ni 0.66%, Cu 

the 1930s was in production during the war 0.24%, CO 0.03%, S 3.0%, Pt 0.1 ppm and Pd 

years 1941-1946 and also in 195 1-1954. The 0.1 ppm. 

Hitura nickel deposit was also discovered by 
the GSF in 1930s. The South Hitura ore was 2 GEOLOGY OF THE NIVALA 

found by the Makola mine of Outokumpu Oy AREA 
in 1952, but it was not yielded to mining The Hitura ultramafic ipeous complex 
a c ~ i v i t ~  then. Much later (in 1960) the North consists of three closely-spaced massifs 



surrouncled by migmatized mica gneisses: 
North I-Iitura, Middle Hitura and South 
Hitura. This portion of the Svecokarelian 
schist zone in the Fennoscandian and sulfide 
bearing schists (black schists), 
metagreywackes and granodiorites. The 
Hitura deposit has been dated with a 
minimum U-Pb age of 1877 + 2 Ma 
determiined from zircons derived from a 
crosscui:ting pegmatite dyke (Fig. 1). The 
Hitura massifs are mainly serpentinites, with 
massif cores altered from olivine adcumulates 
and margins altered from olivine 
orthocumulates and pyroxenites. The 
ultramafic rocks of the massifs are derived 
from tholeiitic high-magnesium basaltic 
magmas. Sub-horizontal felsic pegmatite 
dykes cut the serpentinite bodies. 

Wlr and #M*rmdlrte 

~ m n i l o a 6 .  me;:;me&k;*aM 
H~IIc 1ntru.k reeks a Migmnrtor 

Ultr.nulffi rpe%@ m 81ark .e)utl 

CL1 : 2 k m ~ z m '  

Fig. 1.  Geological map redrawn after Isohanni et al. 

1985. 

3 THE HITURA MINE AND ORE BODIES 

The Hitura mine and the ore bodies are 
located in the northernmost part (North 
Hitura) of the serpentinite complex consisting 
of three massifs (Fig. 2). There are five 
separate vertical ore bodies; in the amphibole 
rich rocks along the borders of the 
serpentinite and in the serpentinite core of the 
massive (Figure 3 and 4, plan and cross- 
sections). 

Fig.2. Hitura intrusions and the Ni ore bodies 
in North Hitura. The ore bodies are marked 
with black. 

Fig. 3. Hitura plan section +350 of the North Hitura 
and the ore bodies marked darker in various depths 
(scale: side of square is 200 m) . 



Fig. 4. East-west cross section x=3550 of the North 
Hitura intrusion showing the open pit and the West 
and East ore bodies (scale: side of square is 100 m) 

4 ORE TYPES 

The Hitura Ni-Cu-PGE ore is hosted by the 
serpentinized ultramafic intrusions. The ore 
types include 1) fine grained sulfides 
disseminated in the serpentinite core, 2) 

6 PLATINUM GROUP MINERALS 

A study made earlier by Hiikli et al. (1976) 
showed that sperrylite is the only Pt mineral 
and that the Pd-bearing minerals include 
michenerite, froodite, Pd-bearing irarsite and 
an undefined Pd-bearing Bi-Ni telluride 
resembling melonite. Iridarsenite, irarsite and 
hollingworthite were reported as Ir- and Rh- 
bearing minerals. The Platinum Group 
Mineral (PGM) analyzed (total of 3 18 grains) 
in this study from the PGM concentrate 
samples and drill core and ore samples 
consist of of sperrylite PtAsz (8 1.1 %), 
michenerite (Pd,Pt)BiTe (6.6%), irarsite 
(Ir,Ru,Rh,Pt)AsS (1.9%), froodite PdBi2 
(6.9%), holling-worthite (Rh,Pt,Pd)AsS 
(1.9%) and an undefined Rh-Ni-CO 
sulfarsenide. 

7 TARKIANITE, (Cu,Fe)(Re,Mo)4Ss, A NEW 
SULFIDE MINERAL 

medium-grained dissemination in the 
serpentinite and amphibole rock and 3) high Tarkianite was discovered in the PGM 

grade interstitial disseminated sulfides and concentrates (Kojonen et al. 2004) during 

massive accumulations in the amphibole rock back-scattered electron imaging with a 

of the contact zones. Cameca SX-50 electron microprobe. Some 
grains have idiomorphic cubic crystal form 

5 ORE MINERALS (Fig. 6), and a grain size of < 75 :m. 
Tarkianite grains are associated with 

In the massif cores, the main sulphides are and sperrylite in the polished 
pentlandite, mackinawite and vallerite instead Under plane-polarized reflected light 
of igneous pentlandite and pyrrhotite. In the in air, tarkianite is light gray and isotropic. 
marginal zones the main ore lodes consist of Under oil immersion, the mineral has a light 

heavy disseminations and net-textured brown gray color. Reflectance measurements 
sulphides consisting of pyrrhotite, pentlandite were made every 20 in both air and oil 
and mackinawite intergrowths with magnetite from 400 to 700 nm (Kojonen et al. 2004). 

'leavage planes. Measurements were repeated 50 times for 
Chalco~~ri te  and graphite are common. Less each wavelength and an average value 
common ore minerals cobaltite, calculated. Measurements were made in air 
maucherite, nickeline, parkerite Ni3BhS2, and standard immersion oil. The mean 
native gold, electrum and bismuth, pilsenite Vickers Hardness Number (VHN) is 561 
Bi4Te3, tellurobismuthite BiJe3, galena, kg/rnm2, corresponding to a Mobs hardness 
altaite, clausthalite, ilmenite, chromite, of 5.5-6. The calculated density is 7.30 
cassiterite, monatsite and uraninite. 



Fig.6.. A euhedral grain of tarkianite 
associated with spe 
qiqeral cqncentrate. 
oil immersion, and 

The mineral is cubic, space group F 4  3m 
with a 9.563(1) A, V 874.5(1) A3, and Z = 4. 
The average of 34 electron microprobe 
analyses is Re 53.61, MO 12.32, Cu 5.48, OS 
0.84, Fe 0.59, Ni 0.09, CO 0.08, S 26.77, 
total 99.78 wt.%, corresponding to a 
empirical formula 

(Cuo.~3~eo.loNi0.02M00.01)~.96Re2.79Mo1.220~0.04 

h . 0 3  Ss.01 based on total atoms = 13. 

8 DISClUSSION AND CONCLUSIONS 

The Hitura mine produces mainly Ni-Cu 
sulfide concentrate with small amounts of 
platinum-group elements, Au and Re. The 
major Pt carrier in the ore is sperrylite. The 
Pd can-iers are michenerite, fi-oodite, and 
sudbyqite. Pentlandite, nickeline and 
gersdorffite carry Pd in trace amounts. Ir and 
Rh are carried by irarsite and hollingworthite, 
some OS is present in both phases as well. 
Iridarsenite and Pd-bearing melonite were 
observed in the previous study by H W  et al. 
(1976). Rhenium is carried by tarkianite, a 
new mineral, which was recently published 
by Kojonen et al. (2004). The principal 
source of rhenium in the Hitura deposit seems 
to be the Itamalmi ore body with a maximum 
Re content of 313 ppb. A phase chemically 
similar to tarkianite or almost similar has 
been found previously from many other Ni- 

Cu sulfide deposits, but has remained 
undefined due to very small grain size 
(Ekstrom & HAlenius 1982, Mitchell et al. 
1989, Tarkian et al. 1991, Barkov & Lednev 
1993, Peltonen et al. 1995) 
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ABSTRACT. Kop Ultramafics (Erzincan-Erzurum-Bayburt) are located between the 
Southern Zone of the Eastern Pontides and Anatolid Tectonic Units (among Bayburt-Erzurum 
and Erzincan). The chromites in the chromitites have high MgO (12-15.7%) and low content 
Fe0 (1 1-15%). The Cr# number is between 0.59-0.81 and the Mg# number is between 0.47- 
0.7 1. Composition of chromite from the Kop ultramafic rocks overlap the field of Alpine type 
chromites, and is clearly distinguished from Alaskan and stratiform type chromites. The ~ e ~ + #  
shows a negative correlation with ~ e ~ + # .  Some of the chromites from the Kop ultramafics 
have Al-chromite habit. The PGE distribution from various localities of the Kop chromitites is 
OS 21-95, Ir17-76, Ru 88-125, Pt 3-251, Pd 3-230 and Rh 3-20 ppb. The P a r  (0.09-4.18) and 
Pt/Ir (0.09-4.56) ratios suggest a depleted mantle source for the chromitites of Kop 
ultramafics. However, the enrichment of the Pt, Pd and Rh for the some of chromitites may be 
related to varying degrees of large partial melting in the upper mantle and to the process of 
mixing with a more evolved magma for the Kop chromitites with a relatively high P a r  (4.18) 
ratio. 

1 INTRODUCTION 

Although the Kop chromitites are 
considered as Alpine type (high-A1 
chromitites), they have developed as a 
product of failed rifting mechanism within a 
back-arc basin (Kolayli, 1996). Therefore, the 
Kop peridotite massive has a character of 
dominantly Alpine and less Alaskan type. 
This study presents the chemistry (major 
elements and PGE) of some chromitites fiom 
the Kop peridotites (NE Turkey) and 

discusses the implications with respect to the 
origin of its geotectonic environment. 

The Kop ultramafic complex is located 
between the Southern Zone of the Eastern 
Pontides and Anatolid Tectonic Units, NE 
Turkey. The complex elongates in NE and 
SW direction, and has more than 50 km 
length and 15 km width. The Kop 
ultramafics, covering more than 800 km2 
area, contain mainly harzburgite (90%), 
minor dunite and lherzolite. Wherlite, 
clinopyroxenite and orthopyroxenite are very 



rare and occur as small bodies. Dunite crops 3 CHEMICAL COMPOSITION OF THE KOP 

out in hiirzburgite with 15 km length and 1-2 CHROMITITES 

km width and is parallel to general direction 
of the ul!tramafic body. Detailed geology and 
petrology of the Kop ultrarnafics are reported 
by Kolayli (1996). Chromitites occur in both 
dunite and harzburgite, and have bodies in 
varying volumetric size, ranging from a 
hundred to millions tons. Chromitite is also 

Microprobe analyse range of chromite are 
given in Table 1. The major oxide 
compositions of chromites within the 
chromitites have closely similar 
compositions, compared to accessory 
chromites within the dunite and harzburgite. 

common in the form of a few millimetres 
Table 1. Microprobe analyses of chromite in 

aggregates in dunites. 
the Kop chromitites and ultramafic rocks. 

2 ANALYTICAL METHOD 

The F'GE (OS, Ir, Ru, Rh, Pt, Pd) and Au 
were analysed at the Genalysis Laboratory 
Ltd. (Australia) by NIS/MS after the 
powdered in agate mill. 25 g powdered 
sample mixed with a flux consisting of a 
mixture of soda ash, borax, silica, sulfwr and 
Nickel carbonate (NiC03). This "charge" is 
fused in a fireclay pot in a gas fired fbsion 
furnace set at a temperature of 1200°C for 
duration of 75 minutes. During fusion the 
sulphur combines with the nickel carbonate 
to for nickel sulfide that collects the PGE and 
gold sulfides formed at the same time. The 
nickel sulfide button is powdered to nominal 
particle size of 75 pm in a ring mill. A 

Sample CH ACH ACD 
12.39 9.78 18.79 11.04 
16.66 13.74 21.57 11.35 
49.98 56.93 47.23 58.21 
58.09 62.34 51.45 59.08 

Fe203(t) 0.78 1.07 0.05 0.92 
4.24 2.77 2.31 2.25 

11.15 11.87 16.22 17.26 
14.94 14.45 17.88 19.06 

MgO 12.01 13.19 10.45 9.33 
15.71 14.67 11.71 10.49 

Cr# 0.67 0.74 0.59 0.77 
0.76 0.81 0.64 0.78 

Mg# 0.61 0.62 0.51 0.47 
0.71 0.69 0.55 0.42 

Note: CD, chromite in the chromitite from dunite 
(n=31); CH, chromite in the chromitite from 

weighed portion of the NiS pulp is then harzburgite (n=12); ACH, accessory chromite from 
treated with hydrochloric acid at about 100°C Harzburgite (n=6); ACD, accessory chromite from 

to dissolve the NiS. The undissolved PGE a dunite (n=3). 

gold sulfides are then collected on a cellulose 
nitrate membrane filter. The membrane filter Although chromites in the chromitites have 

containing the PGE and gold sulfides is high MgO (12-15.7%) and low content Fe0 

digested with aqua regina in a sealed ( 1 - 1 5 %  than those in the accessory 

borosilicate test tube. The resultant solution is chromites (9.3-1 1.7% and 16-19%, 

diluted with 10% v/v nitric acid. This final respectively), A1203 contents of all the 

solution is then analysed for Ru, Rh, Pd, OS, samples (10-16%) are similar to each other 

Ir, Pt and Au by ICP-MS. Whole-rock except for accessory chromites (19-21.5 %) 

samples were analysed for major and trace in the harzburgite. Cr203 contents of 

elements by ICP and ICP-MS at ACME chromitites from the harzburgite (56-62.3 %) 

Analytical Laboratories, Ltd. Canada. are slightly higher than those from dunite 
(50-58 %). Composition of chromite from the 



Kop ultramafic rocks overlap the field of 
Alpine type chromites, and is clearly Table 2. PGE contents (ppb) of the 
distinguished from Alaskan and stratiform chromitites from the Kop ultramafics. - 

type chromites (Figure 1). The Fe3+# shows a 
K17 I18 T16 C15 B19 B32 D14 D44 

negative correlation with Fe2+#. All 
chromites from the Kop ultramafics have Al- OS 62 33 95 42 23 45 44 28 

chromite habit. Ir 55 24 76 38 17 33 42 51 

Ru 92 45 125 74 38 79 81 96 

I Spine1 gap 

0.1 C h a n l t e s ~ n t i w ~ m t h ~ n t i w ~  
A- dmnltes in the ham~rgte 
Acceswy chrmbs in ha dunb 

0 
0 0.2 0.4 0.6 0.8 

F%+*# 

Figure l .  ~ e ~ + #  versus Cr# discrimination 
diagram of chromites from the Kop 

Sum 710 131 390 179 97 170 191 221 

ultrarnafics. 
Figure 2. Chondrite (Cl)-normalized PGE 
patterns of the Kop chromitites. K17, R18, 

4 PGE DISTRIBUTION IN KOP T16, C15, B19, B32 and S12 represent the 

CHROMITITES chromitites from dunite. D14 and D44 
re~resent the chromitites from harzburgite 

V 

Chondrite (Naldren & Duke, 1980) (bhondrite values from Naldrett & Duke, 
normalized PGE patterns range from nearly 1980). -. - - /  

unfiactionated in the chromitites (Pd/Ir=0.09- 

4-18) from the KOP ultramafics. The 5 DISCUSSION AND CONCLUSIONS 
representative bulk PGE analysis results are 
given in Table 2 and the distribution of the There are three processes controlling the 

chromitite patterns in the normalized PGE concentration in igneous rocks that are 

chondrite diagram is shown in Figure 2. namely partial melting of upper mantle, 
crystal fractionation and alteration (e.g., 
Barnes et al., 1985, Ahmed & Arai, 2002). 
PGE-rich chromitites most probably form 



from a PGE-rich magma generated by high 
degree of partial melting possibly in a supra- 
subduczion zone environment, whereas PGE- 
poor chromitites might be the product of low- 
degree partial melting in mid-ocean ridge 
settings (e.g., Prichard et al., 1996; Ahmed & 
Arai, 2002). The average contents of PGE in 
the chromitites ore from the Kop ultramafics 
are OS: 43.6, Ir: 39.5, Ru: 74.4, Rh: 8.7, Pt: 
38.6, and Pd: 35.4 ppb. Chondrite-normalized 
PGE distribution patterns of all chromitites 
fiom the Kop ultramafics reveal a negative 
trend from Ir to Pd. The PGEs are sensitive to 
the degree of partial melting of source 
regions and the S-saturation status of 
resultarlt magmas (Keays et al., 1981 ; Keays, 
1982; Hamlyn et al., 1985; Bames et al., 
1985; Hamlyn & Keays, 1986; Keays, 1995). 
Podiforrn chromitites crystallized from mafic 
magmas and may have resulted from 
melthock interaction in the upper mantle 
(Zhou & Robinson, 1994). 

The distribution of chromite ores is 
heterogeneous, the sum ranging from 93-7 10 
ppb for the Kop chromitites, north-eastern 
Turkey. The chromite composition and 
depleted nature of chromitites for Pt, Pd and 
Rh in the Kop ultramafics are consistent with 
the occurrence, at least a part of, in setting of 
supra-subduction zone (SSZ) environment. 
However, the enrichment of Pt, Pd and Rh for 
the some of chromitites may be related to 
varying degrees of large partial melting of the 
upper mantle, and to mixing with a more 
evolvetl magma for the Kop chrornitites with 
a relatiively high PdJIr (4.18) ratio and its 
reflecting of positive correlation in the 
normalized chondrite diagram. 
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ABSTRACT. Kop Ultramafics (Erzincan-Erzurum-Bayburt, NE Turkey) are located between 
the Southern Zone of the Eastern Pontides and Anatolid Tectonic Units. In the Kop area, total 
Platinum Group Elements (PGE) contents range from 93 to 7 10 ppb for chromitites, from 23 
to 26 ppb for peridotites and from 5 1 to 15 1 ppb for pyroxenites. On a chondrite-normalized 
PGE patterns, chromitites have relatively enriched but similar patterns compared to their host 
peridotites. Besides, IPGEs are much more enriched compared to PPGEs in both chromitites 
and peridotites. There are also good correlations between some trace elements, suggesting that 
chromitites and their host rocks have developed during similar magmatic processes. 

1 INTRODUCTION 

Chromitites have been becoming a 
potential source for the platinum group 
elements (PGE) and precious transition 
elements (PTE), more data concerning 
mineralogy and distribution of the PGE in 
Alpin type chromitites have therefore been 
published all over the world. Some of these 
are Pindos ophiolites-Greece (Economou- 
Eliopoulos & Vacondios, 1995), Othrys 
ophiolites-Greece (Economou-Eliopoulos et 
al., 1997), Finero ultrarnafic complex-Italy 
(Ferrario & Garuti, 1990), Ivrea Zone and 
Betic Rifean-Spain and Morocco (Garuti et 
al., 1997), Vourinos chromitites-Greece 
(Kostantopoulou & Economou-Eliopoulos, 

1991), Shetland ophiolite (Prichard at al., 
1994), Eastern Rhodope Ultramafic 
Complex-Bulgaria (Tarkian et al., 1991) and 
Pindos ophiolite-Greece (Tarkian et al., 
1996). Although the Kop chromitites are 
considered as Alpine type (high-A1 
chromitites), they have developed as a 
product of failed rifting mechanism within a 
back arc basin (Kolayli, 1996). Therefore, the 
Kop peridotite massive has a character of 
dominantly Alpine and less Alaskan type. 
PGE concentrations of the Kop chromites and 
their host rocks are also unknown. This study 
presents the PGE (OS, Ir, Ru, Pt, Pd, Rh and 
Au) and trace elements distributions between 



the chromitites and their host ultramafics 3 PGE CORRELATIONS BETWEEN 
fiom Kop Mountains, NE Turkey. CHROMITITES AND THEIR HOST 

2 GEOLOGICAL SETTING 
ULTRAMAFIC ROCKS 

The Kop ultramafic complex is located 
between the Southern Zone of the Eastern 
Pontides and Anatolid Tectonic Units, NE 
Turkey. The complex elongates in NE and 
SW direction, and has more than 50 km 
lenght and 15 km width. Kop Ultramafics, 
contain mainly harzburgite (90%), minor 
dunite and lherzolite. Wherlite, 
clinopyroxenite and orthopyroxenite are very 
rare and occur as small bodies. Dunite crops 
out in h~arzburgite with 15 km lenght and 1-2 
km width and is parallel to general direction 
of the ultramafic body. The complex, 
overliecl by Upper Cretaceous sediments, has 
an intrusive contact with basement 
metamolrphic rocks including amphibolite, 
schist and gneiss, and has a tectonic contact 
with Lc~wer Cretaceous limestones. Detailed 
geology and petrology of the Kop ultramafics 
are reported by Kolayli (1996). Chromitites 
occur in both dunite and harzburgite, and 
have bodies in varying volumetric size, 
ranging fiom a hundred to millions tons. 

3 ANALYTICAL METHOD 

The F'GE (OS, Ir, Ru, Rh, Pt, Pd) and Au 
were analysed at the Genalysis Laboratory 
Ltd. (Australia) by NISIMS after the 
powdere:d in agate mill. 25 g powdered 
sample mixed with a flux consisting of a 
mixture of soda ash, borax, silica, sulfur and 
Nickel carbonate (NCO3). Whole-rock 
samples were analysed for major and trace 
elements by ICP and ICP-MS at ACME 
Analytical Laboratories, Ltd. Canada. 

The PGE and Au content of the chromitites 
and ultramafic rocks fiom the Kop area are 
given in Table 1. The PGE distribution of 
chromitites and ultramafics are 
heterogeneous. The total PGE contents range 
from 93 to 710 ppb for chromitites, from 23 
to 26 ppb for peridotites and from 5 1 to 15 1 
ppb for pyroxenites. 

Table 1. PGE and Au contents of the chromitites and 

ultramafic rocks fi-om the Kop area. Samples are K17, 

R18, T16, C15, B19, B32 and S12 chromitites fi-om 

dunites; D14 and D44 chromitites fi-om harzburgites; 

K11, dunite; H42, harzburgite; P33, S24, C8 and P81, 

pyroxenite. 

K17 R18 T16 C15 B19 B32 D14 D44 
OS 62 33 95 42 23 45 44 28 
Ir 55 24 76 38 17 33 42 51 

Ru 92 45 125 74 38 79 81 96 
Pt 251 11 42 8 4 3 11 15 
Pd 230 13 38 9 5 3 6 11 
Rh 20 5 1 4  8 3 7 7 1 0  
Au nd 21 nd nd 7 nd nd 10 
'dh 4.18 0.54 0.50 0.24 0.29 0.09 0.14 0.21 
'tAr 4.56 0.46 0.55 0.21 0.23 0.09 0.26 0.29 
sum 710 131 390 179 97 170 191 221 

S12 K11 H42 P33 S24 C8 P81 
OS 2 1 2 2 2 -  - 2 
Ir 2 0 3 5 2 2 2 2  
RU 4 0 5 8 2 2 -  
Pt 3 3 5 38 58 16 17 
Pd 4 2 3 24 50 13 17 
Rh 5 1 1 4 -  
Au nd 11 nd nd 39 51 13 

P d h  0.20 0.66 0.60 12 25 6.5 8.5 
Pt/Ir 0.15 1 1 19 29 8 8.5 
Sum 93 26 23 70 151 82 51 

Average PGE contents in chromitites from 
the Kop ultramafics are 0s:  43.6, Ir: 39.5, 
Ru: 74.4,Rh: 8.7,Pt: 38.6, andPd: 35.4ppb. 
However, average PGE contents in the 
ultramafics are 0s: 2, Ir: 4, Ru: 6.5, Rh: 1, Pt: 
4, and Pd: 2.5 ppb, and pyroxenites have 0s:  
l ,  Ir: 2, Ru: 1, Rh: 1, Pt: 32, and Pd: 26 ppb. 



Average Au contents in the chromitites, the 5 TRACE ELEMENT CORRELATIONS 
peridotites and the pyroxenites are 4.2 ppb, BETWEEN CHROMITITES AND THE 
5.5 ppb and 26 ppb, respectively. Chondrite- HOST ULTRAMAFIC ROCKS 
normalized PGE patterns of all chromitites 
except for K17 and ultramafics except for 
P33 reveal a negative trend from Ir to Pd 
(Figure 1). Chromitite and the 
orthopyroxenite with high PdIIr ratio, 4.18 
and 12 respectively, have a positive 
correlation in chondrite normalized pattern. 

Major oxide and trace element contents of 
chromitites and their host ultramafic rocks 
are given in Table 2. Ni content of 
chromitites and peridotites range between 
1 100 and 2350 ppm whereas between from 
91 to 541 ppm in pyroxenites. CO contents 
are similar in chromites and peridotites, 
ranging from 99 to 136 ppm whereas from 28 
to 50 ppm in pyroxenites. Ga content is high 
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Figure 1 .  Chondrite (Naldrett & Duke, 1980) 

normalized PGE patterns of the Kop ultramafics. The 

area with dashed line represents the Kop chromitites. 

Samples are K1 1, dunite; H42 harzburgite; P33 

pegmatitic orhopyroxenite. 

in the chromitites but low in all ultramafics. 
V content in chromitites is higher than 
ultramafics. In a Mg# vs. A1203 plot (Figure 
2), there is negative correlation in all 
chromitites and ultramafics. They seem to be 
product of same magmatic process. 

Table 2. Average major (%) and trace element (pprn) 

contents of chromitites and ultramafics. CD, 

chromitites in dunite; CH, chromitites in harzburgite; 

D, dunite; H, harzburgite; P, pyroxenite. 

Sample CD CH D H P 

- 
MnO 

Chromitite K1 7 having massive texture ~~0 
represents upper part of the chromitite body c a o  0.07 0.03 0.11 1.5 19.9 

NazO 0.01 0.02 0.01 0.05 0.18 
whereas other chromitites were collected LoI 5.6 3.7 12.7 8.5 2.9 
lower and center parts of the open pit ~ g #  0.79 0.78 0.91 0.90 0.90 

chromitite bodies. Besides, K17 chromitites N; 1366 754 1741 1813 221 
CO 119 121 114 103 41 

and P33 orthopyroxenite are neighbour in the cu 108 10 15 23 138 
outcrop, 60 m away from each other. Ga 10.2 12.7 0.9 1.5 1.3 

Therefore these may be product of the same V 294 401 4 1 55 93 

magmatic process. High PGE contents in the 
Kop area can be especially associated with The gap between chromitites and 

ultramafics may be result of serpentinization chromite bearing parts of dunite and 
harzburgite transition zone. or lack of the data. In a Ni vs. CO plot, almost 

all samples are concordant each other and 
show a negative correlation whereas 



6 CONCLUSIONS 

' 1 LEGEND + Chmmdltes in dunbe 
A ChmmMteS in harzburglte 
U Dun& 
A Harrburgite 
0 Pyroxenite 

160': 78 80 84 

I 
100Mg# 

PGE contents of chromitites are richer than 
10 times fiom dunites, 5 times fiom 
pyroxenites. IPGEIPPGE ratio in chromitites 
range between 3 and 10 whereas between 
0.04 and 1.66 in ultramafic rocks. 
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ABSTRACT. Palladium and platinum share many characteristics and similarities in geologic 
systems. The aim of our work focuses on the oxic marine environment where this is not the case 
and a significant fractionation of Pt and Pd is observed during their deposition in ferromanganese 
crusts on the seafloor. Within the Mn and Fe oxide and oxyhydroxide crusts Pt/Pd concentration 
ratios are significantly higher than in the water column and Pt concentrations in Fe-Mn crusts are 
up to 1 ppm. The reason for this large preference for the sorption of Pt put forward in this paper 
has to do with the preferential uptake of P? over pd2+. Sorption experiments with different 
dissolved species of Pt and Pd indicated that Pt(I1) in seawater is surface-oxidized by the Mn 
oxides to form Pt(IV) in the solid phase. Pd(I1) is not surface-oxidized but bound to the oxide 
phases by normal sorption. Previous theories used to explain the large difference in 
concentrations of Pt and Pd may still be working in tandem with surface oxidation but they are by 
no means the main process. 

1 INTRODUCTION 

1. l Formation of marine ferromanganese 
crusts 

Marine ferromanganese crusts grow at 
water depths between about 400 and 4000 m 
on the summits and flanks of seamounts in 
the world oceans. They form 
hydrogenetically, i.e. they precipitate from 
ambient seawater, which supplies their metal 
content (Halbach et al. 1989b). Due to their 
large surface area, the Mn oxide and Fe 
oxyhydroxide phases scavenge large amounts 
of dissolved trace metals from ambient 

seawater. These mixed ferromanganese oxide 
phases finally precipitate on the substrate 
rocks on the seafloor at very low rates of a 
few mmlMy. 

1.2 Extreme enrichment of some metals in 
crusts 

Some metals associated with the 
ferromanganese crusts show extreme 
enrichment compared to their mean 
concentration in seawater and in the Earth's 
crust. Extreme enrichments of CO (up to 2 
wt.%) and Ce (in the range of 1000 ppm) in 
crusts have been attributed to a surface 



oxidation process: CO"(,~) + CO"'(,) (Murray 
& Dillard 1979) and ~e"~(,, + ~ e ' " ( ~ )  
(Goldberg 1963, Takahashi et al. 2000). An 
oxidation reaction by ~ n " 0 2  resulting in 
preferential scavenging on the Mn-oxide 
surface is assumed for both elements. Te is 
also highly enriched in Fe-Mn crusts; it 
reaches average concentrations around 46 
ppm (Hein et al. 2003), which is about 4 
orders of magnitude higher than in the 
Earth's crust. This has also been put into 
relationship with surface oxidation 
(Koschinsky et al., 2004). 

The concentration of Pt in crusts ranges 
between 0.14 and 1.2 ppm, while the Pd 
content with 16 ppb is significantly lower 
(Halbach et al., 1989a,b). The PtIPd ratio in 
the crusts is much higher than in seawater, 
which ljuggests a preferential enrichment of 
Pt over Pd in crusts. The mechanism of this 
fractionation of Pt and Pd is still unclear. 
Halbach & Puteanus (1984) und Halbach et 
al. (1989a,b) listed several sorption and redox 
reactions that could be responsible for this 
process. Also cosmic spherules as an external 
Pt source were suggested (Halbach et al., 
1989b). Here we come up with experimental 
evidence that surface oxidation of dissolved 
pt2+ 011 the Mn oxide is the decisive 
mechanism for a very effective enrichment of 
Pt in these crusts. 

2. EXPERIMENTAL SETUP, SAMPLES 
AND METHODS 

2.1 Solption experiments with Pt and Pd 
redox species and various Mn oxides and Fe 
oxyhydroxide 

In oirder to acquire information on the 
sorption mechanisms of Pt and Pd in the 
crusts, we carried out a series of batch 
sorption experiments with different Mn oxide 

and Fe oxyhydroxide mineral phases in 
seawater, and subsequent analysis of aqueous 
phase and solid phase. The different mineral 
phases were chosen to distinguish between 
sorption of the respective metal species on 
the Mn and Fe phases. The ferromanganese 
crust sample (labeled Mn-Fe) consists mainly 
of poorly crystalline Fe-bearing -Mn02 
(vernadite) and Fe oxyhydroxide. The pure 
Mn sample (labeled Mn) is a hydrothermal 
crust consisting of nearly pure pyrolusite. 
The pure Fe sample is a marine goethite 
(labeled Fe). 

The first set of experiments was run with 
Pt(I1) and Pt(1V) at a solution concentration 
of 50 pMIL. Aliquots of the concentrated Pt 
solutions were added to seawater, the 
solution was neutralized, and the solid phase 
was added at a solid/solution ratio of 1: 1000 
(1 gll). After shaking for 7 days, the solutions 
were filtered, the solid was air-dried and 
subjected to chemical analysis by ICP-MS 
and to XPS (see below). The second set of 
experiments was run with solute 
concentration of 0.05 pMIL of Pt(II), Pt(IV), 
and Pd(I1) in seawater. The prepared 
seawater - metal solutions were adjusted to 
pH 7. After adding the particle matter (grain 
size <63 pm, particle concentration 1 g/L), 
the suspension was shaken, and sampling was 
carried out at 2 - 5 - 10 - 30 minutes, l - 2 - 5 
hours and 1 - 3 - 5 - 7 days by taking small 
sample volumes with a syringe with a 
prefilter of 0.2 pm pore size. The aqueous 
samples were acidified to pH 2 and analysed 
for Pt and Pd by voltammetric procedures. 

2.2 Analyses of dissolved and solid phases 
from the sorption experiments 



The solids from the first set of experiments 
were digested and analysed for Pt by ICP- 
MS. Subsamples from the experiments with 
the Pt(I1) species were subjected to XPS 
(X-ray photoelectron spectroscopy) 
analyses to identify the oxidation state of 
sorbed Pt in the crusts. The seawater 
samples from the second set of experiments 
were analyzed for dissolved Pt and Pd by 
stripping voltammetry (slightly modified 
after Metrohm Application Bulletin 22013e; 
Georgieva and Pihlar, 1997). 

different Pt oxidation states 0, I1 and IV in 
the solid was determined. The presence of 

BR( IV )  Mn Mn-Fe Fe 
/ B R ( l l )  sampll 

Figure 2. Distribution of Pt species on 
the solid samples after sorption of 
Pt(I1); results of XPS analyses 

Pt(0) in sample Fe, which would indicate a 
reduction of Pt(II), is questionable because 
due to the Low Pt concentrations in sample 
Fe, the uncertainty is very high. However, the 

Mn Mn-Fe Fe 
Sample 

existance of both Pt(I1) and Pt(1V) in the two 
Mn-bearing samples (Figure 2) indicates that 

Figure 1 .  Pt concentrations in the different oxide a surface oxidation of pt has taken place. 
samples after sorption of Pt(I1) and Pt(1V) in 
comparison to the original Pt content These data clearly support the theory that a 

3 RESULTS AND DISCUSSION 
surface oxidation of seawater ptL+ to Pt(1V) 
by the Mn (and possibly Fe) oxides is 
involved in the extreme enrichment of Pt in 

The bulk analyses of the solids after the ferromanganese crusts. me incomplete 
sorption experiments with 50 yM/L Pt(I1) oxidation to Pt(1V) may be reasoned in slow 
and Pt(IV), respectively, gave information of kinetics or in the high concentrations used 
the degree of sorption of these two Pt species during these experiments, which exceed 
on the different oxide phases. While on the natunll conditions by several orders of 
Fe little sor~tion both Pt magnhde. The amorphous smcwre of the 
species was observed, enrichment of both Pt Mn and Fe minerals vemadite and Fe 
'pecies was extreme On the Mn-bearing oxyhydroxide in the together with a 
phases Mn and F e - m  (Figure l), indicating very large specific surface area of around 300 
the important role especially m21g seem to be more efficient in Pt 
ferromanganese crusts as a marine sink for scavenging than other Mn and Fe oxides and 
Pt. A somewhat stronger sorption of Pt(Il) oxyhyydroides. 
compared to Pt(1V) is also obvious. The data from the time-series solution 

With XPS, the distribution of the sorbed samples of the sorption experiments with 
Pt, which was Pt(II) in solution, between the 



Pt(II), Pt(1V) and Pd(I1) at 0.05 pM/L 
concent1:ation in seawater solution, which are 
expected to support the results indicated 
above and allow also a comparison of Pt and 
Pd, are presently analysed. 
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ABSTRACT. Mersin is one of the Eastern Mediterranean ophiolite complexes, emplaced in 
the southern region of Turkey in the central Taurus ophiolite belt. Major and trace element 
data of the dunite and harzburgitic rocks fi-om Mersin ophiolites show that they are rich in 
magnesium and have low in Ti02 wt% content (Erdal, 2002). The chromites have high Cr# 
Cr/(Cr+Al) ratio (0.64-0.80) and Mg# M ~ / ( M ~ + F ~ + ~ )  ratio (0.59-0.65) with Ti02 content 
lower than 0.24 wt%. These features are consistent with their occurrence in a supra- 
subduction zone environment. 
Bulk rock PGE and Au contents of the chromitites vary over the following range Oppb) Ir: 
10.3-37.6, Ru: 32.8-88.5, Rh: 6.4-19.6, Pt: 1.2-81.2, Pd: 0.72-28 and Au: 0.27-5.9. The low 
PGE content in the Mersin chromitites may reflect a lack of sulphur saturation during an early 
stage of their crystallization. The relatively PPGE-enriched (Pd/Ir>l) ore samples may 
suggest a mixing of primitive and partially fiactionated magmas. 
Optical and electron microprobe study of the chromitites fkom Mersin (Southern Turkey) has 
revealed the presence of laurite as primary inclusions in chromites. Preliminary study shows 
little variation of chemical composition of the laurites (Ru().7w.s5, 0~~.154).~~)S2, which indicate 
that the chromite crystallization has taken place at low and narrow range of sulphur fugacity 
condition when compared with those of Ortaca (Mugla-SW Turkey) Chromitites. 

1 INTRODUCTION ophiolite complex are located in the depleted 

Chromite deposits are widespread in the mantle tectonites and usually enclosed within 

central part of Mersin ophiolite (Amele narrow dunite envelopes. Chromitite have a 

Evleri, Gokkoyak and Miihlii area) and reserve of 700 thousand of tons with low to 

northeastern edge of Mersin ophiolite (Musali high tenor of Cr203 (18-49 %) at Amele 

area). The massive, disseminated and rarely Evleri and with high Cr203 tenor (38-50 %) at 

nodular type chromitites are hosted by Musali localities (Erdal, 2002). 

generally completely serpentinized dunite. The chromitite samples were collected 

The economic deposits in the Mersin fi-om several localities of Mersin ophiolite, 



Muhlu, Gokkoyak, Amele Evleri, Musali, for 3 THE CHARACTERISTICS OF MERSIN 
PGE and PGM studies. CHROMITITES 

PGE concentrations in the chromitites from 
Mersin ophiolites are aimed to use for 
evaluating their genesis. In many of the 
studies, PGM inclusions in chromite are 
primary and their paragenesis and 
composjtion have been used to determine the 
thermodynamic conditions such as sulphur 
fugacity ( f S), and temperature (T), prevailing 
in the magmatic system before and during 
crystallization of chromite (Tarkian et al., 
1992; Garuti et al., 1999; Uysal et al., 2005). 

The aim of this study is to discuss the 
genesis of the Mersin chromitites from S 
Turkey on the basis of chromite chemistry, 
PGE distribution patterns and PGE 
mineralogy. 

2 ANALTICAL TECHNIQUES 

The podiform chromitites in the mantle 
tectonites of Mersin ophiolites have usually 
been affected by high-degree deformation, 
superimposed on primary magmatic textures. 
Geochemical and mineralogical 
investigations do not reveal considerable 
differences between deposits in the central 
and northeastern part of the massif. 
Representative chromite analyses are given in 
Table 1. 

The chromites have fresh core composition 
and usually show fractures and brecciation. 
The matrix of chromitites of massive and 
disseminated type ores are generally 
completely serpentinized and carries small 
amount of base metal sulphides. Compositon 
of chromite from Mersin has Cr# 0.64-0.80 
and Mg# 0.59-0.65. Major oxides for Mersin - 

Mersin chromitites were analyzed for PGE chromitites vary over the following ranges: 
(Ir, Ru, l ih ,  Pt, Pd) and Au by ICP-MS at the cr203: 54.10-60.08 wt%, 
University of Greenwich, after the Ni- 

Table l .  Representative microprobe analyses 
sulphide fire P ~ ~ - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  of chromite from Mersin, Southem Turkey 
Detection limits are @pb) Ir: 0.03; Ru: 0.14; (Musall: ~ 1 2 ,  ~ 1 5 b ;  Amele Evleri: ~ 4 2 ~ ,  
Rh: 0.04; Pt: 0.50; Pd: 0.35 and Au: 0.24. M46b). 
WPRl and SARM64 standards were used for ,% M12-1 M15b2-1 M42~2-1 M46b-2 
the analysis. TiOz 0.15 0.14 0.12 0.24 

A1203 9.45 10.00 14.26 13.65 
PGM were firstly defined on polished cr203 59.95 60.08 55.46 54.10 

Fe203 
sections by reflected light microscobe at 200- F,o 

3.08 3.28 2.86 4.03 
13.37 12.85 14.10 15.07 

500X magnification. Subsequently they were g 0.10 0.12 0.21 0.16 
13.01 13.55 13.16 12.45 

examined by CAMECA SX-100 electron Total 99.11 100.02 100.17 99.70 
PFU 

microprobe at the Institute of Mineralogy and Ti 0.003 0.003 0.002 0.005 
A1 Petrology of Hamburg University, operated at ,, 0.364 1.552 0.380 0.533 0.5 16 1.533 1.392 1.374 

an accelerating voltage of 15-20 kV and a :;: 0.075 0.079 0.068 0.097 
0.366 0.346 0.374 0.404 

beam current of 20 nA, with a beam diameter Mn 0.002 0.003 0.005 0.004 
0.634 0.65 1 0.622 0.596 

of less than lpm. Pure metals were used as zul 2.996 2.995 2.996 2.996 

standards for the PGE. The following X-Ray E&# 0.71 0.80 0.72 0.73 
0.63 0.65 0.62 0.60 

lines were used in the analyses: L a  for Ru, Ir, 

M a  for 0% LP for Rh, Pd, As and Ka for A1203: 9.45-14.97 wt%, MgO: 12.45-13.55 
S, Ni, Cr,. Fe and Al. wt%, FeO: 12.85-15.07 wt%, Fe203: 2.86- 

4.03 wt%, Ti02: 0.12-0.24 wt% and MnO: 
0.10-0.21 W%. 



It is noteworthy that at the locality of 
Amele Evleri, chromites are slightly richer in 
A1 (A1203: 13.65-14.97) than the other 
localities. The Musali chromitites have 
higher Cr# ratio of 0.71-0.80 and Mg# ratio 
of 0.63-0.65 with respect to the chromitites of 
Amele Evleri, which have Cr# between 0.7 1- 
0.73 and Mg# ratio 0.59-0.64. 

The most abundant base metal sulphides in 
chromitites fiom Mersin ophiolite are 
pentlandite, pyrrhotite and heazlewoodite. 
The secondary grains are observed in cracks 
of chromite, which were filled with 
serpentine minerals. 

The average PGE and Au contents in 
disseminated, nodular and massive types of 
chromitite ore in the Mersin ophiolites are Ir: 
21, Ru: 59, Rh: 11, Pt: 3 1, Pd: 8 and Au: 3 
ppb (Table 2). Erdal (2002) suggested that 
they have severely depleted mantle source. 

Table 2. Representative bulk PGE analyses 
(ppb) of chromitites from several locations of 
Mersin Ophiolites (Musali: M 12, M 15b, 
M16; Gokkoyak: M3 1 ; Amele Evleri: M42a, 
M42b, M42c, M44; Miihlii: M43) 

Sample 

Ir 

Ru 

Rh 

Pt 

Pd 

Au 

P a r  

WIr 

Total 

Chondrite-normalized PGE distribution 
patterns of all chromitites reveal a negative 
trend from Ru to Pd (Figure l), which is 
typical of the mantle section of many eastern 
Mediterranean ophiolitic chromitites 
(Economou and Vacondios, 1995). 

Up to 5pm, subhedral to euhedral primary 
inclusions of platinum group mineral (PGM) 
in chromite of chromitites are laurite, RuS2, 
detected for the first time in chromites from 

the Mersin ophiolite. Representative 
microprobe analyses of laurites from Mersin 
(Amele Evleri-Musali) are given in Table 3. 
There is no textural relationship between Ni- 
Fe sulphides and PGM in chromite. Within 
the detection limits of the microprobe, no 
PGE have been detected in the sulphides. 

Figure 1. The correlation of average PGE 
distribution of Mersin (S Turkey) and Ortaca 
(Mugla-SW Turkey; Uysal et al., 2005) 
chromitites. 

Figure 2. Correlation of laurite compositions 

of Mersin (S Turkey) and Ortaca (Mugla-SW 
Turkey; Uysal et al., 2005) chromitites. 

Ru# Ru/(Ru+Os), 0.78-0.85 and OS# 
Os/(Ru+Os), 0.15-0.22 ratios of laurites in 
Mersin chromitites indicate that the laurites 
are low in OS when compared with those 
from Ortaca (Mugla-SW Turkey) chromitites 



(Uysal et al., 2005) in which erlichmanite 
were also detected (Fig. 2). 

Table 3. Representative microprobe analysis 
of laurites from Mersin (Amele Evleri: M46b, 
Musall: M15b) 

wt % M46b3-1 M46b3-2 M15b2-1 M1 5b2-la 

OS 20.03 20.47 14.61 13.96 

Ir 6.85 6.46 6.58 7.09 

Ru 39.43 39.17 42.77 42.39 

Rh 0.33 0.18 0.35 0.3 1 

S 33.28 33.68 34.43 34.12 

Total 99.92 99.96 98.74 97.87 
PFU 

OS 0.201 0.204 0.143 0.138 

Ir 0.068 0.064 0.064 0.069 

Ru 0.744 0.735 0.788 0.788 

Rh 0.006 0.003 0.006 0.006 

S 1.981 1.994 1.999 1.999 

Total 3.000 3.000 3.000 3.000 

Ru# 0.787 0.783 0.846 0.851 

4 DISCUSSION and CONCLUSIONS 

Chromite and laurite composition, and 
PGE distribution patterns of the chromitites 
have been used to discuss the origin of the 
podifonm chromitite, occured in mantle 
peridotites of Mersin ophiolites. 

High-Cr podiform chromitites are believed 
to have formed as a result of interaction of 
boninitic magmas and peridotites of various 
degrees depletion (Zhou and Robinson 1997). 
The high-Cr nature and low Ti content of 
chromitites fiom Mersin ophiolite is 
consiste:nt with the setting of supra- 
subduction zone (SSZ) environment. 
The PGE distribution shows chondrite 
normalized negatively sloping patterns which 
is typical of ophiolitic chromitites (Fig. 1). 
The PGE distribution in Mersin chromite ores 
may suggest parent magmas derived by a 
varying degree of partial melting. The 
samples with Pd/Ir>l ratio may reflect the 
conditions of a mixing of primitive and 
partially fiactionated magmas. 

Ortaca (Mugla-SW Turkey) are compared in 
the Ru-OS-Ir ternary diagram (Fig. 2). 
Preliminary study of laurites from Mersin 
shows little variation of their chemical 

composition (R~0.79-0 .85,  0~0.15-0 .22)S2,  

indicating chrornite crystallization at low and 
narrow range of sulphur fugacity condition 
when compared with those of Ortaca (Mugla- 
SW Turkey) Chromitites in which laurite 
shows wide range of OS-Ru substitution (Fig. 

2). 
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ABSTRACT. Uralian-Alaskan-type mafic-ultramafic complexes are part of a belt that extends 
over 900 km from the middle to the northern Ural Mountains in Russia. Our study focuses on 
0 s  isotope systematics and the PGE geochemistry in 2 complexes: the Uktus Complex near 
Yekaterinburg and the Kytlym Complex about 250 km to the North of it. 
Cl-chondrite-normalized PGE-patterns of dunite, wehrlite/clinopyroxenite and gabbro from 
all of the studied Alaskan-type complexes of the UPB are similar. Ultramafic and mafic rocks 
are depleted in OS, Ir and Ru relative to Pt, Pd and Re. Gabbros and clinopyroxenites tend to 
be more depleted in OS, Ir and Ru than dunites. Thus, the PGE-patterns of the Alaskan-type 
lithologies resemble those of a suite of crystallizing, mantle-derived melts. 

187 188 In a ~ e ' ~ ~ / 0 s ~ ~ ~  versus 0 s  / OS diagram, ultramafic rocks from the Uktus complex define 
an isochron implying an age of 364k36 Ma. The initial 1870s/1880s ratio is 0.124+0.001 which 
is similar to that of the chondritic reservoir at this time. The rocks of the Kytlym complex do 
not form an isochron. However, the initial OS isotopic composition of Chromitite hosted by 
Kytlym dunites (1870s/1880s ratio=0.122) is significantly lower than that of the Uktus 
Complex. This implies that the parental melts of the different complexes originated from 
heterogeneous mantel sources, or that crustal contamination played a major role during the 
emplacement of the complexes. 

INTRODUCTION study focuses on 0 s  isotope systematics and 
the PGE geochemistry in 2 occurrences, 

In the Ural Mountains 15 Uralian-Alaskan- 
namely the Uktus and Kytlyrn complexes. 

type mafic-ultramafic complexes define a 
The objective of the study is to answer two 

linear belt along the 60-th meridian, which is 
fundamental questions: 1) What is the age of 

about 900 km long and is called the "Ural 
the Uralian-Alaskan-type complexes of the 

platinum-bearing belt". (UPB). The present 



UPB and 2) what are the implications for 
their origin and evolution? 

The LTktus complex is one of the 
southernmost bodies, located in the Middle 
Urals near Yekaterinburg. The Kytlym 
complex lies about 250 km to the north of it. 
Both complexes consist of several intrusive 
or tectonically juxtaposed ultramafic and 
mafic phases of dunitic, wehrlitic, 
clinopyroxenitic and gabbroic composition. 
The Ukins massif consists of three blocks 
each of them showing a distinct internal 
concentric structure. Dunites always form a 
central core in a clinopyroxenite-wehrlite 
envelope, grading outward into gabbro. 

The western part of the Kytlym complex is 
built up of a succession of several dunite 
bodys overlain by a clinopyroxenite-wehrlite 
unit. The uppermost unit consists of 01-Cpx- 
gabbros (Tilaites). The samples were 
collectetl along a profile beginning with an 
interlayering of dunite and 
clinopyroxenite/wehrlite and ending in the 
gabbros. Locally the dunites are 
recrystallized and contain pods and layers of 
chromitllte with PGE mineralization. 

ANALYTICAL METHODS 

OS-isotopes and PGE concentrations are 
determined on whole rock samples and on 
chromitites found inside the dunites. After 
dissolving the powdered sample in a high 
pressure asher (HPAS) the PGE become 
separated fkom the matrix by 
chromatographic and solvent extraction 
techniques. The metal concentrations are 
determined by isotope dilution using MC- 
ICPMS, whereas N-TIMS is used to measure 
the 0 s  isotope composition. 

RESUL,TS AND DISCUSSION 

The PGE concentrations of samples from 
the Kytlym complex are similar to those 
observed in the massifs of Kachkanar and 
Nizhnii Tagil, but they are one order of 
magnitude lower than those observed in the 
Uktus complex (Garuti et al., 1997). Single 
lithologies show a large PGE concentration 
range in the order of a factor of 5. Cl- 
chondrite-normalized PGE-patterns of rocks 
from all of the studied Alaskan-type 
complexes of the UPB are similar. Thus, 
ultramafic and mafic rocks are depleted in 
OS, Ir and Ru relative to Pt, Pd and Re. 

1 a) Ultramafic rocks UPB 
0.1 

2 
g 0.01 

6 
6 
z 
8 = 0.001 

+ UWXeniiaUMua 
0.0001 

OS Ir Ru Pt Pd Re 

Gabbroic rocks UPB 
0.1 , 1 

Fig. 1 : C 1 -chondrite-normalized PGE patterns in 
ultramafic (a) and gabbroic rocks (b) from the Uktus 
and Kytlym complexes. Data for Uktus are from 
Garuti et al. (1997). 



Gabbros and clinop~roxenites tend to be units along the sampled profile are derived 
more depleted in OS, Ir and Ru than from parental magmas with variable OS 
dunites.The latter rocks have the highest Pt isotope compositions. 
concentrations, whereas Pd and Re 
abundances are similar in all rock types. 

Interestingly, all samples are depleted in Re 
relative to Pd and Pt. The PGE-patterns of the 
Alaskan-type lithologies resemble those of 
mantle-derived melts. The low concentrations 
of OS, Ir and Ru in gabbroic rocks compared 
to those in dunites suggest that these metals 
behave compatibly during the crystallization 
of the parental magma. 

Preliminary analyses of Cr-spinels indicate 

2a) Re-0s U ktus 
0.155 -- 

l___- 
--A 

O . l ~  Initial "'W%s = 
0.12423 2 0.00076 

0.145 

- lsochrone Uktus 
4 Dunita 
0 Clinopymxenite 
X Chmite  Uktus 
A Chromite Kytlym 

0 1 3 4 ! 

OS concentrations ranging fi-om 92 and 548 
ppb. This suggests that Chromite is the major 
host of OS, and probably also of Ir and Ru. 
The high Pt concentrations of dunites 
probably reflect the presence of Pt-Fe-alloys 
which have been observed in chromitite-rich 
layers and pods (Garuti et al., 2003). The 
similar Pd and Re concentrations in all rock 
types suggest that their abundances are 
mainly controlled by the amount of 
interstitial liquid. 

In an isochron diagram, ~ e ~ ~ ~ / 0 s ' ~ ~  versus 
187 188 OS 1 OS, ultramafic rocks from the Uktus 

complex - chromitite, dunite, and Fig. 2: '87~e/'880s versus 1 8 7 ~ ~ / 1 8 8 ~ ~  

clinopyroxenite - define a very good linear i~ochron diagram. a) The ultramafic rocks 
trend (Fig. 2a). The slope of this regression from Uktus define an iwchron. b) The 
line gives an age of 364f36 Ma. Our whole Kfllym lithologies suggest different ~arental 
rock OS data of the gabbros do not form an magmas with variable 0 s  isotope 
isochron. The initial '870s/1880s ratio defined c ~ m ~ ~ ~ i t i o n s  
by the ultramafic rocks is 0.124f0.001 and 
this is similar to that of the chondritic Hence, the Kfllym complex seems to have 
reservoir 364 Ma ago. a much more complex evolution than the 

The rocks of the Kytlym complex do not U k t u ~  complex. Interestingly, the 0 s  isotope 
form clear linear trends in the isochron com~osition of chromites from Kfllym 

187 188 
diagram (Fig. 2b). This could be due to post- (0s  / O~=0.122) is systematically lower 

magmatic remobilization of Re. However, than that of Cr-S~inels from Uktus 
187 188 

there is no significant difference between the (0s Os=0.124; Fig- 2). Chromites from 
187 188 

Re concentration in peridotites from uktus Nizhnii Tagil also have such a IOW OS / OS 

and Kytlym. Thus, alternatively the different value- Due to their low Re/Os ratio the 



187 188 0 s  / ()S of these chromitites resemble the ~latinum-grou~ mineral assemblage in the Uktus 
Uralian-Alaskan-type complex (Central Urals, 

initial isotopic composition of their parental Russia). Mineralium 38, 2-326. 

melt. This implies that the melts originated Garuti, G., Fershtater, G., Bea, F., Montero, P., 

from heterogeneous mantel sources, or that Pushkarevt E.V-3 Zaccarini, F- 1997. Platinum- 
group elements as petrological indicators in mafic- 

with reservoirs plays a &ramafic complexes of the and southem 
major role during the emplacement of the Urals: preliminary results. Tectonophysics, 276, 

complexes. 181-194. 
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ABSTRACT. The mafic metavolcanites of the Palaeoproterozoic Jouttiaapa Formation (Ca. 
2103 Ma) represent a 300 to 1000 meter thick tholeiitic continental flood basalt sequence 
(CFB). Two magma types have been detected: 'high-Ti series' (HTS) exhibits higher Ti02 
(1.2 W.%), Cu (200 ppm), lower MgO (7.3 W.%) and mg# (53) than the more primitive 'low- 
Ti series' (LTS) with lower Ti02 (0.6 W.%) and Cu (90 ppm) and higher MgO (8.1 W.%) and 
mg# (59). PPGE contents are high compared to typical CFB's. HTS contains 17.6 ppb Pt, 
28.9 ppb Pd and 10.83 ppb Au (PdIIr ->250) and LTS 13.6 ppb Pt, 28.0 ppb Pd, 4.9 ppb Au 
(PdIIr ->210). As implicated by the low Ti02 and LREE and initial E N ~  of +4.2 rt 0.5 the 
mantle source was highly depleted, and as such, essential in the development of the PPGE 
rich Jouttiaapa Formation. The high chalcophile metal content and apparent S-undersaturated 
differentiation indicates that the parent magmas did not reach S-saturation during ascent or 
crystallization. Furthermore, as the ascending magmas avoided crustal contamination, S-loss 
during subaerial devolatilization was intense and the basement rocks consist of S-poor 
quartzites, Jouttiaapa Formation and its intrusive equivalents are unfavorable targets for 
prospecting magmatic Ni-Cu-PGE sulfide deposits. 

1 INTRODUCTION 

In the past fifteen years PGE geochemistry 
of CFB provinces (including oceanic 
plateaus) around the world have been studied 
quite intensively for purely scientific 
purposes as well as for prospecting magmatic 
Ni-Cu-PGE sulfide ore deposits (see e.g 
Maier et al., 2003). The potential of the 
Perapohja Belt for hosting such 
mineralizations (amongst other objectives) is 
evaluated by utilizing drill cores encom- 
passing the lower and the upper part of the 

Jouttiaapa Formation (JaF). 40 samples were 
selected and analyzed for PGE using ICP-MS 
with NiS-Fire assay and Te CO-precipitation. 
PGE analyzes comprehend profiles through 
individual flows and flow interiors 
throughout the sequence (Fig. l .) 

2 GEOLOGICAL BACKGROUND 

The Palaeoproterozoic Perapohja Belt 
covering an area nearly 8000 km2 represents 
a failed rift system and consists of -2.5 to 1.9 
Ga sedimento-volcanogenic sequences 



depositled unconformably over Archaean 
basement. Ca. 2103 * 50 Ma (Sm-Nd) JaF 
consists of tens of lava flows varying from 
0.5 to 60 meters in thickness (Holtta et al., 
2003). Although flows have mostly massive 
and sheet-like appearance, a few 10-20 cm 
thick marginal lava toes characteristic of 
pahoehoe type compound flows have been 
encountered on few outcrops. 

During the Svekofennian Orogeny (-1.9- 
1.8 Ga.) the basalts were completely re- 
crystallized under greenschist facies 
conditions. Sulfides (pyrite and chalcopyrite) 
are sparse in the groundmass but are common 
as vesicle fillings in the amygdale flow tops. 

It must be noted that the JaF is not related 
to the initial stages of continental rifting (as 
most CIFB's are inferred to be) manifested by 
the PGE-critical ca. 2440 Ma layered 
intrusions (e.g. Penikat) in the Perapohja 
area. Although numerous ca. 2.23-2.05 Ga 
mafic sills and dykes are known in the 
Perapohja Belt (see Perttunen & Vaasjoki, 
2001), to date, no comagmatic intrusive 
equivalents of the JaF have been recognized. 

JaF is classified into two magma types and 
referred as: 1) 'low-titanium series' (LTS) 
and 2) 'high-titanium series' (HTS). In 
general LTS is characterized by higher mg# 
and lower TiOz and LREE (Table 1). LTS 
and HTS are both classified subalcalic and 
therein Mg- and Fe-tholeiites respectively. 

Low Ti02, LREE and initial E N ~  of +4.2 f 
0.5 indicate a highly depleted mantle source 
as well as that the parent magmas managed to 
avoid crustal contamination which is rather 
uncomnlon amongst volcanites erupted in 
continental tectonic setting (Huhma et al., 
1990). On Ti02-Mn0-P205 -diagram 
(Mullen, 1983) the more primitive LTS plots 

on boninite field and on TiIZr vs. A1203/Ti02 
-diagram (Wilson & Versfeld, 1994) 
especially LTS rather far from the field that 
of CFB's (Fig 1.). Considering the rather 
unique geochemical characteristics of the 
JaF, more analogous equivalents might be 
found from associations other than typical 
representatives of CFB's. 

Table. 1. Selected major and trace element and 
Ni, Cu, PGE data. 

Series LTS HTS 

4 PGE CHARACTERISTICS 

On both series Pd, Pt and Au contents are 
several times higher than "normal" CFB's 
and rather high even compared to komatiites 
and boninites. Considering the fairly low 
degree of partial melting required to explain 
the chemistry of the JaF (20 % batch melting 
for LTS) (see Huhma et al, 1990), obviously 
a depleted mantle source was essential for 
such a high PGE contents to be obtained. 
From this point of view, JaF has analogies 
with boninites. 

Au behaved more compatible during 
crystallization than Pt and Pd (at least in the 
HTS) as inferred by the relatively higher Pt 
and Pd content (1 9 and 30 ppb) and lower Au 



Fig 1. Upper left Primitive Mantle normalized (Mcdonough & Sun, 1995) PGE patterns. Upper right: Tectonic 
discrimination diagrams (left Mullen, 1983, right and Wilson & Versfeld, 1994). Below: PGE variations with 
stratigraphic height. Upper part of the JaF on the left and lower part on the right. 

(4 ppb) content in the Mg-rich flow top 
(representing a surface crust from where the 
crystallization proceeded downwards) in the 
Flow IV in contrast to the flow interior were 
Au is enriched (24 ppb) even over the level of 
Pt (17 ppb) (Fig.1.). Furthermore Au is 
enriched towards (-11-15 ppb) the 
differentiated flow top in the Flow X whereas 
Pt and Pd lack such a tendency or have an 
opposite one. PtPd ratio remains constant 
apart from the lower part of the formation 
(Fig. l .) where an LILE metaso-matizing 
oxidizing hydrothermal fluid was found to 
have been circulating. Fluids mobilized Pd 
and Au as inferred by their positive 
correlation. Constant C o d  ratio suggests Cu 
mobility as well. 

Considering that Pt was not mobilized, the 
tendency of Pt to fi-actionate towards the 

differentiated upper part in the Flow XXVII 
might reflect it's more incompatible nature in 
the more primitive LTS. Constant PtPd (in 
the unaltered sequence) and CuDd ratios 
suggests that PGE fractionation was 
controlled by S-undersaturated differen- 
tiation throughout the evolution of the JaF. 
The high C o d  ratio (15090) in the lower 
part of the Flow IV reflects the high Cu (338 
ppb) content of the sample, not low Pd as 
would be anticipated if S-saturation had been 
reached somewhere in the flow column. 

An anomalously high Pd maximum of 
78.98 ppb is reported for HTS. The sample is 
located in Flow XXVII (Fig.1.) overlain by a 
3 meter thick sedimentary sequence indica- 
ting a pause in volcanic activity. The flow top 
exhibits pronounced positive U and Th 
anomalies, high Fez03tot (1 8.13 W.%) and 



high CIW and CIA indexes (chem. indexes of 
weathering). All are characteristic features of 
lateritic weathering profiles evolved in 
oxidizing tropical to subtropical climate (e.g. 
Pan & Stauffer, 2000). At the time the JaF 
was emplaced, the atmospheric oxygen 
content was constantly rising (e.g. Karhu & 
Holland et al, 1996) and the Fennoscandian 
(Baltic) shield resided in low latitudes (e.g. 
Pesonen et al, 2003). Although Pd was 
mobilized by the metasomatizing fluids in 
this part of the lava pile, it might be equally 
suggestetl that the high Pd contents in the 
given sample is related to residual andlor 
supergene enrichment in an oxidizing lateritic 
weathering environment. Under such a 
surface or near surface low temperature 
environments Pd is considered fairly mobile 
(e.g. Canieron & Hattori, 2004). 

Considering the high S-loss during 
subaerial devolatilization, the apparent S- 
undersaturated fiactionation of the PGE's and 
that the parent magmas ascended virtually 
uncontanlinated, it is highly unlikely for JaF 
(or its iintrusive equivalents) to reach S- 
saturatioi~ unless external S had been 
obtained. Paradoxically, the basement rocks 
of the exceptionally PPGE-rich JaF consists 
mainly of S-poor orthoquartzites. 

Although the JaF lavas are thus 
unfavorable targets for prospecting magmatic 
Ni-Cu-PGE sulfide deposits, various types 
of metal mobilizing and depositing syn-rift 
and orogenic hydro-thermal processes have 
been operating after the extrusion of the JaF. 
For such a systems, the JaF forms a fairly 
rich and above all, a thick and a widespread 
metal reservoir. 
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ABSTRACT. The coordination chemistry of palladium and platinum complexes with 
organochalcogen ligands is a rapidly growing field of study. The complexes provide low- 
temperature precursors for binary chalcogenides that find use in the fabrication of electronic 
materials. 

1 INTODUCTION 2 COMPLEXES OF CHALCOGENO- 

The last decades have seen a rapid growth ETHER LIGANDS 

of interest in the coordination chemistry of Mononuclear [ML2X2] complexes (M = pd, 
transition metal complexes with pt; L = two organic rnonodentate ligands 
organoselenide and -tellwide ligands (for containing one selenium or tellurium donor 
Some recent reviews, See for instance Gysling ,tom each, or one didentate ligmd containing 
(1986) and Levason et al. (2002)) because of two chalcogen donor atoms; X = halide) form 
their potential utility as 10w-ttXnperatUre a well-explored series. ~~~t of the 

Precursors for binary transition metal experimental work, however, has been 
selenides and tellurides, such as PdTe and carried out in solution and the solid state 
NiTe (Steigenvald et al. 1993, and references information is sparse. We have recently 
therein), that could have applications in the studied the strucwal and bonding trends in 
fabrication of new electronic materials. [MC12{(C4H3E)E'CH3)2] (M = Pd, Pt; E = S, 

This work is concerned with the 0; E, = Se, Te) both in solution and in the 
wordinat ion chemistry of chalcogenoether solid state (Oilunkaniemi et al. 1 998). These 
and chalcogenolato complexes of platinum species can conveniently be prepared by the 
and palladium. The trends in the structures reaction of [MC12(NCPh)2] with an 
and bonding are explored in terms of the appropriate chalcogenoether. While the 1 2 5 ~ e  
identity of the chalcogen atom, organic NMR spectra of the solutions of telluroether 
groups, metal center, molar ratio of the complexes show the presence of both cis- and 

reagents, and solvent. The role of trans-isomers, the 7 7 ~ e  NMR spectra of the 
mononuclear complexes as building blocks solutions of many corresponding selenoether 
for polynuclear complexes is also surveyed. 



complexes indicate the presence of only one mononuclear [MC12{Te (CH2SiMe3)2] 
isomer. The crystal structures of telluroether complexes (Oilunkaniemi et al. 2005). 
complexes of platinum and palladium show However, in case of palladium, dinuclear 
TeC1 secondary bonding (see Fig. 1). Such [Pd2(p-C1)2C12 {Te(CH2SiMe3)2)] complex 
secondary bonding is absent in the is also observed. The reaction involving 
selenoether complexes. [PtC12(NCPh)2] affords a novel dinuclear 

complex with one bridging telluroether ligand 
and one platinum exhibiting a cis (Cl)- 
cis(R2Te) arrangement and the other a 
trans(C1)-trans(R2Te) arrangement (see Fig. 

3). 

Figure 1. Secondary bonding interactions in cis- 
[PdCi2{C4H3E)TeMeJ2] (E = S, 0) (Oilunkanie- 
mi et al. 1998). 

Surprisingly, the crystallization of 
[PdC12 {(C4H30)SeCH3)2] from acetone 
produced a dimer [Pd2C12(p-SeCH3)2 
{CH3Se(C4H20))2C(CH3)2] (see Fig. 2). 

The reactions of [MC12(NCPh)2] (M = Pd, 
Pt) arid (Me3SiCH2)2Te generally afford 

Figure 2. The crystal structure of [Pd2CI2(p- 
SeCH3)2{CH3Se(C4H20)}2C(CH3)2] (Oilunkanie- 
mi et al. 1999). 

Figure 3. The crystal structure of [PtzCL,{p- 
Te(CH2SiMe3)2)3] showing a novel bridging 
telluroether ligand and two isomeric platinum 
environments (Oilunkaniemi et al. 2005). 

3 CHALCOGENOLATO COMPLEXES 

Whereas arylchalcogenolato complexes of 
platinum and palladium have seen extensive 
research activity during recent decades, 
information of the corresponding 
alkylchalcogenolato complexes is much 
sparser (Gysling 1986, Levason et al. 2002). 
This is mainly due to the higher kinetic 
stability of the former compared to the latter. 
The handling of aryl chalcogenide reagents is 
also more convenient than that of alkyl 
chalcogenides. 

The mononuclear platinum selenolato 
complexes [Pt(seA~-)~(PPh~)~l (Ar = aryl) can 



be prepared by the treatment of cis- 
[PtC12(PPh3)2] with ArSe- that is obtained by 
the reduction of Ar2Se2 with NaBH4 or by the 
oxidative addition of diaryldiselenides to 
Pt(0) centers. The formation of the complexes 
is a complicated process and the product 
distribution depends on the choice of 
chalcogen element, the metal center, organic 
group, solvent, and the molar ratio of the 
reagents. 

The most important single factor is the 
identity of the chalcogen atom. The reactions 
involving R2Se2 mainly result in the 
formation of mono- or dinuclear complexes 
(Oilunkaniemi et al. 2001), but those 
involving ditellurides lead to more 
complicated structures (Oilunkaniemi et al. 
2000) (see Fig. 4). While palladium generally 
has a tendency towards higher nuclearity than 
platinum, the existence of stable mononuclear 
[PdCl(SePh)(PPh3)2] has also been reported 
(Oilunkaniemi et al. 2001). On the other 
hand, Alyea et al. (1998) have noted a facile 
decomposition of [Pd(SePh)2(PPh3)2] that 
apparently resulted in the polymerisation of 
the complex. When PPh3 was replaced by 
less bulky phosphines, it was possible to 
isolate mononuclear palladium complexes. 

Mononuclear chalcogenolato complexes 
play a significant role as building blocks for 
polynuclear palladium complexes. It has been 
suggested (Oilunkaniemi et al. 2001) that 
they are formed from mononuclear 
complexes by successive condensation 
reactions, as shown in Fig. 5. This kind of 
structural relationships were initially 
suggested for the formation on hexanuclear 
[Pd6Te6(PEt3)8] involving a dinuclear 
intermediate [Pd2Te4(PEt3)4] (Brennan et al. 
1989), but because [Pd6Te4(TeR)2(PPh3)6] {R 
= Ph, C4H3S (Oilunkaniemi et al. 2000, 
2001)) complexes that are obtained through 
oxidative addition of R2E2 to [Pd(PPh3)4] 
contain the same framework as 
[ p & T ~ ( p E t ~ ) ~ ] ,  their formation probably 
goes through similar stages. The suggested 
formation of [Pd2{Te(C4H3S))4(PPh3)2] h m  
(C4H3S)2Te2 and [Pd(PPh3)4] in benzene 
(Chia & McWhinnie 1978) lends credibility 
to this reaction scheme. 

[Mz(SeR)d(PPh3) 
(M = Pd, Pt) 

Figure 5. The structural relationships between the 
mononuclear, dinuclear, binuclear, and 
hexanuclear chalcogenolato complexes with some 
illiistrative examnles 

Figure 4. The molecular structure of the cation of 
[Pt3Te2(Th)(PPh3)5]C1 (Oilunkaniemi et al. 2000). 4 REFERENCES 

Alyea, E.C. Ferguson, S. & Kannan, S. 1998. 
Polyhedron 17,223 1. 



Brennan, J.G., Siegrist, T., Stuczynski, S.M. & 
Steigerwald, M.L. 1989. J. Am. Chem. Soc. 111, 
9240. 

Chia, L-Y. & McWhinnie, W.R. 1978. J. Organomet. 
Chem. 148,165. 

Gysling, H. 1986. In Patai, S. & Rappoport, Z. (eds.), 
The Chemistry of Organic Selenium and Tellurium 
Compounds, Vol. l ,  Wiley, New York, p. 22 1. 

Levason, 'W., Orchard, D. & Reid, G. 2002. Coord. 
Chem. Rev. 225,159. 

Oilunkaniemi, R., Komulainen, J., Laitinen, R.S., 
Ahl&n, M. & Pursiainen, J. 1998. J. Organomet. 
Chem. 571,129. 

Oilunkaniemi, R., Laitinen, R.S. & Ahlgkn, M. 1999. 
Chem. Commun., 585. 

Oilunkaniemi, R., Laitinen, R.S. & Ahlgrkn, M. 2000. 
J. Organomet. Chem. 595,232. 

Oilunkaniemi, R., Laitinen, R.S. & Ahlgren, M. 2001. 
J. Orgimomet. Chem. 623, 168, and references 
therein. 

Oilunkaniemi, R., Vigo, L. & Laitinen, R.S. 2005. 88" 
Canadian Chemistry Conference and Exhibition, 
Saskatoon 28.5.-1.6. p. 783. 

Steigerwald, M.L., Stuczynski, M.L., Kwon, Y.-U., 
Vennos, D.A. & Brennan, J.G. 1993. Inorg. Chim. 
Acta 312,219. 
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ABSTRACT. This study introduces two new indexes to be used in tracing critical processes 
of Ni-Cu-PGE ore formation. Nickel number, Ni#, and cobalt number CO#, derive fi-om Ni- 
Cu-CO ternary and are calculated according to following formulas: Ni#=lOO*Ni/(Ni+Cu) and 
Co#=lOO*Co/(Ni+Cu+Co), respectively. Ni# describes the primitivity of the magma in terms 
of magnesium content, since Ni# lowers with MgO being >85 in komatiitic magmas and 4 0  
in basaltic magmas. CO# can be used in identiQing the sulphide saturation and segregation. 
Nickel and cobalt numbers calculated from the whole rock analyses of cumulates with more 
than 0.3% sulphides can be used in evaluating nickel and PGE ore potential of the intrusions 
and in locating the most prospective sites within the targets. 

1 INTRODUCTION of nickel, copper and cobalt is controlled by: 

Sulphide fraction of the Ni-Cu-PGE ores 
consists mainly of five elements: sulphur, 
iron, nickel, copper and cobalt. There is a 
wealth of information on nickel to copper 
ratios and PGE tenors of different kind of 
nickel deposits, but the cobalt tenors have 
been largely omitted. This study introduces a 
novel methodology, which is based on the 
ratios of Ni, Cu and CO in magmas and 
segregated sulphides and which can be used 
as a tool in tracing the critical processes of 
the Ni-Cu-PGE ore formation. 

1) chemical composition of the parental 
magma, 2) stage of the sulphide segregation, 
3) the R factor, i.e. silicate - sulphide melt 
ratio, 4) ratio of fractionating sulphide liquid 
and silicates, 5) partition coefficients of 
nickel, copper and cobalt between sulphide 
liquid and silicate melt, 6) fractionation of the 
sulphide melt, and 7) low-temperature 
processes like alteration and mobilization. 

Commonly the variations of nickel, copper 
and cobalt are illustrated in ternary diagram 
like that presented in Figure 1. Although the 
ternary diagram is visually effective, the 

2 D ~ T I O N S  OF THE NICKEL AND exact location and variance of data points are 

COBALT NUMBERS difficult to outline in the graph. For that 
purpose the Ni-CO-Cu ternary is divided into 

The chemical composition of the sulphide two new The nickel number, marked 
fraction of the ultramafic-mafic rock in terms as Ni#, descibes the location of a point as 



projected fi-om the cobalt apex to Ni-Cu side, 
and is defined: Ni#=l OO*Ni/(Ni+Cu). The 
cobalt number, marked as CO#, describes the 
distance from the Ni-Cu side: 
Co#=l OO*Co/(Ni+Cu+Co). 

< 
IoO Nickel number: Ni#=l OO*Ni/(Ni+Cu) 

Cd-BM 
p p P-- - 90 

Figure 1. Definition of the cobalt and nickel 
numbers. a) Ternary Ni-CO-Cu diagram of 
sulphides recalculated to 100%. b) CO# vs. 
Ni#. BM refers that Ni# and CO# have been 
calculated from selective bromine methanol 
analyses (Penttinen et al. 1977). 

The concentrations of the elements in both 
equations are in weight percents. Both nickel 
and cobalt numbers are without units and %- 
mark is not used. If not otherwise stated the 
terms nickel and cobalt number refer to the 
composition of sulphide melt or sulphide 
fraction in the solid rock. 

3 PARENTAL MAGMAS 

The CO, Ni and Cu concentrations of 
silicate liquid are controlled by the primitive 
character of the magma and fractionation of 
sulphides and mafic silicates. Komatiitic 
magmas have high nickel number, generally 
greater than 85 increasing with magnesium 
content (Figure 2). In picritic melts the nickel 
number of the silicate melt is between 80 and 
90, and in basalts below 80, respectively. 
Cobalt number of the magma is the lower the 
more primitive the magma is. In komatiites 
the cobalt number of the silicate liquid is 
normally between 4 and 5 and in picrites 6- 
10. In basaltic melts cobalt number of the 
magma is commonly between 10 and 1 5. 

CO# of silicate liquid 

1 * Basalt 
L Boninite 
X Ferropicrite 
3 Flood basalt 1 

High MgO baaaltr 
Komatiite I 

r Komatiitic basal# , 
* MORB 

Olivlne basalt 

J 

L 

c : : : : : : : . : : : : : : :  

100 90 80 70 60 50 40 30 20 

Ni# of silicate liquid 

Figure 2. CO# vs. Ni# of primitive silicate 
magmas. 

4 FRACTIONAL CRYSTALLIZATION 
AND FRACTIONATION OF SULPHIDES 

Estimates of the partition coefficients of 
nickel, copper and cobalt between sulphide 
and silicate melts vary widely as shown in 
Table 1. Partition coefficients are dependent 
on chemical composition of the melt, 
temperature, pressure, oxygen and sulphur 
fbgacities, and for all of these elements they 
increase with decreasing magnesium content 
and temperature. According to literature 



review the partition coefficient of cobalt is 
lower than those of nickel and copper in all 
natural magmatic systems. In komatiitic and 
other high magnesium magmas the partition 
coefficient of copper is normally lower than 
that of nickel and in MgO poor magmas the 
case is opposite. 

Table l. Partition coefficients between 
fractiomting phases and silicate liquid 
according to literature survey. For moao 
sulphide- solution (Mss) the partition 
coefficients are between Mss and sulphide 
melt. 

Element Ni P P Cu CO 
Olivine 1-40 0.05-02 2-5 
Orthopyroxene 1-6 0.1-0.4 1-2 
Clinopyroxene 1-6 0.01- 1-2 

0.07 
100- 178- 
700 1384 

Chromite 5-20 0.2-4 3 
Mss-Sulphide 1.0 0.2 0.9 

Sulphide 

Figure 3 shows the evolution trend of 
fractionated sulphides recalculated to 100% 
as olivine and sulphide melt are fractionally 
removed from E-MORB. The fractionation of 
olivine with infinite small amount of 
sulphides decreases the nickel number of 
sulphides significantly but the cobalt number 
remains practically constant. As the 
proportion of sulphides increases CO# starts 
to increase and in the case where Ihi<Dcu, 
Ni# changes to increase as the 
sulphide: olivine ratio is greater than 15 : 85. 
CO# is relatively sensitive to the removal of 
sulphides, since the segregation of sulphides 
can be identified positively from the cobalt 
number when the total content of fiactionated 
sulphides exceeds 0.7%. 

I - :  . : : 

100 90 80 m BD 50 10 
N I  

Figure 3. Modeled evolution trends of 
sulfide liquid in the fractional removal of 
olivine and sulphides in various proportions 
from the E-MORB. In A (above) the partition 
coefficients between sulphide- and silicate 
melts are in the order D C o < B E u ~ ~ i  and in B 
Dco<D~i<Dfi, respectively. Numbers in the 
legend refer to the concentrations of 
sulphides (in wt.%) in the fractionated 
phases. 

In the batch removal process the cobalt 
number of the fractionating sulphide liquid 
depads on the sulphide to silicate melt mass 
ratio, R factor: the higher the R factor is, the 
lower the cobalt number will be. 

In cooling the mcmosulphide solid solution, 
Mss, may fiactionate from the sulphide melt. 
The composition of fiactionating Mss is in 
terms af niskel and cobalt numbers close to 
the composition of the initial sulphide melt, 



but the residual evolves towards lowering 
nickel and cobalt numbers, towards origo. 
Similar evolution can take place in the 
remobilization of chalcopyrite: chalcopyrite 
veins shift towards the origo and the residual 
on the opposite direction. The evolution 
trends of sulphides in various processes 
discussed is summarized in Figure 4. 

CO# 

100 90 80 70 60 50 40 30 20 10 0- 

Ni# 

Figure 4. Summary of the evolution trends of 
CO# and Ni# in the ore forming processes, 
see text. 

5 APPLICATION AND EXAMPLES 

The nickel and cobalt numbers of sulphides 
existing in mafic cumulates can be calculated 
reliably from the whole rock analyses if the 
sulphide content is greater than 0.3%. Nickel 
and cobalt numbers provide tools to: 1) 
estimate the primitivity of the parental 
magma, 2) evaluate whether magma is base 
metal depleted, 3) study whether the sulphide 

v : : : : : : : : :  : : : - . . .  - 
C 

100 90 80 70 60 50 40 30 20 I 0  0 

NI#-primitive 

Figure 5. Examples of using Ni# and CO#. 
Above: In Laukunkangas towards the ore 
(polygons) CO# decreases and Ni# increases. 
Below: On the basis of minimum CO# and 
Ni# of corresponding sample the PGE 
potential of the target can be evaluated. 
Region in low CO# and low Ni# is the most 
prospective. 

segregation process has taken place in the 6 REFERENCES 
target, 4) locate the most primitive parts, 5) 
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ABSTRACT. The evaluation of the Blue Ridge UG2 Chromitite layer in the eastern Bushveld 
Complex has defined a regulatory compliant PGE resource in an unusual geological setting. 
The distribution of the PGE in the chromitite, together with the favourable geological features 
of the host rocks contributes to the definition of the resource. 

l INTRODUCTION 

The exploration effort for any project is 
directed towards the declaration of a 
resource that can be economically extracted. 
This is part of the definition of sustainability, 
the seven points of which include 
. . ."Development that delivers basic 
environmental, economic and social services 
to all without threatening the viability of the 
natural, built and social systems upon which 
these services depend". 

An exploration project that has not 
achieved a resource definition can be 
deemed incomplete. The background to 
achieving a defined resource using, for 
example, the United Nations criteria, is 
reviewed, and the potential risks are 
discussed. The example used is the Blue 
Ridge UG2 Chromitite (BRC) layer, South 

Africa. This project is at an advanced stage, 
and regulation-compliant resource has been 
declared. The methodology and the 
evaluation models tested to arrive at this 
stage will be discussed. 

2 GEOLOGICAL DESCRIPTION 

The BRC layer occurs with in a gabbro 
sequence in an enclave of the eastern 
Bushveld Complex. The average thickness 
of the chromitite is 130 cms. PGE are 
concentrated towards the base of the 
chromite and decline in abundance from an 
average of 6 ppm Pt+Pd+Rh+Au to around 
1.5 ppm up the layer. The average metal 
content for the entire layer is 3.8 ppm. The 
PtRd ratio is around 2.5 -3. The proportions 
of the PGE are: Pt 50.3%; Pd 23.8%; Au 1 
%; Rh 7.9 % Ru 13.5 % Ir 3.4 %. Thismain 



chromitite layer is underlain by feldspathic 
pyroxenite with four minor chromitite layers 
4 - 10 cms thick. 

The BRC is analogous to the UG2 
chromitite of the east Bushveld Complex. 
There are however several significant 
physical differences that set the BRC apart 
fiom the UG2. These are: The absence of 
leader ;md minor chromitite layers in the 
gabbronorite above the main chromitite; the 
high terlsile strength of the upper contact of 
the main chromitite; the sharp lower contact 
with the underlying noritelfeldspathic 
pyroxenite; the absence of feldspathic 
pegmatoid below the main chromitite; the 
lower chromite content of the main layer, 
together with the lack of inter-chromite grain 
contact, giving a silicate matrix-supported 
texture. These features combine to enhance 
the evaluation and mining options for the 
Blue Ridge UG2 Chromitite. 

3 EVALUATION 

Three distinct units are recognizable 
within the BRC, and can be correlated across 
the deposit. The units are defined by changes 
in the Pt/Pd ratio. The economic feasibility 
of a selected mining cut on the lower portion 
of the BliC is being evaluated. 

PFS 
Rwurce 

Geostatistical modeling of the full BRC 
width revealed semi-variogram ranges of the 
order of 300m, with a relatively high nugget 
effect of 60-70% of the total variance. 

The methodology adopted and the 
development of the resource and the 
resulting reserve for mine planning will be 
presented. 

Figure 1 Average Pt & Pd profile through the 
Blue Ridge UG2 Chromitite. 
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ABSTRACT. The dissolution of chromitites from the Ray-Iz ophiolitic complex in the Urals, 
Russia, was studied. On the basis of previous analysis results, gold was suspected not to 
dissolve from the chromitites. The composition of chromite in the rock and in the silicate slag 
from nickel sulfide fire assay was compared. The chrornite in the rock had chromium content 
a third higher than in the silicate slag. The primary chromite was melted during fusion and a 
secondary chromite crystallized. Gold was found in the silicate slag, but mainly separate from 
the chromite grains. Chemical analysis results will show if better recovery of gold is received 
when Na3B407 in the fusion flux is replaced with Li2B407. 

1 INTRODUCTION 

Dissolution of chromitites is known to be 
problematic (Borthwick & Naldrett 1984, 
Asif & Parry 1990,). Chromitites are 
important in hosting platinum group 
elements. Hence it is crucial to dissolve them 
completely so that high recovery of the PGE 
may be achieved. Different mixtures of 
fusion reagents have been used for the fusion 
of chromitites, using nickel sulfide fire assay 
as preconcentration method. For a more 
effective dissolution sodium metaphosphate 
(NaP04) (Bedard & Barnes 2002) or lithium 
tetraborate (Li2B407) (Borthwick & Naldrett 
1984, Rob& 1987, Zereini et al. 1994) is 
added to the fusion mixture. For the 
dissolution of the chromitites in the present 

work, Li2B407 was used instead of sodium 
tetraborate Na3B407. 

The samples were from the Ray-Iz 
ophiolitic complex in the polar Urals in 
Russia. The other Ural ophiolites are Voikar- 
Syninsky, Kluchevskoy, Kraka and 
Kempirsai. The first two as well as Ray-Iz 
contain large chromite deposits (Kojonen et 
al. 2003). 

2 ANALYTICAL PROCEDURE 

Dissolution 

Nickel sulfide fire assay was used for 
dissolution of the chromitite samples. The 
samples were crushed to 100 microns. A 
sample weight of 15 grams was mixed with 
the following fusion reagents: 30g Li2B407, 



15g Na2C03, 5g nickel, 3g sulfir and 5g 
quartz. The mixture was placed in a ceramic 
crucible and fused in 1 100°C for 90 minutes. 
The nickel sulfide bead was separated from 
the silicate slag. The bead was collected for 
dissolution in hydrochloric acid and the slag 
from three samples was recovered for optical 
and scanning electron microscope analysis. 

Scanning Electron Microscopy 

Polished sections were made of the silicate 
slag for study with a scanning electron 
microscope (SEM) Jeol JSM-5900 LV 
combined with an energy dispersive 
spectrometer (EDS) Oxford Instruments 
Link. 

Table 1. Chemical composition of chromite 

Silicate slag (n=8) chromitite (n=40) Crucible (n=3) 

% SD % SD % SD 

Cr203 45.6 1.68 61.3 0.78 54.4 0.81 
Fe0 14.2 1.47 14.3 0.66 11.9 1.10 
MgO 13.1 0.43 14.2 0.39 13.9 0.65 
A1203 8.03 0.40 9.06 0.36 8.78 0.55 
Na20 10.3 0.40 6.14 0.40 
Si02 8.21 0.66 4.91 0.26 
S03 0.852 0.11 
MnO 0.10 0.04 
NiO 0.11 0.02 
Ti02 0.09 0.02 

Total 100.2 99.2 100.0 

3 RESULTS 

Chromite 

Scanning electron microscopy revealed a 
lot of chromite grains in the silicate slag (Fig. 
2). To find out if the grains were unrnelted 
remainings of the rock, the chemical 
composition of the chromite in the silicate 
slag and in the rock were compared. The 
chemical compositions were almost identical 
concerning FeO, MgO and A1203 (Table 1). 
The chromium content was in average 30% 
higher for the fresh chromium. The 
chromium in the silicate slag had moderately 
high colntent of NazO and Si02, while the 
chromium in the rock lacked these 
compounds completely. 

The ceramic crucibles that were used to the 
fusion contained a lot of chromite and zircon 
mineral!;. The chromites were situated in a 
certain radius from the silicate slag forming a 
border to the zircons (Fig. 3). The chromium 
content of chromite in the crucible is in 
between the chromium content in the rock 
and in the silicate slag (Table 1). The 
contents of FeO, Na20 and Si02 are lower 
than in the slag. 

I r= -I 
Figure 1. Au in fissures (A, B and D) and as 
an inclusion (C) in chromite, SEM 
backscattered electron images (BE). Scale 
bars are lOpm (A, C) and 20pm (B, D). 

Figure 2. Chromite (light gray) in silicate slag (dark 
gray), SEM, BE-image. 



c Platinum group compounds and gold 

Native gold has been found in chromitite of 
Ray-Iz as inclusions in chromite (Kojonen et 
al. 2003) (Fig. 1). In the present study some 
gold grains were present. The gold however 
occurred as free grains in the slag (Fig. 4) or 
intergrown with chromite (fig. 5). 

1 4 CONCLUSIONS 
I -The chromitite was dissolved during the 

Figure 3. Chromite (gray) and zircon (white) fusion process using Li2B407 as a fusion 
with a background of ceramic material reagent 
(black). The size of the scale bar is 20 -Secondary chromite crystallized after the 
microns, SEM, BE-image. fusion 

-Gold that originally was in fissures or as 
inclusions in chromite is separated from the 
chromite during melting, but staying in the 
silicate slag 
-All PGE were dissolved using lithium 
tetraborate as fusion reagent. 
-The melt penetrated into the ceramic 
crucible leaving chromite grains among the 
zircon 
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ABSTRACT. Layered intrusions in the Pan-Xi region, SW China, are parts of the 260 Ma 
Emeishim Large Igneous Province, SW China. They host certain giant Fe-Ti-V oxide 
deposits, and have been major producers of these metals in China. Unlike the oxide deposits 
in classic layered intrusions, such as the Bushveld Complex, those in the Pan-Xi region occur 
as layers andlor lenses within the gabbros and are generally concentrated in the lower parts of 
the intrusions. Available geochemical evidence suggests that the intrusions were formed from 
highly evolved Fe-Ti-V-rich ferrogabbroic or ferropicritic magmas. Ore textures and 
associated mineral assemblages indicate that the orebodies were formed by late-stage 
crystal1i:zation of V-rich titanomagnetite from oxide liquids. The abundant accessory hydrous 
phases suggest that addition of fluids from upper crustal rocks might have induced the 
separation of the immiscible oxide melts and subsequently gave rise to the oxide orebodies. 

1 INTRODUCTION metal in China. Oxide reserve is abundant in 

In the Pan-Xi (Panzhihua-Xichang) area, 
SW China, several mafic-ultramafic 
intrusions host giant Fe-Ti-V oxide deposits. 
This region is the most important Fe-Ti-V 
metalloglcnic district in China (Zhong et al. 
2002; 2003; Ma et al. 2003). Some of the 
oxide deposits are being mined at present 
time whereas others are under re-evaluation 
or have not been mined yet. For instance, the 
Panzhihua Fe-Ti-V oxide deposit has been 
mined for more than 30 years and have 
produced large quantities of Fe, Ti and V 

the Pan-Xi area and the estimated tonnage is 
over 7544 million tonnes, with an average ore 
grade of 36 wt% Fe, 0.28wt% V205 and 12.6 
wt% TiOz. 

The mafic-ultramafic intrusions exhibit 
various scales of igneous layering generally 
similar to those documented in classic 
layered intrusions such as the Skaergaard 
intrusion and the Bushveld Complex 
(Cawthorn 1996). Oxide ore occurs as layers 
and lenticular bodies in the lower parts of the 
intrusions as compared to the 



704% 

Fig.1 Fe-Ti-V oxide-bearing intrusions in the Emeishan Large igneous Province 

magnetite layers in the upper part of the 
Bushveld Complex. This difference in 
morphology of the orebodies and relative 
stratigraphic positions seem to reflect the 
complexity of the formation of these oxide 
bodies in layered intrusions. Genetic and 
exploration models of the Pan-Xi oxide 
deposits are poorly constrained, despite their 
tremendous economic significance. Likewise, 
the relationship between the Fe-Ti-V oxide 
orebodies and their host rocks is not known. 

2 GEOLOGY OF PAN-XI LAYERED INTRUSIONS 

The Pan-Xi layered intrusions occur in the 
western portion of the Permian (-260 Ma). 
Emeishan Large Igneous Province (ELIP), 
which covers an area of 5 X 105 km2 in SW 
China and northern Vietnam and is 
dominated by voluminous flood basalt with 
minor intrusive rocks. Exposure of the 
intrusive rocks is generally controlled by 
large-scale N-S trending faults, and the 
resulting felsic plutons and layered intrusions 



occur along a mineralized zone about 300 km 
long and 10-30 km wide of approximately the 
same orientation. The oxide ore-bearing 
mafic-ultramafic intrusions extend from 
Taihe on the north to Baima, Panzhihua and 
Hongge on the south. These intrusions are 
divided into mafic and mafic-ultramafic on 
the basis of the predominant lithology (Zhong 
et al., 2002,2004). Three large Fe-Ti-V oxide 
ore deposits have been explored in the Panxi 
District: Panzhihua (1,333 Mt ore reserves), 
Baima (1,497 Mt ore reserves), and Hongge 
(4,572 Mlt ore reserves) (Ma et al. 2003), but 
only the Panzhihua Fe-Ti-V oxide mine is 
currently active. 

The oxide orebodies have a variety of 
geometry as lenses, layers or dyke-like 
bodies. They may or may not be intimately 
associated with rocks which show igneous 
layering. The majority of oxide orebodies are 
situated at the lower parts of the intrusions, 
although those smaller in scales sometimes 
occur at higher stratigraphy. Due to limited 
exposure, whether the oxide ore is part of the 
layered sequence is poorly understood. 
However, several field observations suggest 
that the deposits are invariably magmatic in 
origin: (1) the orebodies are integral parts of 
the intrusions regardless of whether layering 
is conspicuous; (2) both oxide ore and its host 
rocks are characterized by a fiesh igneous 
assemblage; (3) geometry of the orebodies, 
e.g. lenses, dyke, points to a magmatic origin; 
and (4) sharp contacts of certain well exposed 
orebodilzs characteristic of igneous contacts. 

3 ORE 'TEXTURES 

The textures of oxide ore ranges from 
massive:, through net-textured to 
disseminated. Massive ore is virtually 
monomineralic consisting of titanomagnetite 
with minor ilmenite. Accessory minerals are 
typically less than 10%. The oxide grains are 

medium to coarse and have polygonal shape 
outlined by straight to slightly curved 
boundaries. This subsolidus texture is also 
documented in the Bushveld magnetite 
layers. Net-textured ore has a larger modal 
amount of silicate minerals, e.g. olivine, 
plagioclase andlor clinopyroxene. The ratios 
between oxide to silicate and that between 
different silicates are highly variable, i.e. 
certain net-textured ore contains magnetite 
and olivine without other silicate phases at 
all. Silicate minerals in net-textured ore are 
usually sub-rounded and surrounded by 
oxides. They are often outlined by embayed 
grain boundaries. Disseminated ores are 
oxide gabbro or oxide peridotite, both of 
which have generally less than 20% oxides. 
The oxides are invariably interstitial to the 
silicate minerals. 

Hydrous minerals are important accessory 
mineral for almost all oxide ore types. They 
are represented by hornblende and lesser 
biotite. These hydrous phases are usually 
associated with oxides. Hornblende occurs as 
small grains with irregular boundaries and as 
reaction rim in certain oxide-silicate 
interface, particularly those involving 
plagioclase. 

4 ORIGIN OF THE OXIDE ORE 

The Panzhihua intrusion, one of the Pan-Xi 
layered intrusions, is suggested to have 
crystallized fiom highly evolved, Fe- and Ti- 
rich parental magmas (Zhou et al. 2005). The 
supportive arguments include (1) the 
enrichment in LREE relative to HREE; (2) 
enrichment in Ti relative to elements with 
similar compatibilities; (3) depletion in U, 
Th, Zr, and Hf relative to elements with 
similar compatibilities. It is possible that the 
Fe-enrichment may be a primary feature of 
the parental magma attributable either to the 
mantle source composition or conditions of 



partial melting. However, it is difficult to 
envision how such dense, high-Fe magmas 
could migrate fi-om the mantle into the lower 
crust. A more likely mechanism is that the 
high-Fe liquids formed through fi-actionation 
and thus were highly evolved magmas. 

Ore textures suggest the oxide orebodies 
are formed from oxide melts. The interstitial 
character of the oxides and the hornblende 
reaction rim indicate that such melt might 
have invaded a silicate crystal mush and 
reacted with the silicate minerals. The dense, 
viscous oxide melt is presumably developed 
in the magma chamber rather than 
transported from elsewhere. It is usually 
linked to immiscible separation because 
fi-actional crystallization alone could only 
produce a Fe-rich silicate liquid, not an oxide 
liquid (Duchesne 1 999). 

The formation of an immiscible oxide melt 
from the silicate magma may have resulted 
from mineral fractionation, magma mixing, 
an abrupt change in oxygen fugacity, andfor 
an introduction of fluids. The presence of 
minor disseminated sulfides and apatite 
suggest that S and P may have acted as 
fluxing agents that facilitated development of 
the immiscible liquids. The association of 
amphibole and magnetite suggests that water 
and other fluids also played a part in this 
process. Water and COz-rich fluids may have 
been introduced through magmdwall rock 
interaction during or after the emplacement 

of the high-Fe gabbroic magmas. The 
abundance of hydrous minerals in the oxide 
gabbros in the Panzhihua intrusion suggests 
that fluids were introduced into the system 
during crystallization. 
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ABSTRACT. Chalcogenides of Pd display a broad spectrum of structure types, from alloy- 
like with cavities for S at high Pd: anion ratios to square planar Pd coordinations for low Pd: 
anion ratios. Presentation by means of anion-centred polyhedra offers new interpretations of 
these structures. In the intermediate category, the structures of NilOPd7SI5, Cu2Pd3Se4 
(jagueite) and Ag2Pd3Se4 (chrisstanleyite) were determined; in the anion-rich category those 
of PdSbSe and PdSbTe were redetermined . Their placement in the above sequence is 
discussed. 

Across a broad spectrum of cation: anion 
ratios, from PQS to PdS2, the chalcogenides 
of palladium demonstrate substantial changes 
in the crystal chemical behaviour of 
palladium. In the metal-rich subsulfides - 
PQS, Pd3S and PdI6S7, palladium forms a 
complicated alloy-like framework with 
cavities for the accommodation of sulfur. The 
palladiilm atoms are surrounded by a 
considerable number of Pd atoms and each 
has only two (exceptionally three) S 
neighbours, approximately in a cis-position. 
A much clearer and suggestive picture 
emerges when S-centred polyhedra, with Pd 
as ligands, are studied. In Pd4S 
bisdisphenoids SPds are observed, in Pd3S 
CN falls to 6 whereas in Pd16S7 clusters of 
four trigonal SPd6 prisms are present, 
interconnected by SPd4 tetrahedra. These 

configurations ought to have direct bearing 
upon the structure of the Pd-rich sulfide melts 
in the M-Pd-S and M-Pd-Se (M = Cu, Ni, Fe) 
systems, in which the PdIS ratio can exceed 
that of Pd4S. 

Our recent structure determinations 
concern the central portions of the palladium- 
bearing phase systems. In nature, and in the 
synthetic runs in the Cu-Pd-Se system at 
300°C and 400°C, a new compound, jagueite 
Cu2Pd3Se4, was found. Its P2,/c structure 
contains two distinct Pd sites and an 
elongate-tetrahedral Cu site (which is parallel 
to such an Ag site in the isostructural 
chrisstanleyite, Ag2Pd3Se4). The Pd sites are 
isolated PdSe4 coordinations and pairs of 
such coordination squares, respectively. The 
structure is stiffened up by collinear metal 
bonds Pd-Cu-Pd-Cu-Pd. 



The crystal structure of N i l ~ P d ~ s ~ ~  (a 9.872 
W, space group P&, prepared at 550°C) 
corresponds in full to those of Pd17Se15 and 
RhI7Sl5. In this structure, Pd is concentrated 
especially in the sites with a square planar 
coordination, with Pd-Pd bonds, whereas Ni 
in very flat tetrahedral sites and an octahedral 
site. The stability of this structure may 
depend on the size-fit of the Pd-bearing 
subset of sites with the Ni-bearing subset. No 
extensive Pd-Ni solid solution has been 
observed and the corresponding Pd-S sulfide 
is not known - perhaps bond length problems, 
which are absent in the Pd selenide? When 
the anion-centred polyhedra are used, this 
structure shares interesting common elements 
with pentlandite. 

Two gersdorffite analogues were analysed 
- PdSbSe and PdSbTe. The former has 
ordered distribution of Sb-Se covalent pairs, 
space group P213, whereas the latter, 
prepared at and quenched from 650°C, gives 
~ a 3  (unlike published data from slowly 

cooled samples). Pd is octahedrally 
coordinated in these compounds. 

The crystal structures of PdS, PdSe and 
PtSe represent different spatial arrangements 
of square- to very flat tetrahedral MS4 
coordinations. The common denominator of 
these structures is the universal tetrahedral 
coordination of sulfur (selenium), with anion- 
based tetrahedra sharing not only corners but 
also common edges, in configurations 
different for different compounds. This, 
however, does not imply short Pd-Pd bonds. 
These tetrahedral schemes represent the 
anion-centred polyhedra with the lowest 
coordination number, equal to 4. Again, what 
does it mean for the coordinations found in 
the sulfidelselenide melts at the M:S = 1:l 
level? 
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ABSTRACT. 0s-rich platinum-group minerals (PGM) from the Evander Goldfield situated at 
the eastern part of the Witwatersrand Basin (South Africa) have been studied by a number of 
modern techniques (SEM, EMPA, N-TIMS and LA MC-ICP-MS). The characteristic feature 
of PGM from Evander is an extensive presence of Ru-rich alloys, which prevail over other 
PGM. The 1870s/1880s value in single PGM grains of different composition (e.g. osmium, 
ruthenium, iridium and minerals of Ru-0s-Ir-Pt system) was found to range from 0.1050 h 
0.0009 to 0.1 133 0.0005 (n=10), which is in general agreement with earlier findings 
(Malitch et al. 2000; Malitch & Merkle 2004). The model 1870s/1ss~s ages for the main set of 
the PGM studied (3263-31 15 Ma, n=26) favor a scenario in which the primary PGM were 
incorpctrated into the Witwatersrand Basin by their mechanical release during weathering of 
parent source rocks. 

1 INTRODUCTION lower than typical bulk (Os+Ir)/(Ru+Pt+Rh) 
and Ru/Pt ratios (Cousins, 1973). Source 

The Late Archaean paleoplacers of the 
areas which are hundreds of kilometers apart 

Witwaicersrand Basin are not only 
are likely to have been geologically distinct 

unparalleled in their gold-uranium deposits, 
and allow for the possibility of systematic 

but have recently also been the leading source 
differences in PGM. This variability may be 

for world osmium production. The osmium is 
reflected in the 0s-isotopes of individual 

present in the form of 0s-rich platinum-group 
grains and requires a careful evaluation of the 

minerals (PGM), which are recovered as a 
relationships of mineral compositions, 

by-prolduct of gold mining operations. 
textures and osmium isotopes. 

However, the Evander Goldfield, situated in 
The previous 0s-isotope investigations of 

the earstern extremity of the Witwatersrand 
the Witwatersrand PGM were based on 

Basin, differs from the other six goldfields 
industrial concentrates from the Welkom 

(East Rand, Central Rand, West Rand, 
Goldfield located in the south extremity of 

Carletonville, Klerksdorp and Welkom) in its 
the basin (Allegre & Luck 1980; Hart & 

higher in situ concentration of PGM and the 
Kinloch 1989). However, no mineralogical 



information on these grains was provided. In 
order to avoid this incompleteness, a 
combination of compositional and OS-isotope 
data for 25 grains of OS-Ir-Ru alloy from the 
Evander Goldfield has been presented 
recently (Malitch et al. 2000; Malitch & 
Merkle 2004). To further constrain the origin 
of Witwatersrand PGM, we present new data 
on the chemical and osmium isotope 
composition of different PGM from the 
Evander Goldfield. This investigation forms 
part of the more extensive study that aims to 
decipher the source of the PGM in the 
Witwatersrand paleoplacers (Merkle & 
Franklyn 1 999). 

2 GEOLOGICAL BACKGROUND AND 
SAMPLE LOCATION 

The Witwatersrand Basin is an erosion 
remnant of a much larger basin which was 
formed during a long period of time (3074- 
2714 Ma) in the central and southern parts of 
the Kaapvaal Craton. The Witwatersrand 
Basin extends to the north-east for 300 km, 
its width being 100 km. It consists of a very 
thick (> 7 km) succession of mainly 
quartzites, slates, and conglomerates that 
have a distinctively rhythmic structure. More 
detailed information on the geology of the 
Evander Goldfield has recently been 
summurized by Poujorl et al. (1 999). 
OS-rich PGM grains on which this study is 
based derive from a production concentrate 
from the Kimberley conglomerate formation 
(Kimberly reef) situated in the upper part of 
the Central Rand Group (Turffontein 
Subgroup of the Central Rand Group) 
(Tweedie 1986), which appears to have a 
maximum age of -2940 Ma. The time 
interval of deposition of the Central Rand 
Group sediments did not exceed 230 Ma and 
is constrained by overlying 27 10 Ma igneous 

rocks of the Ventersdorp Supergroup (Robb 
et al. 1990). 

3 ANALYTICAL METHODS 

The investigation was carried out in four 
main steps. At f ~ s t ,  the morphology of PGM 
grains represented by individual crystals and 
polymineralic aggregates was documented by 
scanning electron microscopy (SEM) at 
Mekhanobr-Analit (St.Petersburg, Russia). 
The grains were subsequently mounted and 
polished, described and analyzed by electron 
microprobe analysis (EMPA) (Camscan-4, 
St.Petersburg, Russia and ARL-SEMQ, 
Leoben, Austria). After the round of 
microprobe analyses, the grain W1 2-6, 
consisted of uncommon polycomponent Ru- 
OS-Ir-Pt alloy (20.79 wt.% OS) was 
investigated by LA MC-ICP-MS using a 
Microprobe I1 LA device (Thermo Elemental, 
Nd:YAG laser, 266 nrn wavelength, up to 4 
mJ per shot, 3 ns pulse width) and an 
AXIOM MC-ICP-MS (Thermo Elemental) at 
the Institute of Archaeometry, Technical 
University of Mining and Metallurgy, 
Freiberg, Germany. Finally, the same grain 
W1 2-6 and eight other OS-rich PGM grains 
were removed from the resin. The osmium- 
isotope composition was determined in the 
individual PGM grains by the negative 
thermal ionization mass-spectrometry (N- 
TIMS) using the Finnigann MAT Triton TI 
and modernized device MI- l320 
(Kostoyanov & Pushkarev 1998) at the 
Isotope Geochemical Centre, All-Russia 
Geological Research Institute (VSEGEI), 
St.Petersburg, Russia. Precision of the 
osmium isotope determinations, based on the 
reproducibility of isotope ratios in one series 
of parallel runs, was found to be 0.2 relative 
per cent. Osmium isotopes were determined 
by one-tape detection of negative Os03- ions 
formed on the cathode surface at 



temperatures of 700-1400°C (Kostoyanov & 0.1050 to 0.1 133, revealing the most 
Pushkart:~ 1998). Measured isotope ratios 'radiogenic' three 1870s/ '88~s values (0.1 130- 
were no~malized by taking into account both 0.1 133) reported at Evander (Table l). 
isobar and mass-fractionation effects. The 
mass-fractionation effect was considered to 
be exponentially related to the detected ion 
mass. Further details of the methods are 
given by Malitch et al. (2000) and Malitch & 
Merkle (2004). 

4 RESULTS AND DISCUSSION 

4.1 PGE' mineralogy 

Grain shapes range from euhedral to 
irregular; with sizes of PGM nuggets between 
50 and 160 microns. The characteristic 
feature of PGM from Evander is an extensive 
presence of Ru-rich alloys (i.e., Ru-0s-Ir, 
Ru-0s-Ir-Pt, Ru-Ir-Pt, Ru-Pt), which prevail 
over osmium, iridium, Pt-Fe alloy, Ru-0s 
 sulphide:^ and other PGM. 

Equilnbrium phase-relationships of osmium 
and rutlienium alloys at Evander, based on 
the restricted solid-solution in the binary 
systems 0s-Ir, 0s-Ru and Ir-Ru (Massalski 
1993), and the presence of a ruthenium 
enrichment trend in 0s-Ru-Ir-(Pt) alloys, are 
indicative of high temperatures and pressures, 
which could only be reached under mantle 
conditions (Bird & Bassett 1980). We 
therefore propose that these PGM likely 
represent examples of slightly differentiated 
PGE alloys, which have been formed in the 
Archean mantle. 

4.2 OS-isotope systematics 

Sample Mineral 1870s/1xbs* T, Ga 
W3 109 0s-Ru-Ir 0.1050 3.263 

- - 

* - normalized after 1900s/1X80s=1.98379 
(Tuttas 1 992); * * - LA MC-ICP-MS analysis 
iridium), 

Independently of their chemical composition, 
four groups of 0s-isotopic values were 
distinguished (e.g., 0.1050 0.0001, 0.1059- 
0.1061, 0.1093-0.1096 and 0.1130-0.1133). 
Accordingly, estimates of age based on the 
osmium-isotopic composition of 0s-rich 
alloys yielded model 1870s/188~s ages of 
3263, 3 1 15-3 142, 2641-2682 and 2137-2178 
Ma. The osmium isotope composition of 
three PGM groups is in good agreement with 
earlier findings at Evander (Malitch et al. 
2000; Malitch & Merkle, 2004), whereas 
most 'radiogenic' group (n=3) has never been 
documented previously. 

According to earlier data (Malitch et al, 
2000; Malitch & Merkle, 2004), the 
1870s11880s value in single PGM grains of 
different composition was found to range 
from 0.0987 k 0.0009 to 0.1095 * 0.0004 

The 1870s/1880s value measured by N- (n=25). These results appear to be consistent 

TIMS and LA MC-ICP-MS in PGM grains, with recalculated osmium-isotope values of 
which contain 0 s  in the range of 21-59 wt.% Hart Kinloch (1989), based on PGM from 

(i e., osmium, ruthenium, rutheniridosmine auriferous Ore Concentrates fi-0m the Welkom 

and Table 1 Osmium isotope composition Goldfield in the south of the Witwatersrand 

and model l87os/l88os ages of PGE alloys Basin. PGM from the Welkom Goldfield may 
from the Evander Goldfield varies from be divided into three groups, each one having 



its individual statistic value of '870s11880s 
(implying 3210, 3070 and 2820 Ma, 
respectively). Therefore, some ages of PGM 
from the Welkom Goldfield appear to be 
close to those of the Evander Goldfield, 
despite the wider range of model ages of the 
former. 

The derivation of the detrital material in 
the Witwatersrand Basin from a varied 
hinterland with distinct ages is also reflected 
by extensive geochronological data that were 
obtained through U-Pb dating of zircons from 
the conglomerates of different stratigraphic 
levels, as well as through Rb-Sr and Pb-Pb 
dating of crystalline shales (Robb et al. 1990; 
Poujorl et al. 1999; etc.). Variations in U-Pb 
ages of zircons very likely reflect sequences 
of acidic magmatic processes during the 
period 3300-2900 Ma, when extensive 
granite formation occurred. The Rb-Sr 
isotope-geochemical system allows the 
detection of late metamorphic processes 
which occurred at 2550, 2300, and in the 
period of 2020-2060 Ma (Stevens et al. 
1997). In this context, the model 1870s/1880s 
ages obtained for the main set of the PGM 
(3263-31 15 Ma, n=26) favor a scenario in 
which the primary PGM were incorporated 
into the Witwatersrand Basin by their 
mechanical release during weathering of 
parent mafic/ultramafic rocks, the 
petrographic affinity of which is not yet 
defined. 
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ABSTR4CT. In-situ analysis of the platinum-group elements (PGE) in sulphides is currently 
hampered by a lack of widely-available and suitably homogenous sulphide standards. This 
abstract outlines steps taken to prepare and characterise a series of quenched nickel sulphide 
standards containing well-constrained concentrations of PGE, As, Sb, Te and Bi. 

1. INTRODUCTION 

In spite of this first order link between 
PGE and sulphides in magmatic systems, it 
has only recently become possible to obtain 
data for PGE concentrations in different 
sulphides using in-situ techniques. This is due 
to the fact that the PGE rarely occur at 
concentrations >20ppm in most magmatic 
sulphid~:~. In addition, on cooling, the PGE 
h a y  combine with As, Sb, Te, Bi, Sn and Pb 
to forrn discrete platinum-group minerals 
(PGM) that exsolve from the sulphide host. 
Quantitative analysis of PGE at high spatial 
resolutions (<40 pm) in sulphides has been 
revolut~onised by the development of laser 
ablation-inductively coupled plasma-mass 
spectrometry (LA-ICP-MS). The ICP-MS is 
capable: of detecting very low concentrations 
of individual PGE in the vapour, 
corresponding to detection limits of <20 ppb 
in the original sulphide (Sylvester 2001). 

All quantitative analysis relies on well- 
characterised standards and to date most LA- 
ICP-MS analyses of PGE have relied on the 
use of a few primary sulphide standards 
doped with measured concentrations of PGE. 
Ballhaus and Sylvester (2000) synthesised 
PGE standards in the form of pyrrhotite 
doped with individual PGE at high pressure 
in a piston cylinder press over several days. 
Lorand and Alard (2001) used a nickel 
sulphide bead doped with -200 ppm of 
individual PGE as a standard. These authors 
prepared their standard by quenching a nickel 
sulphide fire assay charge, but did not 
document their preparation methods in detail. 

Elements such as CO, Ni, Cu and Zn are 
invariably present as major elements or high 
abundance trace elements in most sulphides 
and produce polyatomic argide complexes 
(e.g. 99~oAr ,  'Ol~iAr, lo3~uAr, '05~uAr and 



'06zn~r) in the plasma that interfere with 
isotopes of Ru, Rh and Pd. Alard et al. 
(2000) corrected for lo3~uAr  and lo5cuAr on 
' 0 3 ~ h  and lo5pd in mantle sulphides by 
monitoring production of these isotopes 
during ablation of pure Cu, but did not 
consider CO, Ni or Zn. Sylvester (2001) has 
summarised correction procedures for argide 
interferences that involve monitoring of other 
isotopes in addition to PGE isotopes. 

2. DEVELOPMENT OF STANDARDS. 

In this study it was decided to create two 
supporting standard sets: (i) Ni sulphide with 
PGE, As, Sb, Te and Bi but no CO, Cu or Zn; 
and (ii) Ni sulphide with CO, Cu and Zn but 
no PGE, in order to monitor production of 
interfering argides directly in a common 
matrix. This offers advantages over previous 
procedures in that it simplifies interference 
corrections and enhances PGE sensitivity by 
reducing the number of isotopes that need to 
be monitored in any given time slice. It also 
lets the user monitor argide production 
alongside PGE in real time on any given day 
and allows monitoring over periods where 
instrument conditions may be changed. 

Standards were prepared by using a NiS 
fire assay scaled for log sample mass. Five 
assay charges were prepared as shown in 
Table 1. Masses of PGE, As, Sb, Te and Bi 
shown in Table 1 were added in the form of 
chloride solutions that were pipetted and 

typically 1-4 mm across. These show 
separation of Ni-rich and Cu-rich phases on a 
small scale (<3pm) whereas larger fragments 
can produce complex structures composed of 
radiating, acicular Ni-rich phases surrounded 
by a Cu-rich phase. It appears that the larger 
fragments are not sufficiently homogenous 
for Ni and Cu on typical scales for laser 
analysis (40-60 pm) but the small spheroids 
are. No discrete PGE-rich phases were 
observed, suggesting that the PGE are fblly 
dissolved in the quenched sulphide. Only 
small (<4mm) and near spherical sulphides 
were selected for polishing as standards. 

Table 1 : Assay charge compositions. Masses 

ZnO I 0 1 0.009 1 0.015 1 0 I 0 
I I I I I 

Concentrations of Ni, Cu, S, PGE, As, Sb, 

As, Sb, Bi 

(M) 
Silica 

dried onto the silica. Charges were fused at Te and Bi in the sulphide standards were 
1000 '~  for 2 hours. After fusion, the entire determined using SEM and by dissolving 
charge was poured into a steel basin filled spheroids in aqua regia. Elements other than 

0 

10.0 

with at least 3 litres of water. ARer PGE were measured directly in an aliquot of 
quenching, fragments are washed out of the the digest solution using ICP-OES and ICP- 
basin onto a 250 pm sieve and dried before MS. PGE in the remaining liquid fraction 

0 

10.0 

sulphide particles are picked using tweezers. were separated from the other metals using 
Examination of sulphide polished sections Te CO-precipitation and analysed by ICP-MS. 

- 

revealed that the most homogenous (and most Ni and Cu contents in standards 1 ,2  and 3 are 
useful) fragments are small spheroids, 49.3-70.5% and 0.1-20.1 % respectively. 

0 

10.0 

200 

10.0 

0 

10.0 



Concentrations of CO and Zn range from 99- 
8950ppm and 2.1-19.7ppm respectively. In 
standard 4, As, Sb, Te and Bi concentrations 
are approximately 12ppm, 1 6ppm, 140ppm 
and 70ppm respectively. PGE concentrations 
in standards 4 and 5 are 18-20ppm and 38- 
42ppm respectively. PGE concentrations are 
only -260% of theoretical recovery and 
suggest that, as PGE are initially added as 
dried chloride salts, some PGE are volatilised 
before sulphide can collect them. Significant 
proportions (up to 75%) of As, Sb and Te and 
smaller proportions of Bi are probably also 
lost by volatilisation at this stage. 

POppm POE standard (100pn spot, to*) 

1.E* 
0 im 20000 30060 4MXM SM)OO em00 moo 

rim (m) 

Figure 1: TRA spectrum of a PGE standard 
(-20ppm PGE). The drop in signal at 26s 
may be related to a sub-surface fracture. 

LA-ICP-MS analysis was carried out using 
a New Wave Research UP213 UV laser 
system coupled to a Thermo X Series ICP- 
MS at Cardiff University. Ablations were 
carried out under He (flow rate -0.7 Llmin) 
in the laser cell, and the resulting vapour was 
combined with Ar (flow rate 0.56-0.65 
Llmin) before delivery into the ICP-MS. 
Most analyses were performed using a 40 pm 
laser spot (delivering 0.35mJlpulse) at a 
frequency of 10Hz. The following isotopes 
were monitored: 3 3 ~ ,  5 9 ~ ~ ,  6 1 ~ i ,  6 5 ~ ~ ,  6 6 ~ n ,  

7 5 ~ ~ ,  77ArC1, 8 3 ~ r ,  9 9 ~ ~ ,  1 0 1 ~ ~ ,  l o 3 ~ h ,  lo5pd, 
106Pd, 121Sb, 125 Te, 189 OS, '93~r, 195~ t ,  1 9 7 ~ ~  

and 2 0 9 ~ i .  The ICP-MS was tuned to reduce 
sensitivity at low masses while maintaining 
or enhancing mid-high mass sensitivity. This 
enabled collection of Ni data using 6 1 ~ i .  Data 
were acquired in time-resolved analysis 
(TRA) mode in time slices of 250ms. 

Figure 2: LA-ICP-MS calibration curves for 
Rh and Ir (40 pm spot, 10 Hz) 

Typical acquisitions lasted 80 seconds, 
comprising 25s measurement of the gas 
blank, followed by 60s ablation. Analytical 
runs consist of a calibration block involving 
measurement of all standards followed by 6-8 
unknowns, re-analysis of one PGE and one 
non-PGE standard, 6-8 unknowns, re-analysis 
of two standards, etc. TRA data were 
exported to a customised spreadsheet package 
for further processing. Internal standard 
corrections (using 3 3 ~  and sulphur contents 
determined using SEM) were applied and 
argides monitored over the course of the run. 
The capability exists to apply argide 



corrections to different portions of the run 
but, as argide production ratios varied by 
<5% over the course of a day, an average 
correction was generally applied. 

3. HOMOGENEITY OF STANDARDS 

Lateral and vertical homogeneity was 
assessed by measuring signal stability for 
fixed blocks of 20 or 40 S using spot and line 
analysis, and by averaging the results of 
unknown analyses using multiple spots or 
lines. Experiments were carried out using 15, 
40 and 100 pm spots at 10 and 20Hz. An 
example is shown in Figure 1. With 100 pm 
spots, PGE signals vary by 10- 16% ( l  o) over 
20 seconds for light PGE and 9-1 1% for 
heavy PGE at 10Hz. Light and heavy PGE 
signal variations fall to 9-12% and 6-9% at 
20Hz. With 40 pm spots, signals vary by 13- 
18% for light PGE and 10-14% for heavy 
PGE at 10Hz. These are lower than variations 
for lo3Rh, lo6pd, lg5pt and l g 7 ~ u  in NIST 612 
under identical conditions. Experiments with 
15 pm spots at lOHz show larger variations 
in PGE signals; 23-26% for light PGE and 
14-25% for heavy PGE. These reflect both 
falling count rates and sample heterogeneity 
at smaller scales. Nevertheless, calibration 
curves (e.g. Figure 2) are linear at all spot 
sizes suggesting the standards remain useable 
even at spot sizes <20 pm. Obvious drops in 
signal may occur for all analytes (Figure 1) 
and probably reflect sampling of small cracks 
or voids that cannot be easily resolved using 
the UP2 13 video camera. 

4. APPLICATIONS. 

An example of time-resolved spectra is 
given in Figure 3. This shows a TRA mixture 
of pentlandite-pyrrhotite from the Volspruit 
Ni-Cu-PGE sulphide layer in the Lower Zone 
of the northern Bushveld (Hulbert and von 

Gruenewaldt 1 982). The laser line intersects 
pentlandite-pyrrhotite-pentlandite-pyrrhotite 
which is clearly shown in by the 6 1 ~ i  signal. 
Signals from '"Rh, lo6pd and lg31r mirror the 
Ni signal and suggest that these elements 
reside in solid solution in the pentlandite. 
Signals from 6 5 ~ ~  and 6 6 ~ n  do not exceed 
1500 cps at any stage so Cu and Zn argide 
interference is insignificant in this sample. 

Volsprutt PnPo V250 

IE* I r 

Figure 3: TRA spectrum for Volspruit 
sulphides (1 5 pm beam, 10Hz). 
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ABSTRACT. A vertical profile across the oxidized Main Sulphide Zone (MSZ) at the Old 
WedzahAimosa mine on the Great Dyke was studied with geochemical and mineralogical 
methods. Within the ores of oxidized MSZ, the PGE show a polyrnodal distribution. During 
the weathering process, the PGM-sulphides and -arsenides are mainly stable. The (Pt,Pd)- 
bismuthotellurides disintegrate and may form chemically complex (Pt,Pd)-oxides/hydroxides. 
The base metal sulphides are oxidized and replaced by iron-oxides/hydroxides, partly 
releasing their base metal and PGE contents. About 50% of the Pd is lost from the oxidized 
MSZ, whereas significant quantities of PGE are redistributed and found as secondary PGM, 
in PGE-"oxides", in iron-hydroxides, in Mn-CO-hydroxides, and in chlorites/smectites. 

1 INTRODUCTION again at the Hartley mine as from late 1997 to 

Oxidized platinum ores will constitute an 
importa.nt future PGE resource, if appropriate 
methods of mineral beneficiation are 
developed. Such methods largely depend on 
the mineralogical siting of PGE in oxidized 
ores. 

We present data from surface exposures of 
the Main Sulphide Zone (MSZ), Great Dyke, 
Zimbabwe, indicating complex mineralogical 
and geochemical behaviour of PGE and 
PGM. Near-surface oxidized MSZ ores have 
a large: potential at an estimated resource of 
400 Mt of ore (Prendergast 1988). A first 
attempt to mine oxidized MSZ ores was 
undertaken at the Old Wedza mine (close to 
Mimosa mine) between 1926 and 1928, and 

1999. However, all these attempts to extract 
the PGE from this ore type proved 
uneconomic due to low PGE recoveries 
(-40%) achieved by conventional 
metallurgical methods. 

2 GEOLOGICAL SETTING 

The Archean (2575.4 f 0.7 Ma) Great 
Dyke layered intrusion is linear in shape and 
trends over 550 km NNE at a maximum 
width of about 11 km, cutting Archean 
granites and greenstone belts of the 
Zimbabwe craton. Stratigraphically, the 
layered series of the Great Dyke is divided 
into a lower Ultramafic Sequence and an 
upper Mafic Sequence. Economic 



concentrations of PGE, Ni and Cu in the form 
of disseminations of mainly intercumulus 
sulphides are found in the MSZ hosted in 
pyroxenites, some meters below the transition 
from the Ultramafic to the Mafic Sequence. 
The Main Sulphide Zone is generally 
between 1.5 and 4 m wide. Pervasive 
oxidation of the sulphides exceeds 30 metres 
below surface in the Hartley open pits. 

3 GEOCHEMISTRY 

Pristine MSZ is characterized by a typical 
vertical pattern of base metal sulphide and 
PGE distribution (e.g. Prendergast 1988, 
Oberthiir 2002). This pattern is characterized 
by a distinct zonation, also called "offsets", 
i.e. a certain degree of decoupling, and 
separation of the respective element 
distribution patterns and peak concentrations, 
especially of Pd from Pt, and also of all PGE 
from the base metals. 

Geochemical profiles across the oxidized 
MSZ resemble those of pristine MSZ 
sequences with respect to their general shapes 
and Pt grades. However, the element 
distributions show wider dispersions and the 
different peaks appear less pronounced. 
Relative to Pt, a variable proportion of the Pd 
is "missing". 

Samples investigated from oxidized MSZ at 
Mimosa mine carry 2.0-3.5 ppm Pt and 0.9- 
2.7 ppm Pd, with Pt/Pd ratios of 1.4-2.1. 

4 ORE MINERALOGY 

The oxidized samples from Mimosa consist 
of equidimensional cumulus orthopyroxene 
and subordinate intercumulus clinopyroxene 
and plagioclase, all of which appear only 
slightly altered. The former interstitial 
sulphides and sulphide aggregates are totally 
decomposed to iron-hydroxide clots that still 
retain the original shape of the sulphides. An 

interstitial network of iron-hydroxides and 
brownish smectites is commonly observed 
(Fig. l). 

oxidized pyroxenite, Mimosa mine, showing sulphides 
altered into iron hydroxide (goe) 

Previous work on PGM concentrated from 
oxidized MSZ revealed a predominance of 
sperrylite (>50 %), followed by 
cooperitehraggite and Pt-Fe alloy grains. 

In polished sections from oxidized MSZ at 
Mimosa mine, the PGE show a polyrnodal 
distribution, being present in a variety of 
different PGM and PGE-carriers. 

4.1 Relict PGM 

Relict PGM, ranging from 5 to 15 pm in 
size, comprise sperrylite [PtAs2], moncheite 
[PtTe2] enclosed by magnetite, and 
rustenburgite [(Pt,Pd)3Sn] enclosed by 
orthopyroxene (Fig. 3). 

4.2 Primary base metal sulphides 

Primary sulphides are only preserved as 
small inclusions, usually <l0 pm in size, in 
unaltered orthopyroxene grains. Trace 
concentrations of Pd (up to 1140 ppm) and Pt 
(up to 210 ppm) in pentlandite are very 
similar to what would be expected from 
unaltered samples in the respective 
stratigraphic positions within the MSZ. This 
indicates that a small proportion of the 
original PGE content is still "in place". 



200-400 pprn Pt ' I in size, and interstitial to silicates represent 
'm- 

iiT<J 
altered magmatic sulphide droplets (Fig. 2). 

*a: G, / P (2) Vein-like structures crosscutting the 
silicates. Both types of iron- hydroxides 
reveal characteristic layered and zoned 
internal textures. Iron-hydroxides pseudo- 
morphs after sulphide droplets may carry 
small grains of secondary PGM (Fig. 2). 
Microprobe analyses reveal a distinct suite of 
minor and trace elements in the iron- 

ZOO 
BSE z .- - 

hydroxides (e.g. Si, V, Mg, Ca, Cu). The 
significant correlation among the impurities 

Fig. 2. Round Fe-hydroxide aggregate with Mn-rich corroborates mixtures of iron-hvdroxide with 
4 

zones ciurying elevated Pt, and inclusion of secondary 
Pt phase:. BSE image. 

Si-rich material, probably with amorphous or 
very fine-grained clayey material. As 

4.3 Secondary PGA4 including" oxides " 

These comprise small (<5 pm in size) 
grains of poorly defined phases (Fig. 2). 
Some of them may actually be oxides or 
hydroxides, others are alteration products of 
primary PGM, or neoformations. Compounds 
of Pt-S, Pd-S, Pt-Pd-As-Cu, Pd-Cu-Fe, Pt-Fe 
and Pt were identified. They are either hosted 
by iron hydroxides or by hydrous silicates, 
commonly amphibole, chlorite- or smectite- 
like phases. None of the PGM grains has 
stoichiometric composition; concentrations of 
sulphur and arsenic, if present, are much 

determined by microprobe, the iron- 
hydroxide aggregates may carry up to 230 
pprn Pt and 150 pprn Pd. In the iron- 
hydroxide veinlets, however, the Pt and Pd 
concentrations invariably are below the 
detection limit of the method (<25 pprn). 

In some cases (Fig. 2), iron-hydroxides 
pseudomorphs after sulphide droplets are 
veined andlor rimmed by bluisWgray Mn-Co- 
Ni-Cu-hydroxides that have elevated 
concentrations (200-400 ppm) of Pt, but Pd 
contents below the detection limit of 25 ppm. 

4.5 PGE in smectites and chlorites 

lower than in their presumed Precursor Smectite and chlorite carry up to several 
phases. Notably, both Pt and Pd phases are wt.% Ni and Cu. Rarely, PGE were detected 
present. in phyllosilicates. The example presented in 

In concentrates from oxidized MSZ ores, Fig. 3 shows an area of intermixed Ni-Cu- 
porous and chemically inhomogeneous rich chlorite and Pd-bearing Mn-rich 

"PGE-oxides or hydroxides" were found smectite(?), close to primary rustenburgite. 
around relict (Pt,Pd)-bismuthotellurides The smectite phase has areas containing up to 
@vans & Spraa 2000, C%erwr et al. 2003)- 18 wt.% Pd and 6.5 wt.% Pt, together with 

4.4 PG% in iron- and manganese hydroxides high Mn, Cu, Ni, Ca and Co. 

Iron-hydroxides occur as two textural 
types. (1) Rounded aggregates, up to 0.5 mm 



hydroxides (Fig. 4). Relict base metal 
sulphides carry about 26 % of the Pd and 3 % 
of the Pt, whereas relict and secondary PGM 
(including ill-defined PGE-oxides) account 
for 33 and 46 % of the contained Pt ad Pd, 
respectively. 

Beneficiation problems likely arise from 
(1) the small grain size of PGE-bearing 
phases, (2) unknown physico-chemical 
properties of PGE oxides/hydroxides, and (3) 

Fig. 3. Pd-rich smectite next to rustenburgite and adsorption of PGE in hydroxides and silicate. 

chlorite (chl). BSE image. A quantitative mineralogical classification of 
oxidized MSZ ores has to address the 
following points: ( l )  Proportions of 5 DISCUSSION 

The PGM within the MSZ of the South 
Chamber of the Great Dyke (Mimosa and 
Unki mines) are of smaller grain size 
(average 18 vs. 39 pm), and the relative 
abundance of PGE-arsenides (sperrylite and 
sulpharsenides: 50 % vs. 3 %) is higher, than 
in the North Chamber. (Pt,Pd)- 
bismuthotellurides sulphides are less 
abundant at Mimosa mine (Oberthiir 2002). 

PGE-bearing phases in oxidized MSZ at 
Mimosa mine are characterized by extremely 
small grain sizes and a polymodal 
distribution. The PGE budget was calculated 
from mineral proportions and compositions. 

Fig. 4. PGE budget for mineralized MSZ at Mimosa 
mine, calculated for 2 vol% Fe-hydroxides and 0.2 
vol% base metal sulphide (BMS). The proportions, in 
percent, of Pt and Pd hosted by PGM, Fe-hydroxides 
(FeOOH) and BMS are indicated. 

A large proportion of the Pt (64 %) and 
about 28 % of the Pd is hosted by Fe- 

primaryhecondary PGM and primary 
sulphides, (2) their grain size distribution, (3) 
percentage of PGE in iron hydroxides and 
secondary silicates. Based on this knowledge, 
processes of mineral liberation and PGE 
recovery may be developed. 
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ABSTRACT: This presentation describes the preliminary results of a 4-year study evaluating 
the potential for platinum group elements (PGE) and associated metals in mafic to ultramafic 
intrusions of Minnesota, excluding the well-studied 1.1 Ga Duluth Complex in the 
northeastern part of the state. Phase 1 of the study, completed in 2003, compiled an extensive 
inventory of over 150 occurrences of alkalic, mafic, and ultramafic rock bodies exposed in 
outcrop or identified in drill core. An extensive digital database of geologic, geochemical, 
petrographic, and geochronologic information was compiled from existing sources and from 
new analyses and observations. Excluding diabase dike swarms, nine intrusion types were 
recognized based on age, timing of emplacement and lithologic attributes. Phase 2 of the 
study is currently undenvay and involves more detailed evaluation of the geologic setting, 
igneous stratigraphy, and geochemistry of about 15 specific intrusions for which there is 
sufficient drill core coverage. This poster presentation will report on the current results of this 
study ;md present preliminary assessment of the potential for the various intrusion types host 
econornic PGE deposits. 

1 INTRODUCTION 

1.1 Rationale for Study 

Exploration for polymetallic deposits, 
including PGE, has traditionally focused on 
mafic intrusions of the Mesoproterozoic 
Duluth Complex (Figure 1) for obvious 
reasoins-the complex is relatively well 
exposed and contains occurrences of PGE 
associated with basal Cu-Ni deposits that 
were discovered decades ago. By contrast, 

mafic intrusions in the Archean and 
Paleoproterozoic terrains of remaining four 
fifths of the state have received only cursory 
investigations by exploration companies and 
the state. This stems in large part from the 
extensive glacial cover over all but the 
northeastern part of the state and by 
Phanerozoic cover in the south. 

The completion of a high resolution 
aeromagnetic survey of the state between 
1982 and 1990 and the increased demand for 



49 ABIGOON SUBPROVINCE 

U ETlCO SU BPROVINCE 

r 44 ESOPROTEROZOIC 
MIDCONTINENT RIFT 

+++++++++++ B ~ u ~ u t h  Complex 
+++++++++++ and related rocks 
P++++++++++ m Volcanic and 

C + + + + + +  sedimentary rocks 
t++++++ .+++++++ +++++++ PALEOPROTEROZOIC 

m Sioux Quartzite 
Penokean Orogen 
Biwabik+ Gunflint 
Iron Formations 

P Greenstone-gra nite su bprovinces 
Metasedimentary su bprovince 

Mafic Intrusion 

Phase l l  lnbusion 

flT0re \ o Drill hole 

Figure 1 - Generalized geologic terrain map of Minnesota showing the distribution and geological 
association of various types of mafic and ultramafic intrusions, or felsic to intermediate intrusions 
locally containing mafic phases. Outlines of larger intrusion are shown, whereas smaller intrusions 
denoted by drill hole locations. Diabase dikes swarms are not shown. Intrusions being studied for 
Phase 2 of this project are shown in black and are labeled. 

are 

PGEs has spurred noticeably more 
exploration activity targeting ultramafic 
and mafic intrusions over the past two 
decades. Because of the requirement that 
all exploration h11 core be turned over to 
the state upon release of a mineral lease, 
most of the core resulting from this 
exploration activity, as well as earlier 
drilling is available for public inspection 

and sampling at the Minnesota Department of 
Natural Resources (MDNR) in Hibbing. 
Moreover, any thin sections or geochemical 
analyses taken from this publicly held core are 
required to be turned in to the MDNR. 
Consequently, a sizeable geologic, geochemical, 
and geophysical database now exists on mafic 
intrusions in the state. However, this 
information is not well organized, nor has the 



database been consistently evaluated for 
what it implies about the potential for these 
intrusions to host PGE deposits. 

1.2 Goals of study 

Beginning in 2001, a four-year, two- 
phase study was funded by the state for the 
Minnesota Geological Survey (MGS) and 
the Natural Resources Research Institute 
(NRRI), both research entities of the 
University of Minnesota, to inventory the 
public database and acquire new data for 
the purpose of evaluating the potential for 
PGE deposits in mafic intrusions outside 
the Duluth Complex. Phase 1 of this study, 
which was completed in July of 2003 and 
published by the MGS as an interim open- 
file report, accomplished the following: 
- digitally compiled both written and GIS- 
based inventories of over 150 mafic, 
ultramafic, and alkalic intrusions using all 
pub1icl.y available outcrop, drill hole, 
geochemical, and geophysical information. 
- augmented this pre-existing database with 
geophysical modeling, relogging of drill 
core, outcrop mapping and sampling in 
well exposed areas of north central 
Minnesota, petrographic studies of over 
100 thin sections from 53 intrusions, and 
geochemical analyses and assays of 83 
samples from 58 intrusions. 
- acquired eight 4 0 ~ r / 3 9 ~ r  analyses of 
magmatic hornblende and biotite separates 
to beiter constrain the general temporal 
framework of some intrusions. 

Phase 2 of this study, which is currently 
underway, sets out to conduct a more 
detailed evaluation of the geologic setting, 
igneous stratigraphy, and geochemistry of 
about 15 specific intrusions for which there 
is sufficient sampling by drill core. The 
petrographic and geochemical results of 
this study phase were not ready at the time 

of this writing, but will be presented at the 
meeting. 

Another component of this study, which is 
being conducted by the NRRI, is a detailed 
mapping and chemostratigraphic analysis of the 
well-exposed Deer Lake layered mafic complex 
of north-central Minnesota. The results of this 
study are summarized by Severson (this 
volume). 

2 PRELIMINARY RESULTS 

2.1 Invento y of Intrusion Types 

Phase 1 of this study took inventory of basic 
geologic, lithologic, and geochemical attributes 
of over 150 individual mafic intrusions studied 
from field exposures or from drill core was 
compiled for this study (Figure 1). Information 
was also collected on some of the thousands of 
diabasic dikes and other geophysical anomalies 
inferred to be mafic intrusions. The project 
work conducted on each intrusion varied with 
the level of detail that existed, but included 
some combination of geophysical 
(aeromagnetic and gravity) delineation, outcrop 
mapping, drill core examination, petrography, 
and geochemical analysis. 

Based on an evaluation of this database, mafic 
intrusions can be grouped into several major 
types according to age and type of host rock, 
timing of emplacement relative to tectonism and 
metamorphism, and general lithologic 
attributes. The attributes of these intrusion 
types and some examples are summarized in 
Table l. 

2.2 Geochemistry 

The Phase 1 part of the study acquired 75 new 
lithogeochemical and assay analyses from over 
50 intrusions. In addition, over 400 publicly 
available geochemical data have been compiled 
from exploration company files and data 
previously acquired by various state and federal 
agencies. 



Table 1. Classification of Mafic Intrusions outside the Duluth Complex in Minnesota 

Intrusion Type 

Subvolcanic 
Mafic-Ultra- 
mafic Sills 

Amphibolite 
Sills & Dikes 

Lamproid 
Dikes & Plugs 

Gabbroic to 
Intermediate 
Intrusions 
Gabbroic 
Anorthosite 
Massifs 
Layered 
Gabbronorite 
Intrusions 
Pyroxenite & 
Peridotite 
Plugs 
Hornblendic 
Mafic-Inter- 
mediate Cplx 
Olivine 
Gabbro 
Intrusions 

Ag Host Rock Tec to- Lithologic Attributes Examples 
e -- metamorphism (see Fig. 1) 

Ar Archean Pre- to syn-tectonic; tholeiitic-komatiitic; Deer Lake Cmplx, 
greenstone belts Low to moderate peridotite, Winterfie intr, 

metamorphic grade pyroxenite, gabbro, KIB intrusions, 
& diorite Warroad Intrusion 

Ar Archean high- Pre-tectonic; Schistose amphibolite Small amphibolite 
grade gneiss High metamorphic (metagabbro) bodies in Quetico 
terrains grade Subprovince 

Ar Archean Syn- to post tectonic; hbld-, oxide-, & bio- Lamprophyre 
greenstone belts Low metamorphic bearing ultramafic plugs in Wawa 

grade rocks Subprovince 
Ar Archean granite- Post-tectonic; Gabbroldiorite, Linden pluton, 

greenstone Low metamorphic tonalite, monzonite Oaks intrusion, 
terrains grade W/ mafic enclaves Grygla pluton 

Ar Archean granite- Syn- to post-tectonic; Coarse gabbroic Mentor intrusive 
greenstone Moderate anorthosite complex 
terrains metamorphic grade 

pP Penokean Syn- to post-tectonic Modally & texturally Lake Washington, 
Orogen & MN Low- moderate layered gabbronorite, LL, BKV & 
River Valley SP metamorphic grade gabbro, & pyroxenite Providence intrs. 

pP Penokean Post-tectonic; Alkaline ultramafic Small plugs in 
Orogen Low metamorphic rocks central Minnesota 

grade 
pP Penokean Syn- to post-tectonic; Homblendite, diorite, Tibbets Brook 

Orogen Low to moderate granodiorite intrusion 
metamorphic grade 

mP Unknown S yn-continental Layered oxide olivine Fillmore County 
rifting. gabbro intrusions 

For Phase 2, an additional 85 analyses are intrusions display internal differentiation, and 
currently being acquired from 15 intrusions evaluate conditions of sulfide saturation 
to more completely characterize the through the intrusions. 
chemostratigraphy through these select 
intrusions. Currently, the highest PGE values 3 RECOMMENDATIONS FOR FURTHER 
have been found sulfidic basal contact zones STUDY AND EXPLORATION 
of the Winterfire subvolcanic sills in north 
central Minnesota with Pd, Pt and Au values 
in 1-3 meter intervals in the range of 500- 
1000, 100-400, and 50-200, respectively. 

The discovery of anomalous PGE values is 
not the primary objective of this study 
however. Rather, the goal is to assess the 
overall potential of particular intrusion types 
to host either contact-type or reef-type PGE 
deposits. Working toward this goal, 
geochemical data will be used to interpret the 
composition and PGE tenor of the parent 
magmas, determine the degree to which the 

A draft report on this study will be 
completed in the summer of 2005 with a final 
report to soon follow. In addition to digitally 
compiling pertinent geologic, geophysical, 
petrographic and geochemical data, this 
report will evaluate the data to assess the 
PGE potential of the various intrusion types 
and make recommendations as to what 
intrusion types merit further study and 
exploration. The results of the draft report 
will be highlighted at our symposium poster 
presentation. 
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Deposits of PGE ores in the Kola region 
are rela~ed to layered massifs of ultrabasic- 
basic composition that are also known on the 
Baltic shield territory in northern Finland and 
Karelia. The layered intrusions are located 
near thr: boundaries between the rifts with 
Early Proterozoic volcanic sedimentary 
formations and the basement Archean rocks. 
The Kola zone of intrusions includes Mount 
General skaya, Imandra lopolith, 
Monchegorsk and Monchetundra massifs, 
Fedorova Pana intrusion and, possibly, other 
smaller bodies located along the northern 
edge of the Pechenga-Imandra-Varzuga 
palaeorift. Their common features are: the 
origin fi-om mantle magmas, enrichment in 
lithophyle elements, relation to plume 
tectonics; differentiation and multi-phase 
nature, they are mainly composed of 
pyroxenite, gabbro-norite, gabbro, 
anorthosite, the presence of anorthosite 
phases including pegmatoid ones; a long 
duration of formation in the range of 2500- 
2400 Ma (Mitrofanov, 2004). The 
distribution of PGM in the layered complexes 
is greatly controlled by the rock composition 
and paragenesis with autometamorphic 

minerals, which is likely to be caused by the 
PGM participation in differentiation of 
silicate melts and accumulation in the 
crystallization residual products. 

PGE mineralization is also a part of 
sulfide copper-nickel ores (Yakovlev et al., 
1999). The latter in the Kola region are 
related to two periods of magmatic activity of 
mantle sources. The early activity is related 
to minerals is difficult. 

The analysis of PGM mineral paragenetic 
associations in various rock types allows one 
to identi@ mainly Ir, OS, Ru alloy and sulfide 
specialization in ultrabasite, Pt-Pd bismuth- 
telluride specialization in gabbro-norite and 
Pd-Pt sulfoarsenide, sulfide and arsenide 
specialization in gabbro-anorthosite. As the 
rock basicity decreases in the section of the 
layered intrusions from bottom to top, the 
role of S and As in formation of PGM 
increases and the role of Pt decreases and 
then rises. There is a relation between the Ir, 
OS, Ru heavy group minerals with the 
minerals of the crystallization early phase - 
chromite and olivine (in dunite and 
pyroxenite), and the Pt, Pd, Rh light group 
minerals- with the minerals of the 



crystallization late phase (in gabbro-norite, 
gabbro) - plagioclase and quartz. 

At present the mineralogy of PGM in the 
Kola region has been studied at a high level 
with the Monchegorsk region and Fedorova- 
Pana massif as examples (Balabonin et al., 
2000). Forty seven species of proper minerals 
and a great number of phases of different 
chemical compounds with the participation of 
PGE and gold have been established. The 
Kola PGE province occupies one of the first 
places in the world in the PGM mineral 
variety. In the Kola region the Monchegorsk 
district has a lead in the number of PGM 
mineral species, while as the Fedorova-Pana 
massif has a lead in the variety of chemical 
the development of the Monchegorsk ore 
knot 2500-2400 Ma ago, the second one is 
linked to the evolution of the Pechenga 
complex 2000-1800 Ma ago. In this case the 
magmatic source underwent a progressing 
deepening which has been reflected in the 
change of the E N ~  values from small negative 
to positive and defined a metallogenic 
specialization of the epoch 2,5-2,4 Ga ago, 
mainly for Pt-Pd and the epoch 2.0-1.9 Ga 
ago for Cu-Ni ores. In this connection sulfide 
copper-nickel ores from the Monchegorsk 
and Pechenga deposits greatly differ both in 
concentrations and mineral associations of 
PGM. The processes of crystallization 
differentiation greatly influenced the PGM 
distribution in sulfide ores which caused an 
enrichment of cupriferous ores in them. 

Small in content but stable and peculiar in 
composition the PGE mineralization is 
related to chromite ores. Those ores are 
represented on the Kola Peninsula by several 
intrusions: Imandra lopolith, Monchegorsk 
pluton, Pados-tundra massif. By now they 
have not been adequately studied. The data 
available indicate a specific composition of 
PGM minerals which mainly represent a 

heavy group of platinum elements - Ir, OS, 
Ru. The PGM minerals of alloy type are 
closely related to olivine and chromite, they 
have been trapped by them in the process of 
crystallization and are as inclusions of the 
first microns size. Some PGM in the form of 
sulfide compounds were isolated later than 
chromite. Thus, PGM are scattered in 
chromites and mechanical isolation of PGM 
compounds. These deposits are similar in the 
set of most common PGM but they greatly 
differ in the composition of rare. 

PGM and unidentified phases. Telluride, 
bismuthotelluride and sulfide are the main 
minerals in the PGM mineral associations. 
Arsenide, sulfoarsenide, bismutide, native 
metals and alloy compounds, sulfosalt are 
less developed. The Kola region is 
characterized by the Pt-Pd specialization of 
PGM and this peculiarity is observed both in 
different layered complexes and in various 
differentiates of an isolated complex. The 
main concentrators of PGM in low-sulfide 
PGE ores are Fe, Ni, Cu sulfides (pyrrhotite, 
pentlandite), Fe, CO and Ni sulfoarsenides 
(gersdorffite, cobaltite) along with proper 
minerals. In the Pechenga sulfide copper- 
nickel ores PGM are mainly concentrated in 
arsenide and sulfoarsenide. 

Metamorphic processes in PGE ores in the 
Kola region are slightly manifested. 
Postmagmatic changes in layered complexes 
are mainly no more than 10 %, but in some 
places they reach 50% (Table). A close 
relation between the PGM minerals in the 
main reefs and autometamorphic association 
of minerals has been established. Under the 
secondary metamorphism PGM minerals are 
likely to be unstable, which causes dissolving 
of some proper phases of PGM, formation of 
new phases and concentration of metals in 
sulfides and arsenides of Fe, Ni, Cu, Co. 



Table. Metamorphic transformations of PGE objects in the Kola region 

rock volume) 

Promising PGE objects and postmagmatic 
mineral associations that are most typical of 

Content of postmagmatic minerals (% of the 

Monchegorsk ore 
knot 

Fedorova-Pana 

Slightly 
metamorphosed 

<20 

intrusion 

Greatly 
metamorphosed 

20- 100 

Massifs of the zone 
of 1m:mdra-Varzuga 
structure northern 
contact 

Monchegorsk pluton 

Fedorov massif 

Monchetundra massif 

Sopcha massif, 
stratum ((330)) 

Vurechuaivench 
massif 

Tl+Cum+Act 
Yuzhnosopchinsky 
area 
Act+Cum+Clzs+Cl 
Fedorova tundra 
benthic ore body 
1 .Agt+Tl+Mgt 
2.Ant+Cum+Cl+Bt+ 

East-Pana massif 

Act+Clzs+Cl+Qu 
Pentlandite canyon 
Act+Cl+Qu (+Agt) 

West-Pana massif 
bearing reef 
Clzs+Act+ActHo+Cl 
+ 
Bt+Mgt+Qu+Ap 
Southern platinum- 
bearing reef 
Act+Clzs+Cl+Bt+ 

Act+Clzs+Qu 
Northern platinum- 

Mgt+Qu+Ap 
Churozero, 
Bezymyanny and 
Vostochny Chuarvy 
areas 
1 .Act+Clzs+Cl+Bt+ 
Qu 
2.ActHo+Qu+Olig+ 
Bt+Ilm+Gar+A~ 

Eastern massif 

Predgorny-Kuksha 
area 
1. Act+Clzs+Cl+Qu+ 
Sct 
2. ActHo+And+Qu 

Artel'ny area 
1 .Act+Cum+Clzs+Cl 
+Qu 
2.ActHo+Olig+Bt+ 

I Qu+Gar 
Note: Act - actinolite, Clzs - clinozoisite, C1 - chlorite, Qu - quartz, Cum - curnmingtonite, T1 
- talc, Agt - antigorite, Ant - anthophyllite, Sct - sericite, ActHo - actinolite hornblende, Olig - 
oligoclase, And - andesine, Bt - biotite, Gar - garnet, Ap - apatite, Ilm - ilmenite, Mgt - 
magnetite. 
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ABSTRACT. The late Proterozoic Gaojiacun intrusive complex is located at the western 
margin of the Yangtze craton. It is composed of one main intrusion and several satellite 
intrusions, emplaced in the low-grade schists of the late Proterozoic Yanbian Group. The 
main inuusion is concentrically zoned, with ultramafic rocks in its center and the sequence: 
leucogabbroids - olivine hornblende gabbronorite - hornblende gabbro+diorite towards the 
margins. The satellite intrusions are composed either of a single rock type (peridotite, gabbro, 
diorite or granite) or of different rock types (peridotite+diorite+granite). Cu-Ni-PGE deposits 
were discovered in two peridotite satellite intrusions. The Gaojiacun intrusive complex is 
characterized by the extensive presence of magmatic hornblende which may be related to the 
same hydrous stage involved in ore genesis. 

1 INTRODUCTION The western margin of the Yangtze craton 

After being mapped at the scale 1:50.000, 
during the 1970s, the Gaojiacun intrusive 
complex (GIC) has been studied as part of 
more extended units (e.g. Co-operative 
Geological Group of Japan and China 1986; 
Zhang et al. 1990; Sun & Bertrand 1991 ; Sun 
& Vuagnat 1992). Lately, GIC in itself has 
received special attention, because of the Cu- 
Ni-PGE deposits that it hosts. 

2 GEOLOGICAL SETTING 

is characterized by the presence of an 
elongated structural zone, with a NS 
orientation, known as the Panzhihua-Xichang 
(Panxi) rift. Panxi rift had a complex 
evolution during the late Paleozoic-early 
Mesozoic time span and includes numerous 
mafic-ultramafic intrusions. GIC is located in 
the western part of the Panxi rift. According 
to Zhu et al. (2004), its age is late 
Proterozoic: 790 Ma (39Ar/40~r) and 840 Ma 
(zircon). Therefore, GIC is older than Panxi 
rift and belongs to its basement. 



3 LITHOLOGY 

IC is composed of one main intrusion (ca 7 
km X 9 km) and several satellite intrusions. 
They were emplaced in the schists of the 
Yanbian Group, with a late Proterozoic 
metamorphism under greenschist facies PT 
conditions. 

Fig. 1. Map of the inner zone of the main 
Gaojiacun intrusion. l -outer hornblende 
gabbros and diorites; 2-leucogabbroids 
(troctolite+gabbronorite); 3-leucogabbroids 
with oikocrystic hornblende as the main 
mafic; 4-hornblende (non-oikocrystic) 
gabbros; 5-olivine hornblende gabbronorites; 
6-peridotites and olivine hornblende 
melagabbronorites. 

The main intrusion is composed essentially of 
two units with quite different features: (1) a 
relatively small ultramafic-mafic inner zone 
(less than 10% of the main intrusion), 
elongated on the NW-SE direction; (2) the 
outer zone, with more evolved rocks. 

The inner zone displays a varied lithology 
(Fig. 1). Peridotites, with harzburgite to 

dunite mineralogy, are concentrated in the 
axial zone, as irregularly shaped bodies 
separated by gabbroids. Olivine hornblende 
melagabbronorites commonly occur within 
the peridotite bodies or at their margins. 

The peridotite-rich zone is surrounded by 
leucogabbroids and anorthosites, dominated 
by troctolites in the northern half and by 
oikocrystic hornblende gabbros in the 
southern part. An olivine hornblende 
gabbronorite zone separates the inner part of 
the main intrusion from the outer one. This 
transition zone is more extended in the 
northern part, while in the southern part it is 
substantially thinned, cropping out 
discontinuously. Ferrogabbronorites, 
hornblendites and pyroxenites are present 
locally. Non-oikocrystic hornblende gabbros 
occur in the southern part of the inner zone, 
alternating with the oikocrystic hornblende 
gabbros. 

Except for the non-oikocrystic hornblende 
gabbro, all rocks in the inner zone show 
cumulate texture (Fig. 2). Rhythmic layering 
is visible especially in olivine-bearing rocks. 
No xenolith has been found in the inner zone. 

The outer zone is composed essentially of 
hornblende gabbros*pyroxenes and diorites. 
Cumulate texture is not a main feature in the 
outer zone, but may occur locally. A mafic- 
ultramafic magma, displaying hornblende 
melagabbro to hornblendite compositions, 
intrudes the rocks in the outer zone. 
Xenoliths of the metamorphic Yanbian Group 
can be found throughout the outer zone. The 
interaction between the main intrusion and 
the basement Yanbian schists produced 
pyroxene hornfelses, migmatites, granitic 
dikes, and changes of the original magma 
towards more silica-rich and K-rich 
compositions. 

Isolated peridotite bodies occur within the 
outer zone, the larger ones being rimmed by 
olivine hornblende gabbros. 



intrusion, as interstitial clustered crystals, but 
is almost completely missing from the 
peridotites in the southern part. Plagioclase in 
the inner zone is Ca-rich bytownite to 
anorthite, while in the outer zone it 
commonly is labradorite to andesine. 

-- --p 

Fig. 2.  Cumulus plagioclase (pl) and 
clinopyroxene (px) in hornblende oikocryst. 
Crossed nicols. The base of the 
microphotograph is 6 mm. 

The satellite intrusions (less than l km in 
length:, may be composed of a single rock 
type (peridotite, gabbro, diorite or granite) or 
may include peridotite, diorite and granite 
zones. 

4 MINERALOGICAL FEATURES 

Hornblende occurs as oikocrystic 
intercumulus phase (Fig. 3) in all cumulate 
rocks of the inner zone. In general it is less 
develclped in peridotites but locally may be so 
abundant that generates hornblende-rich 
peridotites or even olivine hornblendites. 

Olivine is ubiquitous in the inner zone, 

Fig. 3. Oikocrystic hornblende in pyroxene 
hornblende gabbro 

Olivine and plagioclase in the inner zone 
show textural evidence for adcumulus growth 
andlor coarsening. 

Fe-Al-Cr-Mg spinels commonly occur in 
peridotites and olivine hornblende 
melagabbronorites of the inner zone, while 
the magnetite and ilmenitekrutile are the only 
oxide minerals in the outer zone. 

excepl. for the southern part, where it is scarce 
or missing. It exhibits euhedral to 5 MINERALIZATIONS 
subeulledral shape in peridotites but is 
irregular to oikocrystic in leucogabbroids. 

Orthopyroxene is the main intercumulus 
phase in peridotites and occurs as rims on 
olivine and clinopyroxene in gabbroids. It 
commonly forms subeuhedral crystals in 
ferrogabbronorites and outer gabbros. 

Cliriopyroxene is cumulus mineral in 
gabbroids and is generally missing from the 
peridotites. It is a common component of the 
outer gabbros and diorites. 

Plagioclase is the main cumulus mineral in 
the leucogabbroid zone. It is common in the 
peridotites from the northern half of the inner 

Two peridotite satellite intrusions were 
proven to host Cu-Ni-PGE deposits, one of 
which is currently mined. The primary ore 
consists of pyrrhotite, pentlandite and 
chalcopyrite. Bornite and covellite are also 
present in the Cu-rich zones. The ore is 
massive and semi-massive to disseminated. 
Peridotite that hosts disseminated ore 
contains oikocrystic hornblende similar to 
that in the main intrusion. Peridotite 
associated with the massive and semi- 
massive ore is intensely altered to serpentine, 
talc, chlorite, biotite and amphiboles, 
suggesting circulation of hydrous fluids. 



The inner zone of the main intrusion 
generally contains disseminated pentlandite- 
and chalcopyrite-bearing pyrrhotite that is 
most abundant in the olivine hornblende 
melagabbronorites. Pyroxene, plagioclase and 
hornblende often contain irregular to 
subhedral sulfide crystals. The presence of 
interstitial pyrrhotite h pentlandite h 
chalcopyrite between the silicate phases, 
sometimes partially surrounding silicates, 
suggests sulfide concentration in residual 
melts. However, the occurrence of round 
sulfide inclusions, mainly within olivine, but 
also in other silicate crystals, suggests the 
presence of immiscible sulfide droplets in the 
magma since the early stages of silicate 
crystallization. 

6 HORNBLENDE ORIGIN 

The massive presence of hornblende is a 
main feature of GIC. Because the ore in the 
two discovered deposits seems to be 
associated with fluid circulation, hornblende, 
as a hydrous phase, may indicate favorable 
conditions for sulfide accumulation in other 
peridotite bodies. The occurrence of 
hornblende, at least in its oikocrystic form, is 
related to a magmatic stage, not to 
metamorphism, and this assertion is based on 
several features: (1) cumulus plagioclase 
often contains inclusions of euhedral 
hornblende, similar in composition with the 
oikocrystic hornblende, which indicates that 
hornblende was present as a stable phase 
during plagioclase crystallization; (2) 
commonly, all cumulus phases are corroded 
by hornblende, with no secondary minerals at 
their margins, which suggests reaction with 
the melt to form hornblende; (3) olivine in 
oikocrystic hornblende is much fresher than 
olivine in peridotite, which suggests its 
incorporation at temperature higher than 
serpentine stability and its protection from 
subsequent action of water, due to the host 
hornblende; (4) the oikocrystic hornblende 
generally has Ti-pargasite composition, with 
3-4% Ti02 content, but near the corroded 
chadocrysts TiOz may decrease to less than 

2%, which indicates dilution by assimilation 
of Ti-poor material. 

It is of note that hornblende in the inner 
zone is generally Ti-richer than hornblende in 
the outer zone. Its composition presumably 
reflects the chemistry of a residual melt, 
which was altered in the outer zone by 
assimilation of the Yanbian schists. 

It is thus inferred that the hydrous input 
associated with hornblende formation and 
with the genesis of Cu-Ni-PGE deposits 
occurred in a late magmatic stage. 

7 CONCLUSIONS 

IC displays a complex geology, including 
zoned ultramafic-mafic intrusions, contact 
metamorphism, assimilation of upper crustal 
material, magma mixing and Cu-Ni-PGE ore. 
Research in progress will provide new data 
that are expected to offer indications for the 
origin and tectonic setting of GIC 
emplacement and their bearing on the ore 
formation. 
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ABSRkCT In this research work two sulphide poor PGM ores were studied and individual 
beneficiation processes were developed for these ores. 

3 RESULTS 

Beneficiation of sulphide poor PGE ores is The sample fiom Hanumalapur needed 
not cornmon, but there are quite many such either gravity or magnetic preconcentration 
deposits around the world, which could be before flotation of PGM. The recoveries for 
the resources of platinum-group minerals Pd and Pt were 55.5 % and 53.4 %. 

(PGM) in the future. To develop a selective The SJ Reef sample could be concentrated by 
and economical method to concentrate PGM flotation only, and the recoveries for Pd and 
was the aim of this research. Pt were 78 % and 67 % respectively. 

2 TEST WORK 4 REFERENCES 

The test work was realized at GTK Mineral Kangaskolkka, M. 2005. Ei-sulfidisten PGE- 
mineraalien rikastusmenetelmien kehittiiminen, 

Proces'sing, Outokum~u, Finland- The studied diploma-thesis, unpublished. L W ,  Lappeemanta, 
samples were two, namely the first one from Finland, 83 p. 

Hanumalapur Complex, India and the second 
one fiom SJ Reef in Penikat Intrusion, 
Finland. 

Fl~t~ation, gravity and magnetic 
concentration and their combinations were 
the studied beneficiation methods. 
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ABSTRACT. Ural-Alaskan-type zoned massifs attract attention as native sources of platinum 
placers. There are about 50 such intrusions in the Northern Kamchatka. All of the large 
platinum placers of Kamchatka connect with Galmoenansky massif, within which currently 
there are ten alluvial platinum deposits known, three of them are mined. It has been 
established that PGM within Galmoenansky massif occur in two major associations: 1) 
accessory, dispersed in fine-grained dunites, pyroxenites and gabbro, and 2) ore, related to 
recrystallized coarse and very coarse-grained dunites and associated chromitites. The data 
obtained is the evidence that the southern part of Galmoenansky intrusion contains important 
platinum mineralization, and holds the greatest potential for discovery of a commercial, 
medium sized, platinum deposit. 

The position of zoned massifs of Northern 
Kamchatka is controlled by Vatino-Vetveisky 
Platinum Belt. It is situated in the northern 
part of Kamchatka and elongates in Northern- 
Eastern direction for 700 km. There are about 
50 such intrusions, which belong to the zoned 
Ural-Alaskan type of dunite-clinopyroxenite- 
gabbro formation. The size of these massifs 
varies from 1-2 sq m to 30-50 sq km. 

Some of intrusions have a dunite core with 
disseminated crom-spine1 as well as chromite 
veins and schlieren. PGE mineralization 
connect with chromite, in which content of Pt 
makes from one to tens ppm. The core is 

surrounded with clinopyroxenite rim, with 
elevated Pt contents up to 1 ppm, Pd up to 3 
ppm in chunk samples. In this case PGM 
connect with veins and schlieren of 
magnetite. The external part is composed by 
gabbro, various on composition and texture. 

All of the platinum is concentrated in the 
Seinav-Galmoenansky district, within which 
currently there are L0 alluvial platinum 
deposits known, three of them are mined. By 
their scale the placers rank as high as well- 
known platinum placers of the Urals, Aldan 
and Alaska. Total KoryakGeolDobytcha 
(KGD) production fkom these deposits 
through the end of 2003 amounts to about 40 
tones (1.24 Moz) of platinum.The presence of 



such placer fields reasonably leads to the 
question of their hard-rock sources. From this 
point of view the most interesting is 
Ga1mor:nansky massif. 

2. GEOLOGY OF THE GALMOENANSKY MASSIF 

Galnloenansky massif is a body elongated 
in a h;E direction for 14 km and 2-3 km 
wide. Its outcrop area is 48 sq km. The massif 
is composed of dunite, wehrlite, 
clinopjfroxenite, hornblendite, gabbro, and 
serpentinite. The massif's core, composed of 
dunite, accounts for about 80% of its volume. 
The core is surrounded with a 
clinopyroxenite rim 200-700 m thick, 
traceable along the eastern and Northern- 
Western boundaries of the massif and 
occupying large areas in the North of it. 
There are small lens-like gabbroic bodies at 
the boundary between the pyroxenites and 
country rocks. The contacts between the 
ultramafic petrologic units are generally 
gradational. 

The chemical and the geochemical 
compositions of dunite and clinopyroxenite 
are usual for rocks of dunite-clinopyroxenite- 
gabbro formation of zoned complexes 
(Astrakhantsev et al., 1991; Sidorov et al., 
2001; Zaitsev et al., 2002). 

The dunites of the Galmoenansky massif 
are divided into two major types: l )  fine- 
grained hypidiomorphic-to-allotriomorphic, 
and fine-grained porphyroclastic, which form 
the m,arginal, outer parts of the dunite core 
and the whole of the Northern part of the 
massii'; 2) coarse and very coarse-grained 
porphyroclastic and crystalloblastic type that 
occurs in a form of separate bodies, zones 
and lenses in the inner parts of the dunite 
core, mainly in the Southern part of the 
massif. Besides the structures, the identified 
types of dunite differ by their geochemistry 
and isotopic features of the rock types, 

olivine composition, composition and 
regularities of distribution of chromspinel, 
morphology and PGM composition 
(Nazimova et al., 2003). 

3. TYPES OF HARD ROCK PLATINUM 

MINERALIZATION 

All rock types of the Galmoenansky massif 
carry intermetallides of Pt, Fe and Cu and 
sperrylite. The Pt-Fe alloys are the principal 
concentrators of PGE in all rock types 
(dunites, pyroxenites, gabbroids). Their 
relation to certain areas is conditioned by 
peculiarities of formation and development of 
the massifs. They greatly differ in size, 
quantity and composition depending on the 
rock type. Among the PGM the dominant 
part belongs to isoferroplatinum. 

The accessory PGM association develops 
in hypiallotriomorphic dunites, pyroxenites 
and gabbroids. Characteristic for this 
association are accessory idiomorphic grains 
of a rather primitive composition, the first 
microns in size. The main mineral, 
amounting to 95% of all PGM, is 
isoferroplatinum, partially replaced by 
tetraferroplatinum. In insignificant amounts 
there are sperrylite, intermetallides of 
platinum and copper and native osmium. 

Ore placer-forming mineralization 
significantly differs from the accessory 
mineralization by the size and shape of Pt 
segregations and by the mineral and chemical 
composition. It occurs mainly in the southern 
part of the massif. This area of the complex is 
characterized by coarse-to-very coarse- 
grained dunite. 

Grains accumulations of PGM are more 
characteristic, they contain several PGM 
grains and occur in a form of nests, vein-like 
chains in the chromite aggregations, with 
chromite-olivine and, rarer, olivine at the 
edges. The shape of PGM grains varies from 



clearly idiomorphic to xenomorphic. In the 
last case the PGM form interstitions of grains 
of chromite and olivine. Often, the PGM are 
related to fractures, cutting across the 
chromite grains, fill them in a form of thin 
veins or chains of individual aggregations, 
sometimes in association with fine-grained 
unaltered or slightly serpentinized olivine. 
The coarsest finds of visible platinum are 0.5 
X 2 cm. 

PGE of this type has the following average 
composition (% by weight): Pt - 83.09, Pd - 
0.34, Ir - 2.01, 0 s  - 0.46, Ru - 0.19, Rh - 
0.62, Fe - 6.31, Ni - 0.12, Cu - 1.03; out of 
100% of PGE: Pt - 95.82, Ir - 2.32, Rh - 
0.72,Os-0.53,Pd-0.39,Ru-0.22. 

The major mineral is isoferroplatinum, 
which includes at least 19 identifiable PGE 
minerals. 

Tetraferroplatinurn, tulaminite and 
sperrylite are secondary. They mainly 
develop after the isoferroplatinum, forming 
the reactional margins of replacement. 

The main additional element in platinum- 
ferrous alloys is iridium. The iridium 
specialization of the mineralization manifests 
itself with the presence of native iridium 
metals, its intermetallides with other platinum 
group elements, iridium sulfoarsenide 
(irarsite). All these minerals are present, 
though in insignificant amounts, but they are 
typical for this type of ores. Also typical for 
this type is the presence of sulfides of 
platinum group metals - the laurite- 
erlichrnanite and cooperite, which do not 
exist in the accessory type of mineralization. 

The chemical composition of all of the 
studied minerals is presented in detail by 
Nazimova et al. (2002, 2003). The 
association of these platinum group minerals 
is typical for the dunites of other zoned 
massifs of the Uralian-Alaskan type, such as 
massifs of Ural Platinum Belt (Zavaritsky et 

al., 1928), Good News Bay massif in Alaska, 
Tulamine complex in Canada and others 
(Johan, 2002). Similar PGM are 
characteristic also for the Bushweld 
platiniferous pipes (Schiffries, 1982; Stumpel 
& Rucklidge, 1982). 

The ore PGM association in the chromite 
ores and dunites does not differ and is a 
single mineralogical-geochemical and genetic 
type which is the main source of placer 
platinum. 

Beside PGM themselves, the ore PGM 
association is accompanied by later awaruite, 
nickel pyrrotine, sphalerite (in 
porphyroclastic dunites), native iron and 
copper. 

The ore PGM association in the chromite 
ores and dunites does not differ and is a 
single mineralogo-geochemical and genetic 
type which is the main source of placer 
platinum. 

The paragenesis of the late platiniferous 
mineral generation, represented by sperrylite 
and native minerals of platinum and copper, 
is imposed on PGM of the accessory and ore 
associations. 

4. ORE ZONE AND PLATINUM RESOURCES 

The best lode PGM prospects occur in the 
southern part of the intrusion among coarse- 
to-very coarse-grained dunites. Two 
mineralized zones are delineated that strike 
for 1300 and 500 meters respectively, 200 m 
wide. However, as the detailed study shows, 
these zones have a complex internal structure 
with areas of accumulation of linear 
segregations and (or) lensoid bodies of the 
high order, enriched with PGM. 

The identified zones are situated at the 
boundary of "black" and "light-coloured" 
very coarse-grained dunites, or immediately 
in the areas of "bleached" rocks. It is the 
"bleached" zones where the transformation of 



very coarse-grained dunites with K~ryak~ko-Kamchatsky region - a new platinum 
province of Russia. St. Petersburg: Saint-Petersburg 

recrystallisation of olivines is most developed Cartographic Factoly VSEGEl Press, p.235-265 (in 
with increase in amount of fine-grained, Russian). 

granulated olivine, disappearance of micro- Zaitsev V.P., Nazimova Yu.V., and Kravchenko L.I., 
20022. The structure and composition of massifs of 

inclusions of chromspinel, which explains a the Seinav-Galmoenansky Group: Koryaksko- 

lighter colour of the dunites. Kamchatsky region - a new platinum province of 

Anomalous concentrations of PGE within Russia. St. ~eteisburg: saint-petersburg dartographic 
Factory VSEGEI Press, p. 45-90 (in Russian). 

the boundaries of described zones are related Zavaritsky AN., 1928. Hard rock Platinum Deposits 
to areas of development of nested- of the Urals: Geological Committee, Moscow, 0.56 - 

disseminated, schlieren and brecciaed (in Russian)- 
Zoloyev K.K., Volchenko Yu.A., Koroteyev V.A., 

chromite. Malakhov I.A., Mardirosyan A.N., and Khrypov V.N., 
Similar ore bodies are typical for other 2001. Platiniferous mineralization of geological 

hard rock platinum deposits of the zoned complexes f the Urals. Ekaterinburg, OAO "The Urals 
Mapping Expedition", 198 p. (in Russian). 

massifs. All such deposits are characterized Johan Z., 2002. complexes and their 
by the following features: 1) rather small platinum-group element mineralization: The 

dimensions of the ore bodies ( majority of Geology, Geochemis~ ,  Mineralogy and ~ i n e r a l  
beneficiation of platinum-group elements. CIM, v.54, 

chromite segregations in dunite are from 669-719. 
lOcm to meter and a half long and few ~azimova  Yu.V., Zaitsev V.P., 2002. The hard rock 

centime:terS wide), occurring in groups or as platinum-bearing of the dunite-~lin~pyroxenite-gabbr~ 
massifs of the Seinav-Galmoenansky group: 

isolated. lenses and nests of irregular shape; 2) Koryaksko-Kamchatsky region - a new platinum 
extremely high grade of ores (at the deposit province of Russia. St. Petersburg: Saint-Petersburg 

"Gossh&ta", Nizhny Tagil, the average Cartographic Factory VSEGEI Press, p. 283-315 (in 
Russian). 

grade in near surface parts reached 400kdt'; 3, Nazimova Yu.V., Zaitsev V.P., and Mochalov A.G., 
a very irregular distribution of platinum 2003. PGE minerals from Galmoenansky dunite- 

within ithe chromite segregations. clinopyroxenite-gabbro massif, Southern part of 
Koryak Highland, Russia: Geology of Ore Deposits, 

Both zones have been explored with Nc 6, p. 547-565 (in 
trenches that are perpendicular to the strike of Sidorov E.E., Kozlov A.P., Landa A.A., Osipenko A.B., 

zones. BY results of 2003, in 30 channel and M B I ~ O V S ~ ~  B.A., 2001. ~etro~eochem~cal  features 
of rocks of Galmoenansky mafic-ultramafic massif, 

the Pt grade is more than in Koryakia: Petrology and Metallogeny of mafic- 
half of them the Pt grade is more than 5 g/t, ultramafic complexes of the Kamchatka. MOSCOW: 

in two more than 100 g/t. Metallurgical bulk Nauchiy Mir, p. 14-30 (in Russian). 

samples contained up to l000 g/t Pt. Stumpel E.F., and Rucklidge J.C. 1982. The 
platiniferous dunite pipes of the eastern Bushveld: 

According to our estimation, ECON. GEOL., v.77, NC 6, p.1419-143 1. 
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ABSTRACT. In the LomiC ultramafic weathering mantles, slightly elevated Pd contents of up 
to 40 ppb are observed in the multilobed nodules and the pisolitic iron duricrust of the upper 
part of the Kongo-Nkamouna weathering mantle and in the coarse saprolite of the Mang 
North weathering profile. Apart from these three materials, the Pd content decreases upwards 
through the weathered profile from the coarse saprolite to the clayey surface soil. Higher Pd 
contents in the coarse saprolite are thought to result from either the leaching process or from 
Pd incorporation in the Fe-oxyhydroxides surfaces. In the multilobed nodules and the pisolitic 
iron duricrust, Pd contents could be due to their ferruginous, very hardened nature that offers 
resistance to the leaching process. 

1 INTRODUCTION 

Pt and Pd behaviour in the weathering 
mantles above ultramafic or mafic rocks have 
been studied in tropical regions (Bowles, 
1986; Augk et al., 1995; SalpCteur et al., 
1995; Ndjigui et al., 2003; Ndjigui et al., 
2004). The study presented here shows that 
the Pt and Pd content is higher in the bulk 
fractions at the bottom of the saprolite zone 
and decrease upwards from the coarse 
saprolite to the clayey surface soil. The aim 
of this work was to study the behaviour of Pd 
in the different of weathering 
originating from three lateritic profiles and 
explain the mechanisms that could be 
controlling variations in PGE content. 

, U Study areas 

Location map of the LomiC ultratnafic co~nplex in 
South Easthem ~am&n. 

equatorial climate has four seasons (two rainy 
seasons, two hot seasons), the vegetation 
cover is comprised of a dense sempervirente 
forest. Soils are dark-red ferrallitic on the 

2 GEOGRAPHICAL AND GEOLOGICAL hills and the plateaus, and hydromorphic in 

CONTEXT the marshes. The ultramafic serpentinite 
complex is intrusive in the metamorphic 

The LorniC ultramafic complex is situated formations of Panafrican Orogeny (Seme 
in the South-East region of Cameroon (Fig. MouanguC, 1998). These surrounding 
l), in the equatorial humid zone. The formations are made up of schists, gneiss, 
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Figure 2: Sketch of geological and topographic to the North of those at Nkamouna (Fig. 2). It 
map of Kongo-Nkamma area and location 
of the studied pits. 

is 13.70 m thick and is comprised, from 
bottom to top of: a coarse saprolite, a fine 

micascllists and quartzites (Seme Mouangue, saprolite, a nodular horizon, a pisolitic iron 
1998). 'The ultramafic complex is made UP of duricrust and a loose clayey horizon (Fig. 5). 
five bodies (Kongo-Nkamouna, Mang North, The nodular horizon is comprised of nodules 
Mang South, Messea, Kondong I) with a total and a loose, dark-red matrix. 
surface area of about 240 km2 (Fig. 1). The Mang North weathering profile is 

18.70 m thick and is situated at the centre of 
3 MATERIAL AND METHODS the Mang North ultramafic body. It is made 

Three weathering profiles were chosen to up from bottom to top of a coarse saprolite, a 

study of the Pd behaviour in the weathering fine saprolite, a glaebular horizon and a 

mantles of the serpentinised ultramafic rocks loose clayey horizon (Fig. 6). The glaebular 
of the Lomie complex. The Nkamouna and horizon is made up of nodules and blocks of 

Napene weathering profiles are situated in the pisolitic iron duricrust embedded in a loose, 
Kongo-Nkamouna body (Fig. 2) and that of dark-red matrix. 
Mang North is situated in the body that Bulk fractions of horizons were collected. 

carries the same name (Fig. 3). 
The Nkamouna weathering profile is 18.70 

m deep above the phreatic level and is made 
up frorn bottom to top of a coarse saprolite, a 
fine saprolite, a lower nodular horizon, an 
upper nodular horizon and a loose clayey 
horizo~i (Fig. 4). The lower nodular horizon is 
comprised of brown nodules embedded in a 
loose dark-red matrix. The upper nodular 
horizon IS comprised of multilobed nodules 
embedded in the same material as the brown 

ba!&A h l i u a a . w c d t m 8  pm* W. Napnu wrrlhm~g nodules. ad prwm ~ d u r ~  Proeh .ad P D ~ M I  Gwlumm 



In the glaebular horizons, we separated the 
different weathered phases into matrix and 
glaebules. The glaebules were observed to be 
made up of nodules and metric sized blocks 
of pisolitic iron duricrust. About twenty 
samples were sent to Laboratories for Pd 
analysis. The data was produced by the 
Geoscience Laboratory of the Ontario 
Geological Survey in Sudbury (Canada) for 
the soil samples from the Nkamouna and 
Mang North weathering profiles, and by 
Genalysis (Australia) for the soil samples 
from the Napene weathering profile. At 
Sudbury, Pd was done by Ni sulphide fire 
assay, followed by acid digestion of the fire 
assay bead, Te CO-precipitation of Pd and 
ICP-MS finish. At Genalysis, Pd was 
determined by Ni sulphide fire assay 
collection followed by ICP-MS finish. The 
detection limits are shown in tables 1-3. 

4 RESULTS 

Pd content varies between 10 and 22 ppb 
in the Nkarnouna materials (Table 1; Fig. 4). 
In the saprolite zone, they have 
concentrations of 15 ppb at the bottom of the 
coarse saprolite and 12 in the uppermost part 
of the coarse saprolite and 13 ppb in the fine 
saprolite. In the lower nodular horizon, Pd 
content remains close to 13 ppb (i.e 13 ppb) 
in the internodular matrix and is 20 ppb in the 
brown nodules. In the upper nodular horizon, 
the Pd content is 11 ppb in the internodular 
matrix and attains its maximum value in the 
multilobed nodules of 22 ppb. This Pd 
content decreases sharply in the clayey 
surface soil where it is 10 ppb (Table 1). 

In the Napene weathering profile, Pd 
content is slightly higher than in the 
Nkamouna materials. Pd values oscillate 
between 11 and 38 ppb (Table 2; Fig. 5). In 
the saprolite zone, Pd contents are 28 ppb at 
the bottom of coarse saprolite, 26 ppb at the 
top of the same horizon and 20 ppb in the 
fine saprolite. In the nodular horizon, the Pd 
content also remains close to 20 ppb in the 
internodular matrix and decreases to 19 ppb 
in the nodules. Pd contents attain their 
maximum value in the pisolitic iron duricrust 
(38 ppb), then reduces to 11 ppb in the clayey 
surface soil (Table 2). 

&#.& h p k  lucrrl~ns 
m: Mang North weathering profile and 
palladium evolution. 

In the Mang North weathering profile, Pd 
contents are higher than in the last two 
profiles. They oscillate between 17 and 40 
ppb (Table 3). Pd content is at a maximum in 
the coarse saprolite (40 ppb) and decreases to 
28 ppb in the fine saprolite. In the bulk 
fraction at the bottom of the glaebular 
horizon, the Pd content is 17 ppb and 
increases slightly in the internodular matrix 
in the upper part (18 ppb), and practically 
doubles in the pisolitic iron duricrust (33 
ppb). In the clayey surface soil, Pd content 
equals 14 ppb (Table 3; Fig. 6). 

Finally, contents are higher in the 
multilobed nodules and the pisolitic iron 
duricrust of the Kongo-Nkamouna 
weathering mantle (Figs. 4 & 5). In the Mang 
North weathering profile, highest Pd content 
is observed instead in the coarse saprolite. 
The second highest value is obtained in the 
pisolitic blocks of the iron duricrust (Fig. 6). 
Apart from the coarse saprolite from the 
Mang North weathering profile, Pd contents 
are lower in the loose materials than in the 
glaebules. The Pd values again decrease fiom 
the saprolite zone upwards into the clayey 
surface soil (Tables 1-3). 

5 DISCUSSION 

Higher Pd contents in the coarse saprolite 
results either fiom the leaching processes or 
from the Pd incorporation in the Fe- 



oxyhydroxides surfaces (SalpCteur et al., 
1995). 

The low Pd contents observed in the loose 
materials as well the progressive decrease of 
Pd content from the saprolite zone to the 
clayey surface soil could be attributed to an 
intense leaching (AugC et al., 1995; Salpdteur 
et al., 1995; Ndjigui et al., 2004). This 
process would be facilitated by infiltration of 
water charged with organic matter and 
carbondioxide gas percolating through the 
weathered mantles. 

In tht: glaebules in the uppermost horizons, 
higher I'd contents could be due to the highly 
indurated nature of the iron. Varajao et al. 
(2000) attributed the high Pd content of the 
ferricretes at the Maquind Mine (Brazil) to 
the highly indurated nature of the iron which 
also favours quartz and hematite stability. Pd 
could be located at the hematite surfaces. 

6 CONCLUSION 

The Pd behaviour in the LomiC ultramafic 
weathering materials is complex. Elevated Pd 
content in the coarse saprolite from the 
Mang North weathering profile may be due 
either 1.0 Pd remobilization due to leaching or 
to Pd incorporation in the Fe-oxyhydroxides. 

The elevated pd content in both the 
multilobed nodules and in the pisolitic iron 
duricnlst is attributed to the indurated nature 
of the iron which promotes hematite stability 
which retains Pd on the mineral surfaces. 
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Table 1: Pd contents (in ppb) in the Nkamouna weathered lithologies (Kongo-Nkamouna body). NK3: Coarse 
saprolite (bottom); NK9: Coarse saprolite (top); NK1: Fine saprolite; NK5: Internodular matrix (Lower nodular 
horizon); NK2: Brown nodules (Lower nodular horizon); NK7: Internodular matrix (Uvver nodular horizon): 

, X  

NK4: hiultilobed nodules (~p~er 'nodular  horizon); ~ ~ 8 : ' ~ o o s e  clayey horizon. D.1.: ~ktei t ion limit. 
I NK3 I NK9 I NK1 I NK5 I NK2 I NK7 I NK4 I NK8 
1 15 1 12 1 13 1 13 1 20 I 11 1 22 1 10 

Table 2: Pd contents (in ppb) in the Napene weathered lithologies (Kongo-Nkarnouna body). NA8: Coarse 
saprolite (bottom); NA6: Coarse saprolite (top); NA4: Fine saprolite; NAl: Internodular matrix (Nodular 
horizorg; NA5: Nodules (Nodular horizon); N A ~ :  Pisolitic iron duricrust; NA7: Loose clayey horizon. 

. 

I D.1. I NA8 I NA6 I NA4 I NA1 I N A 5  I N A 3  I N A 7  I 

Table 3: Pd contents (in ppb) in the Mang North weathered lithologies (Mang North body). MA5: Coarse 
saprolite; MA2: Fine saprolite; MA7: Bulk fraction of the bottom of glaebular horizon; MA1: Internodular 
matrix; MA3: Pisolitic iron duricrust; MA4: Loose clayey horizon. 

D.1. I M A ~  1 MA2 I M A ~  I MA1 I MA3 I MA4 
1 40 1 28 1 17 1 18 1 33 1 13 



Formation features of PGE-bearing layered horizons in the 
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ABSTRACT. Helium and argon isotope abundances in rocks of two PGE-bearing layered 
horizon zones in the West Pansky block of the Fedorov Pansky basic intrusion were studied. 
Noble gases were extracted from both whole rocks and fluid inclusions. Combined gas- 
isotope data testify to (i) the prevalent loss of primary mantle volatiles and some dilution of 
the magmatic fluid by subsurface paleometeoric water before melt crystallization, (ii) 
differing formation conditions of two main ore-bearing horizon zones and (iii) an effect of 
fluid phase to origination of PGE mineralization. 

1 INTRODUCTION layered horizons of West Pana Massif was 
carried out. 

Early Proterozoic (250 1-2447 Ma 
(Bayanova et al., 1994) Fedorov-Pana layered 
mafic intrusion (FPI) is considered one of the 

2 GEOLOGY AND EXPERIMENTAL 

most envisaging future development objects 
for PGE ore of low-sulfide type in Russia 
(Mitrofanov et al., 1999). Geological setting, 
petrology and metallogeny had been studied 
in FP1 by numerous investigations. But many 
questions relating to sequence and type of 
ore-forming processes and fluid conditions 
have not been taken in consideration. It is 
known that noble gas isotopes are reliable 
geochemical tracers in geological processes, 
among them in evolution of magmatic 
complexes. Because of that the investigation 
of isotope composition for He and Ar in 

The West Pana Massif (WPM) is one of 
three structural parts in FPI. The WPM is the 
most studied part of the intrusion. It 
comprises the Upper Layered Horizon (ULH) 
and Lower Layered Horizon (LLH), and is 
composed of mostly gabbronorite. Low 
sulfide PGE mineralization is associated with 
these layered horizons. These horizons are 
composed of fine alternations of melanocratic 
to leucocratic rocks, including gabbronorite, 
norite, leucocratic gabbro, anorthosite. 

The LLH has been formed through the 
agency of several processes, the main of them 
was injection of new tholeiite magma portion, 



which composition was approaching the 40000, in the lower mantle -5000-6000 
initial intrusion melt. New portion of magma (Tolstikhin, Marty, 1998; Burnard et al., 1999 
was injected in the main magma chamber etc.) 
contained the melt which has undergone a 
long evolution. Above the ULH, there is a 3 RESULTS AND DISCUSSION 
layer of alternating olivine rocks. The ULH 
probably has been formed with the aid of 
repeated magma injections of 
nondifferentiated olivine tholeiite(Latypov et 
al. ,1999a). 

Two lines for extraction whole-rock and 
mineral samples were operating: heating in a 
vacuunn electric furnace and milling in 
evacuated glass ampoules. Heating provides 
gas extraction of bulk sample, whereas 
milling extracts gas mainly out of vesicles. 
The isotope compositions and elemental 
abundance of He and Ar were determined 
using a static mass spectrometer (M1 1201). 
Data interpretation was based on the 
availat~le model estimates of noble gas 
abundances in the principal terrestrial 
reservoirs: in the atmosphere 3 ~ e P ~ e = 1 . 4  . 

10-~  and 3~e/36Ar =2 . 10-~, in the earth crust 
(1 - 7:) . 10-g and (2 - 20) . 10-~, in the upper 

Whole-rock concentrations of rare gases 
and isotope ratios extracted by heating were 
studied in 22 samples fiom LLH and ULH. 
These fiom the vesicles extracted by milling 
were studied in 46 samples (Ar only in 21 
sample). A portion of samples was assayed 
for PGE, Au, Ni, Cu, CO and for paternal 
elements of radiogenic gas isotopes U, Th, 
Li, K. Essential variations of isotope 
concentration and ratios were determined 
(Table 1). 

Gases of ULH extracted both by heating 
and milling show higher 3 ~ e / 4 ~ e  and 

ratios as compared to LLH gases. 
On the contrary, ULH gases demonstrate low 
contents of 40Ar and 40~r/36Ar ratio. 
Correlation of gas contents in the whole-rock 
and isotope ratios of gases as well as (U,Th)- 
He, K-Ar and He-Ar systems were studied. 

mantle: 1.1. 10 -~  and 0.1-1, in the lower 
mantle: 1.8. 1 0 - ~  and 0.1-3; 40~r/36Ar in the 
atmosphere 295.5, in the upper mantle - 

Table 1. Variations (over line) and average values (under line) of He and Ar isotope 
concentrations and ratios in PGE-bearing layered horizon zones (HZ) 

LH Amount 4 ~ e  3 ~ e P ~ e  Amount 40Ar 40~r/36Ar 3~e/36Ar 
of cm31g of cm31g 

sampling 1 o - ~  1 o ' ~  sampling 1 o - ~  1 o3 1 o - ~  
Melting 

Upper 7 0.8 - 19.2 3.8 - 32.0 7 13.0 - 46.8 2.7 - 7.6 0.2 - 8.5 
6 8  20,O 30,l 4.1 2.4 

Lower 

Milling 
Upper 16 0.05 - 8.89 8.5 - 56.4 2 4.8 - 5.6 3.9 - 5.8 2.6 -1 1.0 

1,6 24,l 5 2  4.8 6.8 
Lower 3 0 0.06 - 5.09 2.0 - 41.8 19 1.4 - 10.3 0.5 - 12.5 0.1 - 5.5 

0,9 14,3 8,o 7.2 1.2 



Measured isotope contents and these 4. CONCLUSIONS 
calculated from concentration of paternal 
elements and the age of intrusion were 
compared. The study revealed: ( l )  gases in 
question represent a mixture of trapped and 
radiogenic ones: the first were trapped while 
the rock was formed, the second were created 
in situ after the rock consolidation; (2) in 
trapped gases a mantle and an atmosphere 
components can be recognized; (3) loss of 
mantle gases and dilution of magmatic fluid 
by paleometeoric water (including dissolved 
air) were going mainly before the melt 
crystallization. 

LLH rocks show a positive correlation for 
PGE contents with 3 ~ e  as well as with 
3 ~ e P ~ e ,  40~r/36Ar and 3~e/36Ar ratios. These 
relations are weaker or missed in ULH rocks. 
LLH rocks represent more close relations 
between isotope gas parameters and CuINi 
and PdIPt ratios. Comparing with the whole- 
rock data vesicular gases contain less amount 
of radiogenic isotopes (generated in situ) and, 
accordingly, the larger amount of trapped 
mantle and atmosphere components. Relation 
between different forms of He for LLH rocks 
was observed, whereas for ULH this relation 
could not be fixed. Probably this is because 

WPM was formed in hypabyssal depth and 
because of that the primordial mantle volatile 
components had been lost before 
crystallization, simultaneously with dilution 
of magmatic fluid with subsurface 
paleometeoric water. 

PGE mineralization was formed with 
assistance of fluid. Ore metals are more 
connected with mantle components than with 
lithosphere ones. 

The peculiarities of He and Ar isotope 
composition confirm the petrology data on 
different origin of LLH and ULH. In the case 
of LLH the magmatic melt was differentiated 
more strongly, gas evaquation was of greater 
intensity than that in ULH, and the magmatic 
chamber LLH was more profoundly isolated. 
The ULH was formed probably in more 
noneqilibrium conditions, with more 
appreciable importance of postmagmatic 
fluids. 

Authors are grateful to I.L. Kamensky and 
S.V. Ikorsky for analytic help and to R.M. 
Latypov for some part of samples. 

Financial support was provided by RFFI 
grant 03-05-64257. 

of (1) longer time and larger temperature 
grade between gas capture in crystal matrix 
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Pd, Pt, Rh and Ir mobility at near-neutral pH in the presence of 
siderophores. 
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ABSTRACT. Experimental investigations show that the siderophores desferrioxamine-B and 

ferrichrome increase both the rate and extent of dissolution of Pd(OH)z(amorphous) and Pd, 

Pt, Rh and Ir metal. Naturally occurring siderophores may therefore play a role in mobilizing 

PGE in the surficial environment, with implications for environmental and exploration 

geochemistry of these elements. 

1. INTRODUCTION 

Use of PGE in catalytic converters has 
helped greatly in reducing emissions from 
motor vehicles. However, anthropogenic 
PGE have been shown to accumulate in the 
environment in roadside dusts and in soils, in 
glaciers and snowfields, in sewage sludge, 
and in river and marine sediments, owing to 
attrition of PGE (Pd, Pt, Rh and, to a lesser 
extent, Ir) from catalytic converters. Fine 
particulate matter produced during this 
process is dispersed in the atmosphere and 
along high-traffic roads where PGE 
concentrations attaining the ppm level have 
been observed. 

A growing concern is the potential toxicity 
of PGE in the environment (Ravindra et al., 
2004). Whereas some of the PGE in the 

metallic form are known to be toxic, such as 
Pd, which is a powerful allergen, it is in the 
dissolved form that these metals can most 
easily enter living organisms and be 
dispersed hydromorphically. 

The PGE are very insoluble in near-neutral, 
dilute, natural waters in the absence of 
organic ligands. However, natural waters in 
the environment can contain dissolved 
organic compounds that may contribute to 
increased solubility of the PGE. Siderophores 
are iron-specific molecules secreted by 
certain bacteria to satisfy their requirements 
for this element. The log K* value for the 
reaction involving the siderophore 
desferrioxamine-B (DFOB) 



is 30.6 (*I=0.1). Hernlem and coworkers 
(1999) provided an estimate of the logarithm 
of the equilibrium constant for the reaction 

calculiited from linear free energy 
relationships between metal-hydroxamate and 
metal-hydroxide ligands, of 3 1.4. Based on 
this value, it is expected that siderophores 
might play an important role in PGE transport 
in the environment. 

To evaluate the potential for PGE transport 
by siderophores in the environment, 
experiments were conducted on the 
dissolution of Pd, Pt, Rh and Ir in DFOB and 
ferrichrome solutions. 

2. EXPERIMENTAL 

Three series of experiments were 
conducted involving dissolution of solids, 
and titration of Pd into siderophore solutions. 
All experiments were performed at 22 OC 
using 250 mL HDPE bottles, and the bottles 
for dissolution experiments were placed on a 
shaking table. In each case, pH was fixed 
employing the phosphate buffer (0.01 m total 
P) and the ionic strength was adjusted to 0.1- 
0.14 m using NaC1. 

The first series of experiments, 
approaching equilibrium from under- 
saturation, consisted of reacting amorphous 
Pd(OH)2 with twelve solutions containing O- 
1000 micromolal DFOB at a pH of 8. 

The second series of experiments, 
approaching equilibrium from super- 
saturation, consisted of titrating Pd into 
solutions containing 500 micromolal DFOB 
atpH 5 ,6 ,7  and 8. 

The third series of experiments, 
approlaching equilibrium from under- 
saturation, consisted of reacting 0.05 gram of 
each of metallic Pd, Pt, Rh and Ir powder 

with 0-2000 micromolal DFOB, and 68 and 
202 micromolal ferrichrome solutions at pH 
8. 

Samples of the solutions were collected at 
various time intervals using syringes with 0.2 
or 0.02 micron PTFE filters, and were 
acidified to 2% HCI in the case of 
experiments involving Pd only, and 2% HC1 
and 4% HN03 in other cases. The PGE 
concentrations were determined by ICP-AES 
andlor ICP-MS. 

3. RESULTS 

In the first series of experiments, 
amorphous Pd(OH)2 was reacted for a 
duration of 6456 hours. Palladium 
concentrations in solutions are shown as a 
function of time in Figure 1. Between 70 and 
-1000 hours, the concentration of Pd in 
solution increased approximately linearly 
with time at all concentrations of DFOB. This 
increase in Pd remained linear until 6456 
hours in solutions with DFOB concentrations 
of less than 300 micromolal. However, in 
solutions with DFOB concentrations greater 
than 300 micromolal, the dissolution rate 
decreased after 1000 hours and was similar 
for all DFO-B concentrations greater than 
300 micromolal. After 6456 hours, the Pd 
concentration in the 1000 micromolal DFOB 
was 19.4 micromolal. This value is more than 
260 times higher than the previously 
determined value of the solubility of 
amorphous Pd(OH)2 in the absence of DFOB 
at a pH of 8 and an ionic strength of 0.1 at 
ambient temperature. 
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Figure 1. Variation in Pd concentration with 
time during dissolution of amorphous 
Pd(OH)2 in DFOB solutions. 

Time in hours 

Figure 2. Variation in Pd concentration with 

micromolal at a pH of 8. Following initial 

precipitation, the solutions were allowed to 

equilibrate with the solid and the Pd 

concentrations dropped to 36 micromolal, 

135 micromolal, 297 micromolal and 226 

micromolal, respectively, after 5229 hours 

(Figure 2). 

At a pH of 8, the concentration of Pd in 

solution in the super-saturation experiment 

was a factor of 17 higher than that in the 

experiment approaching equilibrium from 

under-saturation, and a factor of 2654 higher 

than the Pd solubility determined previously 

in the absence of siderophores. 

In the third series of experiments at pH 8 

with DFOB, results indicate that the 

dissolution rates of Pd, Pt and Rh increased 

with increasing siderophore concentrations 

up to 300 micromolal, remained independant 

of siderophore concentrations between 300 

and 1000 micromolal for the first 4500 hours, 

and then were increased again for a 
time after a precipitate formed following siderophore concentration of 2000 
titration of Pd into the solution. The constant micromolal. A measurable increase in the 
Pd concentration after 500 and 1500 hours in 

dissolution of Ir was recorded only in the the pH 8 and 7 solutions, respectively, 
suggests that the siderophore is stable at room presence 2000 micromO1al DFoB. - - 

temperature under these experimental Equilibrium was not achieved even after 

conditions and equilibrium has been 6245 hours of reaction. After this time, the Pd 
approached. The continuous decrease in Pd concentration in the 2000 micromolal DFOB 
concentration at pH may be due to solution was 5.8 micromolal (1.5 micromolal 
degradation of the siderophore or to aging of 

Pt, 0.18 micromolal Rh). This value is 1.5 
the precipitate to a more insoluble form. 

order of magnitude higher than that for the 

In the second series of experiments, where solubility of amorphous Pd(OH)2 in the 

equilibrium was approached from super- absence of the siderophore. By comparison to 

saturation, a precipitate appeared after the Pd amorphous Pd(OH)2, however, Pd metal 

concentrations reached values of 130 dissolves between 2.5 (in 100 micromolal 

micromolal at a pH of 5, 189 micromolal at a DFOB) and 3.5 (in 1000 micromolal DFOB) 
pH of 6, 369 micromolal at a pH of 7 and 239 times more 



Before 4500 hours, the rates of dissolution 

of the individual PGE in the 68 and 202 

micron~olal ferrichrome solutions did not 

differ. However, Pd dissoved a little faster in 

the 68 micromolal than in the 202 micromolal 

ferrichrome solution after this time. Pt and 

Rh showed similar dissolution rates between 

DFOB and ferrichrome solutions, whereas 

the Pd concentration in the 202 micromolal 

ferrichrome solution attained a value 3.5 

times more elevated than that in the 201 

micrornolal DFOB solution (Figure 3). 

4. CONCLUSIONS 

Our results show that siderophores greatly 

enhance solubility of PGE relative to the 

system Pd-O-H-Cl-P-(Na, K) in near-neutral 

dilute chloride solutions. Pd forms a very 

strong complex with DFOB, although 

dissolution of amorphous palladium 

hydroxide proceeds very slowly. Both DFOB 

and ferrichrome appear to increase the rate 

and extent of dissolution of Pd-hydroxide and 

PGE in the metallic form. 

Dissolution of Ir is much more effective in 
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Figure 3. Variation in Pd concentration with 
time (luring dissolution of palladium metal in 
200 micromolal DFOB and ferrichrome 
solutions. 
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ABSTRACT. The Platreef at Tweefontein Hill is a PGE enriched, Ni-Cu bearing horizon 
occurring in the Northern Limb of the Bushveld Igneous Complex of South Africa. It occurs 
as a basal unit on the eastern edge of the limb and is sandwiched between underlying 
Transvaal Metasedimentary Sequence and overlying Main Zone gabbronorites. The data 
presented here is based on core logging, petrography, whole rock XRFi and electromicroprobe 
analyses on borehole TN190Dl. 
At Tweefontein Hill the Platreef ranges in thickness from 100m to 220m. The pyroxenites 

which occur as the dominant lithology and norites are typically orthocumulates, having 
orthopyroxene as the only apparent cumulus phase. Plagioclase is the main interstitial phase 
although minor clinopyroxene, mica and opaque are also present. 
Preliminary probe data of pyroxenes gave *Mg # in the range of 64.7 to 70.1% with a marked 
iron, copper and titanium enrichment and depletion in aluminium, calcium, nickel and 
chromium at the base of the Platreef. Probe traverses across coexisting orthopyroxene grains 
at each level suggests homogeneity in composition though there is some indication of subtle 
zoning in some grains. Whole rock XRF data plotted against depth show similar patterns to 
probe profiles of Mg # and major elements. 

INTRODUCTION granite. It varies in thickness fkom about 50m 

Tweefontein Hill is located 14 km north- 
northwest of Potgietersrus / Mokopane on the 
southern part of the farm Tweefontein 238 
KR. The hill lies on the Northern Limb of the 
2050 my Bushveld Igneous Complex of 
South Africa. The PGE, Ni-Cu bearing 
Platreef strikes about 30 km NW-N dipping 
4O0-45"W and runs through Tweefontein 
Farm where it occurs between Main Zone 

thick in the N to 400m in the S. Initial 
descriptions of the Platreef were made by 
Wagner (1929) who equated it to the 
Merensky Reef. Authors that followed 
emphasised contamination by Transvaal 
Supergroup rocks in explaining the genesis of 
the Platreef (Van der Menve, 1976; 
Buchanan et al., 198 1; Buchanan and Rouse 
1984; Cawthorn et al., 1985). 

gabbronorites and the 2600-2200 my PURPOSE OF 
Transvaal Supergroup. From south to north 
the Platreef rests on the Lower Zone (Van der This study is aimed at investigating the 
Menve, 1976) south-east of Potgietersrus magmatic evolution of the Platreef 
before it transgresses successively older pyroxenites. All petrographic and 
Transvaal Supergroup sediments and geochemical data is based on borehole 
eventually onto the basement Archaean TN190Dl which consists of 220m fresh 



pyroxenites compared to the other boreholes. 
This was selected to minimize the effect of 
contamination for the purpose of monitoring 
magmatic trends and processes which gave 
rise to the Platreef. 

This paper presents preliminary data from 
Tweefi~ntein Hill where recent exploration 
drilling has permitted detailed petrological 
studies with the aim of building on the 
existing database for the Platreef, in 
particular investigating geochemical 
variations through the complete Platreef 
stratigraphy. 

METHODOLOGY 

Det(ai1ed core logging of 13 boreholes from 
Tweefbntein Hill was followed by 
microscopic study of polished sections from 
TN190D1 in order to establish the 
lithological variations in the Platreef. 
Whole rock XRF major element analyses 
were carried out at the University of the 
Witwatersrand. Electron microprobe analysis 
of orthopyroxenes was undertaken at RAU 
University. The pyroxene composition on the 
basis of 6 oxygen atoms was expressed in 
weight percentage oxide for major element 
plus C h  and Ni. 

PETROGRAPHY 

Thr: Platreef is 220 m thick (apparent 
thickness) in borehole TN190D l composed 
mainly of pyroxenites and minor norites. In 
other boreholes logged it attains a minimum 
thickness of 100 m. The pyroxenites and 
norites have a cumulate texture of generally 
smaller (up to 8 mm long) polysynthetic 
twinned plagioclase surrounding larger (5 - 
25 min) anhedral to subhedral orthopyroxene 
crystals. Minor post-cumulus clinopyroxene 
and biotite occur together with plagioclase in 
the interstice. Biotite can reach up to 2 mm in 

size in very coarse pyroxenites and often 
occurs together with accessory opaque 
minerals. Clinopyroxene occurs as anhedral 
crystals 4 2  mm long often irregularly 
wedged in the interstices. Pyroxenites and 
feldspathic pyroxenites are coarser grained 
than the norites and have >85 modal % 
orthopyroxene together with minor 
clinopyroxene and < 15% plagioclase and 
minor accessory minerals. Melanorites are 
texturally similar to feldspathic pyroxenites 
but contain higher plagioclase content (1 5-40 
modal %). 

Norites have 40-85% modal plagioclase 
and 15-60% pyroxene. Two texturally 
different norites occur at Tweefontein Hill. 
Coarser grained (up to 12 mm) cumulate and 
poikilitic norite occurs towards the top of the 
Platreef often interlayered with pyroxenite. A 
finer grained (grains up to 3 mm in size or 
less) micro-norite commonly occurs at the 
base of the Platreef in contact with floor 
rocks. Both types of norite have a higher 
clinopyroxene content (up to 25 modal %) 
than the pyroxenites (rarely exceeds 5 modal 
% clinopyroxene). 

The basal micronorites are generally 
equigranular, relatively more altered and 
contain more opaque minerals (up to 5 modal 
%) than the norite found at the top of the 
Platreef. 

Anorthosites are generally confined to the 
top of the Platreef also interlayered with 
pyroxenites. They are coarse grained, (up to 
15 mm) and have at least 85 modal % 
plagioclase. Fig 1 shows plots of the rocks 
from whole rock data and confirms the 
dominance of pyroxenites than the other 
units. 
Alteration minerals are mainly amphiboles 
and chlorite in orthopyroxene grains and 
margins. Clinopyroxene is also seen as an 
alteration mineral in some orthopyroxene 



grains. Sericitisation is common for 
plagioclase in the noritic rocks especially the 
micro-norites at the base of the Platreef. 
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Fig l. Plots of percent A1203 versus 
Fe203+Mg0 from XRF whole data and 
average pyroxene composition from electron 
microprobe analysis. 
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At the base of the Platreef the Mg # rapidly 
increases from 53.1% at 316.3 m to 65.6% at 
327.4 m respectively. Within this zone whole 
rock data suggests Fe, Ca and A1 enrichment 
and a depletion in Ti towards the base of the 
Platreef at Tweefontein Hill. From 327.38 m 
to 213.3 m the data suggests normal 
fractionation trends of Mg as shown by the 
gradual decrease in Mg # to 61.3%. The 
reverse fractionation from 213.3 to 146.4 is 
best shown by the FeITi ratio than the Mg #. 
Both ratios suggest significant Fe enrichment 
within this zone. The zone above 146.4 m is 
marked by a sharp drop in both Mg # and 
FeITi ratio within a thickness of about 5 m. 
Mg # dropped from 64.3 to 58.1 at 141.6m. 
Two populations, one that has a higher Mg # 
and shows upward Fe enrichment and one 
with a lower Mg # of 5 1.5%. 

PYROXENE CHEMISTRY 

Preliminary electron microprobe data of 
pyroxenes from TN190Dl gave *Mg # of 
orthopyroxenes in the range of 64.7 to 70.1%. 
These are averages of five coexisting 
orthopyroxenes at 7 different levels of the 
Platreef. However even though the spacing of 
the probed pyroxenes is not yet close enough 
to be conclusive, from the bottom of the 
Platreef the Mg # increases rapidly from 
65.2% to 67.3% from depths 319.4m to 

Fig 2. Plots of XRF whole rock data for 
292.56m and gradually decreases to 64.7% at 

borehole TN190D showing stratigraphic 186.23m before it rapidly increases to 70.1% 
compositional trends in the Platreef at at 152.02m. Apart from iron enrichment the 
~wekfontein Hill. 

WHOLE ROCK CHEMISTRY 

data also shows relative enrichment of Cu 
and Ti and depletion in Al, Ca, Ni and Cr in 
orthopyroxenes at the base of the Platreef. 
Plots of Ni-Cu ratio shows relative depletion 

The whole rock XRF data, Mg # and FeITi 
and enrichment of Ni and Cu content 

ratio in particular (Fig 2) plotted against 
respectively with depth. Probe traverses 

depth suggests at least four zones across the across 3 coexisting individual orthopyroxene 
Platreef. 

grains at each level show no variability in the 
pyroxene composition (Fig 3) though some 



(less than 10%) of the probed pyroxenes may 
suggest subtle zoning. 

D.L. and Jones M.J (editors). Sulphide deposits in 
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DISCUSSION AND CONCLUSIONS 

The whole rock and pyroxene 
compositional data of TN190D 1 confirms 
iron enrichment towards the base of the 
Platreef as pointed out by Lee et a1 (1989). 
Further Fe enrichment towards the top of the 
Platreef at Tweefontein Hill is noted in this 
study. Whole rock data suggests at least 3 
different magma pulses from the base to the 
top of the Platreef. 

Probe traverses across coexisting 
ortholq~oxene grains at each level point to 
homogeneity in composition though there is 
some indication of subtle zoning in some 
grains. This suggests normal fractional 
crystallization of srthopyroxene from the 
magma. 
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ABSTRACT. The abatement of volatile organic compounds (VOCs) is important, since they 
are one of the major contributors to the formation of photochemical ozone. Malodorous 
sulphur compounds (SVOCs) are mainly a public nuisance, especially if the odour sources are 
close to municipal areas. Catalytic oxidation is one of the possible abatement methods used in 
VOC abatement. It is also an attractive method in SVOCs abatement since it offers several 
advantages compared e.g. to thermal oxidation. This paper presents the technology and the 
application of noble metal (Pt, Pd) catalysts in both VOC and SVOC abatement. It also 
reviews advantages and disadvantages concerning the catalytic oxidation technology. 

l INTRODUCTION Solvent Emission Directive 199911 3EC, 

In EU legislation volatile organic Khan & Khosal2000) 
compounds (VOCs) are determined as 'any VOCs are emitted into the atmosphere 

organic having at 293.15 K a from thousands of sources including natural 

vapour of 0.01 kpa or more, or and man-made sources such as industrial or 

having a corresponding volatility under the mobile sources. In Finland, the emissions of 
 articular conditions of use...' Another VOCs began to decrease in the lg90s. 
definition determines VOCs as hydrocarbons Nevertheless, the obligation under the 
that contain less than 12 carbon atoms. In any Geneva V°C protocol, which was signed in 
case, VOCs include a great variety of 1991, i.e. a 30% reduction on the 1988 level 

different organic compounds including of VOC emissions by 1999, proved to be 

alcohols. ethers. esters. chlorinated more difficult to attain in Finland that was 

hydrocarbons and sulphur containing foreseen. The reasons for this are the trends 
compounds. In a more general sense, VOCs in emissions from non-road machinery and 

include most of solvent thinners, degreasants, equipment and, particularly, the fact that old 
cleaners, lubricants and liquid fuels. (VOC vehicles have not been replaced at the rate 



that was envisaged. (Ministry of the 
Environment 2002) 

The abatement of VOCs can be performed 
by several methods based on destruction or 
recovery of emitted VOC compounds. These 
techniques are thermal and catalytic 
oxidation, absorption, adsorption, pre- 
cipitation and capturing, and condensation. In 
addition, biodegradation and membranes are 
proved to be possible VOC abatement 
technic~ues. (Moretti 200 1) This study focuses 
on the catalytic oxidation of two different 
emissilons: solvent emissions from a paint 
shop (:VOCs) and odour emissions from a 
pulp rnill chip bin (SVOCs). The catalytic 
activities are tested in a laboratory scale and, 
in addition, the total abatement efficiencies in 
an industrial scale. 

2 CATALYTIC OXIDATION OF VOCS 
AND SVOCS 

In catalytic oxidation, the VOC emissions 
are oxidized to C02 and H20, and, in the case 
of SVOCs, also to SOz. The oxidation 
proceeds without flame, and the required 
temperatures are significantly lower than 
those needed in thermal oxidation. Because 
the temperatures are lower, the demands for 
construction materials are lower, and the 
treated emission concentrations can be lower 
in turn. In addition, the cleaning efficiencies 
can be over 95%, which is important for 
malodorous gases since they are odorous at 
very low concentrations. (Hynninen 1998, 
Ojala 2003, Ojala et al. 2005) 

The catalytic incinerator used in this study 
is a regenerative 'matros'-type reactor. It 
consists of two honeycomb systems that 
include catalysts and heat exchangers. The 
heat exchangers are considered regenerative 
since they temporarily store energy from a 
hot gas stream. This hot gas is produced 
during exothermic oxidation reactions in the 

catalyst bed and stored in a heat sink such as 
that created by metal honeycombs. The hot 
stream is introduced into the bed until the 
temperature of the bed nearly reaches the 
temperature of the hot stream. The direction 
of streams is changed, and a cold gas stream 
is passed through the hot bed. Thus, the cold 
stream is heated up to the required reaction 
temperature by the hot bed. When the bed 
cools down, the direction of streams are 
reversed again, repeating the cycle. This kind 
of operation does not need any external 
heating if the VOC concentrations of the 
emission gases are high enough. The lowest 
concentration needed for oxidation without 
extra heating, or the so-called 'autothermal 
point', is about 0.7 g/m3 of VOC. If the 
concentration of VOC exceeds 8 g/m3, extra 
dilution air is needed to keep the emission 
gases outside the explosion limits. The 
normal operation temperature of an industrial 
scale catalytic VOC incinerator is about 
350°C, but it varies depending on the VOC 
compounds to be oxidized. For example, the 
oxidation temperature should be over 400°C 
in the oxidation of chip bin emissions. (Ojala 
et al. 2005) In an industrial scale, the 
catalytic oxidation is most economical 
solution if the emissions that should be 
treated are mixtures and the concentrations 
vary from low to relatively high. 

The catalysts used for VOC abatement 
include metal oxides or precious metals such 
as platinum (Pt) and palladium (Pd). Precious 
metals have a longer lifetime and they are 
more resistant to poisoning and fouling than 
less expensive base metal catalysts. Fixed- 
bed catalytic oxidizers may use a monolithic 
or a packed-bed catalyst of which the 
monolithic catalysts are more widely used. 
(Moretti 2001) In this study, metallic 
monoliths with Pt, Pd or PtIPd as an active 
material are used. 



3 ACTIVITY OF NOBLE METAL 
CATALYSTS 

The activity of a catalyst may be evaluated 
by a light-off test in which the catalyst is 
heated up in certain gas mixture and 
concentration of the gas mixture is followed 
at the catalyst outlet. In this study VOC gas 
mixture contains 2000 ppm of methane or n- 
butyl acetate in air and SVOC mixture 2000 
ppm of methyl mercaptane (MM) in air. 
These model compounds were selected based 
on industrial measurements, which showed 
that n-butyl acetate is one of the major 
compounds in solvent emissions and MM is 
one malodorous compound included in the 
chip bin emissions. Methane was selected 
since it is difficult to oxidize and 
differences between catalysts' activities 
may be observed more easily. 

The concentrations of the model 
compounds at the outlet of the tubular 
continuous flow reactor were followed by 
gas chromatograph equipped with FID 
(Flame Ionization Detector) and FPD 
(Flame Photometric Detector) detectors. 
Figures 1 and 2 show the light-off curves for 
Pt, Pd and PtPd and non-catalytic oxidation 
of VOCs and SVOC, respectively. In Figure 
l, the first number indicates the compound: 1 
= methane, 2 = n-butyl acetate and letters A- 
D indicate different catalysts. Catalyst A and 
C contain Pt, B and D contain PtIPd. 
'Thermal' indicates the experiment that was 
carried out without a catalyst. 

Figures 1 and 2 show that the catalysts 
enhance the oxidation of both model VOCs 
and SVOC. The oxidation temperature of 
n-butyl acetate is decreased approximately 
350°C and methane oxidation did not take 
place without a catalyst in this temperature 
range. MM oxidation temperature is 
decreased approximately 1 50°C. In general 
catalysts' activity is affected for example by 

the used noble metal, loading of the active 
material, washcoat and its' additives. 
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Figure 1. Light-off curves for Pt, Pt/Pd and non- 
catalytic oxidation of n-butyl acetate and methane. 
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Figure 2. Light-off curves for Pd-catalyst and non- 
catalytic oxidation of MM. 

Figure 1 shows that Pt-only catalysts are 
slightly more active than PtPd catalysts in n- 
butyl acetate oxidation whereas opposite can 
be observed in the case of methane. It has 
been reported earlier (Janssen & van Santen 
1999) that Pd, actually PdO, should be the 
best catalyst for methane oxidation. This was 
also observed in these experiments. 

4 APPLICATION 

The typical operation temperature of a 
catalytic incinerator in solvent emissions' 
abatement is -350°C. However, in 
regenerative catalytic oxidation, the 
temperature fluctuates between temperatures 
300"-400°C. As the laboratory experiments 
show this means approximately 90-95% 



conversion of n-butyl acetate. Industrial 
measurements show that over 95% 
conversion is achieved in solvent emissions' 
abatement, even if the emissions are mixtures 
of several VOCs. In SVOC abatement 72.7% 
conversion of MM is achieved at the 
operation temperature of 350°C and -100% 
at 420°C with Pt/Pd catalyst. At laboratory 
scale, with Pd-only catalyst, same 
conversions are achieved at 280°C and 
300°C, respectively. This would indicate that 
Pd catalyst was more active than Pt/Pd 
catalyst. However, more information to 
confirm this result is needed. Furthermore 
earlier researches (Neyestanaki et al. 2004) 
show that Pd is less tolerant to sulphur 
poisoning than Pt-catalyst. 

If the operation temperature of catalytic 
incinerator is not high enough, there is a 
possibility of intermediates' formation. These 
intermediates are typically organic 
compounds with lower molecular mass than 
the compounds included in the emission 
mixhu-e. However, during MM incomplete 
oxidation DMDS is formed. Thus, it is 
important to gather enough information on 
the emissions that the application of the 
catalytic incinerator is successfbl. It is good 
to notice, that these intermediate compounds 
are also formed during non-catalytic 
oxidation, and it is not only a catalytic 
phenomenon. 

In industrial scale, information on the 

durability is needed in this kind of operation 
environment before industrial application. 

5 CONCLUSIONS 

The use of noble metal catalysts in the 
oxidation of VOCs and SVOCs lowers the 
oxidation temperatures significantly 
compared to non-catalytic oxidation. 
Operation temperatures of the industrial scale 
catalytic incinerators have to be, however, 
selected case by case in order to avoid 
possible formation of intermediates. In 
general, temperatures needed for SVOC 
oxidation are higher than in VOC oxidation. 

6 REFERENCES 

Directive 99113EC. EU Council Directive 
1999113EC of l l March 1999 on the limitation of 
solvent emissions of volatile organic compounds 
due to the use of organic solvents in certain 
activities and installations. Retrieved 5 February 
200 1 from World Wide Web: 
http://esig.org/direng.htrn. 

Hynninen, P. 1998. Environmental Control. In: 
Papermaking Science and Technology. Gumrnerus, 
JyvBskyla. 94- 107. 

Janssen, F.J.J.G. & van Santen, R.A. 1999. 
Environmental catalysis. London, Imperial college 
press. 369 p. 

Ministry of the Environment. 2002. Air Pollution 
Control Programme 20 10. The Finnish national 
programme for implementation of Directive 
2001/81/EC, approved by the Government on 
September 26, 2002. Ministry of the Environment 
588e. 

Moretti, E.C. 2001. Practical solutions for reducing 
volatile organic compounds and hazardous air 
pollutants, USA, American Institute of Chemical 

possible catalyst poisons in emission stream Engineers (AIChE). 150p. 
Neyestanaki, A.K., Klingstedt, F., Salmi, T. & Murzin, 

is needed in order to tailor most optimal D.Y., 2004. Deactivation of postcom~ustion 

catalyst to certain emissions. Catalyst may be catalysts, a review. Fuel 83,395-408. 

deactivated in VOC and SVOC abatement Ojala, S. 2003. Measurement and abatement of volatile 
organic compounds: Focus on catalytic oxidation. 

because of catalyst poisons, maskers or high- Licentiate thesis, Univeristy of Oulu, Finland. 155p. 
tempe:rature excursions. This may be a Ojala, S., Lassi, U., Ylonen, R., Keiski, R., Laakso, I., 

Maunula, T. & Silvonen, R. 2005. Abatement of problem especially in SVOC abatement since 
malodorous pulp mill emissions by catalytic 

s u l p h ~  is a catalyst poison- Therefore, oxidation - pilot experiments in Stora Enso Pulp 
furthe:r information about the catalysts Mill, Oulu,  inland Tappi Journal, 4, 1, 9-14. 



TYPES OF PGE MINERAL ASSOCIATIONS AT THE 
BAIKAL PGE-BEARING PROVINCE PLACERS AND 
THEIR PROBABLE PRIMARY SOURCES 

D.A. Orsoev, A.G. Mironov, E.V. Kislov 
Geological institute SD MS, Sakhyanovoy, 6 Ulan-Ude, 670047, Russia 

manma@,gin. bsc. burvatia. ru 

ABSTRACT. The PGE minerals from Au-bearing placer deposit of Sayan-Baikal folded 
region various areas is investigated. The four types of mineral associations are allocated for 
the given territory for the first time. The rutheniridosmine, osmiridium, ferroplatinum and 
sperrylite associations are characterized by the set PGE. OS-Ir-Ru alloys are most common 
among primary minerals. Pt-0s-Ir-Ru and Pt-Fe solid solutions are less common. The 
sperrylite distribution is limited. The wide spectrum of secondary platinoid is revealed. The 
analysis of possible original sources of PGE minerals is carried out on the basis of minerals 
composition and comparison of the received data with published one. 

The territory of Buryatiya is one of the 
most perspective regions of Russia for 
prospects of platinum group elements (PGE) 
deposits. The primary localities of PGE in 
various ore-formation complexes were 
revealed here during last years. These data 
have allowed to the D.A. Dodin with the co- 
authors (1999) to allocate the Baikal PGE- 
bearing province, one of largest at the 
territory of Russia. The placer localities of 
PGE minerals have wide development in its 
limits, besides primary ones. 

The study of PGE minerals from Au- 
bearing alluvial deposits of the rivers Kitoy, 
Khonchen, Ekhe-Shigna (southeast part of 
East Sayan); Ivanovo and Mergen-Shina 
(Dzhida zone); Adyan Kelyanskiy, Adyan 

Paramskiy and Lower Kamennyi (Muya 
zone); Kovynakh and Nerunda (North Baikal 
zone) was carried out. The estimation of 
quantitative ratios of its specia composition 
has shown, that OS-Ir-Ru solid solutions are 
prevailing among primary minerals PGE, Pt- 
0s-Ir-Ru and Pt-Fe alloys are significant 
smaller ratio and sperrylite is rather limited. 
Thus has appeared, that, despite of complex 
character, each concrete placer has the 
specific set and composition of minerals. The 
four basic mineralogical-geochemical types 
of PGE minerals associations are allocated: 
rutheniridosmine, osmiridium, ferroplatinum 
and sperrylite on prevalence of specific group 
of minerals. 



The solid solutions OS-Ir-Ru, represented 
by hexagonal modifications of native OS and 
native Ru, dominate in composition of 
rutheniridosrnine association (placers of 
Kitoy, Ekhe-Shigna, Ivanovo, Mergen-Shina 
and Aciyan Kelyansluy rivers). The native Ir 
is constantly, but at smaller quantities there, 
OS-Ir-Ku-Pt alloys and Pt-Fe minerals are 
rare considerably there, sulphides of seria 
laurite-erlichmanite are at the single times. 
The inclusions of hizlewoodite, millerite and 
high-nickel pentlandite are diagnosed in a 
grain of native osmium from the placer of 
Ekhe-Shigna river. The high-copper platinum 
similar to hongshiite by composition was 
found out in placer of Kitoy river. 
Unidentified phase Pt2Cu3 was found out in 
placer of Adyan Kelyanskiy river. The 
platinu~n irarsite and unidentified phases (OS, 
Ir)3AsSz, (OS, Ir, Ru)~AsS and (OS, Ir, 
Ru)~As are secondary minerals after 
rutheniridosmine. 

The osmiridium is revealed in the placer of 
Lower Kamennyi river (inflow of the river 
Vitim) only. Ir (main), OS, Pt and Ru 
determine the geochemical specialization of a 
type. The allocation of this association as an 
independent type is explained by prevailling 
development of grains of native Ir cubic 
alloys, presented by osmiridium mainly, 
ruthenosmiridium and rutheniridosrnine rare. 
The monomineral grains of hexagonal alloys 
of native OS (rutheniridosmine) and solid 
solutior~s OS-Ir-Pt are marked at single times 
also. The multiphase structure of grains, a 
wide vi~riation of composition by the main 
components, and their often replacement by 
PGE sulphoarsenides and sulphoantimonides 
also, among which irarsite (IrAsS) and 
unidentified phases (Ir, OS, Ru)2S, (Ir, Ru, 

Os)3S2, (Ru, Ir, Os)2(S, As, Sb)3, (Ir, 
O S ) ~ S ~ S ,  (Ir, O S ) ~ S ~ S  and (Ir, 0s)~(Sb, As)S 

are established are specific features of this 
mineralization. 

The ferroplatinic association is found out 
in placers of Adyan Paramskiy (Myua zone) 
and Kovynakh (North Baikal zone) rivers. 
The prevalence of solid solutions Pt-Fe 
(isoferroplatinum and ferroan platinum) and 
subordinated development of OS-Ir-Ru and 
OS-Ir-Ru-Pt alloys are characteristic for it. 
Native OS and Ru are represented by 
iridosmine and rutheniridosmine. Native Ir is 
represented by platinumic osmiridium with 
the contents of Pt up to 11.9 wt.%. 

The sperrylite association is investigated at 
placer of Nerunda (North Baikal zone) river. 
The sperrilite prevails here, forming the 
independent well shaped crystals. The native 
OS and Ir represented by individual grains of 
iridosmine, rutheniridosrnine and osmiridium 
are present at the subordinated amount. 
Osmiridium is characterized by the increased 
concentration of Pt at very low Ru that. The 
alloys of OS-Ir-Ru are close to those fkom 
placer of Adyan Paramskiy river by 
composition as a whole, but sometimes its 
contain inclusions of erlichmanite 
(isomorthic mix of erlichmanite, laurite and 
iridium component) and unidentified phase 
(Ir, Os)3AsS. 

The above-mentioned data testify, that 
several mineralogical-geochemical types of 
PGE minerals are present at the alluvial 
placers of the Baikal PGE-bearing province. 
It is caused probably by presence of 
diversified types of primary sources here. The 
PGE mineralogy of rutheniridosrnine 
association is best investigated; because of it 
is most widespread on examined territory. As 
the majority of the researchers considers, the 
placers of rutheniridosmine associations type 
and ruthenium composition trend at the 
folded belts distinctly shows spatial 
connection with restitic (alpina-type) dunite- 



peridotitic complexes of ophiolites, in which 
accessory platinum mineralization is 
connected with chromitites genetically. 

The Pt-bearing gabbro-peridotite massifs 
with sulphide nickel-copper mineralization 
are assumed as primary sourse for minerals of 
sperrilite association. Taking into account the 
complex composition of PGE minerals, the 
restitic dunite-harzburgite massifs of 
ophiolites could be a source of OS-Ir-Ru 
alloys in this association. 

Specific mineral compositionstructure of 
osmiridium type of placers at the Muya zone 
and absence of obvious connection with 
primary sources allow considering a nature of 
placers is not clear while. However, after 
A.G. Mochalov (2001) it is possible to 
assume, that its could be the ultramafic rocks 
and them metamorthosed differenciates. 
Lower Kamennyi river cross the Param 
ultramafic massif at the top current, and 
Upper Riphean volcanites of the mafic 
composition at the lower on current. The 
similar placers are known on Pikulney range 
(Chukotka), where its spatially connected 

with picritoids and metamorthosed 
cumulative ultramafits of layered dunite- 
clinopyroxene series and gabbro. 

The primary source of ferroplatinum 
association is not revealed yet. However, 
taking into account, that at the folded areas 
the ferroplatinum association at the placers 
connected genetically with multiphase 
concentrically-zoned gabbro-pyroxenite- 
dunite massifs of Ural-Alaska type, it is 
possible to assume, that a primary source of 
this association in Muya and, probably, 
North-Baikal zones could be similar 
complexes, which here while are unknown. 
Considering, that PGE minerals 
ferroplatinum association form largest placers 
deposits of PGE, its finds expand prospects 
of detection of industrial placers at the north 
of Buryatiya (Baikal-Arnur railway). 
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ABSTRACT. In the research context of new ore deposits of Pt, Pd and Au in Mafic- 
Ultran-lafic rocks in Cameroon as well as their weathering products, a geochemical survey of 
these metals was carried out in the South Cameroon coastal plain. Talcschists and 
amphilbolites metric sized blocs, subjected to supergene weathering, were found in outcrops 
and in weathering products of the gneissic country rock formations. Geochemical study shows 
that these rocks and their weathering products have high Cr contents and very low Pt, Pd and 
Au co~itents. Pt contents in the rocks vary from 1 to 2 ppb, while Au contents vary between 2 
and 4 ppb. Only one rock sample contains 3 ppb of Pd. In the weathering materials, Pt 
contents vary between 2 and 4 ppb, those of Pd vary between 1 and 2 ppb while those of Au 
vary between 2 and 7 ppb. Despite their low concentration values, the present study shows 
that Ptl has a higher mobility than Pt while Au has a very low mobility compared to Pt. It can 
be retained from this geochemical survey that talcschists and amphibolites as well as their 
weathering products are very poor in Pt, Pd and Au. 

shows that Pt and Pd contents are higher at 
the bottom of weathering mantles while Au 

In the context of ore deposits in eluviums contents are higher in the nodular horizons. 
and in 

Or mafic rocks . in This work is focussed on the search of Pt, Pd 
Cameroon, a geochemical survey was callled and Au indices in the ultramafic-mafic blocks 
out in the coastal plain. It was orientated 
towml the search for Au, Pt and Pd indices 
considering their high demand in advanced 
technology, in jewellery. . . 

In the humid tropical zone, much work 
shows that eluviums developed above 
ultramafic-mafic rocks contain Pt and Pd 
(Bowles, 1986; AugC et al., 1995; Salpeteur 
et al., 1995; Ndjigui et al., 2004), and Au ,,*,, ,,L ,,,* :& ,,, ,-m 

(Edou et al., 1995). The study presented here 



as well as their weathering products in the Two rocks are studied in this locality: 
coastal plain (Cameroon). amphibolites (PK3, PK4-1) and talcschists 

(PK1, PK5 and PK6), (Fig. 2B). 
2. GEOGRAPHICAL AND GEOLOGICAL Two talcschists facies were described: 
CONTEXTS pyrite talcschists (PK1) and non-pyrite 

talcschists (PK5, PK6), (Fig. 2B). 
5 
L Talcschists are characterised by high Si02 
W- and MgO contents (Table 1). The sum of the 
I*I- 

two oxides varies between 61.10 and 86.88% 
(Table 1). 

-- Amphibolites are equally rich in Si02 and 

f i * t ~ a ~ * l l *  jIll/U,R r-- " 8  I I 
MgO, but are different from the previous by 

Ri** j i7JIiL=* . -- -___ p - .- their alkaline-earth content. CaO content 
24 u r * h + + m l w a * ~ ~ r r ) - - - -  ,-, -8H--wdlkk1-YV 

ulry*rllyr-.-v~.&H~I varies between 9.08 and 9.56%, that of K 2 0  
The Pouth-Kelle locality is situated in the v ~ e s  between 0.04-0.07%, and that ofNa2O 

Cameroon coastal plain. It is situated in the vari .54 and 0.59% (Table 1). 
eastern border of the plain with the south m 
Cameroon plateau (Fig. lA, B). The coastal 
plain has an increasing altitude from the coast Tab&rn M&a 

Y r l h  c*yc,rmtnx I YcUar bmva 

to the south Cameroon plateau. Its altitude C ~ Y  - 
- Fmu$rnl%d @mullr* 

varies between 0 and 350 m above sea level. - tnadumnn 

It is a region with abundant precipitation. ~ u I Q ~ ~ ~ ~  

Total annual rainfall is 2000 mm and average 
annual temperature is 26 "C. The vegetation I Red tRsr clrpy 

hmm, 

is a dense sempervirente forest. The soils are 
essentially yellow ferrallitic. The talcschists 
and amphibolites are framed by gneissic - Am@ihJnn M n k s  

formations of the Panafi-ican Orogeny F m ~ ~  lrnnr I lrm rkncrua 

(Lasserre and Soba, 1976) (Fig. 2A, B). 
These formations are comprised of weathered 
metric sized blocs, either buried in the 

- R r r l d y  rl.vcvmm gneissic weathering formations or I Erne srpmlltc 

outcropping in the studied site. 
- Unuwluoral gactrr 5 Cnurr rlyrmlrR 

3. MATERIAL AND METHODS ~ m m t  ruck twru) 

The studied weathering profile is situated Fig. 3: Pouth-KeliC weathering profile. 
on a hill slope with an altitude of about 220 
m. ~t is 6 m thick and is of the The aim of this work is not the petrological 

following horizons from the base to the study of the gneissic products but instead the 

summit: a coarse saprolite, a fine eaprolite, an search for Pt, Pd and AU indices in talcschists 

iron duricrust, a red c-ayey horizon and a and amphibolites as well as their weathering 

brown-yellow clayey horizon (Fig. 3). products. The weathering products appear as 
Mineralogical and geochemical analyses weathered blocks in the gneissic weathered 

were carried out at "Ecole Polytechnique", 
Lausanne, (Switzerland). Pd, Pt and Au In the can be found 
elements were analysed by Genalysis amphibolite blocks (OM317 which are loose, 
(Australia). They were analysed by FA25iMS ~ ~ ~ t y - ~ ~ ~ ~ ~  and constituted of long green 
finish. Their detection limit is lppb. acicular amphiboles envelopes inside a red 

material. Their mineral composition is 
smectites, kaolinite, quartz, gibbsite, 



muscovite and chlorite- smectite 
interstratified. Their chemical composition is 
45.27 ?h of SiOa 18.40 % of MgO, 9.55 % of 
A1203, 13 % of Fe203,6.14 % of CaO, 1 1733 
ppm of' Cr and 1370 ppm of Ni (Table 2). 

Table 1: Chemical composition (major 
elements (in wt); Cr and Ni (in ppm); Pt, Pd 
and ALL contents (in ppb)) of talcschists and 
amphibolites (Pouth-Kelle, Cameroon coastal 
- .  

D.1.: Detection limit; nd: undetermined. 

friable, clayey-silty and brown. They are rich 
in talc and contain, in addition to kaolinite, 
smectites and traces of goethite. This material 
does not contain CaO and has higher MgO 
and lower aluminium oxide contents than the 
previous (Table 2). 
4 RESULTS 

4 l ROCKS 

Pt contents vary between l and 2 ppb. For 
the same rocks, only PK3 has a Pd content 
which is above the detection limit (Table 1). 
This content is 3 ppb. Au content vary 
between 2 and 4 ppb (Table 1). 
PtIPd ratio is 0.67. 
PtIAu ratio varies between 0.25 and 1.00 
(Table 1). 

4 2 WEATHERING M TERIALS 

Pt contents vary between 2 and 4 ppb 
(Table 2). 

Pt contents oscillate between 1 and 2 ppb 
(table 2). 

Au contents oscillate between 2 and 7 ppb 
(table 2). 

In the fine saprolite, the weathered blocks Au has slightly higher contents than Pt and 
(OM4) are green, mottled and sandy. They Pd. 
have a high proportion of talc, smectites, Pt/Au ratio is low as compared to Pt/Pd 
chlorites, and a low proportion of goetbite, ratio. Values oscillate between 0.43 and 1 
kaolinite and quartz. These weathered blocks (table 2). This ratio depicts a very low Au 
have the same chemical composition like the mobility relative to Pt. 
previous blocks with the only difference that 
they are poorer in some elements like Fe, Al, 5 IXScUSSION 
~ i , -  and ~r (Table 2). In the iron duricmst, 
rock material (OM14) is green, silty-sandy 
and made up of acicular amphiboles. Their 
mineral composition is talc, chlorites, 
muscovites, and low proportion of gibbsite, 
quartz, kaolinite and serpentine. They are Fe 
and Mg rich (Table 2). In the red clayey loose 
horizon, weathered blocks are silty-sandy and 
are composed of high proportions of talc and 
chlorites, chlorite-smectite interstratified, 
quartz, goethite and muscovite, and a low 
proportion of kaolinite. Compared to the 
previous blocks, they have a high proportion 
of CaO (Table 2). 

In the clayey surface soil, talcschist blocks 
appear and atimes outcrop (OM13). They are 

Pt, Pd and Au contents in amphibolites and 
talcschists are comparable to those obtained 
in the Vizcano (Mexico) ultrabasic-basic 
complex by Vatin-Perignon et al. (2000). 
Those of weathering products of same rocks 
are low relative to those of the serpentinised 
ultrabasic of South-East Cameroon (Ndjigui 
et al., 2004). 

The low Pt and Pd contents may be linked 
to the nature of the original retromorphosed 
rocks, or to high precipitation that may have 
provoked the exportation of these metals out 
of the weathering mantle. 

Increase in content of these metals may 
mean their remobilisation during the first 



weathering phases (AugC et al., 1995; 
Salpkteur et al., 1995). 

6 CONCLUSION 

Talcschists and amphibolites have very 
low Pt and Au contents and are equally very 
poor in Pd. 

Their weathering products contain the 
studied metals except the surface talcschist 
sample. 

This geochemical study shows that Pd has 
a higher mobility relative to Pt, while Pt is 
more mobile than Au. 
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Table 2: Chemical composition (major elements (in wt); Cr and Ni (in ppm); Pt, Pd and Au contents 
(in ppb)) of weathering products of talcschists and arnphibolites (Pouth-Kelle, Cameroon coastal 

D.1.: Detection limit; nd: undetermined. 

MgO 
CaO 
Cr 

0.01 
0.01 
0.01 

18.14 
6.14 
11733 

23.45 
6.52 
9133 

26.61 
2.25 
6554 

26779 
1.30 
5971 

29.70 
- 
4230 

26.67 
5.75 
8023 
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ABSTRACT. Massive concentrations of Fe-Ti oxide minerals occur as lenticular, sill or dyke- 
like b~odies in the Permian Panzhihua intrusion, SW China. Although the intrusion is 
characterized by well-developed igneous layering, major oxide orebodies are intimately 
associated with vari-textured gabbro devoid of layered structure. Magnetites in one of the 
major orebody at different stratigraphic heights have similar compositions and do not show 
evidence of fractional crystallization. Oxides in these orebodies are suggested to have 
crystallized from an oxide liquid, which is also consistent with field and petrographic 
observation. The oxide liquid might be separated immiscibly from a crystallizing gabbroic 
magma. The cause of oxide immiscibility cannot be evaluated with available information but 
abrupt change in oxygen fugacity andlor introduction of volatiles induced by assimilation of 
carbo~iate rocks might be potential triggering mechanisms. 

1 INTRODUCTION 

Rocks composed of essentially Fe-Ti 
oxides are associated with a wide range of 
igneolus rocks including anorthosite, felsic to 
intermediate volcanic rocks and layered 
intrusions (Kolker, 1982; Eales and 
Cawthorn, 1996). These rocks are considered 
enigmatic because an effective mechanism is 
required to concentrate oxides from a magma 
(Johnson et al., 2002). 

The Panzhihua intrusion, SW China, hosts 
massive oxide bodies that have been mined 
for more than 30 years. The oxide deposit is 
one of the largest in the country and has 1333 
Mt of' ore reserves, with an average ore grade 

of 45 wt% FeO, 12 wt% Ti02, and 0.3 wt% 
V2O5. The oxide orebodies are suggested to 
have crystallized from immiscible oxide 
liquid (Zhou et al., 2005). However, more 
information is required to better constrain the 
mechanism by which the oxides concentrate. 

Fe-Ti oxide minerals exhibit wide 
compositional variation and can be a useh1 
petrogenetic indicator (Leeman et al., 1978). 
For instance, magnetite formed early in the 
crystallization sequence should be enriched in 
compatible elements such as Cr and V 
compared with later-formed equivalents. In 
the Panzhihua intrusion, oxide minerals are 
ubiquitous and should provide important 



petrogenetic information. This study is set to 
examine the chemical variation of magnetite 
as a function of stratigraphic height of the 
intrusion, in order to better understand the 
origin of the oxide orebodies. 

2 GEOLOGICAL BACKGROUND 

outlined by both sharp and transitional 
boundaries. 
3 METHODOLOGY 

Samples of this study were collected from 
a traverse at the Lanjian mine site in 
Panzhihua which include the Marginal Zone, 
the Lower Zone and the Middle Zone. 
Polished thin sections were made from each 
sample. Mineral chemical analysis was 
carried out using a Cameca SX50 electron 
microprobe in the Electron Microscopy Unit, 
University of South Carolina, U.S.A. Eight to 
ten analyses were performed in each sample. 
A total of 95 1 analyses were obtained. 

The Panzhihua intrusion is one of several 
mafic-ultramafic intrusions in the Perrnian 
Emeishan Large Igneous Province, SW 
China. 

4 MAGNETITE CHEMOSTRATIGRAPHY 

intksion. Major oxide orebodies are shown 
in black. 

The gabbroic intrusion is a sill-like body -19- 
km-long and 2-km-wide (Fig. 1). It is divided 
into four stratigraphic units: the Marginal 
Zone composed of hornblende microgabbro, 
the Lower Zone composed of vari-textured 
gabbro, the Middle Zone composed of 
layered gabbro, and the Upper Zone 
composed of layered leucogabbro. Oxide 
orebodies mainly occur in the Lower Zone 
and rarely the Middle Zone. These are 

Figure 2 shows the variation of magnetite 
compositions at different stratigraphic 
heights. Magnetite in the major orebody of 
the Lower Zone has similar composition with 
increasing stratigraphic heights, e.g. 15 wt% 
Ti02, 0.5 wt% MnO and 0.05 wtYo Cr203. In 
the vari-textured gabbro above the oxide 
orebody, certain minor elements in magnetite 
decrease rapidly with stratigraphic height, 
e.g. Ti02 and MnO, with the corresponding 
increase in the FezOdFeO ratio and decrease 
in Mg#. The Lower Zone-Middle Zone 
boundary is marked by an abrupt reversal for 
most elements. Magnetite composition is less 
variable in the Middle Zone relative to the 
Lower Zone and is marked by several minor 
reversals. 

5 DISCUSSION 

Subsolidus re-equilibration of Fe-Ti oxides 
has been suggested to occur in slowly-cooled 
plutonic rocks (Haggerty, 1976). It usually 
takes place by inter-grain diffusion andfor 
exsolution and related processes. In the 
Panzhihua intrusion, grain boundary 



relatio~iship indicates that the original 
geometry of oxide grains have been modified 
at subsolidus stage. Also, compositions of 
coexisting magnetite and ilmenite suggest 
temperatures that are too low to argue for 
magmatic crystallization. 

In the oxide orebody of the Lower Zone, 
magnetite at different stratigraphic heights 
has similar compositions. This is not 
consistent with fiactionation of magnetite 
crystalls to be the mechanism to concentrate 
the oxides. In contrast, this suggests most of 
the oxides crystallized in-situ at about the 
same time, presumably from an oxide liquid. 
It can be argued that subsolidus re- 
equilibration might have completely modified 

0 10 20 

TiO, (wt%) 

the magmatic composition of magnetite, as 
evident by the Fe-Ti oxide 
geotherrnobarometric data. However, it is 
also important that except for a minor amount 
of silicate minerals, the orebody is composed 
essentially of magnetite, and the minerals that 
magnetite potentially equilibrates with 
appears to be absent. The oxide melt model is 
also consistent with field and petrographic 
observations. The lensoidal, sill and dyke-like 
geometry of the oxide bodies seems to 
indicate magmatic injection of an oxide 
liquid. Silicate minerals in the orebody are 
usually outlined by embayed grain 
boundaries saturated with oxides. 

- 
0 0.5 1 

MnO (W€%) 

- 
MARBLE VARI-TEXTURED CABBRO L_] ANORTHOSITE 

MICROGABBRO LAYERED OXIDE CABBRO MAGNETITE ORE 

Figure 2. Compositional variation of magnetite as a function of stratigraphic height, 
illustrated with the sampled column section. MGZ: Marginal Zone. 



Reaction rim of brown hornblende between 
silicate minerals and opaque oxides implies 
that the latter was a liquid phase. All 
available evidence apparently points to the 
existence of an oxide melt which 
subsequently gave rise to the orebodies. 

The occurrence of oxide melt is usually 
related to immiscible separation because 
crystal fractionation alone might only lead to 
an Fe-rich silicate melt, not an oxide melt 
(Duchesne, 1999). In the Panzhihua intrusion, 
magnetite inclusions in silicate mineral have 
irregular boundaries, which might be trapped 
oxide melt when the silicate host crystallized. 
This implies the coexistence between a 
silicate magma and an oxide melt, and hence 
the latter is immiscibly separated from the 
former. 

The cause of oxide immiscibility cannot be 
evaluated with available information but it 
might be related to Neoproterozoic marble 
(i.e. the Dengying Formation) which is 
common in the region and could be 
extensively buried in Permian times. There 
exists a clear intrusive boundary between the 
Panzhihua intrusion and the marble, 
suggesting potential interaction between the 
parental magma and the carbonate rocks. 
Assimilation of carbonate rocks is able to 
upset the oxygen fugacity of the magma 
rapidly and introduce volatiles such as CO2 
into the magma. This may trigger the 
separation of immiscible oxide liquid from 
the crystallizing gabbroic magma (e.g. Lester, 
2002). However, it is uncertain how the 
mantle source that gave rise to the Panzhihua 
intrusion contributed to generation of oxide 
melt and further studies are required. 

6 CONCLUSIONS 

The massive oxide orebodies in the 
Panzhihua gabbroic layered intrusion 
crystallized from an oxide melt, which might 
have separated immiscibly from a 
crystallizing gabbroic magma. The formation 
of oxide melt may be triggered by the 
assimilation of carbonate rocks. 
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INTRODUCTION 

Deep-seated, mafic and utramafic itrusives 
are ideal locales for nobel metal 
mineralization observed in different parts of 
the world. PGE mineralization in India is 
reported from Dhanvar craton (Alapieti et al., 
1994) and Singhbhum craton (Mondal and 
Baidya, 1997, Augd et al., 2002) associated 
with mafic-ultramafic rocks of Archean age. 
Penensular India comprises Singhbhum, 
Dhanvar and Bundelkhand cratons. The 
present study is a preliminary assessment of 
PGE mineralization mainly with respect to 
Madaura area, Bundelkhand craton, Central 
India (Fig. l). Metamorphosed mafic- 
ultramafic rocks are exposed in eight 
locations (Madaura, Rajola, Dangli, 
Ikonakhurd, Girar, Hanumatgarh, Siron, and 
Purani Pindar) over a regional spread of 
about 2OOsq km with cumulative outcrop size 
of about 50sq km area in the southern fr-inge 
of Bundelkhand craton. These are sulphide- 
poor and magnetite-rich rocks similar to the 
Stella layered intrusion (Maier et al, 2003). 

GEOLOGY OF MADAURA AREA 

The mafic-ultramafic rocks are exposed in 
the form of narrow lenticular outcrops within 
Bundelkhand Granitoids (2.5-2.2 Ga). The 
outcrops are mostly low lying, partly covered 
under alluvium and their contact relationship 
with the host granitoids is still unclear. The 
field relationship, petrography and chemistry 
suggest that the metamorphosed mafic- 
ultramafic rocks possibly represent an 



episodic magmatism in this area. The mafic 
dykes are the youngest magmatic rock in 
parts of Bundelkhand craton (2.0-0.9 Ga). 
Recently Malviya et al. (2005) have reported 
TDM ages of mafic-ultramafic rocks in the 
central part of Bundelkhand craton to lie 
between 4.90 and 3.32 Ga based on Sm-Nd 
systematics. However, the age of these mafic- 
ultramafic rocks is unknown and conflicting 
opinions with respect to their spatial and 
temporal relationship with Bundelkhand 
granitoids exist. Prakash et al. (1975) 
consider them to be younger than 
Bundelkhand granitoids (2.5-2.2 Ga), and on 
the other hand Basu (1986) has classified 
them to be the oldest rock in the 
Bundelkhand craton. Mylonitised pink 
granite is exposed closed to this mafic- 
ultramafic outcrop but their contact 
relationship is unclear. 

Petrographically these are altered to 
various extents. However, on the basis of 
relict minerals and textures these rocks can be 
classified as meta-dolerite, meta-gabbro, 
meta-pyroxinite, meta-dunite. The dolerites 
show ophitic to sub-ophitic texture and are 
composed of plagioclase (partly sassuritised) 
+ clinopyroxene (altered to mostly 
hornblende * chlorite) + magnetite + epidote 
* calcite. The gabbros are coarse grained, 
inequigranular and composed of tabular 
plasioclase (partly altered) + clinopyroxene 
(altered to various extents) + magnetite + 
epidote calcite. Meta-pyroxenite 
dominantly contains amphiboles (hornblende 
* actinolite tremolite) in addition to other 
phases like talc * serpentine, magnetite and * 
calcite. Meta-dunites are extensively altered, 
retain cumulus texture and contain lots of 
olivine pseudomorphs (with rare relict core) 
+ serpentine + chlorite + actinolite + 
magnetite * calcite. 

The mafic dykes are observed to cut-across 
the metamorphosed ultramafic rocks and 
granitoids and show a NW-SE trend. The 
mafic-ultramafic rocks (meta-pyroxenite and 
meta-dunite) are foliated (E-W) and show 
development of puckers on an earlier 
foliation. The gabbroic rocks are exposed as 
lenticular, E-W trending outcrops parallel to 
northerly dipping, sub-vertical mylonitic 
foliation observed in the host pink granitoids. 
The mafic dykes do not show any imprints of 
deformation possibly suggesting their post- 
kinematics emplacement with respect to 
regional E-W ductile deformation. 

GEOCHEMISTRY 

The present study includes ten randomly 
chosen meta-dunite, meta-pyroxenite, meta- 
gabbro and dolerite samples. The MgO 
contents of meta-dunites lie between 25.7 and 
36.9 wt.%, whereas meta-gabbro and dolerite 
samples have MgO values ranging from 8.6 
to 13.9 wt.%. Similarly Cr content of meta- 
dunite is between 3500 and 7545 ppm and Ni 
values range from 1266 to 2090 ppm. Meta- 
gabbro and dolerite show Ni and Cr values up 
to 492and 55 ppm, respectively. These rocks 
are chemically distinct. 

Table 1. Analyses of select noble metals (in 
P P ~ )  

Sample no. Au Pt Pd 
Mubk66 2 20.2 15 

Variation diagrams show MgO content 
having positive correlation with ~ e 2 0 3 ~ ,  Ni 



and Cr values but Si02 and V decrease with 
increase in the MgO content. It is evident that 
magnetite crystallized as an early magmatic 
phase. The relationship between immobile 
trace element pairs show scatter, suggesting 
that these rocks have undergone posts- 
emplacement alteration and this agrees well 
with petrographic observations. 

PGE MINERALIZATION 

Based on the high Ni and Cr content of 
these rocks, the presence of visible sulphide 
phases and possible Archaean affinity, the 
PGE analysis of ten different bulk rock 
samples are carried out and the data are 
summarized in Table-l. The PGE (Pt, Au, 
and Ptl) analyses were carried out by fire 
assay method at BRGM, France. The PGE 
contents vary with rock type, ranging 0.5- 
20.2 ppb (Pt) in meta-dunite, 91.3 ppb (Pt) in 
meta-pyroxenite, <0.5-2.8 ppb in gabbroic 
rocks and 2.3-2.9 ppb in dolerites. The meta- 
pyroxenite sample contains octahedral 
magnetites and the Pd and Au contents are 45 
and 14 ppb, respectively. It is possible that 
the PGE are concentrated in magnetite. 

Although this preliminary attempt has 
shown low PGE concentrations in the 
sampled rocks from the surface level but the 
relatively higher values in magnetite-bearing 
meta-pyroxenite sample is very encouraging. 
The nearby areas of Ikonakhurd and Dangli 
have mappable magnetite-rich (30 modal% of 
magnetite) metaultramafic rocks with 
octahedral magnetites up to 6rnm in size. 
Furthe:r study with a DST grant no. 
ESS/16/195/2003 is in progress. 
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ABSTRACT. Are submitted P - T parameters of a sample metamorphic to transformation from 
early up to a late stage, from ore-containing with PGE of horizon. For the given parameters the 
equilibrium structures fluids and solids (silicates and sulphides) phase are designed. Their 
behavior is considered depending on concentration of sulphur and of it influence on 
transformation of elements (Pt, Pd) in sulphides. 

A sample from the ore-bearing horizon, 
leucocratic gabbro (pl-cpx-cumm-act-horn-bi- 
chl-czo-ep), has been analyzed by the 
microprobe technique. The analysis has shown 
that the rock is greatly metamorphosed, that is 
manifested in amphibolization, biotitization, 
clinozoisitization, and epidotization. The 
sample demonstrates relic primary magmatic 
(clinopyroxene) and autometamorphic 
(cummingtonite) minerals. The superimposed 
transformations of the clinopyroxene are 
reduced to the subsequent development of 
pale-coloured amphibole of the actinolite- 
tremolite series and green hornblende. 

The distinguished mineral assemblages of 
the sample analyzed and their chemical 
composition have been employed for 
estimating the thermodynamic conditions 
(parameters) of the metamorphism by the 
TWQ method (Berman, 1991). The research 

results suggest that the P-T parameters cover 
the temperature interval from the 
autometamorphic rock transformations with 
pyroxene-cummingtonite assemblages 
(T=504"CY P=5.6 kbar) to the early 
metamorphic transformations with early 
plagioclase-actinolite (T=390°C, P=2.2 kbar) 
and later plagioclase-hornblende assemblages 
(T=450°C, P=5.7 kbar). 

In order to carry out the thermodynamic 
modelling, the input thermodynamic data for 
the mineral phases, gas components, elements 
and sulphides have been taken from the 
reference books and from our earlier 
investigations (Yokokawa, 1988; Holland et 
al., 1990; Karzhavin, 2003). The 
thermodynamic modelling of the complex 
natural system has been performed using the 
program package Selector [Karpov, 198 1) that 
allowed considering different factors during 



the investigation. The examination of the a) relatively low metamorphism degree 
sulphur concentration effect (0.015-0.075 (greenschist facies) at the sulphur content in 
molekg) on the content of Pt, Pd, and their the natural system within 0.06 molelkg; 
sulphides, as well as investigation of the fluid b) formation of Pt and Pd sulphides does 
regime, Cu, Ni, Fe sulphides and silicate phase not disclose a clear dependence on the 
have been accomplished at the given P-T sulphur concentration at different 
parameters for the different metamorphism metamorphism facies; 
facies. The results obtained indicate a c) PGE concentration is caused by the 
fundamentally different sulphur (and PGE's) factor of the sulphur concentration at the 
behaviour at the various metamorphism stages. metamorphic substitution of the ore horizon. 
It has been established that the PGEs can exist 
only a:s elements at the autometamorphic stage, REFERENCES 
when the 'Ontent is about 0'03 Berman R.G. 1991. Thermobarometry using multi- 
molekg. Such sulphides as PtS, PtS2, PdS, and equilibrium calculations: a new technique, with 

PdS2 can exist only at the high sulphur content ~ewological applications. Canadian Mineralogist, 
29,833-855. 

in the system' At the greenschist the Holland T.J.B., Powell R. 1990. An enlarged and 
elementary form of PGEs is traced even at the updated internally consistent thermodynamic 

higher sulphur concentration in the system dataset with uncertainties and correlations: the 
system K20-Na20-Ca0-Mg0-Mn0-FeO-Fe203- 

molekg)' The concentration in A120,-Ti02-Si02-C-H2202. Journal mehmorphic 
the sj~stems increasing subsequently, the Pt Geology, 8,89-124. 
and Pd content diminishes forming K ~ O V  1.K. 198 1. Physical-chemical computer 

modelling in geochemistry. Novosibirsk: Nauka, 
the appropriate sulphides. At the epidote- 248 D. in Russian. 
amphibolite facies the PGEs can exist as ~arzha;in V.K. 2003. Platinum group elements. 

at the low sulphur Thermodynamic properties. ~leckonic Scientific 
Informational Journal "Herald of the Department concentration (0.015 molelkg). However, even of Earth Sciences RASa. N9 (21,. 

a negligible increase in the sulphur http://www.scais.ru/mssiadc~l25lh dangms;l- 

concentration (up to 0.017 molekg) provokes 20031inf0rmbu1-1 2003.htm#l-1 
Yokokawa H. 1988. Tables thermodynamic an in Pt and Pd 'Ontents and intense properties of inorganic components. Spec. Issue J. 

development of the PGE sulphides. Nat. Chem. Lab. Ind. 83, 27- 121. 

The results obtained allow assuming that 
the conditions, when platinum occurs as an 
element, are 
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ABSTRACT. By the federal program "Platinum of Russia" early proterozoic Onega basin 
(Karelia, Russia) is considered to be the perspective object of stratiform noble metal 
mineralization in schungite-bearing shales. The investigations were based on the drill core 
samples, which uncover a rock formation of the middle subsuite of Saonega suite on the 
Pigmozero square of Onega basin. The research was aimed at the study of ore mineralization 
and revealing noble-metal mineral phases. We studied the composition, morphological types 
and phases of mineral development. Ore mineralization of schungite-bearing shales is divided 
into sulfide, telluride and oxide-hydroxide. There were revealed 3 morphologic types of ore 
mineralization: by layers, concretional and veiny. Ore minerals were formed at 3 main stages: 
syngenetic, epigenetic and hypergene. The tellurides, found in Onega basin, may be an 
evidence of noble metal mineralization. But the processes of telluride mineral formation are 
weak and not wide spread and we didn't reveal definite mineralogical evidence of stratiform 
noble metal mineralization at the Pigmozero square of Onega basin. So, the presence of Au 
and PGE mineralization remains undecided. 

1 INTRODUCTION Pt and 1900 ppm Pd) were revealed in 
carbonaceous shales in zechstein cooper 

Black shale rock complexes are considered 
deposit in Poland (Kucha, 1982). 

to have great potential as a source and host- 
rocks of the deposits of non-ferrous metals 
and, especially, noble metals. Such 

2 GEOLOGICAL POSITION 

complexes host the greatest gold deposits of Onega basin, situated in Karelia (North- 
North-East Russia (Natalka, Mayskoe, West Russia), occupies a particular 
Nezhdaninskoye), Australia (Bendigo, metallogenic position. Owing to its sizes and 
Ballarat), Alaska (Juno), California (Maser thickness of shungite-bearing shales, this 
Lod) and many others. The highest Au and basin is considered to be the largest 
PGE concentrations (1900 ppm Au, 600 ppm 



precambrean paleodepression of black shale 
accumulation in the world. 

Schuligite-bearing shales, that compose a 
part of an interbedding sequence of 
sedimentary and volcanic-sedimentary 
formations, are an Early Proterozoic in age 
and blelong to Saonega suite of the 
Ludicovian. Saonega suite is divided into 
three subsuites (Polekhovskiy, Golubev 1989, 
Volkov, Polekhovskiy, etc. 1997): low - 
argillo-carbonate slate, middle - volcano- 
sedimentary (with high-carbonaceous rock 
interlayers) and upper - sedimentary- 
volcanogenic. In high-carbonaceous rock 
interlayers there are some beds with abundant 
sulfide mineralization up to 70-90 % of 
sulfide minerals. 

3 PGE :MINERALIZATION 

Within the federal program ((Platinum of 
Russia)) there was outlined the Karelian-Kola 
platinum metallogenetic province, and within 
its bounds - the Onega platinum region with 
stratifom Au-PGE mineralization (Savitskiy, 
etc 1995; Savitskiy, etc 1999; Dodin, etc 
2000). Allocation of this region is based on 
analytical data received as a result of non- 
typical sample preparation, which helped the 
authors (Savitskiy, etc 1999) to reveal 8 
levels of carbonaceous shales specialized on 
noble metals. The highest PGE 
concentrations were determined in the core 
samples of the wells, drilled by St.Ent. 
c<Nevskgeologia)), on Pigmozero square (in 
north-west part of Onega basin). In six of 
them high content of Pt - up to 3.8 ppm, Pd - 
up to 24.5 ppm, Au - up to 2.25 ppm were 
fixed. 

4 ORE MINERALIZATION 

In order to check this data we studied the 
ore mineralization of shungite-bearing shales 

by the core of the wells drilled by St.Ent. 
c(Nevskgeo1ogia)) on Pigmozero square. 

Ore mineralogical investigations in 
specimens (taken fi-om the drill core samples) 
showed that schungite-bearing rocks were 
characterized by abundance of ore minerals. 
They are: pyrite, two pyrrhotites - 

monoclinic and rhombic, marcasite, 
chalcopyrite, pentlandite, sphalerite, galena, 
cobaltite, molybdenite, rutile, ilmenite, 
haematite, goethite and hydrogoethite and 
other. There were revealed three morphologic 
types of ore mineralization: by layers, 
concretional and veiny. Each of these 
contains some more varieties and subtypes. 

Dissemination by layers consists of 
fi-omboidal and fine-dispersed pyrite and 
forms 3-40 % of the whole rock. It is one of 
the widely spread types of mineralization 
which can be found throughout the rock 
sequence. But there are some interlayers 
containing more than 90 % of pyrite, which 
are typical for the high-carbonaceous layers 
of pelites. Apart from the dissemination these 
interlayers can be found rarely. The basal 
marcasitic cement forms a cemental subtype 
of ore mineralization. The sulfides fill the 
intergranular space of the schungite-bearing 
aleurosandstones. 

Besides sulphide mineralizations by layers 
schungite-bearing rocks can contain rutile 
and ilmenite dissemination. Usually it's not 
more than 1-3 % and is typical for pelites and 
aleuropelites. 

Concretional type is divided into macro- 
and microconcretional subtypes. 
Macroconcretions (which size can be 0.1-3 
cm and more) are characterized by zone 
structure, sphere, oval or flattened shape. The 
central part of concretions usually consists of 
non-ore minerals, such as quartz, carbonate, 
mica and, sometimes, schungite. The next 
zone is represented by euhedral pyrite 



crystals. And the last zone is formed by marcasite, chalcopyrite, sphalerite, galena, 
anhedral pyrite and (or) marcasite, which can molybdenite, cobaltite and redepositional 
be replaced by chalcopyrite, sphalerite and schungite are diagnosed in veinlets. 
pyrrhotite. 

Detailed electron microscope analyzes Table 1. Analyses of coloradoite. 
showed the occurrence of Hg and Ni 
tellurides in concretions. They are coloradoite 
(HgTe) (table 1) and melonite (NiTe2) (table 
2). The tellurides form a xenomorphic 
segregation (size 0.03 mm), the central part 
of which consists of melonite and outside - 
of coloradoite (fig.). The tellurides are 
situated in the edge zone of the concretion, 
composed by pyrite, and confined to the part, 
substitute by chalcopyrite. 

Microconcretions (size 0.01 -0.1 cm) are 
built by pyrite and marcasite, and often 
prismatic crystals of marcasite are overgrown 
with pyrite. Besides they may consist of 
chalcopyrite, sphalerite, pyrrhotite, haematite, 
goethite and hydrogoethite. Microconcretions 
may be peppered throughout the host rock, or 
form the noncontinuous microinterlayers. 

Fig. Xenomorphic segregation of tellurides at 
the edge zone of the concretion. Col - 
coloradoite, Me - melonite, Pyr - pyrrhotite, 
Cp - chalcopyrite. 

The veiny type of mineralization is presented 
by thin veinlets, which are often settled by 
layers and rarely have intersecting nature. 
Stable coarse-medium-grained ore minerals 
characterize this type. Pyrite, pyrrhotite, 

Table 2. Analyses of melonite. 

On the edges, on the contact with non-ore 
matrix sometimes one can see prismatic 
haematite, acicular crystals of goethite and 
hydrogoethite. 

The veins have very diverse pattern and 
can be divided into symmetrical and 
asymmetrical. In the first ones the central part 
consists of sulfide, and the edges of non-ore 
minerals, whereas in the second ones there is 
no such regular structure. 

All described types of ore mineralization, 
widely spread in schungite-bearing rocks of 
Onega basin, are connected with different 
genetic processes. Here were revealed three 
main phases of ore mineralization 



development: syngenetic, epigenetic and55 CONCLUSIONS 
hypergene. 

I phase - syngenetic. This phase is 
associated with sedimentation and the initial 
transformation of rocks. It includes 
sedimentogenesis, diagenetic and catagenetic 
stages. During this phase the fromboidal 
pyrite, colloform marcasire, pyrrhotite and 
microconcretions are forming. 

I1 phase - epigenetic - is characterized by 
the influence of later processes and divided 
into two stages: metamorphic and 
hydrothermal-metasomatic. The last one can 
be divided into two substages: sulfide and 

Tellurides, as is well known, accompany 
the Au and PGE mineralization in many 
deposits all over the world, but their 
occurrence in shungite-bearing rocks is only 
an indirect criterion of possible presence of 
such mineralization. But the processes of 
telluride mineral formation are weak and not 
wide spread. We didn't reveal definite 
mineralogical evidence of stratiform noble 
metal mineralization at the Pigmozero square 
of Onega basin. So, the presence of Au and 
PGE mineralization remains undecided. 

telluride. 
Under the influence of regional 
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ABSTRACT. The ca. 2500-2440 Ma Karelian intrusions of the Fennoscandian Shield 
comprise probably the most lithologically comprehensive suite of Palaeoproterozoic 
sequences in the world, and represent a target for economic mineralisation of the platinum 
group elements, along with nickel, chrome and copper. On the basis of existing lithological 
and geochemical classifications of Karelian magmas, we have proposed several variations on 
structural-chemical models relating to rift proximity and magmatic source and within-crust 
evolution which can be used to constrain a) plume versus arc tectonic models, and b) local 
structural controls on mineralisation style relating to tectonic setting, thereby providing 
constraints on mineralisation potential. Specifically, assuming that magmatism was closely 
associated with the subsidence phase of rifling (perhaps suggestive of passive rifling due to 
crustal extension, rather than by doming and uplift), models relating preservation of variably- 
evolved intrusions to rift-proximity have been suggested. The variations are interpreted by in 
terms of changes in the source composition with time, and with either variations in degree of 
preservation depending on rift position, or the physical nature of the rift in terms of magmatic 
traps. 

1. INTRODUCTION 

The Karelian mafic intrusive suite 
comprises intrusions spatially associated with 
exposures of (now metamorphosed) clastic 
sedimentary sequences (the Karelian 
Supergroup), overlying Archaean granite- 
greenstone terrains. The mafic suite is of 
particular interest due to its relatively high 
occurrences of ultramafic rocks, chromite, 
and platiniferous sulphides (e.g., Alapieti et 
al., 1990), and their apparent distribution will 
be used as the basis for examining tectonic 
controls. 

2. CLASSIFICATION OF INTRUSIONS: 
CHEMISTRY AND METALLOGENY 

Alapieti and Lahtinen (2002) observed that 
the Karelian intrusions can be broadly 
divided into lithological categories, 
consisting of : 
1) ultramafic-mafic (Bushveld and 

Stillwater-type complexes with thick 
ultramafic lower sections overlain by 
anorthositic and gabbroic rocks), 

2) mafic (thin or absent nltramafic lower 
sections with gabbro-anorthosite above), 
and 

3) intermediate 'megacyclic', comprising 
repeated, progressively differentiated 
cycles, each analogous to ultramafic- 
mafic or mafic types above (which are 
also characteristic of the Bushveld, 



incidentally, although not categorised as 
such by Alapieti and Lahtinen (2002).) 

Voge:l et al. (1998) defined three categories 
of Fennoscandian mafic intrusions (in 
addition to one, Group I, for their correlative 
equivalents in Canada) on the basis 
principally of age, chrome content and 
incompatible element ratios and abundances. 
In brief; these can be summarised as follows: 

Group 11: ca. 2500 Ma in age, relatively 
leucocratic and unmineralised; 

Group 111: ca. 2450 Ma, chromite-absent, 
with occasional PGE mineralisation; 

Group IV: ca. 2450 Ma, chrornite- 
bearing, with significant volumes of 
ultramafic rocks, significant chromium 
and PGE mineralisation. 

There are some unsupported complexities 
relating to their categorisation criteria, such 
that individual intrusive complexes 
(specifically the Penikat and Portimo 
comp1e:xes) have megacycles belonging to 
different groups. Nonetheless, they derived a 
model relating the source characteristics of 
the Fennoscandian groupings with that of the 
Huronian suite via a combination of depletion 
of the source by: 

a) variations in the amount of garnet 
residue left by mantle melting, and 
b) variations in differentiation of the 
parental liquid resulting from differential 
amounts of fractional crystallisation and 
crusltal assimilation within and by the crust 
(respectively) during ascension, as 
represented by mid- or upper-crustal 
magma chamber stages. 

The result is variable amounts of 
fiactionation, reflected by LREEIHREE and 
HFSEIREE ratios and abundances of these 
components. 

3.1 Magmatic distribution 

In contrast to the Huronian magmatic suite 
in Canada, both the Sariolan and the Karelian 
(Jatulian and Kalevian) volcanosedimentary 
formations are distinctly (100 and > 200 
million years, respectively) younger than the 
layered intrusions, such that it is difficult to 
reliably prepare paleogeographical positions 
of these intrusions relative to their apparent 
setting, or to correlate magmatism with 
sedimentation. However, assuming that their 
positions relative to one another have not 
been fundamentally altered, a number of 
apparent trends can be identified by applying 
the geochemical groupings to the 
geographical distributions of the intrusions 
(Fig. l). 
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Figure l .  Geographical distribution of Fenno- 
scandian intrusions according to geochemical 
and age groupings of Vogel et al. (1998). See 
text for explanation. Major faults are shown, 
but the Karelian Supercycles have been 
omitted fiom the diagram for clarity. 

3. DISCUSSION: TOWARDS 
TECTONIC MODEL 

Group I1 intrusions define a northwest- 
A southeast-trending curvilinear array in the 

northeast, while Group I11 lie along a 



southwest- northeast trend. The Group IV 
intrusions appear as dispersed, largely distal 
phenomena relative to the other two trends. 
The Viianki dykes are omitted from the 
geochemical classifications on the basis of 
their characterisation as potential parental 
liquids to the Fennoscandian intrusions (e.g, 
Iljina et al., 1992). They are hence considered 
separately here as well. 

3.2 A rift-aulacogen model 

Figure 1 can be defined in terms of the 
following features: 

1) a ca. 2500 Ma old linear belt, 
represented by Group I1 intrusions. 
2) a ca. 2450 Ma old linear belt 
3) a suite of 2450 Ma intrusions which do 
not fall on a single linear array, but may 
represent either intrusions distal to the 
Group I1 and I11 arrays, or perhaps two 
separate linear arrays of their own (not 
shown in Fig. 3). 
The Viianki dykes lie to the southeast of 

the Group I11 array. Using the radial dyke 
model of Fahrig et al. (1 987), and recognising 
that the distribution of this dyke swarm as 
presented is by no means radial in any 
obvious way, it could be postulated that these 
dykes represent the aftermath of a failed arm 
or aulacogen related to doming or rifting at 
ca. 2400 Ma. The Group IV intrusions may 
have been emplaced distally to the rift-related 
extensions which host the Group I11 
intrusions. Alternatively, they may reflect a 
distinct array of their own. 

The absence of any systematic age 
distributions among the Group I11 and IV 
intrusions makes distinct magmatic 
episodicity more difficult to envision. The 
geochronology does not support a model 
involving progressive modification of the 
source region (by either depletion or 
metasomatic enrichment) between Groups I11 

and N (while this model remains viable for 
distinguishing the Group I1 intrusions from 
the younger suites). Therefore, a model 
wherein the Group I11 and IV intrusions are 
distinguished on the basis of emplacement 
mechanics, rather than by timing, is 
proposed. 

3.3 Rift-proximal vs. -distal control models 

A progressive rifting model may be 
extended to infer that in spite of similar 
source characteristics, the evolution of 
intracrustal magma chambers has resulted in 
the accumulation of metalliferous sulphides 
at depths which are presently inaccessible 
through current erosion levels; in effect, that 
the lowermost (deepest) magma chamber 
beneath Group lI intrusions is petrologically 
equivalent to the exposed Group IV 
intrusions. This could then be interpreted in 
(at least) two ways (Fig. 2). 
l 
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Figure 2. Schematic rift-fracture magma 
setting models. 

In Fig. 2A, the existing distribution of 
intrusions reflects different erosional levels. 
The existence of kilometres-thick sequences 
of rift-related basin sediments clearly 
indicates that significant topographic relief 
existed, so this erosional effect must certainly 
have occurred, the issue being to what extent 
(and more to the point, when). The rift- 
proximal intrusions would be expected to be 



depleted in their "heavy" components, such 
as sulphur, metals, and ultramafic minerals, 
and be more closely interlayered with rift- 
related volcanic rocks and basin sediments. 
According to this model, Group IV intrusions 
have been emplaced at greater depths, on 
average, than Group I1 and I11 intrusions. 
This irnodel assumes that magmatism is 
roughly contemporaneous with the initiation 
of rift-sediment deposition. 

This model assumes that emplacement 
mechanics operate the same in rift-proximal 
and rilt-distal environments. Alternatively, it 
may be postulated that the rift-proximal 
environment is more susceptible to the 
entrapment of magmas than is the rift-distal 
environment (e.g., Fig. 2B). The propagating 
rift, whether a product of passive crustal 
extension in response to sub-crustal upwards 
pressures (i.e., hydraulic fracturing) or of 
active extension which induces 
asthenospheric depressurization and melting, 
still reflects mechanical failure of a brittle 
upper crust. This failure is typically 
manifested by both rift-parallel and rift- 
tangential faults, particularly the former type 
nearer the rift. On the basis of the distribution 
of dyk~es associated with rift zones, it may be 
assumed that these effects are significantly 
enhanced in the zone immediately adjacent to 
the rift. Magmas emplaced during rifting 
might then be expected to develop more 
complex sill-dyke geometries in the rift- 
proxirnal zone than in the rift shoulders or 
more distal hinterland. On this basis, the 
Group IV intrusions would be less likely to 
develop staging chambers simply on the basis 
of a less receptive crustal architecture during 
their ascent. This model would require no 
differences in emplacement depth between 
the initrusive groups. 

Assuming a rifting model has allowed for 
speculation as to mechanical controls over 

magmatic emplacement geometries, which 
would influence rate of ascent and degree of 
magma evolution during ascent. Two 
possible models have been suggested which 
relate degree of magma evolution, and hence 
of magmatic sulphide retention, to rift- 
proximity. These models and their 
significance are potentially testable through 
detailed evaluation of mineralogical 
properties relating to emplacement depths 
such as mineral palaeobarometry and 
thermometry), and distinctive chemical 
characteristics representative of the magmatic 
source (such as select isotopic signatures). 
The relevance of these controls to 
mineralisation potential on the detailed scale 
must be evaluated by detailed investigation of 
the relationship between magmatic evolution 
and mineralisation styles. 
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ABSTRACT. The Vurechuaivench Member (VM) comprises rocks of the upper part of the 
cumulus stratigraphy section of the 2.5 Ga Monchegorsk Mafic Layered Complex, A poor 
sulfide (1-3%) mineralization has been found at 10 levels of the VM, and a PGE 
mineralization is associated with two of them. The PGE mineralization is spatially linked with 
a few metaleucogabbro horizons. A fine-grained metagabbro horizon (paC) has been 
established in the structure of the VM. The horizon is a marker because this intervenes the 
overlying layered part of the VM hosting the leucocratic metagabbro with the PGE- 
mineralization and the underlying metagabbronorites. The poor sulfide and PGE- 
mineralization and their association with the layered metaleucogabbro horizon are similar to 
those of the 2.5 Ga Pana Mafic Layered Complex. 

1 INTRODUCTION 

The Vurechuaivench Gabbros and 
Gabbronorites are located within the 2.5 Ga 
Monchegorsk Mafic Layered Complex 
(MMLC) near its southeastern contact with 
the Palaeoproterozoic Imandra-Varzuga 
palaeorift. The relationships of the 
Vurechuaivench plutonic rocks with the 
MMLC have been disputable. At present 
most researchers consider this plutonic unit 
as the Vurechuaivench Member (VM) of the 
upper part of stratigraphic section of the 
Nud-Poaz Layered Massif, a southeastern 
part of the MMLC. The Vurechuaivench 
gabbros and gabbronorites occur 

stratigraphically higher than olivine norites 
and norites of the Nud-Poaz Massif 
(Mitrofanov and Smolkin, 2004). 

2 GEOLOGICAL SETTING 

Most the rocks of the VM are represented 

by fine- and medium-grained 
metagabbronorites. The rocks usually are 
strongly altered and composed of secondary 
amphibole, chlorite and epidote. 

Layers of metaleucogabbros occur among 
the mesocratic metagabbronorites. A 
sequence of these rocks forms a layered 
horizon (LH). The leucocratic varieties are 
represented by irregular-grained leucocratic 



metagabbro and metagabbronorites of the forming the so called felsenrneer (stone 
mottled structure. Small lenses of a fine- field). The PGE and Au concentration in a 
grained metaanorthosite are less common. dense sulfide mineralization in the 
The stritke and thickness of units composed leucogabbros reaches 5 ppm (data by the 
of these rocks are rather variable, which atomic absorption method). 
suggests their lens-like or more complicated 
morphology. As a whole, the LH dips gently 3 PGE MINERALIZATION 
(1 0-20') southeastwards. CUMULUS STRATIGRAPHY 

AND 

A poor disseminated sulfide mineralizion 
has been discovered in metaleucogabbros and 
metaanorthosites. Sulfides and blue quartz 
grains have been also found in mesocratic 
medium-grained metagabbronorites near 
their contacts with the leucocratic rocks. A 
mineralization zone strikes southwestwards 
and has been also found in boulders and 
fragments of the mottled leucogabbro 

A sulfide mineralization have been 
established at 10 levels of the stratigraphic 
section of the VM (boreholes 180 1 - 1803 and 
18 1 1 - 18 13). Two of them (upper and lower) 
display elevated concentrations of the PGE 
and have been followed downwards along 
the dip (Fig. 1). 

Fig. 1. A geological section across the Vurechuaivench Member. 

The upper level has been discovered by the overlying layer of irregular-grained 
boreholes 18 1 1 and 18 12, and it is located mesocratic metagabbronorites (plagioclase 
between the underlying layer of cumulates with intercumulate orthopyroxene 
metaanorthosites (plagioclase cumulates) and and augite). Sulfides and the PGE- 



mineralization (the PGE and Au content no mineralization) suggest that these parts 
reaches 1 ppm) occur along the upper contact have been derived from two magma batches 
of the anorthosite layer. The lower level separated now by the fine-grained 
(discovered by boreholes 1226, 18 1 1, 18 12, metagabbro horizon (paC). 
1803 and 1801) is situated within medium- 
grained metagabbronorites and metanorites 4 CONCLUSIONS 
(plagioclase-augite-orthopyroxene and 
plagioclase-orthopyroxene cumulates) with 
numerous lenses (thick 1-10 m) of 
metaanorthosites (plagioclase cumulates). 
The PGE and Au content is 3-4 ppm. The 
lower level seems to crop out at the surface 
where this is as long as 150 m. Ore bodies 
are as thick as 1-3 m. Both these levels 
gently (10-20") dip southeastwards and, thus, 
occur concordantly with the country rocks. 

The poor sulfide (pyrrhotite, pentlandite, 
chalcopyrite) mineralization is disseminated, 
heterogeneous in density and grain size, its 
distribution being irregular. Ore-bearing 
veins and nests are less common. 

A marking horizon of fine-grained 
metagabbro (plagioclase-augite cumulus; 
paC in Fig. l) has been distinguished in the 
structure of the VM. Its thickness is up to 50 
m. This horizon intervenes the overlying 
layered part of the VM hosting the 
leucocratic metagabbro with the PGE- 
mineralization and the underlying 
monotonous, ore-poor metagabbronorites 
(plagioclase-augite-orthopyroxene cumulus; 
pabC in Fig. 1). The given distinctions 
between the upper and lower parts of the VM 
(the former is layered and hosts the sulfide, 
PGE and Au mineralization whereas the 
latter is homogeneous and bears practically 

The VM consists of the upper and lower 
parts differing in ore mineralization and 
cumulus stratigraphy. The upper part is 
layered and hosts 10 levels of the poor 
sulfide mineralization, two of which bear the 
PGE mineralization (up to 4 ppm), with this 
mineralization being connected with certain 
stratigraphic layers. The lower part is 
homogeneous, ore-poor and separated from 
the upper one by the 50 m thick fine-grained 
metagabbro horizon. The given PGE 
mineralization and its certain position in the 
layered structure of the VM are similar to 
those of the 2.5 Ga Pana Mafic Layered 
Complex. As a result, the VM is believed to 
be one of the most promising PGE-bearing 
units in the Monchegorsk area. 

The authors are grateful to Dr. Viktor V. 
Balagansky for his essential help in 
improving the manuscript. 
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ABSTILACT The eastern flank of the Fedorova-Pana Massif (FPM) layered intrusive thins 
significantly and this is accompanied by intensive tectonic transformation and metamorphic 
alteration of the rocks. Using a combination of geological, petrographic and geophysical data 
reveals a cross-section represented by an alternation of more layered and more monotonous 
mainly gabbronoritic units. The layered unit includes leucogabbro, norite, olivine-bearing 
gabbro~iorite and zones with PGE-mineralization (PGE+Au - up to 1 lppm). 

The eastern flank of the Fedorova-Pana 
Massif (FPM) thins significantly. This flank 
of the intrusion is characterized by flexure 
and filrther complicated by strike slip 
faulting. Thickness of the FPM west of the 
flexwe is about 1 km, thinning to about 200 
m within the flexure zone. 

Further to the east the intrusive body is 
elongated in a sub-longitudinal direction for 
about 6 km, its thickness gradually 
decreasing and finally pinching-out 
completely. 

Host rocks to the north are Archaean 
granite-gneisses and alkaline granites and to 
the south - volcano-sedimentary rocks of the 
Imandra-Varmga Early Proterozoic structure. 
Within the flexure zone numerous dolerite 
dikes are present with a thickness not 
exceeding a few metres. 

It is necessary to emphasize that geological 
mapping in the eastern part of FPM was 
considerably complicated because of 
intensive tectonic transformation and 
metamorphic alterations of the rocks. Thus, 
only 3% of thin sections represent relatively 
fresh rocks and only in 50% of thin sections 
is the primary magmatic texture of the rocks 
partially preserved. 

2 METAMORPHIC ALTERATION OF 
ROCKS 

Fresh gabbronorites are represented by 
medium to fine-grained mesocratic varieties 
(pabC), where pyroxenes were selectively 
replaced by Ca-bearing and Mg-bearing 
amphiboles. Augite was replaced by 
actinolite, enstatite - by cummingtonite and 
amphiboles of the anthophyllite-gedrite 
group. In the early stage of metamorphic 



transformation primary rock texture was partially smsmritizated. 
preserved. Plagioclase in this case was 

East Pana Massif 

Gabbronorite Zone 

Gabbro Zone 

Shistose rocks and border zone 

Layered Horizon 

Imandra-Varzuga Volcanic rocks 

Archaean alkaline granite 

Archaean Kola gneiss 

Sulfide and PGE mineralization 

Faults 

The easternmost part of FPM is 
characterized by intensively amphibolized 
and saussuritized gabbroids where the 
primary magmatic texture has been lost. In 
these plagioclase-amphibole rocks the relict 
plagioclase fragments are completely 
saussuritized and sericitized. These rocks are 
therefore largely composed of actinolite 
crystals. Within the pinch-out zone the 
gabbroids have been affected by contact with 

the Imandra-Varzuga volcanic-sedimentary 
rocks. As a result actinolite, hornblende, 
biotite, quartz, titanite, ilmenite, oligoclase 
are abundant in the gabbroids. Mafic rocks of 
the northern contact were affected by contact 
with the alkaline granites and gneisses of the 
Archean basement. In this case K-feldspar 
and amphibole of the pargasite-hastingsite 
group as well as quartz occur. 



Within this prominent tectonic zone, the 
gabbroids are transformed into schists with 
clearly visible directional structures. Schists 
after gabbroids contain actinolite, actinnolite 
hornblende, clinochlore, minerals of the 
epidote group, quartz, oligoclase-andesine 
and separate relicts of strongly altered 
primary-magmatic plagioclase. Metamorphic 
alteration within this intensely deformed zone 
has generated basic metasomatic rocks. 

These rocks represent the alteration 
products of gabbroid re-crystallization, with 
increasing grain size and division into 
melanocratic and leucocratic units. There are 
both quartz and hornblende-rich metasomatic 
rock types. Either of these metasomatic 
varieties can contain disseminated or vein 
sulfide mineralization. 

3 GEOLOGICAL SETTING 

Metamorphic alteration to the epidote- 
amphibolite facies rocks created difficulties 
in diagnosing primary rock types. However, 
using a combination of geological, 
petrographic and geophysical data, it was 
possible to determine the following structural 
features for the eastern flank of the FPM. 

A cross-sectional perspective reveals an 
alternation of more layered as well as more 
monotc)nous, mainly gabbronoritic horizons. 
Within the layered units are present gabbro 
and leucocratic varieties of gabbro as well as 
norites and olivine-bearing gabbronorites. In 
the generalized geological column the 
sequence is (fi-om lower to upper layers): 
metagabbronorites, Layered Horizon (LH) 
with PGE-mineralization, olivine-bearing 
gabbronorites, metagabbronorites with 
separate lenses of leucogabbro. 

In plim view the LH has a general north- 
west strike, though local strike variations may 
produce practically sub-latitudinal attitudes 
and on the easternmost flank of the massif the 

layering is folded to become almost sub- 
longitudinal in strike. Additionally, the LH is 
characterized by a general reduction in 
thickness towards the east (despite local 
variations). This confirms the magmatic 
"pinching-out" of the massif. The layering 
dips southwest with angles of between 80- 
85". 

Geological data and results of the surface 
magnetic survey, show that ore bodies in the 
eastern part of the FPM are defined as a 
series of small layers and lenses, the majority 
located within the LH. 

4 PGE MINERALIZATION 

PGE mineralization appears to be closely 
associated with horizons of sulfide 
mineralization. In site of this apparent spatial 
association, PGE-concentrations are found in 
both "sulfide-enriched" and "sulfide-free" 
intervals. 

It is important to note also the apparent 
absence of any obvious correlation of 
lithology with the presence of PGE 
mineralization, which can be found in both 
meta-gabbronorite and meta-gabbro. The 
more common gabbronorite host to PGE- 
mineralization is characterized by a 
heterogeneity of grain size, differing modal 
composition and greater degree of alteration. 
Tectonic structures may also host the PGE- 
mineralization. 

Sulfide content in ore zones is erratic; from 
individual grains and rare dissemination (0.1 
- 0.5%) up to nests with sulfide content in 
some intervals up to 5%. Visually, the sulfide 
mineralization is represented by a 
chalcopyrite-pyrrhotite association. In most 
cases the pyrrhotite dominates, comprising 
60-80% of the total weight of sulfides. Less 
common minerals are found in essentially 
equal proportions. Ore zones hosted by 
gabbronorite contain PGE+Au of 



approximately 1 - 2 ppm (maximum - 6 

P P ~ ) .  
The ore zones hosted by gabbro show lower 

contents of sulfides (from "trace" up to 0.1 % 
or fine disseminations up to 2 %, and less 
common are individual nests), but greater 
variability of the PGE+Au content - from 1 - 
1.5upto8-  l1 ppm. 

Thus, investigations to date have shown 
that the layered horizon with PGE- 
mineralization can be traced throughout the 
eastern flank of the FPM despite a significant 
reduction in the thickness of the layered 
intrusive. 

The authors are grateful to Mr. Mark Ward 
for his essential help in translation of the 
manuscript. 
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ABSTRACT. Small podiform chromitite bodies occur in Tehuitzingo area of the Acatlhn 
complex (southern Mexico) The chromitites are hosted in serpentinized mantle tectonite in 
supra-subduction Paleozoic ophiolites. The entire complex underwent a high pressure 
metamorphism reaching eclogite facies followed by retrogression to epidote-amphibolite and 
greenschist facies .The chromitites are strongly altered so that chromite grains are transformed 
in ferrian chromite and no primary silicate has been preserved. The Platinum Group Minerals 
(PGM) assemblage is dominated by Ru-0s-Ir minerals and, based on the textural evidence, 
most of them have been classified as "secondary", i.e. reworked during the metamorphism. 
The PGM occur as single or polyphasic grains mostly associated with the altered chromite 
and ch'lorite. They form polygonal or irregular and anhedral crystals, and consist of laurite, 
osmium, irarsite, hollingworthite and Ru-oxide. All the single-phase laurite, associated with 
altered minerals, are 0 s  and Ir-free, corresponding to the Ru end member of the laurite- 
erlichrrianite series, whilst osmium has a composition not consistent with a magamtic origin. 
Composition and paragenesis of the Tehuitzingo PGM indicate mobilization of PGE during 
metamlorphism. In particular laurite loses 0 s  and probably Ir which are incorporated in 
anhedral and botryoidal osmium and irasite. 

1 INDRODUCTION altered or modified at a relatively low 

Most of the PGM included in unaltered 
chromite of chromitites are believed to be 
primary in origin, formed in the magmatic 
stage, before and during the precipitation of 
chrom~te. They generally consist of Ru, 0 s  
and Ir minerals comprising alloys, sulfides, 
sulfarsenides and arsenides. However, a 
number of recent investigations have 
confinned that the primary PGM can be 

temperature to form secondary PGM and 
reported fiom several podiform chromitites 
(McElduff & Stumpfl 1990, Thalhammer et 
al. 1990, Garuti & Zaccarini 1997). In this 
paper we describe PGM mineralization in 
small podiform chromitites f?om Tehuitzingo 
area in the Acatlan complex located about 
150 km south-east of Mexico City. The 
chromitites are hosted in serpentinized mantle 
tectonite in supra-subduction Paleozoic 



ophiolites. The entire complex underwent a 
high pressure metamorphism reaching 
eclogite facies followed by retrogression to 
epidote-amphibolite and greenschist facies 
(Elias-Herrera & Ortega-Gutierrez 2002, 
Proenza et al. 2004). The metamorphism 
probably affected the primary PGM and a 
distinctive paragenesis of PGM in apparent 
disequilibrium with magmatic conditions has 
been observed. Results of a detailed study of 
the mineralogy, textural relations, 
composition of the PGM and the composition 
of their host mineral are used to better 
understand the origin of the secondary PGM 
in the Tehuitzingo chromitites. 

2 THE TEHUITZINGO CHROMITITES 

The chromitites of Tehuitzingo are small 
and variable in size. They rarely extend more 
than a few tens of meters in length and two 
meters in thickness. They were mined 
between 1950 and 1960, although precise 
data about the mining history of the area and 
ore production are lacking (Proenza et al., 
2004). The chromite is often altered into 
ferrian chromite along grain boundaries and 
cracks. Chlorite and serpentine are the most 
abundant minerals in the chromitite matrix 
(Proenza et al., 2004), whilst magmatic 
silicate has been not preserved. Despite of the 
intense alteration, fresh chromite is, however, 
preserved in the core of spine1 grains, and is 
believed to reflect the primary composition of 
the magmatic chromite (Proenza et al., 2004). 
This composition is homogeneous, with the 
major oxides varying in the following ranges: 
Cr203 (43.3-46.1 W%), A1203 (23.5-26.3 
W%), MgO (15.3-17.8 W%), Fe0 (9.0-12.5 
W%), Fe203 (2.4-3.9 W%). The Ti02 content 
is very low (<0.16 wt%), as typical of 
ophiolitic chromitites. 

Proenza et al. (2004) demonstrated that the 
alteration pattern in the chromite of the 
Tehuitzingo chromitites involves progressive 
loss of A1 and Mg and Cr to a lesser extent, 
and relative enrichment in ~ e ~ +  up to reach 

the composition a Cr-bearing magnetite. This 
trend has been interpreted as a result of a 
retrograde metamorphism in the lower- 
amphibolite and greenschist facies, which 
would have obliterated the primary 
composition of the chromite and any other 
effect of the former eclogite facies 
metamorphism Proenza et al. (2004). 

Fig. 1. SEM images of PGM in Tehuitzingo 
chrornitites. Abbreviations: Lrt = laurite, Osm = 
osmium, Chl = chlorite, Fe-Chr = ferrian- 
chromite, Irs = irarsite, Hzl = heazlewoodite. 



3 TEXTURE, PARAGENESIS AND The compositions of laurite plot close to the 
COMPOSITION OF THE PGM Ru apex in the Ru-OS-Ir ternary diagram 

(Fig. 2). 
More than 20 PGM grains, generally less 
than l0 pm in size, were discovered. There are, however, significant variations 
Examples of the morphology, textural in the 0 s  and Ir contents, which can be 
relations and paragenesis of the PGM are related to variation of the paragenetic 
illustrated in Fig. l .  assemblage of laurite. The primary laurites 

The IPGM proved to be essentially minerals included in fresh chomite contain os and Ir 
of Ru, OS, and Ir- Ruthenium is present as in solid solution up to 6-38 wt% and 3-05 
laurite and a rare Fe-Ni-rich Ru oxide or respectively ~~~i~~~ associated with 
hydroxide. Osmium Occurs in Os-Ir chlorite are typically depleted in 0 s  (Fig. 2). 
alloys and occasionally substitutes for Ru in The compos~t~ons of the alloy from 
laurite, Iridium forms the sulfarsenide Tehuitzingo to the mineral 
irarsite, and is carried in solid solution in both species osmium. Compa~son with the 
laurite and OS-Ir alloys. The PGM may occur compos~t~ons of alloys from 
as boIh single-phase Or grains ophiolitic chomitites indicates that Os-Ir 
consisl,ing of WO or three different PGM, alloys from Tehuitzingo are poor in Ru (Fig 
heazlewoodite and chlorite. 

3). 
Only a few grains Of laurite and One grain Textural evidence, indicates that most of 

of irarsite were found completely enchased in the PGM in the Tehuitzingo ,-.hrOmitites 
unaltered chromite, far from fractures and occur in contact with ferrian chromite and 
alterati~on rims. These grains formed at high chlorite and formed in a late stage, 
magmiitic temperatures and are considered to This secondary PGM assemblage comprises: 
be prirnary PGM. Ru-Fe oxide or hydroxide, laurite, OS-Ir 

alloys, and irarsite. 

U Lawite in chromite 
Cl Laurite in chlorite 

Fig. 2. Laurite composition (atomic %). 

Fig. 3. Composition of osmium from Tehuitzingo 
chromitites, atomic %. The compositional field of the 
magmatic alloys fiom different ophiolitic chromitites 
has been plotted for comparison. (see Zaccarini et al. 
2005 for biliography) 



4 SUMMARY AND CONCLUSIONS fellowship) for the possibility to spend two 
years at the University of Leoben. 

1- The investigation of the Tehuitzingo 
podiform chromitites has revealed the REFERENCES 
presence of few PGM associated with 
unaltered magmatic chromite (primary Elias-Herrera, M. & Ortega-Gutikrrez, F. 2002. 
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new formed minerals: OS-Ir alloys and 
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3- The composition of the ferrian 
chromite host as well as the chlorite 
geothermometry, suggest that most the PGM 
underwent modification starting from thermal 
conditions above the lower amphibolite 
facies, and possibly continued down to low 
temperatures with formation of late PGE 
oxides or hydroxides, during serpentinization. 
4- Although it is difficult to determine 
the extent of PGE mobilization on the basis 
of mineralogical observations, our data 
suggest that the high-to-low pressure 
retrograde metamorphism that affected the 
Tehuitzingo chromitites caused re- 
distribution of PGE only on a small scale. 
Consequently, the metamorphism has 
modified the primary PGM assemblage 
without changing the whole-rock PGE 
concentration. 
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ABSTRACT. Several ultramafic bodies trending NS were identified and mapped on 1:25,000 
scale. h area of 250 sq.krns was covered and a total of 230 samples ( 120 south of vedavathi 
river and 110 north of river) are collected. Samples from areas covering NE of 
Bairogondanahalli, north of Yardikere , Kadur to Hirenallur were collected. The rock types 
comprise mainly coarse-medium grained ultramafic-magmatic rocks such as peridotites, 
serpentimites, magnesite, sulphide bearing ultramafic rocks, gabbro-norite, talc tremolite 
actinolite schists and with minor glimmerite, Vanadiferous-Titanomagnetite bearing 
magnetite bands, with other basic (gabbro) dykes. Ultramafic pods occur as enclaves in the 
gneisses. EPMA studies carried out on the amphibole grains show presence of rounded to 
sub-rounded 20-25ym chromite grains with platinum . High contents of Ni and Cr ( 2293 and 
7763) were obtained in some of these rocks. The REE patterns show slightly fi-actionated 
patterns with enriched LREE (LRE;E/HREE-5.0) and negative europium anomalies. 

1. INTIlODUCTION and ultramafic suite of rocks and interpret the 
data on both sides of Vedavathi river and to 

The Western Dharwar Craton host several 
understand the mineralogical assemblages in 

mafic-ultramafic rocks (Radhakrishna B.P 
hosting PGE mineralisation in mafic- 

1997; CJhadwick et al., 1988; Devaraju 2004 ) 
ultramafic and associated host rocks. 

have reported gold and PGE mineralisation in 
Ti-vanadiferous magnetite and chromitite 1. l Tectonic Setting and Regional Geology 
deposits in and around Bababudan-Nallur 
shear zone/ lineament. The purpose of this 
paper is to give results on new areas studied 
with the aim of understanding geodynamic 
controls for PGE mineralisation and use 
major i~nd trace element data to characterize 
the geochemical composition of the mafic 

The schistose rocks of the area have been 
classified in to Sargur group with age of > 
3000 my and the Dharwar super group. The 
Sargur group consists of narrow bands of 
high grade rocks (upper amphibolite to 
granulite facies) such as 
Javanahalli,Ghattihosahalli, Nagamangala, 



Sasivala, Nugguhalli belts and northern part 
of Sigegudda belt. Lithological assemblages 
of the Sargur group consists of Quartzite, 
Crystalline Limestone, Garntiferous quartz, 
grunerite magnetite schist, metapelite schist 
(Kyanite, Sillimanite, Staurolite), amphibolite 
and mafic-ultramafic complexes. Younger- 
granites (Hosdurga, Arsikere, Kadur and 
Banavara) occur as intrusives into these 
Peninsular gneiss. River Vedavathi is 
controlled along a major lineament in E m -  Fig 2 .Cr and Ti-Mag grains in talc matrix 
WSW across the ChitradurgaSchist belt 
(CSB). Along the western margin of CSB at 
Kibbanahalli and J.C.Pura extrusive 
ultrarnafics flows are recorded. The areas 
around Arsikere (Kalyadi and Aldahalli) is 
reported to host base metal sulphides with I 
PGE mineralisation (Subba Rao et.al 1997). I 
2. GEOLOGY OF THE AREA: 

Mafic-Ultramafic occur as linear belt like 
detached outcrops in the gnessic terrain 
between Tiptur in the south and Chennagiri in 
the northeast of Bababudan-Nallur Lineament 
( BN). Several mafic-ultramafic bodies which 
occur (east of BN lineament, NE of Arsikere 
and South of Vedavathi River) were 
identified and lithologies were mapped on 
1:25,000 scale. These ultramafic occur 
linearly striking NNW and range in size from 
200x200 m in length to 400X2000 m in 
width. 

Fig 3. BSE image of 'Cr' in talc-tremolite 
matrix 

Representative rock samples comprising 
metaperidotites, serpentine-talc rocks, 
tremolite-actinolite (Fig l), chlorite schists, 
Glimmerite vein, amphibolites, metabasalt 
and gabbroic dykes are collected for the 
present study. 

4. MINERALOGY AND PETROGRAPHY: 

Petrography studies decipher, samples with 
deformation typically characterizing the 
orientation of grains and shear affect. 
Accessory minerals include 1) amphibole 
(tremolite, actinolite, serpentine, antigorite 

I and chlorite), opaques occur at the grain 
boundaries and in the fractures within 
actinolite laths. Chromites are also least 
affected and retaining the original shape (Fig. 

.. -. 
Fig 1. Field view of tremoilite-actinolite rock. 2 & 3). 



Table 1.  EPMA analysis on matrix and Cr grains 

Element l (wt%) 2 (W%) 
SiO 2 62.85 0.09 
TiOz 0.00 0.33 
A120 3 0.12 1.46 
Cr20.3 0.01 21.50 
Fe20.3 3.82 76.05 
MnO 0.03 0.00 
MgO 27.52 0.18 
Na20 0.02 0.00 
K20 0.00 0.01 
CaO 0.04 0.01 
NiO 0.17 0.00 

Total 94.58 99.63 

5. GEOCHEMICAL DATA: 

Seventy eight representative samples were 
selected and divided into four groups with 
metaperidotites/serpentinites, tremolite- 
actinolite schists, talc-actinolite schist and 
glimmerite samples from north and south of 
vedavathi river along the major Bababudan- 
Nallur :shear zone. The samples are analysed 
for major, trace, REE by wet chemical 
methods and Pt, Pd, Au and Rh by NiS fire 
assay. Out of above samples forty samples 
belong to serpentinites. The average 
Mg0,Ti02 and K20 contents are 36.42, 0.1 1 
and 0.0 1 % respectively with CaO/A1203 
varying fkom 0.19 to 1.14, Group 'B' consist 
twenty-five tremolite actinolite schists with 
variation in major element chemistry of 
MgO, Ti02 and K20 32.98,0.275 and 0.01% 
respectively and CaO/ A1203 ratios range 
from 0.13-1.63%. Group 'C' comprising of 
ten talciactinolite schists with Mg0,Ti02 and 
K20 contents 33.10,0.22 and 0.01% 
respectively. Three glimmerite (vein) sample 
with higher contents of MgO 19.80% and 
high A1203 (13.28%). Group 'C' samples of 
tremolite actinolite schist show CaO/A1203 ( 
0.69 to 1.22) in similarity to (Yennehole- 
Ranganbetta body CaO/A1203=0.69) 

(Hussain and Naqvi 1982) . The CaO/A1203 
ratios of most of the samples studied are >l 
(avg 0.90) and show similarities of komatiitic 
chemistry by (Brooks and Harts 1974). The 
M ~ / M ~ + F ~ + +  is higher than 70 showing non 
cumulate affinity. Though the scatter in 
MgOlA1203, MgOITiO2 and Fe203/Fe0 
indicate of changes in composition during 
metamorphism 

5.1 Trace and REE : 

Trace and REE contents of mafic- 
ultramafic varies from 2.63 to 84.71 ppm 
with 9.44 chondrite (avg) with LREE 1.73- 
60.00 and HREE 0.8-10 .The REE pattern 
show slightly fractionated patterns with 
enriched LREE (LREEIHREE -5). High 
contents of Ni and Cr of around 2993 ppm 
and 7736 ppm is reported. 

5.2 PGE mineralisation: 

Samples are analysed for Pt, Pd, Rh and 
Au. Pt/Pt+Pd ratios vary from 0.49-1.00, 
Au/Pt+Pd vary up to 4.2. Platinum 
enrichment may be due to the presence of Cr 
grains (Fig 2) in which Pt mineralisation is 
enriched in interstial space left out. EPMA 
analysis on fifty points on average show that 
the matrix and grain composition with Cr 
content around 2 1 % (oxide wt%) (Table l). Pt 
and Pd vary considerably in corroboration 
with sulphide content in the samples. 

6. DISCUSSION AND CONCLUSIONS: 

The geochemical data for rock samples 
from north and south of Vedavathi River 
suggest that both fractional crystallation and 
liquid immiscibity processes play a 
significant role in the enrichment of sulphide 
bearing PGE mineralisation. Ni, Cu, PGE are 
hosted in sulfide minerals. The higher degree 
of partial melting dissolves all sulfide and is 
important for the formation of PGE deposits 



(Chusi Li et.al 2001). The platinum group of distribution of PGE and minerals." Journal of 
Geological Society Of India 63: 371 -386. metals is suspected to occur in three main 

textural and mineralogical environments 1)At 
the grain boundary between sulphide and 
silicate minerals 2) Enclosed within sulphides 
3) Least commonly enclosed within silicates 
and hydro-silicates. Elsewhere in great dyke 
Zimbabwe also PGE mineralisation is 
confined to chromitite and acts as principal 
PGE collector. Several workers also suggest 
sulphides are regarded as the primary 
collector of PGE and sulphide precipitation is 
the key controlling factor for their 
development. (Devaraju et al. 2004). 
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ABSTRACT. The PGE-enriched Merensky reef of the Bushveld Complex is developed over a 
sub-outcrop distance of nearly 500 km. It is also highly variable with marked changes in 
thickness and styles of mineralization. These parameters can affect the grades and mineability 
of the ore and therefore require to be well characterized. We describe a little-known section of 
Merensky reef in the extreme southeast of the Bushveld Complex. In this region there are 
major differences in the reef compared to the western Bushveld and also major thickness 
facies variations. 

1 INTRODUCTION 

The Bushveld Complex, in South Africa, is 
the largest layered mafic intrusion in the 
world and is of both geological and economic 
significance with extensive reserves of 
extractable ores and industrial minerals that 
include platinum group elements (PGEYs), 
base metals, chromium, magnetite, vanadium 
iron oxides and dimension stone. 

Over 75% of the world's supply of PGE is 

horizons to evaluate these resources and to 
bring them to the mining stage. This 
exploration has had the added benefit of 
allowing these ore zones to be characterized 
and investigated on a lithological, 
mineralogical and genetic basis in an area for 
which previous data was scarce or non- 
existent. In particular, it allows comparisons 
with equivalent zones in the western 
Bushveld, some 300 km away 

located in the western and eastern Bushveld, 
but up to the present time the majority has 

2 PGE RESOURCES IN THE FAR- 

been extracted from the western areas of the 
EASTERN BUSHVELD COMPLEX 

Bushveld Complex. During the past five The area of the present study is located on 
years there has been an extensive exploration the properties Der Brochen and Booysendal 
program in the eastern Bushveld on the in the little-known extreme southeast of the 
platinum-bearing UG2 and Merensky reef Bushveld Complex, where UG2 and 



Merensky reef outcrop over a stnke length of 
25 km in rugged terrain. The resource 
potential of the project for the MR alone in 
this area is of world-class potential in terms 
of metal content, grade and size. 

In the eastern Bushveld Complex the UG2 
and Merensky reef are separated by a 
northeast trending lineament called the 
Steelpoort fault, and the nature of the ore 
bodies are visually quite different on the 
north and south sides of this lineament. An 
understanding of this feature and the 
influence this has on the nature of the ore 
zones is of fundamental importance in the 
understanding the Bushveld Complex, and of 
ultramafic layered intrusions in general. 

In the project area the Merensky 
pyroxenite, which hosts the economic 
Merensky reef, changes progressively in 
thickness from 1.2 m in the north, to over 20 
m in the south, while the broad lithological 
characteristics remain effectively constant. In 
spite of these broad- scale facies changes, the 
PGE mineralization still occurs mainly within 
the upper part of the pyroxenite unit with no 
lithological boundary marking the upper 
portion of the reef. The only instance when 
the PGE mineralization disperses itself across 
the whole pyroxenite package, thereby 
resulting in low economic grade, is in the far 
southern portion of the project area where the 

layered mafic rocks interact with a regional 
slump feature and the floor rocks. 
Throughout the project area, the PGE 
mineralization within the pyroxenite is 
mainly concentrated in the upper one meter, 
however, there are also narrow PGE enriched 
layers in the middle and at the bottom of the 
reef. There are no lithological boundaries to 
these PGE anomalies except for the basal 
occurrence which is associated with the 
bottom chromitite contact. The reef package 
has been investigated spatially for geozone 
development. 

3 ASSESSMENT OF EXPLORATION IN 
THE STUDY AREA 

This study relates the PGE mineralization 
to the detailed structure of the silicate 
framework, textural changes within the 
section and to the trace element 
compositions, as well as to the marked facies 
variation in the area. These parameters relate 
to the distribution of the PGE and thereby 
give an insight into the mineralizing process. 
Understanding the nature of the reef and the 
mineralizing and emplacement process of the 
Merensky reef have assisted in developing a 
mine plan thereby optimizing extraction of 
PGE' S. 
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ABS7'RACT. Cumulus stratigraphy provides a useful guide to interpret a structure of layered 
intrusions. Intensive metamorphic alteration can conceal the primary rock texture. In such a 
situation, we can sometimes determine cumulus and intercumulus minerals in pseudomorphs. 
By this means the geological structure of Vurechuaivench Massif (Moncegorsk area), East 
PanaMassif and other PGE-objects was studied. 

1 INTRODUCTION 

Rocks in the layered PGE-bearing 
intrusions are as usual more or less altered by 
metamorphic processes. Vurechuaivench 
Massif in Monchegorsk area, easern part of 
East Pana Massif, Artelny Massif were 
strongly metamorphisated. 

Interpretation of geological structure in 
these massifs is quite important for PGE 
prospecting. Cumulus stratigraphy provides a 
useful guide to interpret a structure of layered 
intrusions. But in some parts of 
afomentioned massifs rocks does not contain 
neither primary minerals nor relictous 
fragrn~ents of crystals. In such a situation, we 
can sometimes determine cumulus and 
intercumulus minerals in pseudomorphs. 

2 METAMAFITES OF THE 
WRECHUAIVEVCH MASSIF 

Vurechuaivench Massif (VM) is located in 
the southeast contact of Nud-Poaz intrusion 
with volcano-sedimentary rocks of the Early 
Proterozoic Imandra-Varzuga paleorift. 
Rocks in VM experienced the contact 
influence from saturated with water Imandra- 
Varzuga sediments. The majority of rocks in 
V1 are fine- and medium-grained varieties 
composed by minerals of epidote group, 
fragments of relict plagioclase,amphiboles of 
tremolite-actinolite group, chlorite, quartz; 
sulfides, carbonates, Fe oxides, leucoxene are 
present in small amount. 

Relict pyroxenes are quite rare and occure 
only in wery central part of VM. But relict 
primary texture of magmatic rock was 
preserved in nearly 70 % of samples. 



Table 1. Analyses of Ca-amphiboles from Vurechyaivench Massif 

Sample dih1812, depthl49,Om dih1812, depth153,3 dih1811, depth215,2m 
l 2 3 4 5 6 7 

Si02 

A1203 

TiOz 

MgO 

Fe0061u 

MnO 

CaO 

K20 

Na20 

Total 97,742 96,285 95,945 96,058 96,490 95,951 97,114 

Formula proportions: cation sum=24 
Ca 0,022 0,020 

AI'" 0,133 0,033 0,268 0,144 0,082 0,183 0,323 

v 8,000 8,000 8,000 8,000 8,000 8,000 8,000 

Footnote: 1,3,4,6,7- pseudomorph after augite; 2,5 - pseudomorph after enstatite. 



P1agioc:lase was replaced mostly by saussurite 
aggregate, pyroxenes were replaced by 
amphiboles. 

3 TWO TYPES OF Ca-AMPHIBOLES 

Two morphologic types of the amphibole 
pseudomorphs are present VM metamafites. 
One of them consist of homogeneous 
amphibole with CNg-13-19', another have 
needle-shaped texture (width of individes is 
0.001 - 0.003mm) with CNg in separate 
crystals from 0 to 10'. 

Two types of the pseudomorphs differ in 
size and in shape. Reasoning from this 
observittion the assumption was made: 
homogleneous pseudomorphs were formed 
after ai~gite, that with needle-shaped texture 
replaced enstatite. 

Two types of amphiboles were assayed 
using microanalysator Cameca MS-46 (Table 
1). All of the amphiboles assayed belong to 
the tremolite-actinolite group. However there 
are small but noticeable distinctions between 
two types of amphiboles. 

Actinolite after enstatite (AE) contains 
slightly more Si02 (55.44-55.9 1%) compared 

4 PRACTICAL APPLICATION OF 
RESEARCH 

Using relict textures it became possible to 
detail in the VM rocks relict cumulose and 
intercurnulose minerals. As a result the 
layering was detected in VM. It is expressed 
by appearance and disappearance cumulose 
and intercumulose enstatite and augite, 
whereas plagioclase is in the cumulus along 
all the crossection (Fig. 1). 

to actinolite after augite (AA) (53.39- Fig.1. Schematic crossection 
Vurechuaivench Massif 55.52%)). 

Content of A1203 in AE is significantly 
lower than in AA (0.85-1.3 1 and 1.87-3.88% The crossection was divided in two 
respectively). parts, the border line is the layer of fine- 

The AUSi ratio determines the appreciable grained gabbro. The upper part of inhvsion is 
difference for AA and AE in distribution of more leycocratic and includes the layered 
A1 between formula groups *Ts and (tC+Dr. horizon with P ~ E  mineralization. Lower part 

The Na20 content in is weW low of inmsion is more homogeneous 
(0.00-0.099%), a little higher it is in AA This method was applied to interpret the 
(0. l 141.39%). geological structure in the eastern part of East 

amounts of Tio2 and K20 were Pana Massif In this area more often enstatite 
tested only in AA. Deficit in formula group was replaced by anthophyllite and 
<<A>) is most pronounced in AE. cummingtonite, whereas augite was replaced 

by actinolite. It was managed to recognize 
gabbro and gabbronorite, these to divide in 



pabC and paCb. Strong tectonic 
transformation of the rock coming with 
texture change makes it impossible to 
applicate the method. 

Authors are gratefbl to E.E.Savchenko for 
analytical work. 
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ABSTRACT. The so called "Layer 330" (L-330) of the Sopcha Member (SM) of the 2.5 Ga 
Monchegorsk Mafic Layered Complex (MMLC) bears a deposit of disseminated Cu-Ni ores 
with a platinum group elements (PGE) mineralization. The L-330 is composed of ultramafic 
rocks. 127 reliable analyses of the PGE, Au, Ni, CO, Cu and S concentrations in the ores are 
available now. A statistic treatment of these data has revealed a bimodal distribution of the Ni 
content. As a result, two groups of ores have been established: with Ni >0.2% and Ni <0.2%. 
The Ni content displays a direct dependence on the S content and a reverse one on the PGE 
contenit, i.e. the low-Ni group is characterized by the high PGE and low S concentrations, and 
vice versa. This conclusion is supported by results of the correlation analysis. It suggests that 
the PGE minerals and sulfides have formed for the most part at different stages of the MMLC 
development. 

1 INTRODUCTION 

The r;o called "Layer 330" (L-330) of the 
SopchEl Member (SM) of the 2.5 Ga 
Monchegorsk Mafic Layered Complex 
(MMLC) bears a deposit of disseminated Cu- 
Ni ores discovered in the 1930s. Minerals of 
the platinum group elements (PGE) were 
found in the ores in the 1980s. The SM is a 
layered body: its lower part consists mainly 
of peridotites, and its upper part is built up 
mainly by orthopyroxenites. The 
orthopyroxenitic part hosts a layered horizon 

2002; Mitrofanov and Smolkin 2004). The L- 

(L-330) located on the Sopcha Mountain at 
the 279-330 m altitudes (Neradovsky et al. 

330 is composed of dunites, hartzburgites, 
olivine orthopyroxenites, orthopyroxenites, 
and plagioclase orthopyroxenites. The L-330 
hosts pegmatitic pyroxenites and is 
characterized by a thin layering and linear 
and planar fabrics resulted from magmatic 
flow. Orsoev and Smolkin (Mitrofanov and 
Smolkin 2004) think that the L-330 has 
resulted from non-equilibrium crystallization 
of a batch of high-temperature, non- 
differentiated, high-Mg melt. 



2 RESULTS The PGE concentrations form horizontal 

127 analyses of the PGE, Au, Ni, Cu and S 
concentrations in the ores are available now. 
These have been obtained by the atomic 
absorption (Pt, Pd, Rh, Au) and the 
conventional chemical (Ni, Cu, CO, S) 
methods. Most the analyses have been made 
in the Geological Institute of the Kola 
Science Centre, the Russian Academy of 
Science. Concentrations of all these elements 
higher than their detection limits have been 
plotted on diagrams and treated by statistic 
techniques. 

trends on diagrams PGE vs. Ni and PGE vs. 
S (Fig. l), displaying no dependence on the 
Ni and S contents. In addition, the samples 
fall into two clusters that might represent the 
PGE mineralization of two types: with the Ni 
content higher and lower than 0.2 ppm (Fig. 
1A). In other words, we suppose that the 
PGE mineralization may be represented by 
two geochemically different (low-Ni and 
high-Ni) mineral associations. The 
assumption has been checked by statistic 
techniques. 

Fig. 1. Diagrams PGE vs. Ni and PGE vs. S for samples fiom the L-330. 

Histograms of the element distribution have (>0.2%, n = 33) and low-Ni (<0.2%, n = 94) 
been drawn. Based on the Straijers formula groups. The boundary between these groups 
(n = 1+3.32xlgN, where n is the number of seems to be close to the Ni content value of 
intervals, N is the number of analyses), each 0.2%. A comparison of the data shown by 
histogram was subdivided into 8 intervals. A Fig. 1 and 2 obviously display that the low- 
bimodal distribution has been discovered for Ni group is related to the samples with the 
the Ni content (Fig. 2). Distributions of PGE, elevated PGE content. 
Au and S display a less obvious bimodal 
pattern. The Cu distribution is irregular. 

According to the statistical results, the total 
data set has been subdivided into the high-Ni 



- 
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Fig. 2. Histogram of the Ni distribution (the 

total statistical set). 

The average content of the elements and the 
PdPt and Cu/Ni ratios are given in Table 1. 
These data show that the high-Ni group 
comprises samples with the higher sulfide 
content and the lower content of PGE and 
Au. And vice versa, the low-Ni group 
contains samples with the lower sulfide and 
the higher content of PGE and Au. These two 
groups of samples considerably differ in the 
PdJPt and Cu/Ni ratios (Table 1). 

Table 1. The average content of elements in the "Layer 330" 

N C PGE Pd/Pt Cu/Ni Pt Pd Rh Au 
PPm PP==' 

Ni Cu S 
% 

Totalset 127 1.34 4.79 1.16 0.33 0.96 0.05 0.25 

group 

0.18 0.12 0.35 

High-Ni 33 0.86 8.66 0.43 0.09 0.74 0.04 0.04 
group 

Low-Ni 94 1.51 3.44 1.42 0.42 1.04 0.06 0.33 

To test the dependences discovered, the 
correlation analysis has been carried out for 
all the elements studied. Pd, Pt and Rh show 
the highest factors of pair correlation with 
each other in the total set and both the Ni 
groups. Gold also strongly correlates with the 
PGE in the set and groups. 

In contrast, these set and groups differ from 
each oth~er in factors of correlation of the 
PGE cointent with the Ni, Cu, CO and S 
concentrations. The high-Ni group is 
characterised by a stable direct correlation of 
the PGE with S and Ni, and by a weak 
correlation with Cu. In the low-Ni group, the 
PGE display a strong direct correlation with 

0.49 0.20 0.93 

0.08 0.10 0.15 

Cu, a weak direct correlation with S, and a 
significant negative correlation with Ni. 

There is a direct correlation of the PGE 
with the Cu/Ni ratio and a negative 
correlation of the PdPt ratio with Ni in the 
low-Ni group. It should be pointed out that 
the high-Ni group demonstrates no 
correlation between the PdPt ratio and Ni. 
Thus, these correlations are consistent with 
the conclusion that the L-330 bears the PGE 
mineralization of two types. 

3 CONCLUSIONS 

A bimodal distribution of the Ni content has 
been found in the Cu-Ni ores, and two 



groups of ores have been established: high- 
Ni (>0.2%) and low-Ni (<0.2%). The low-Ni 
group is characterized by the high PGE 
concentration, and vice versa. This 
conclusion is supported by results of the 
correlation analysis of these elements as well 
as Au, Cu and S. We suppose that the PGE 
mineralization may be represented by two 
geochemically different (low-Ni and high- 
Ni) mineral associations. It suggests that the 
PGE minerals and Ni-bearing sulfides have 
formed for the most part at different stages of 
the MMLC development. 

The authors are grateful to Dr. Viktor V. 
Balagansky for his essential help in 
improving the manuscript. 
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ABSTRACT. The Sukinda area of Orissa has the largest chromite ore reserve of India and 
may also be considered as a potential resource for PGEs. Two varieties of chromite ores are 
found here: i) hard, compact and gray ii) soft, friable and brown. The brown ores have been 
produced due to alteration of gray chromite ores during lateritization. The gray ores normally 
vary from massive in the central part to banded, spotted and laminated in the contact zones of 
individual ore seams/lenses. Chromite ore also shows distinct variation in texture and 
chemical composition in different varieties i.e. massive to banded, spotted and laminated. The 
Cr-spine1 composition clearly indicates a boninitic affinity of the parent melt. The associated 
su1fidr:s are in general low in abundance and very fine grained. But in the contact zones, 
sulfide grains are relatively much coarser. The PGM, dominated by IPGEs, has been reported 
from the contact zone and is associated with nickel sulfides. The mineral assemblage indicates 
magmatic origin for the PGM. The texture and composition of the sulfides indicate 
remot~ilization of the PGM during serpentinization. 

1 INTRODUCTION are more commonly associated with the later 

Chromite ores, both stratiform and 
podiform types, may be potential source for 
mineralization of Platinum Group of 
Elements (PGEs) and the best example of 
PGE-chromite association is Bhushveld 
Complex, RSA of stratiform type. The 
podiform type of deposits is also known for 
the similar ore association and Kempirsai, 
Kazakhstan is, so far, the largest known 
deposit of this kind. The IPGEs (OS, Ir, Ru) 

type. 
The major chromite deposits of India - 

Sulunda and Boula-Nuasahi, are located in 
the state of Orissa (Fig. 1) and separated from 
each other, by about 70 Km. Primary 
Platinum Group of Minerals (PGMs) has 
recently been reported from the Boula- 
Nuasahi area (Mondal et al., 2001, Auge, et 
al., 2002, AugC & Lerouge, 2004). PGE 
mineralization here is localized within a late 
gabbro-anorthositic injection which has 
intruded the ultramafic rocks hosting the 



chromite ores. The dominant PGEs, here, are 
Pt & Pd. The ppb-level concentration of 
PGEs (total PGEs max. -850ppb) is noted 
from the chromite ores and the associated 
rocks from the Sukinda area (Page, et al., 
1985). The chondrite normalized PGE- 
patterns of the chromite ores from Sukinda, is 
comparable to number podiform type 
chromite deposits of the world (Page, et al., 
1985). 

Figure l .  Location map of the Sukinda 
Chromite Deposit 

2 GEOLOGICAL SET UP 

The Sukinda area extends in NE-SW 
direction ftom Tornka in east to Kathpal in 
west, covering an area of more than 40 sq. 
Inn. The ultramafic rocks here are intruded 
within the Iron Ore Group (IOG) of rocks. 
The detailed geology of the area is available 
in published literatures (Banerji, 1972; 
Chakraborty, et al., 1980). The overall 
structure of the area is a syncline and the 
chromitite layers were CO-folded with the 
older IOG rocks indicating pre-folding 
intrusion of the ultramafics (Banerji, 1972; 
Chakraborty and Majumder, 1985). However, 

in the Kathpal area, ore bodies occur as 
randomly oriented, discontinuous small 
lenses. Both podiform (Banerji, 1972) and 
stratiform origin (Chakroborty and Baidya, 
1978; Chakraborty and Chakroborty, 1984) 
for the Sukinda chromite deposits have been 
proposed. The role of@* in the formation of 
chromitite layers is also advocated (Sen et al., 
communicated). 

3 ORE GEOLOGY 

The chromite ore in Sukinda valley occurs 
within highly serpentinized (deep-seated 
alteration) and lateritized (surficial alteration) 
ultramafic rocks. As a result of these 
alterations, the primary ultramafic rocks had 
almost completely lost the original 
mineralogy and texture (Banerjee, 1972). The 
serpentinization had effected the original 
silicate minerals very intensely but its effect 
on chromite is much less evident (Sen et al., 
communicated). This variety of chromite ore 
is hard, compact and gray in colour. 
Lateritization process changed the gray ore 
into a brown coloured soft and fnable one. In 
Sukinda, the brown ores are more abundant 
than the gray variety. The gray variety 
chromite ore lenses were studied in detail to 
know the variations in oxide and sulfide 
mineralogy across the ore body. Few such ore 
sections, 5-10m width, were selected for 
detailed investigation. The gray ores are 
mostly massive in nature and commonly 
changed to banded andor spotted andor 
laminated varieties near the contact zones. At 
places, continous1discontious thin chromitite 
bandsllaminations are noted on both side of 
the ore contact. Chromitite layers are 
monomineralic and the chromite crystals are 
medium grained. No growth zoning is 
present. The chromite crystals are polygonal 
when present as aggregate. Cubic euhedral 
crystals are also seen when the proportion of 



silicate gangue is more. In the massive 
chromite ore, the sulfides are rare (<l%, by 
volume), very fine grained (about 1-5 
micron) ;and present as infillings within very 
tiny pits. However, close association of 
sulfides and the silicates is very pronounced 
even in these pits (Fig. 2). The main sulfide 
phase associated with chromite ore is 
heazlewoodite (Ni3S2). Pentlandite [(Ni,Fe)S] 
is also fbund in some sections. Other than 
sulfide, nickel-arsenides are also identified. 
The presence of heazlewoodite as the most 
dominant sulfide phase indicate low 
temperature transformation of sulfide during 
serpentir~ization. Abundance of sulfides 
increases in the contact zones. Here, the 
sulfide minerals occur as fracture filling 
within both chromite and associated silicates 
(Fig. 3). Some larger (about 20 micron or 
more) sulfide grains show distinct signs of 
alteration at lower temperature probably 
during serpentinization (Fig. 4). The Cr- 
spinels are incipiently oxidized along cracks 
and fractures. The primary olivine and 
pyroxenes are almost totally serpentinized. 

Figure 3. Coarse grained sulfide phases as 
fracture-filling within chromite and silicates 
in the contact zone 

Hematite and goethite have formed from the Figure 4. Hydrothermal alteration of sulfide 
released iron. phases during serpentinization 

I 4 CHROMITE CHEMISTRY 

rigure .L. rine sulriae minerals rilllng tiny 
pits within in chromite. 

In general the chromites are Ti02-poor and 
MgO-rich. Cr-spinels from the massive ore at 
the central part of the lens are rich in MgO 
content (Mg# -0.81) compared to that from 
contact zone (Mg# -0.69). Interestingly 
A1203-content of massive ore is more than the 
bandedspottedlaminated ores from the 
contact zone and the respective Cr# values 
are -0.77 and -0.80. Similarly, the ~ e ~ + / ~ e ~ + -  
ratio indicates relative increase in fO2-value 
when chromite ore crystallized (Sen et al., 
communicated). 



5 DISCUSSIONS 

The overall low TiO2-content and high 
Mg# in Cr-spinels point towards the boninitic 
affinity of the parent melt (Sen et al., 
communicated). The variation of chromite 
composition and ore structure across a single 
ore lenslseam clearly indicates minor but 
detectable fluctuations in the physico- 
chemical conditions even during formation of 
5-10m thick chromite ore bodies. The sulfide 
ores are relatively more abundant and coarser 
in size in the contact zones. These are likely 
to be primary in nature and might have 
crystallized directly from the silicate melt. In 
a recent investigation of the chromite ores 
from this area, primary PGMs (IPGE- 
bearing) in association with sulfides, was 
found from one of the contact zones. These 
observations may show possible separation of 
PGEs during the beginning or at the end of 
the formation of chromitite layers. Thus 
PGEs may be partitioned from the melt to the 
sulfide phases those have crystallized with 
chromite. Such mineralogical association 
suggests a magmatic origin of the PGM (Sen 
et al., under preparation). Thus, it can be 
suggested that the development of PGM is 
governed by the formation of sulfide phases 
and change in physico-chemical parameters 
controlling the chromite crystallization. 
However, the hydrothermal remobilization of 
the PGM during serpentinization may be 
inferred from the texture and mineralogy of 
the associated sulfides. 
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ABSTR4CT. The precious metal potential of the Deer Lake Complex (DLC) has recently 
been addressed by detailed geologic mapping (2004) and two detailed sampling campaigns 
(2002 and 2004). The DLC is Archean in age, is located in Itasca County, Minnesota, and 
consists of a series of multiple sills, each of which are variably differentiated and steeply 
inclined Initial sampling results, across the center of the DLC, suggest that PGE contents are 
low with maximums of only 84 ppb Pt and 52 ppb Pd. The data indicates that one of the sills, 
located near the base of the DLC, shows a gradual increase in PGE content that peaks and 
may be related to a sulfide saturation event. More detailed sampling at this possible "event 
horizon" has been completed and results are pending. Gold contents, on the other hand, are 
more encouraging and values up to 2.4 ppm are associated with a shear zone in another sill 
located closer to the base of the DLC. 

INTRODUCTION 

The Deer Lake Complex (DLC) consists of 
a series of steeply-dipping, tholeiitic, mafic- 
ultramafic sills that are variably differentiated 
and complexly interfingered. Where 
differentiation is complete, the sills exhibit a 
layering sequence consisting of a basal 
chilled margin grading upwards through 
peridotite, pyroxenite, porphyritic two- 
pyroxenle gabbro, gabbro, quartz gabbro (or 
diorite), and in some localities, an upper 
chilled margin. Jirsa (1990) estimates that 
individual sills range from a few tens of 
meters thick to over 300 meters thick. The 
sills were mostly emplaced into calc-alkaline 
volcanic and sedimentary rocks. The bottom- 

most portion of the DLC was initially 
intruded into high-Mg tholeiitic basalt and 
basaltic komatiite; these volcanic rocks are 
assumed to be the early extrusive equivalent 
of the DLC (Jirsa, 1990; Englebert and 
Hauck, 1991). All of the sills are 
metamorphosed to greenschist facies. 

The DLC was explored for base metal 
deposits in the 1970s. Several 
electromagnetic conductors were drilled; 
however, no significant indications of Ni-Cu 
mineralization were found. Initial geologic 
mapping of the DLC was carried out in 1970- 
71 by Berkley (1972) and Ripley (1973). 
Both of these earlier workers felt that only 2- 
3 completely differentiated sills were present, 



and that repetitions of specific rock types 
were related to tight isoclinal folds. Later 
review (Jirsa, 1990; this study) suggests that 
the DLC formed from the emplacement of 
numerous interrupted magmatic pulses with 
partial to complete fractional crystallization 
occurring between the pulses. Thus, not all of 
the sills contain a peridotite base nor grade 
completely upwards into quartz gabbro 
(many of the sills exhibit truncated tops). 
The initial concept of isoclinal folding of 
only 2-3 sills cannot be substantiated. 

PGE MINERALIZATION TRENDS 

The Pt and Pd content of samples collected 
from the DLC are generally very low with 
maximums of 84.1 ppb Pt and 52.2 ppb Pd. 
A plot of Pt+Pd for the various sills of the 
DLC is shown in the figure below. 

0 50 100 
Pt+Pd (ppb) 

Figure 1: Vertical changes in Pt+Pd (ppb) 
contents with stratigraphic height in the 
various sills (numbered in boxes) of the Deer 
Lake Complex. Shaded areas are peridotite 
horizons. 

As can be seen in the plot, most of the sills 
contain extremely low Pt+Pd contents except 
for weakly anomalous samples in the bottom 
half of sill #7 (48-1 15 ppb Pt+Pd), an isolated 

sample near the top of sill #8 (95 ppb Pt+Pd), 
and very weakly anomalous samples in the 
bottom half of sill #5 (22-62 ppb Pt+Pd). 
Sills #5 and #7 exhibit interesting patterns of 
low PGE levels that gradually increase in the 
bottom half of each sill; whereas, the upper 
half of both sills contains virtually no PGE. 
It may be possible that this dramatic 
changeover in the Pt+Pd content may be 
related to a sulfide saturation events in the 
magma as it crystallized; whereby, PGE was 
scavenged from the melt as sulfides began to 
accumulate. A similar pattern is reported for 
the Mesoproterozoic Sonju Lake intrusion, of 
the Beaver Bay Complex of Minnesota, 
where a PGE-bearing reef with up to 320 ppb 
Pd and 66 ppb Pt has been identified by 
Miller (1 999). Miller (1 999) suggests that 
the reef at Sonju Lake formed by a 
progressive increase in PGE due to fractional 
crystallization, and when the magma reached 
sulfide saturation, complete scavenging of all 
the remaining PGE took place. Furthermore, 
after sulfide saturation, the remaining magma 
became strongly depleted in PGE and Pt+Pd 
values drop off dramatically. This 
explanation appears to explain the pattern 
exhibited by sill #5 and possibly sill #7. 
Whether a process of sulfide saturation was 
responsible for the PGE trend in sill #5 is not 
conclusive with the data at hand and results 
from a more recent sampling campaign are 
pending. 

A plot of Cu/Pd versus Pd, shown in the 
second figure, was constructed as a means of 
examining the PGE potential of the DLC. 
This plot was developed to determine if a 
layered intrusion has potential for hosting a 
PGE reef deposit (Barnes, 1990; Barnes and 
others., 1990). As can be seen in the plot, 
peridotite and chilled margin material exhibit 
mantle values; whereas, the gabbroic rocks 
fall within the depleted field. 



bearing zone is different from all the other 
DLC rocks and appears to be related to 
shearing. 

CONCLUSIONS 

The PGE potential of the Deer Lake 
Complex appears to be low but there is an 
outside possibility that some of the sills may 

10' 1 0 '  10 103 104  10)  106  10' contain PGE reefs that are associated with 
Pd (PP~) sulfide saturation events. On the other hand, 

Figure 2: Plot of C a d  ratio versus Pd Au potential appears to be good, especially in 
concentration for Deer Lake Complex the sheared rocks of drill hole 26508. More 
samples. The composition fields shown for detailed mapping and sampling (results 
depletlzd, enriched, and mantle-derived pending) of favorable zones are warranted to 
magma, and for various PGE reef deposits, make a final assessment on the mineralization 
are from Barnes and others (1990). potential of the DLC. 

Only two samples plot in the enriched field - REFERENCES 
chilled margin material from the base of a sill Bames, S.-J., 1990, The use of metal ratios in 

and a p~roxenite from the top of another sill- prospecting for platinum-group element deposits in 
- - 

While neither of these samples plot within the mafic and ul&afic intrusions: Journal of - - 
Geochemical Exploration, v. 27, p. 91-99. PGE reef there is some indication that Barnes, S.-J., Couture, J.R., Piotras, A., and Tremblay, 

PGE enrichment may occur. C., 1990, Platinum-group elements in the Quebec 

GOLD MINERALIZATION TRENDS 
portion of the Abitibi Greenstone Belt: CERM, 
University of Quebec Report: Ministry of Energy 
and Resources, p. 1- 1 1. 

Three anomalous gold values (>l00 ppb) BerMey, J.L.9 1972, The geology of the Deer Lake 
gabbro-peridotite complex, Itasca County, 

were obtained in samples collected for this Minnesota: Universitv of Missouri. M.S. thesis. 107 
investigation. The highest Au sample (2,399 p., 2 pls. - - 

ppm) is from a well-foliated/sheared, sulfide- Englebe'% J-A., and Hauck, S.A.9 19919 Bedrock 
geochemistry of Archean rocks in Minnesota: 

bearing gabbro in a located near the Natural Resources Research Institute, Technical 
bottorn of the DLC. This sulfide-bearing zone Report NRRItTR-91-12,200 p. 

is 11 meters thick, contains 1-5% pyrite and Jirsa, M.A., 1990, Bedrock Geologic Map of 
northeastern Itasca County, Minnesota: Minnesota 

P F ~ ~ ) ~ ~ ~ ~ ~  and contains some the highest Geological Survey Miscellaneous Map Series M-68, 
Cu values (up to 0.07%) in the DLC. One scale 1:48,000. . 
polished thin section, and an X-ray analysis, Miller, J.D., 1999, Geochemical evaluation of 

platinum group element (PGE) mineralization in the 
collected from this zone indicate that the rock Soniu Lake intrusion. Finland. Minnesota: 

consists of saussuritized plagioclase laths and Minnesota Geological Survey Information Circular - 
66 augen," actinolite, tremolite, chlorite (with 44, 32 p- 

Ripley, E.M., 1973, The ore petrology and structural 
local hematite), augite, (ferrOan geology of the lower Precambrian Deer Lake mafic- - -- 
magnesiohornblende), calcite, and ultramafic complex, Eflie, Itasca County, 
stilpnomelane. Clearly, the mineral Minnesota: Duluth, Minnesota, University of 

Minnesota Duluth, M.S. thesis, 143 p., 2 pls. 
assemblage and secondary texture of this Au- 
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ABSTRACT. The Platreef is the main PGE bearing horizon in the northern limb of the 
Bushveld Complex, South Africa. Previous work has indicated an assimilation of dolomites 
by the Platreef, as a mechanism to add addition sulphur to the system. Petrography, 
geochemistry and sulphur-isotope data in this study has been used to identify a new sulphur 
contributing layer to the Platreef. In the southern Platreef, the Duitschland Formation of the 
Transvaal Supergroup forms part of the direct footwall, contained in this sequence are pyrite- 
rich shales, which we suggest contributed to the sulphur budget of the Platreef. Local 
variations in sulphur isotopes, as well as a decrease in crustal contamination further away 
from the footwall indicate a local rather than regional contamination processes. However, 
oxygen-isotope analyses, although showing enriched 6180 values, show no variation with 
depth, or along strike, and so indicate to contamination of the Bushveld magma pre-intrusion, 
probably in a staging chamber. 

1 INTRODUCTION Platreef. The main base-metal sulphides 

The Platreef has been the site of platinum 
prospecting and mining since the 1920's. The 
reef itself is a series of pyroxenites and 
norites, containing xenoliths/rafts of footwall 
rocks. The Platreef is irregularly mineralized 
with PGE, Cu and Ni, and there is a greater 

within the Platreef are pyrrhotite, pyrite, 
pentlandite, and chalcopyrite. A sulphur and 
oxygen isotope study on samples taken from 
the southern Platreef and its footwall rocks is 
presented here to examine the scale of crustal 
contamination in the Platreef. 

abundance of sulphides than in the Merensky 
2 REGIONAL GEOLOGY 

Reef. There is extremely varied platinum 
group mineralogy, occurring mainly as 2.1 Northern Limb of the Bushveld 
tellurides, bismuthotellurides, antimonides 

The Platreef occurs in the Northern Limb 
and arsenides of Pd, Pt, and Rh, (Hutchinson 

- - - -  .. - .  - - . of the Bushveld Com~lex. which differs in 
et al., 2004) which vanes in relative A ,  

several ways from the Eastern and Western 
proportions in different sectors of the 

limbs (Buchanan et al, 1981; Eales & 



Cawthonl, 1996; Harris & Chaumba, 2001). 
It outcrops as a slightly sinuous, north-west 
striking sequence 1 10 km in length and 15 
km in width (van der Merwe, 1976; Armitage 
et al, 2:002). The layered rocks of the 
Northern Limb have a transgressive 
relationship with their floor rocks of the 
Transvaal Supergroup. To the south of the 
town of Mokopane the floor rocks comprise 
quartzites, whereas to the north banded iron- 
formatio~is, dolomites, and Archaean granites 
are found (Harris & Chaumba, 2001). 

The Platreef, which is the major Platinum 
Group Element (PGE) bearing layer of the 
Northern limb, occurs at the base of the 
layered rocks. It comprises a complex series 
of medium- to coarse-grained pyroxenites 
and norites with footwall xenoliths (Harris & 
Chaumba, 2001). The base- and precious- 
metal mineralisation is unevenly distributed, 
and occurs over a zone that is up to 200 m 
thick (Gain & Mostert, 1982; Harris & 
Chaumba, 200 1). 

3 STABLE ISOTOPES 

3.1 Previous Work 

The majority of the data available pre-2000 
was presented by Buchanan et al. (1981) and 
Buchanan and Rouse (1 984). Sulphur-isotope 
data from the Tweefontein and Turfspruit 
farms irtdicated enrichment of the heavy 
sulphur isotopes in pyrrhotite (634~:  +6 to 
+9). They suggested that this enrichment 
might ha.ve originated from anhydrite within 
the Malmani Dolomites. 

Manyeruke and Maier (2004) examined 
samples taken from a core on Farm Townlands. 
Sulphur isotope values from this core 
indicated1 elevated 6 3 4 ~  values of -+4 to -48, 
which were attributed to the assimilation of 
crustal material. 

Oxygen isotope work has also been 
conducted both on the Bushveld Complex 
(Schiffries and Rye, 1989, Harris and 
Chaumba, 2001, Harris et al, 2005). Harris 
and Chaumba (200 1) conducted stable 
isotope studies on samples taken from the 
Sandsloot Mine in the Northern Limb. These 
samples indicated that Transvaal rocks 
(probably Malmani Dolomites) had been 
assimilated (up to 18%), as indicated by high 
6180 values. 

Schiffries and Rye (1989) recorded that 
6180 values from within the Bushveld are 
approximately l %O higher than expected 
values and no systematic variation with 
stratigraphic height was observed. This 
observation was supported by Harris et al. 
(2005) who also found slight elevated 6180 
values, and no stratigraphic variation. This is 
thought to indicate that BC magmas were 
contaminated before emplacement, possibly 
in a staging chamber, and that the most likely 
contaminant is middle to lower crustal 
material, and not Transvaal rocks as 
previously proposed. 

3.2 This Study 

Sulphur isotope analyses were conducted 
on sulphide mineral seperates from four cores 
in the southern Platreef. Cores ARF-08 and 
ATS-46 have Duitschland Formation 
footwall, and core AMK-021 has a footwall 
of Timeball Hill quartzites. Core ITS-033 
was sampled in order to obtain sulphides that 
appeared to have had a magmatic origin. 
Samples were also analysed fi-om two 
sulphide-bearing layers in the Duitschland 
Formation, a pyrite-bearing shale, and a 
dolomite with associated bornite and 
chalcopyrite. 

Data obtained from cores with a footwall 
comprising Duitschland Formation yield an 
average 6 3 4 ~  value of approximately +5.2, 



indicating significant crustal contamination, 
whereas the core sampled with a footwall of 
Timeball Hill Formation quartzite gave an 
average 6 3 4 ~  value of 4 3 . 5 .  When combined 
with data from previous work, the local 
variation of 6 3 4 ~  values appear dependent on 
footwall lithology and there seems to be a 
significant but local contribution of the 
footwall to the Platreef sulphur budget 
(Figure 1). 

Figure 1: Sulphur Isotope Variations in the 
Platreef. 

In contrast to sulphides which occur close 
to the footwall of the Platreef, the sulphides 
which were analysed from >l75 m above the 
floor, and from core ITS-033, show more 
magmatic signatures of +l .  1 to +1.8 (Figure 
2). This fbrther accentuates the crustal 
contribution of sulphur to the basal Platreef 
on a local scale. 

Figure 2: Sulphur isotope variation with 
depth and distance from footwall. 
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Figure 3: Oxygen isotope variation with 
depth and distance to footwall. 
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Footwall sulphides taken from Farm 
Duitschland gave varying sulphur isotope Comparatively, oxygen-isotope data fi-om 
values. Bornite from dolomites at the top of mineral separates taken from the different 

the Duitschland sequence yielded 6 3 4 ~  values cores (plagioclase and pyroxene) showed 

of +1.5, and the pyrite from the shales at the little variation with depth or distance from the 

base of the sequence gave 6 3 4 ~  values of footwall (Figure 3), although they did show 

+8.2. These 6 3 4 ~  values suggest that pyrite contamination with 6180 values varying from 
within shales are the most probable source of 4 6  to +9.5 for plagioclase, and 4 6 . 5  to 

sulphur. +8.5 for pyroxene. Cordierite from hornfels 



showed slightly higher 6180 values with footwall at Sandsloot, Potgitersrus District, South 
Africa. Transactions of the Institution of Mining a maxiLmum of + l  1.5, whereas a calc-silicate and Metallurgy, l l l ,  B36 - 845. 

from the direct footwall had a similar 6180 as Buchanan, D.L., Nolan, J., Suddaby, P., Rouse, J.E., 
that of the Platreef itself (+g). This data Viljoen, M.J.9 Davenport, J.W.J. (1981). The 

Genesis of Sulfide Mineralization in a Portion of 
agrees with the work of and Rye the Potgietersrus Limb of the Bushveld Complex. 
(1989) and Harris et. al. (2005). Economic Geology, 76,568 - 579. 

Buchanan, D.L. and Rouse, J.E. (1984). Role of 

4 DISCUSSION AND CONCLUSION 
contamination in the precipitation of sulphides in 
the Platreef of the Bushveld Complex. In: 
Buchanan, D.L. and Jones, M.J. (Editors) Sulphide 

Sulphur-isotope observations indicate to Deposits in Mafic and Ultramafic Rocks, 

the assimilation of shales into the Platreef. Proceedings of IGCP Projects 161 and 91, Third 
 hi^ is supported by the presence of Nickel Sulphide Field Conference, Perth, Western 

Australia, 23-25 May, 1982, Institute of Mining and aluminous cordierite spine1 hornfels rafts Merallurw, 141 - 146. 
within the southern sector of the Platreef, Eales, H.v.-Ad Cawthorn, R.G. (1996). The Bushveld 

whose whole-rock geochemistry is similar to Complex, In: Cawthorn, R.G. (Editor) Layered 
Intrusions. Elsevier Science, Amsterdam, The 

that of the shales in the Duitschland 18 - 221. 

Formation. Pyrite in these shales are a likely 
source of sulphur to the Platreef, aiding in the 
formation of sulphides. The variation of 
sulphur isotope data with changing footwall 
lithologies, as well as the decrease in crustal 
contamination away from the footwall 
indicates to the local assimilation of sulphur 
into the Platreef, as opposed to regional 
contamination. 

In comparison to this the oxygen-isotope 
data indicates that contamination occurred 
pre-intrusion, probably in a staging chamber. 
The mechanisms that have led to this 
difference in stable-isotope data are to be the 
topic of further research. 
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ABSTRACT. Idiomorphic PGM crystals (mm-sized ferroan platinum, cooperite and 
mertieite-11) from two PGE-Au bearing placers of UralianlAlaskan-type (Kondyor and Darya) 
in the Aldan Shield, Russia, have been studied. Pt-Fe alloy macrocrystals from both localities 
exhibit cubic and thin platy habits (occasionally twinned) with face-centered cubic structure 
(space group Fm3m) and a composition of Pt2.4-3.0Fe1.0 with unusually low content of minor 
PGE. Ferroan platinum macrocrystals from Kondyor are highly enriched in tin and antimony 
and contain inclusions of fluorapatite, titanite, phlogopite, magnetite, ilmenite and iron-copper 
sulfides. The Pt-Fe alloy macrocrystals have a complex Au-Cu-Ag rim with a variety of 
stannides, antimonides and tellurobismuthides of Pd and Pt. Some of the ferroan platinum 
crystals from the Darya placer have about 100 pm wide cooperite overgrowth rims. Cooperite 
also occurs as large euhedral crystals (up to 3 mm across, partly twinned). Crystals of 
mertieite-I1 (up to 2.5 mm large) are speckled with micrometre-sized (2-5 pm) inclusions of 
sperrylite and intergrown with minerals of cooperite-braggite solid solution, Pt-Pd-Hg alloy, 
keithconnite and Au-Ag alloy. Fractures along crystallographic planes of the mertieite-I1 
crystals are filled by Pd-Pt-Fe-Sb-As-Hg-Te-Bi bearing oxides. The PGM macrocrystals are 
associated with coarse-grained apatite-magnetite-phlogopite clinopyroxenite bodies, and 
possibly formed in a late-magmatic pegmatitic environment. 

1 INRODUCTION 75 km apart, have both unusual idiomorphic 
mm-sized PGM crystals, which consist of 

Macrocrystals of Plantinum Group 
ferroan platinum [Pt3Fe], cooperite [PtS], 

Minerals (PGM) with a grain size exceeding 
sperrylite [PtAsz] zvyagintsevite [Pd3Pb], and 

1 mm are extremely rare and known from a 
mertieite-11 [PdgSb3] (Cabri & Laflamme 

few localities only. The Kondyor and Darya 
1997; Cabri et al. 1998; Mochalov 2001; 

PGE-Au placers in the Aldan Shield (Russia), 



Shcheka et al. 2004a; Shcheka et al. 2004b; 
Sushkin 1995; Szyrnafiski et al. 1997). 

2 GEOLOGICAL SETTING 

The Kondyor placer is genetically related 
to the concentrically zoned ultramafic- 
alkaline Kondyor intrusion (6 km in 
diameter) of UraliadAlaskan-type with a 
dunitic core and external rings of pyroxenite, 
peridoti1.e and diorite. Apatite-magnetite- 
biotite clinopyro-xenite with Ti-magnetite 
veins is located in the southwestern part of 
the massif (Sushkin 1995). These rocks are 
the source for the Pt-Fe alloy macrocrystals 
(Nekrasov et al. 1994). Dunites and the 
Archean host rocks are penetrated by veins 
and veinlets of Mesozoic alkaline felsic 
rocks, accompanied by contact and 
metasomatic transformations (Emelynenko et 
al. 1989). 

The Darya placer is derived from a circular 
intrusion (1.5 km in diameter) of medium to 
coarse grained (pegmatoidal) apatite-biotite- 
garnet-magnetite-bearing clinopyroxenites in 
Upper Proterozoic sandstones with abundant 
sills, dikes and subvolcanic bodies of alkaline 
and felsic rocks (Shcheka et al. 2004b). The 
Darya intrusion is believed to be part of the 
Mesozoic UraliadAlaskan-type magmatism 
of the southeastern Aldan Shield. 

3 PGM MACROCRYSTALS 

The occurrence of idiomorphic Pt-Fe alloy 
and z~yagintsevite crystals (up to 1.5 cm in 
size) from the Kondyor deposit was 
documented by several researchers (Cabri & 
Laflanime 1997; Nekrasov et al. 1994; 
Sushkin 1995; Szymaiiski et al. 1997). The 
study by Cabri and Laflamme (1997) 
revealed the face-centered cubic structure 
(space group Fm3m) of the Pt-Fe alloy 
macro~crystals. A remarkable feature of the 

ferroan platinum crystals is the lack of the 
minor PGE elements, as recorded by 
Nekrasov et al. (1994) and Cabri and 
Laflamme (1 997). 

m~crocrystals P o m  ~ o n d ~ o r  placer-(a-c); of 
ferroan platinum macrocrystals from Darya 
placer (d-$l; of cooperite macrocrystals from 
Darya placer (g-h) and mertieite-I1 
macrocrystal from the Darya placer (i). The 
scale bar corresponds to l mm. 

3.1 Ferroan platinum macrocrystals from 
Kondyor placer 

We studied Kondyor macrocrystals both by 
electron microprobe (EMPA) and proton 
microprobe (PIXE) analysis (Fig. l a-c). All 
PGE (except Pt) are below the analytical 
detection level of the electron microprobe. 
Proton microprobe analysis yielded less than 
100 ppm for Pd, Rh and Ru (Table 1). 

Copper, nickel and tin are the minor 
elements characteristic for ferroan platinum 
macrocrystals of the Kondyor deposit. 

The crystals studied contain inclusions of 
fluorapatite, titanite, phlogopite, magnetite, 
ilmenite and iron-copper sulfides and are 
often covered by a complex Au-Cu-Ag 
bearing reaction rim. 

The inner part of the reaction rim hosts a 
variety of PGE minerals, such as stannides, 



antimonides and tellurobismuthides of Pd and 
Pt (taimyrite-tatyanaite, atokite-rustenburgite, 

Table 1. Chemical composition of ferroan 
platinum from Kondyor and Darya placer 

Kondyor Darya 
No=12 No-6 

(wt. %) Electron microprobe data (EMPA) 
Pt 89.28 * 0.46 90.14 k 0.40 
Fe 9.17 f 0.15 8.71 * 0.1 1 
Cu 0.67 t 0.08 0.28 * 0.04 
Sn 0.24 * 0.08 
Sb 0.17 f 0.06 
N i 0.09 * 0.01 

Total 99.60 * 0.58 99.12 * 0.29 

(ppm) Proton microprobe data (PIXE) 
Ru 22 * 8 n.a 
Rh 99 * 14 n.a 
Pd 154 k 14 n.a 
Ni 1025 & 84 n.a 
Cu 7287 + 206 n.a 
Zn 367 * 141 n.a 
Ge 577 * 107 n.a 
Sn 2257 & 54 n.a 
Sb 568 * 36 n.a 
Te 61 * 27 n.a 
CS 88 * 44 n.a 

Note: with EMPA were not detected: Ru, Rh, OS, 
Ir, Pd, Au, S, As ; - below detection limit 

with PIXE were not detected: Ga, As, Au, Hg, Br, 
Rb, Sr, Y, Zr, Nb, MO, Ag, Cd, In, Ba, W, Re, TI, 
Pb, Bi, U; n.a. - not analysed 

Sn-bearing mertieite-11, Te-rich sobolevskite, 
moncheite -insizwaite solid solution, Pd7Bi3, 
Pd3Bi, Bi203 X 3H20) (Shcheka et al. 2004a). 

3.2 Ferroan platinum macrocrystals from 
Darya placer 

the ferroan platinum structure with space 
group Fm3m (Shcheka et al. 2004b). 
Occasionally, the ferroan platinum crystals 
have about 100 pm large cooperite or Au-Ag- 
bearing over-growth rims and contain 
micrometre-sized inclusions of bornite and 
digenite. 

3.3 Cooperite and mertieite-I1 macrocrystals 
from Darya placer 

Cooperite and mertieite-I1 macrocrystals 
were also detected in the Darya river heavy 
mineral concentrate. 

Cooperite (up to 3 mm across) has constant 
chemical composition and no detectable 
impurities (Fe and Ni below detection limit), 
except an appreciable palladium content of 
up to 5.95 wt.% Pd (intergrowth with 
mertieite-11) (Table 2, Fig. lg,h). Cooperite 
contains inclusions of chalcopyrite, galena 
and Pt(Cu,Fe)S3 phase. 

Table 2. Composition of cooperite and mertieite- 
II macrocrystals from Darya river placer 

Cooperite Mertieite-ll 

Total 98.96 * 0.1 1 99.88 * 1.22 P 

Note: for cooperite Au, Se were not 
detected; for mertieite-l1 Fe, Hg, Bi were The Pt-Fe 'rystals of the D a r ~ a  not detected; -: below detection limit; 

placer (up to 3.5 X 1.5 mm in size) display n.a. - not analysed 

thin p l a t ~  or elongated and occasion all^ Mertieite-I1 (from 1.3 up to 2.5 mm across) 
twinned habit (Fig. Id-f). The chemical occasionally displays perfect hexagonal habit 
com~osition of the Pt-Fe alloy corres~onds to and a sheet-like texture with perfect cleavage 
essentially Pure Pt3Fe with 0% Ru, Ir, Rh and along (0001) (Table 2, Fig. li). Mertieite-I1 
Pd below the analytical detection limit of the crystals have abundant inclusions of 

electron microprobe- Copper is the only sperrylite [PtAs2] and are intergrown with 
minor element detected (Table 1)- X-ray keithconnite [Pd3(Te,Bi)], (Pd,Pt)9Te phase, 
analysis of Pt-Fe alloy macrocrystals gives 



Au-Ag alloy, cooperite-braggite, and Pt-Pd- 
Hg alloy. Along the crystallographic planes 
and oin the grain boundaries mertieite-I1 
macrocrystals are altered with formation of 
Pd-Pt-Fe-Sb-As-Hg-Te-Bi oxideloxyhydrate 
phases. 

4 CONCLUSION 

Our studies points to an obvious chemical 
and structural similarity of ferroan platinum 
crystals from Kondyor and Darya river 
placers. 

The formation of idiomorphic ferroan 
platinum crystals from both deposits is 
evidently different from that of the common 
xenomorphic Pt-Fe grains. The macrocrystals 
are petrogenetically associated with 
clinopyroxenite bodies formed in a late- 
magmatic pegmatitic environment. The 
specific features of these crystals evince in: 
a) Distinctly different minor element 
composition: lack of OS, Ir, Ru, Rh and Pd. 
Remarkable are the high contents of Sb and 
Sn, with around 2000 ppm Sn and up to 3600 
ppm Sb. These two elements are consistently 
below the detection limit of the electron 
microprobe for xenomorphic Pt-Fe alloy. 
b) Absence of microinclusions of Ir, Ru, OS 
and Pt solid solutions within the coarse Pt-Fe 
crystals. 
c) Absence of chromite inclusions. 
d) Presence of fluorapatite inclusions within 
the fermlan platinum macrocrystals. 
The reason for extreme fractionation of 
platinurrl in the coarse Pt-Fe alloy crystals 
£rom the other PGE is a matter of speculation. 
One explanation is the difference in 
metaysilicate melt partition coefficients of 
individual PGE, which could increase 
towards lower temperature. 

Another explanation could be alteration of 
primary sulfidic or arsenic PGM (for example 
cooperite or sperrylite) by sulfur degassing, 

or zone refining of precursor PGM under the 
influence of aqueous fluids. 
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ABSTRACT. On Lonplats mines, 20 km east of Rustenburg, the Merensky pyroxenite 
reaches 11 m, allowing a much more detailed investigation of processes compared to the more 
typical compressed sections (< 2 m). The sulphides register magmatic signatures of Cu: Ni: S 
of 1: 1.9: 5. Conventional models suggest that the Merensky Reef resulted fiom magma 
addition and mixing. Sr-isotopic signatures show that added magma did not reach the eastern 
end of Lonplats. Thus it is proposed that the sulphide mineralization is a consequence of an 
increase in pressure associated with chamber dynamics which caused a decrease in sulphur 
solubility and initiated sulphide immiscibility. 

1. INTRODUCTION 

The Merensky Unit includes a basal 
chromitite, an occasional pegmatitic 
pyroxenite, pyroxenite, norite, and an 
anorthosite. The thickness and mineralization 
of the Merensky pyroxenite varies along 
strike, attaining a maximum of 11 m at 
Lonplats. Best mineralization occurs at the 
top of the Merensky pyroxenite. 

mineralization occur from reef type to reef 
type, across the strike length of Lonplats 
properties. 

All of the reef types have at least one 
chromitite layer and can have a maximum of 
three chromitite layers. The thicknesses of 
these spine1 layers range fiom 1 mm to 2.5 
cm. These chromitite layers are often 
associated with visible sulphide minerals. 

2. REEF TYPES 
3. SULPHIDES AT LONPLATS 

Sulphides in the Merensky Unit at 
Rustenburg Platinum Mine (Brakspruit) 

Lonplats, typically 44% pyrrhotite, 35% 
facies type (Vermaak, 1976) is a reef type 

pentlandite, 18% chalcopyrite and 3% pyrite, 
that many are familiar with. At Lonplats, four 

occur as interstitial disseminated minor 
different reef types are present; Thin, 

phases. Although the sulphide mineralogy is 
Brakspruit, Marikana and Westplats reef 

stratiform, it occurs within specific intervals 
types (Fig. 1). Lateral variations in thickness 
fiom 0.65 to 11.3m, lithology and 



in the unit, indicated by the S and Cu peaks, which correlate, Fig. 
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Fig. 1 Lithology of the four reef types at Lonplats. A. Westplats, B. Marikana, C. Thin, and D. 
Brakspruit reef types. Height in meters is shown using the base of the Merensky pyroxenite as 
datum. 

The mineralization, with a sulphur content of the Merensky Unit. Data from the Merensky 
0.1 l%, is best developed in the top 1 m of the Unit of thick reef type (Fig. 3) show a range 
Merensky pyroxenite, see Fig. 1A and 

/;I 2s especially Fig. 2A. IS 20 

Our study attempted to investigate whether 
the sulphides at Lonplats were magmatic or 
otherwise. We found that Cu: Ni (excluding 
Ni in orthopyroxene), Cu: S and Ni: S ratios E; 0 2  0 4  0 6  0 8  

are 1:1.9, 1:5 and 1:3 respectively. These S.&% S,CU% 

ratios are similar to those demonstrated bv 12 , 14 . 
, 

Naldrett (1989) that are expected for 10 

immiscible magmatic sulphide liquids (Cu: 
Ni: S of l:2:6). 

4 

4 INITIAL Sr-ISOTOPIC RATIOS 

Initial strontium isotopic ratios (%) have 
been used to investigate the process of Fig. 2 Location of sulphide mineralization at 
magma addition as a genetic contributor to Lonplats. A, Westplats; B, Marikana; C, 

Brakspruit and D, Thin reef types. Cu shown 



by squares and S by diamonds. Height in note that the process of magma mixing does 
meters relative to the base of M.U. not necessarily produce sulphide 

mineralization (Cawthorn, 2002), and that the 
combined data of CrIMgO values and Sr 16 - 
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isotope data suggest that magma mixing does 
not occur (Seabrook et al., 2004). 

4.2 Magma addition 

Our proposed model does not negate the 
role of magma addition, but we suggest that 
its effect is physical, not chemical. The 
process is illustrated in Fig. 4. 

Time 1: Magma 1 in the chamber 
crystallizes minerals (squares, circles). 
Hollow irregular circles show that the magma 
has some sulphur dissolved in it but has not 
reached saturation. 

Time 2: Magma 2 (shown by speckles) is 
Fig. 3 Initial strontium ratio profile through introduced into the chamber, only relatively 
the Westplats reef at Lonplats. Dashed near to the feeder. The partially crystallized 
vertical lines show b g e r  and Marsh's resident magma (1) is pushed and thereby 
(1982) R, values in the Merensky Unit. subjected to significant pressure. Magma 1 

of values from 0.70598 to 0.70679, which are 
lower than values from Kruger (1992, 1994) 
and Kruger & Marsh (1982). values from 
the Merensky Unit of the thick reef type are 
indicative of Critical Zone R, values. The 
profile in Fig. 3 shows that there is no 
pronounced isotopic change at the base of the 
unit or within the reef itself or even in the 
overlying anorthosite at Lonplats. 

4.1 Magma mixing 

becomes saturated with sulphur because 
sulphur solubility is decreased when subject 
to a pressure increase (Mavrogenes & 
O'Neill, 1999). Globules of sulphide form 
and precipitate (filled irregular circles) 
mainly at the level of the Merensky Reef. 

Kruger (1 992, 1994) suggested, on the 
grounds of an abrupt break in isotopic 
signatures, indicated in Fig. 3, that the base of Lonplats 

the Merensky Unit marks the level of new 
magma addition. Mixing between added and f. 

resident magma has become accepted as a 
method of producing sulphide mineralization Fig. 4 A schematic representation of the 
(Naldrett & Gruenewaldt, 1989). Here we magma chamber during magma addition. 
conclude that there is no isotopic evidence for Note that Lanplats is distal to the feeder 

the addition of magma at Lonplats. We also 



source, 
Platinum 

as opposed to the Rustenburg 
Mine (RPM). 

5. CONCLUSIONS 

The sulphide mineralization in the 
Lonplats section of the Bushveld Complex 
primari1:y registers magmatic signatures and 
is shown to be primarily a result of physical 
(increased pressure) rather than the chemical 
effects of addition of magma. Magma mixing 
did not play a major role in the formation of 
the Merensky Reef at Lonplats. 
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ABSTRACT. We studied PGM mineralogy in two placer districts in the Koryak-Kamchatka 
region of the Russian Far East. The PGM placers are related to two different genetic sources. 
The Prizhimny Creek PGM placer is related to an Ural-Alaska mafic-ultramafic complex. The 
Hatyrka River PGM placer is developed downstream from mafic-ultramafic rocks associated 
with ophiolite. These two placer associations exhibit contrasting PGM mineralogy and 
paragenesis. In Prizhimny Creek, Pt-Fe alloys commonly contain inclusions of ruthenium- 
poor osmium. In the Hatyrka River placer, the Pt-Fe alloys are intergrown with ruthenium- 
enriched osmium or native ruthenium. 

1 LOCATION OF PLACERS 

A series of mafic-ultramafic complexes 
with associated PGE mineralization have 
been studied in the Kamchatka region of the 
Russian Far East. The region has been 
named the Koryak-Kamchatka platinum belt 

Fig. 1 .  The location of PGM-bearing placers 
connected with the ultramafic complexes 

or KKPB (Anikeeva 1976; Kutyev et al. 
199 1; Astrakhantsev et al. 1991; Batanova & 
Astrahantsev 1992; Sidorov et al. 2004; 
Tolstykh et al. 2000, 2004; Fig. 1). Some of 
them relate to ophiolitic belts, while others 
are associated with the zoned pyroxenite- 
dunite massifs. As a rule, a rutheniridosmium 
association in which OS-Ir-Ru alloys prevail, 
characterizes the ophiolitic source areas, 
whereas the ferroplatinum association on Pt- 
Fe alloys indicates that the source area is 
probably a Ural-Alaskan complex (Tolstykh 
et al. 2002). 

The Hatyrka River is situated in the north 
of Koryakia, and is progressively eroding a 
series of small, fault-controlled, Jurassic- 
Cretaceous, serpentinized, ultramafic rocks in 
ophiolite. Prizhimny Creek is a tributary of 
the Tamanvayam River, whose drainage 
basin dissects and erodes the Late-Cretaceous 
Vatynskiy zoned mafic-ultramafic complex. 
The Vatynskiy complex is part of the belt of 
the zoned platinum-bearing complexes in the 
KKPB (Fig.1). Chromite grains often occur 



in PGM-bearing heavy concentrate, and ferronickelplatinum. The concentration of Ni 
chromite-bearing dunite usually compose the amount to 5.31 wt. %; Cu reaches 2.28 wt.%. 
core of zoned massifs of the Ural-Alaskan Phases with elevated concentrations of Fe 
type. and Ni on the diagram Fe - Pt - (Cu+Ni) 

form the trend of compositions from 
2 p ~ l ~  ASSOCIATION m HAT~RKA isoferroplatinum to ferro-nickelplatinum. 
RIVER PLACER Table 2. Analyses of Pt-Fe alloys (in wt. %) 

OS-lr-Ru alloys prevail in the PGM suite, sample 2 3 4 5 
making 97 % of the total studied. The pt 81 .27 84.01 76.87 82.31 87.81 
remaining grains are Pt-Fe alloys. By their 
morphology, 0s-Ir-Ru alloys are thick, Fe 8.94 9.61 10.68 4.78 5.25 

irregularly shaped, plate-shaped grains up to Ni 0.32 4.1 0.02 O m o 5  

2.5 nim in diameter, with subordinate Cu 0.83 0.44 0.99 5.59 0.90 
rounded grains averaging 0.3-0.5 mm in Ru 0.29 0.07 0.07 0.47 0.01 
diameter. In studied placer grains, ~h 3.85 0.92 0.79 2.01 0.40 
intergrowths of Pt-Fe and 0s-Ir-Ru alloys pd 0.00 0.00 0.35 0.29 4.10 
occur with various mineralogical phases, O.OO O.OO O.OO 0.52 
where they form a binary Pt-Fe alloy - 

Ir 1.95 3.81 5.36 1.77 0.00 
ruthenium (or rutheniridosmine) paragenesis. 
0s-Ir-Ru alloys from the Hatyrka River Total 97.46 100.68 99.22 98.82 99.04 

placer are represented by osmium, ruthenium, 1-3 Prizhimny Creek placer deposit; 4-5 Hatyrka River 
iridium and rutheniridosmine (Fig. 2). The placer deposit 

contain minor of Pt, Fe, Rh Minor elements of ir and Rh are present in pf-Fe 
and Ni l). The Pt 'Ontent in alloys; their concentrations range up to 5.36 and 3.5 
alloys reaches 5.7 wt. %, and in iridium it is 
13.7 wt. %. Grain point analyses range from 
osmium to ruthenium, in which the 
concentration of Ru reaches 60 at.% (Fig. 2). 

Table 1 .  Analyses of OS-Ir-Ru alloys (in wt. %) 

sample 1 2 3 4 5 

Total 98.48 97.53 98.78 101.33 102.42 

1-3 Hatyrka River placer deposit; 4-5 
Prizhimny Creek placer deposit 

Coefficient of distribution of Ru between 
the hexagonal and cubic phases (KDRu) > 1 is 
2.4. 

Pt-,Fe alloys are mainly associated with 
isoferroplatinum, ferrous platinum and 

* Hatyrka 
+ Prizhimny 

Osmium L 
Fig. 2. Composition of OS-Ir-Ru alloys from 
Hatyrka River and Prizhimny Creek placers 

wt. %, respectively. 
Inclusions of other PGM minerals are 

identified in the alloys, among which include 
laurite, irarsite and cuprorhodsite. Laurite is 
morphologically present in isometric 
inclusions of 0s-Ir-Ru alloys. Lense-shaped 



inclusions of cuproiridsite have been 
identified in isoferroplatinum, along with 
intergrowths of osmium and iridium. 
Malanite and cuprorhodsite minals are 
included in the cuproiridsite mineral structure 
(Table 3). There is also partial substitution of 
Cu for Ni (Table 2). 

Table 3. Analyses of PGM inclusions in OS-Ir-Ru 
alloys from Hatyrka River placer (in wt. %) 

sample 1 2 3 4 5 

Total 97.92 99.60 98.67 98.78 97.73 

1 cuproiridsite; 2,3 laurite; 4 irarsite; 
5 unknown phase Ni2FeIr 

1. (I~~.~~P~~.~o~~o.~oR~o.o~)~.~~(CUO.S~ Ni0.10)0..91 S4.17 

2. (Rb.690s0.25Ir0.06)1.00S 1.99 
3- (~~1.01~0.01)1.02(~1.93~~0.04)1.97 
4. (Ir0.76R~.l7~0.05)0.98As0.83Sl .l9 

5. 
~ ~ 2 . 0 3 ~ ~ 1 . 0 1 ( ~ ~ 0 . 6 2 ~ ~ 8 ~ b . 0 6 ~ 0 . 0 4 ~ ~ 0 . 0 5 ~ ~ 0 . 0 1 ) 0 . 9 6  

Crystals of irarsite were identified in Os-Ir- 
Ru alloys. The content of Ru in irarsite is 
6.48 wt. % that correlates with some excess S 
in comparison with the ideal IrAsS formula. 
The mineral can be represented as solid 
solution of 17 mole % of laurite in irarsite. 
An unnamed phase N i W r  was discovered 
in the form of small (10x30 pm), extended or 
worm- shaped, yellow, slightly anisotrophic 
inclusions in OS-Ir-Ru alloy. In this unnamed 
phase, there is substitution for Pt, Ru and Rh 
of Ir in formula NizFeIr (Table 2). 

PGM minerals from the Hatyrka River 
placer deposit show associations typical of 
lode mineralization within ultramafic rocks of 
ophiolitic origin, which include: 1) 

predominance of OS-Ir-Ru alloys in the 
placer deposit, 2) ruthenium dominance in 
their compositions, 3) K ~ R h e x / ~ ~ ~  > 1; and 4) 
the presence of isoferroplatinum- 
rutheniridosmine paragenesis. The presumed 
hardrock source of placer deposit are the 
Hatyrsky River ultramafic bodies, which are 
enriched in Ni, and contain various minerals, 
such as Ni-containing ferrous platinum, 
ferronickelpaltimun and unnamed phase 
NizIrFe. 

3 PGM ASSOCIATION IN PRIZHIMNY 
CREEK PLACER DEPOSIT 

All the grains of PGM in the heavy 
concentrate were identified to be Pt-Fe 
alloys. Other PGMs include osmium, 
cooperite, laurite and inclusions of PGE- 
sulfoarsenide. Grains of Pt-Fe alloys up to 1.5 

Table 4. Analyses of inclusions in OS-Ir-Ru alloys of 
Prizhimny Creek placer (in wt. %) 

samwle 1 2 3 4 

Total 100.10* 99.62 100.60 96.77 
1 Mss; 2 RhAsS-RuSz -ss; 3,4 cooperite PtS; * - the 
total includes 0.27 wt.% Ni 

mm in diameter have the irregular shapes, are 
slightly rounded, and have bronze tint. By 
their composition they mostly relate to native 
platinum with the concentration of Fe less 
than 25 at.%. The content of Cu reaches 5.59, 
Pd - 4.10, Rh - 2.01, Ir- 1.44 (wt. %). 

Crystals of osmium of the size 10-30 pm 
are included in Pt-Fe alloy with formation of 



Pt-Fe alloy - osmium paragenesis. 
Concentration of Ru in OS-Ir-Ru alloys is not 
more tlhan 3.59, and content of Ir reaches 
10.74 (wt. %), which can be compared with 
composition of OS from other placers of Ural- 
Alaska11 type. Solid solution of Zr-OS-Pt has 
been id.entified. This compound contains the 
elements Ru, Rh, and Fe. Numerous sulfides 
and sulpharsenides of PGM are included in 
Pt-Fe alloys; they partially or completely fill 
the gas voids, sometimes in paragenesis with 
chalcopyrite or bornite. Inclusions of 
cooperite (PtS) are situated in the marginal 
part of the grains of native platinum and are 
the products of it's replacement. Cooperite 
also contains Pd. The atomic quantity of 
(Cu+Fe) and PGEs in mss (monosulphide 
solid sdution) are in equal ratio (Table 4). 
Hollinjyworthite (RhAsS) fills the fracture in 
the grain of native platinum. Concentration of 
the sum of Ru and 0 s  is proportional to the 
excess of S, which are included on the 
compo!;ition of hollingworthite in the form of 
15 mole % of laurite mina1 (RuS2) (Table 4). 
PGM minerals from the Prizhimny Creek 
placer were eroded from mafic-ultramafic 
sources;. Pt-Fe alloys by their geochemistry 
are similar to the alloys identified from the 
placers confined to the Itchayvayam and 
Seynak zoned mafic-ultramafic complexes, 
which contain the principle commericial 
concentrations of PGM in the Koryak- 
Kamchatka Platinum Belt. 

Their main features are: 1) inclusions of 
osmium in native platinum, 2) osmium 
composition that is poor of Ru, 3) association 
of PGE sulfides and 4) the nature of post- 
magmatic transformations of Pt-Fe alloys. 
The collective evidence indicates that the 
source of the Prizhimny Creek PGM placer 
deposit are lodes representative of the zoned 
complexes of Ural-Alaskan type. 

4 CON-CLUSIONS 

compositions between ferroplatinum and 
rutheniridosmin placer. Variations in the 
compositions of OS-Ir-Ru alloys offer the 
principle evidence to distinguish between 
zoned complexes of the Ural-Alaskan type, 
where crystals of Ru-poor osmium dominate 
versus mafic-ultramafic rocks in ophiolite, 
where the Pt-Fe alloys are intergrown with 
the Ru-enriched osmium or native ruthenium. 

We acknowledge the financial support 
from grant SB RAS ## 6.2.2; 6.4.1; SS grant 
1573.2003.5. 

5 REFERENCES 

Anikeeva, L.I. 1976. Mafic-ultrarnafic complexes of 
Koryak uplands. Northeast Magmatism of Asia, 
Magadan, 4,59-62. 

Astrakhantsev, O.V., Batanova, V.G. & Perfilyev, 
A.S. 1991. Structure of Galmoenan dunite- 
clinopyroxenite-gabbro massif. Geotectonics, 2,47- 
62, in Russian. 

Batanova, V.G. & Astrahantsev, O.V. 1992. Tectonic 
position and genesis the zoned mafic-ultramafic 
plutons of the north of Olutorskiy zone (Koryak 
uplands). Geotectonics ,2,87-103, in Russian. 

Kutyev, F.S., Sidorov, E.G., Reznichenko, V.S. & 
Semenov, V.L. 1991. The new data 
about platinoids in the zoned ultramafic complexes 
of the south of Koryak uplands. Far East branch of 
the Academy of sciences of the USSR, 317 (6), 
1458 - 1461, in Russian. 

Sidorov, E.G., Tolstykh, N.D. & Podlipskiy, M.Yu. 
2004. The minerals of platinum-group elements 
from the placer of clinopyroxenit-dunite massif 
Filippa, Kamchatka. Geology and Geophysics, 45 
(9), 1 128-1 144, in Russian. 

Tolstykh, N., Sidorov, E., Laajoki, K., Krivenko, A. 
& Podlipskiy, M. 2000. The association of 
platinum-group minerals in placers of the Pustaya 
River, Kamchatka, Russia. The Canadian 
Mineralogist, 38, 125 1-1264. 

Tolstykh, N., Krivenko, A., Sidorov, E., Laajoki, K. & 
Podlipsky M. 2002. Ore mineralogy of PGM 
placers in Siberia and the Russian Far East. Ore 
Geology Review, 20, 1-25. 

Tolstykh, N.D., Sidorov, E.G., & Kozlov, A.P. 2004. 
Platinum-group minerals in lode and placer deposits 
associated with the Ural-Alaskan-type Gal'moenan 
complex, Koryak-Kamchatka platinum belt, Russia. 
Canadian mineralogist, 42 (2), 6 19-630. 

Two placer associations of PGM within the 
Koryak-Kamchatka region occur with 
differing mineralogical and geological suites. 
Pt-Fe alloys do not differ in minor element 



USE OF A NEW METHOD IN SEARCH FOR COPPER- 
NICKEL ORES 

V.A.Stepanov l, D.V.Yusupov2 
Amur Integrated Research Institute FEB MS, 675000, Ryolochny Lane I ,  Blagoveshchensk, 

Russia 

e-mail: yusupovd@mail.ru, stepanovv@,inbox. ru 

V. E.Strikha3, A.V.Melnikov4 
Amur Integrated Research Institute FEB MS, 675000, Ryolochny Lane I ,  Blagoveshchensk, 

Russia 

e-mail: anton-amur@mail.ru 

ABSTRACT. A new "Lithochemical method of search" for sulphide ores has been patented 
(Application Ne 2003 122376128 (0237 17)). The invention is related to mineralogical- 
geochemical methods of search for mineral deposit. It is based on discovering dispersion 
aureoles of ore minerals in eluvial-deluvial deposits. Use of a new method gave positive 
results in search for platinum-bearing copper-nickel mineralization in the north of the Amur 
Region (the Far East of Russia). 

1. INTRODUCTION 

In 2002-2004 the Amur Integrated 
Research Institute (Far East Branch of 
Russian Academy of Sciences) carried out 
the field works for the purpose of copper, 
nickel, platinum exploration at the Dambuky 
ore area (the Amur Region, Russia). The area 
is composed of the Early Archean rocks 
presented by metamorphic biotitic, 

Massive sulphide ores are the richest in 
minerals. One can divide them into two 
types: essentially nickel-based (nickel - 4.08- 
6.55%, copper - 0.25-0.28%), nickel-copper, 
the concentration of copper in which 
increases up to 2.88 % and the concentration 
of nickel decreases up to 2.95 % (Tab. I). The 
geological setting is similar to the Kotalahti 
nickel-copper deposit (Finland). 

amphibole-biotitic graphite-bearing gneisses 
2. METHOD 

and crystalline schists with interlayers of 
ferruginous quartzites. Small intrusions, sills A new method of searching sulphide ores 
and dykes of pyroxenites, peridotites, was used when carrying out the field works. 
hornblendites, gabbro-norites and gabbro are According to that samples of gruss-sandy 
widely developed. Sulphide copper-nickel fractions (mass 200-300 g) are collected at 
ores are connected with them spatially and the area over the adjusted network fiom the 
genetically (Moiseyenko V.G., Stepanov datum horizon of loose deposits. 
V.A. & Strikha V.E.). There are massive, 
streaky, breccia and impregnation ores here. 



Table I. 'The content of useful components in PGE-bearing copper-nickel ores. 

Nickel fine ore 
Elements 

atomic- analysis 
absorbing 
analysis 

Cu 0.28 0.47 

Chemical & Spectrochemic 
atomic-absorbing a1 analysis 

analysis 

Footnote: The content of Cu, Ni, CO is given in %, of precious metals - in ppm. Chemical 
analysis for Cu, Ni, CO and atomic-absorbing - for Pt, Pd, Rh, Au are done in AmurKNII FEB 
RAS, spectrochemical analysis - in the laboratoty of VNIIOceangeology (S.-Petersburg). 

Using tnethod of double screening, fraction - the extensive (more than 2 km) secondary 
3 +l MM is separated from dried material by aureoles of Cu and Ni (up to 0.1 %) as well 
2.5-3.0 mm and 0.5-1.0 mm sieves. Then the as of Au and Ag were discovered. In 
mineralogical analysis on content of crystals accordance with new method mechanical 
and crystal fragments of sulphide and other aureoles of dispersion of ore minerals 
ore minerals is done. The results of analysis (pyrrhotite, chalcopyrite, pentlandite) as well 
are consrued. The conclusions on availability as of native gold answer them. Convergence 
of a deposit are drawn. The availability of ore ofresults is from 83 % to 99 %. 
minerals is discovered already at visual ~h~ well known lithochemical method of 

examination of the fraction. Subsequent searching by secondary aureoles of dispersion 
mineralogical analysis with examination of is similar to our method. ~h~ difference is in 
samples under a binocular discovers varieties the fact that according to the standard 

sulphide byrite, pyrrhotite, chalco~yrite, methods a coarse fraction is taken away into 
pentlandite, galenite, sphalretite, molybdenite the dump. Fraction < mm is analyzed by 
et al.) and other ore minerals (limonite, spectral analysis. But for all that the 
malachite, azurite, native gold et al.). The information on minerals-indicators of the 
quickness of mineralogical analysis and the 

most coarse fraction is lost. 
possibility of its carrying out in the field 
conditions allows to contour mechanical 
aureoles of dispersion of sulphides and other 4. CONCLUSION 

ore minerals in the shortest possible time. When searching the deposits with sulphide 
ores (copper-nickel, polymetallic, sulphide 

3. RESULTS OF INVESTIGATIONS and others) the traditional lithochemical 

Use of the method gave positive results. search by 

Thus, according to data of traditional dispersion could be replaced by the suggested 
lithochemical survey on the prospected area 



more effective method. But the possibility of 
complex use of both methods is not excluded. 
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ABSTRACT. The behaviour of the PGEIPGM in the supergene processes was investigated in 
three profiles in the Pirogues anomalous area. The PtPd ratio evolution in the PA and PG 
profiles indicate a mobilization and a chemical dispersion of Pd in supergene environment. 
Morphological observations and chemical analyses of the residual PGM show various altered 
facies and progressive and selective removal of S>Cu>Pd>Fe>Pt. The PGM are relatively 
enriched in Pt, indicating the residual character of the lateritic mineralization. 

1 INTRODUCTION 

The Pirogues platinum-group element On the other hand, previous studies have 

(PGE) mineralisation in New Caledonia (Fig. shown that the mineralization zone is affected 

1) is ~~pecifically related to chromitite in by a strong lateritic episode and studies of 

pyroxenite dykes cutting the basal ultramafic weathering profiles show an apparent 

cumulate series. and in rare cases to dm scale decoupling between the PGE and chromitite 

chromite schlieren in the host werhlite (AurrC concentration suggesting that the PGE could 
Y 

and Maurizot, 1995). In the dykes, chromitite have been dissolved, transported and 

appears as many local dm to m scale recrystallized in the alteration profiles (AugC 

segregations. Chromite-free facies are et al., 1995). 

systematically unmineralised in PGE. The In order to better follow the behaviour of 

PGE-(Pt dominant) take the form of the PGEIPGM in the supergene processes, 

platinum-group minerals (PGM) that are, for three profiles have been studied. The Pt, Pd 

most of' them, included in chromite crystals content of the different units was determined 

(AugC and Maurizot, 1995). Surprisingly and PGM were collected from different parts 

however, most of the grains have an habitus of the profiles (Traore, 2005) 

and a c:omposition suggesting that they are 
the result of a complex alteration process. 
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Figure 1: Location 
(After AugC and Maurizot, 1995) 

2 PROFILE DESCRIPTION AND Pt, Pd 
DISTRIBUTION 

Profiles PA and PG are in the mineralized 
area, on a werhlite substratum. PA consists 
from bottom to top of 200 cm of coarse 
saprolite, 120 cm of fine saprolite and 70 cm 
of suballochtonous red lirnonite (alloterite), 
covered by a 20 cm thick horizon of iron 
pisolite. PG consists of 275 cm of coarse 
saprolite, 175 cm of fine saprolite and 15 cm 
of alloterite. Figure 2 summarized the mineral 
composition in the profile PG. PW was 
sampled 300 m down to the mineralized area, 
to test the possibility of redistribution of the 
PGE/PGM 

Figure 2: Lithological and mineralogical evolution in 
the PG profile. 1) olivine; 2) diopside; 3) antigorite; 
4) goethite; 5) chromite layer 

Figure 3 gives the Pt, Pd content and Pt/Pt 
ratio of the PG profile. It shows a significant 
increase in Pd in the fine saprolite, whereas 
Pt reaches a maximum 650 ppb in the coarse 
saprolite, with an average value of 500 ppb in 
the fine saprolite and decrease to 240 ppb in 
the alloterite. The Pt/Pd ratio increases from 
14 on average in fresh werhlite to 25 in 
coarse saprolite, and decreases to 17 in fine 
saprolite and to 10 in alloterite (Fig. 3). 

PW profile, down to the mineralized zone 
show a different distribution, the maximum 
Pt and Pd content being obtained in the iron 
pisolite horizon. 

Figure 3: Pd, Pt and Pt/Pd evolution in the PG profile 

3 PLATINUM-GROUP MINERALS 

About 50 kg of material from the fine 
saprolite, alloterite and pisolite horizons of 
the 3 profiles were washed and sieved and 
heavy minerals concentrated by panning. As 
a result, about 500 grains were identified. The 
distribution appears heterogeneous as about 
92 % of the grains come from profile PG, and 
95 % of the grains are from the fine saprolite. 

In term of morphologies, three types of 
grain can be distinguished: 1) euhedral 
crystal without evidence of alteration, 2) 
rounded particles with cracks and evidences 
of dissolutions and 3) irregular forms with 
many dissolution features (Fig. 4). 



tulameenite) and a phase that has ' obviously been removed (Fig. 5D); 
Complex grains showing an 

alteration/dissolution rim. The grain is 
generally an oxide and the rim an alloy 
(Fig. 5E); 

Figure 4: ~ o r ~ h o l u ~ l c ;  evulurluu ulThe PGM in the 
weathering mantle. A) unweathered euhedral 
isoferroplatinum; B) rounded and cracked 
tetraferroplatinurn; C) strongly weathered PGM in 
surficial horizon 

Most grains were polished, studied with a 
SEM and analyzed with an EPMA. 

Three types of PGE alloy were identified: 
isoferroplatinum, tetraferroplatinum, 
tulameenite, and three types of PGE oxide: 
Pt-Fe (oxides, Pt-Fe-Cu oxides, and Rh-Ir-Pt- 
Fe oxides. In polished sections five main 
types of texture were distinguished: 

Euhedral homogeneous grains 
corresponding to isoferroplatinurn, or 
tetraferroplatinum (Fig. 5A); 

9 Composite grains with generally a 
euhedral unaltered alloy 
(isoferroplatinum) adjacent to one or more 
oxide compositions that show fractures 
(Fig. 5B); 

9 Euhedral (or rounded) grains 
corresponding to Pt-Fe oxide. Some shows 
a 'porous' core and a zoned rim 
cor~esponding to various Pt-Fe-0 ratio. 
Most shows cracks suggesting volume 
changes (Fig. 5C, 6); 

Complex symplectic-like texture 
co~nposed of a PGE composition 
(generally tetraferroplatinum or 

Detailed EPMA profiles have been 
performed on specific grains. The porous 
core of grain PGB7 shows presence of S (up 
to 4.5 wt.%), and the rest of the grain show 
significant amount of Si and Mg with still 0.2 
to 1.0 wt%. S (Fig. 6). Other profiles of 
various altered PGM shows the progressive 
and selective removal of S>Cu>Pd>Fe>Pt. 
Thus residual PGM will tend to be relatively 
enriched in Pt, with appearance of dissolution 
porosity. 
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Stokman and Hlava (1984) or Garuti and 
Zaccarini (1997), serpentinization could lead 
to the desulphurization of PGE sulfides and 
give a phase that will be unstable and 
propitious to oxidation. It is very likely that 
the oxidation occurs at an early stage as 
oxides are abundant in weakly weathered 
chromitite. The oxide will then rapidly 
evolved in the weathering profile and be 
partially dissolved andlore disintegrated in 
the laterite profile. 

The relative stability however of grains of 
a very high density in a strongly porous 
environment may cause the migration of the 
particles within the profile and their specific 
concentration in the fine saprolite just above 
the coarse saprolite where the porosity 
becomes much lower (TraorC, 2005). 
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ABSTRACT. Massive chromite bodies hosted in the Veria ophiolite, northern Greece, show a 
strong brittle deformation, and are constrained at mylonite-shear zones. Both high-Cr and -A1 
ores, the Cr/(Cr+Al) ratio ranging from 0.55 to 0.81, are found in a spatial association. 
Chromitites characterized by high PGE concentration, reaching 25 ppm total PGE (OS = 

7400, Ir = 6020, Ru = 9700, Rh = 310, Pt = 760, Pd = 750, all in ppb) host extremely 
abundant PGM (more than 100 PGM were identified in one section), reaching 1 mm in size. 
These PGM fragments, angular or fine-grained aggregates, are almost exclusively OS-Ru-Ir- 
Fe allo:ys, followed by irarsite, the laurite remnants being rare. The PGM unique textural 
features indicate that they predated the last intense tectonism that has resulted in the 
disruption of probably large PGM grains, together with chromite. 

1 INTRODUCTION 

Platinum-group element (PGE) content in 
large chomite deposits of Greece is low (few 
hundreds ppb). A PGE-enrichment: (a) in all 
PGE, (l)) only in OS, Ir and Ru and (c) in Pt 
andlor IPd is a common feature of relatively 
small chomite occurrences, of both high-Cr 
and -A1 types in a spatial association and 
comparable proportion, like the ophiolites of 
Pindos and Skyros Island. This enrichment 
seems to be local, independent of the 
chromite major element composition 
(Econo~nou-Eliopoulos, 1996; Economou- 
Eliopoulos et al.,, 1999). High PGE 
concentration, reaching 25 ppm total PGE 
(OS = 7400, Ir = 6020, Ru = 9700, Rh = 310, 
Pt = 760, Pd = 750, all in ppb) were 
determined in chromitites hosted in the Veria 
ophiolites, northern Greece. 

In the present study, the PGM that reach 1 
mm size and are extremely abundant in 
discrete zones of chromitites from Veria are 

described. Their compositional variation is 
given and the evolution of the PGE 
mineralization is discussed. 

2 CHARACTERISTIC mATURES OF THE 
VERIA CHROMITITES 

The Veria ophiolites and chromitite bodies 
show a strong imprint of late brittle 
deformation, which obscures earlier stages of 
deformation. Chromitite bodies are 
constrained to the position of mylonite-shear 
zones. The intersection of mylonite zones 
trend along with a movement direction 
general NW-SE and coincides with 
emplacement direction, as deduced from 
brittle shear fabrics. Such a multistage and 
intense tectonism has resulted in the 
disruption of the continuity of the chromite 
bodies and in some cases mixing between 
ophiolitic rocks and associated ores 
(Koukouzas and Kouvelos, 1973). 



Discrete zones of cataclastic deformation 
and mylonitic textures include both peridotite 
and chromite fragments ranging from less 
than 1 cm to a few cm. Chromitites of mostly 
massive type were collected fiom exploration 
trenches and natural exposures from the area 
of Veria. Both high-Cr and -A1 ores, the 
Cr/(Cr+Al) ratio ranging from 0.55 to 0.8 1, 
were found in a spatial association. 

3. PGM, SULPHIDES AND ALLOYS 

Extremely abundant platinum-group 
element minerals (PGM) were discovered 
within massive chromitites located along a 
shear zone, extending to a length of 
approximately 3 mm (Figs. 1 & 2). Laurite as 
inclusion within chromite is also nresent. 

Fig. 2. Back scattered electron images of 
fragmented PGM aggregates interstitial to 
chromite grains, hosted by Cr-garnet (gray), 
and Cr-chlorite or serpentine (black), along a 
mylonite zone of massive chromite ore. Bar 
scale = 50 pm 

PGM are almost exclusively OS-Ru-Ir-Fe 
alloys, followed by irarsite, while laurite 
remnants are present in lesser mounts. A few 
grains of OS-Ru-Ir-Fe alloys show an 
intergrowth with irarsite. The composition of 
PGM exhibits a wide variation. (Fig.3). In 
general, a decrease of the OS content with an 
increasing Ir, Fe, Cr, CO * Mn trend is clear. 

Fig. 1. Back scattered electron image of a 
large PGM grain, composed by laurite 
remnants with small inclusions of irarsite 
(Irs), replaced by Ru-OS-Ir-Fe alloys and 
oxides. 

More than 100 PGM fragments, up to 50 mp 
in size were identified in one section. These 
PGM fragments may be angular, rarely 
corroded grains, and fine-grained aggregates. 
Cataclastic chromite is cemented by Cr- 
garnet andradite-uvarovite) (Fig. 2). 

4. EVOLUTION 
MINERALIZATION 

OF THE PGE 

It has been suggested that laurite as 
inclusion in unaltered chromite represents 
early magmatic phases, whereas the presence 
of members of the irarsite-hollingworthite 
solid-solution series and other OS-, Ir, Ru- 
and Rh-bearing PGM in PGE-enriched 
altered chromitites from some ophiolite 
complexes, may indicate either in situ 
alteration orland re-mobilization and re- 
deposition of PGE (Auge, 1985; Johan, 1986; 
Bridges et al., 1993; Melcher et al., 1997; 
Garuti and Zaccarini, 1997). 



D Lamte(Ru,Os,Ir)S, 
PtAsS-RhAsS-RuAsS SS 
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Fig. 3. composition of primary and secondary PGM from the Veria chromitites (atom %). 

4.1 Stage I: magmatic/ large PGM 

Platimum-group minerals (PGM) occur as 
monophase or polyphase grains in 
undefonned chromite. Sulphides of the 
laurite-erlichmanite solid solution series are 
the most common monophase inclusions, 
followed by OS-Ir alloys and Ni-Cu-Ir-OS 
sulphides. They are common in la deposits of 
both high-Cr and -A1 type, which are 
characterized by low (a few hundreds ppb) 
contents; of PGE, chondrite(C2)-normalized 
PGE-patterns with a negative slope, and low 
values of the incompatible/compatible 

nanometer-scale, and are trapped in 
chromitites (Ballhaus and Sylvester (2000). 

The unusually coarse-grained (exceeding 1 
mm) and extremely abundant PGE-minerals 
in the Veria chromitites (Figs 1 & 2) are 
associated with highly deformed and 
mylonitized chromitites. With respect to 
paradoxical growth of laurite and alloys, 
associated exclusively with chromite, 
Ballhous (1998) based on integrating recent 
experimental work with field relations, 
concluded that a strong concentration of 
chromite and PGE alloys in massive chromite 
deposits, is facili tated in the mantle wedge 

element S (Economou-Eliopoulos, 1996; the descending and dehydrating plate, 
Melcher et al., 1997). Their occurrence of due to large differences in interfacial energy 
PGE as discrete inclusions associated with between the precipitated chromite and PGE 
enstatite-pargasite and clinopyroxenite- alloys. 
phlogopite aggregates point to a hydrous 4.2 Stage 11 brecciation 
magmatic origin (Johan, 1986; Melcher et al., 
1997). Thus, it has been suggested that Ir- The association of PGM with brecciated 

group (Ir, OS, Ru; the IPGE) IPGE associated chromite ore indicates a close relationship 

with chromite, derived from magmas with a deformation stage of ophiolites. Two 

oversaturated in PGE have formed at very distinct plastic deformation episodes may 

early stage of magmatic diffentiation, in a have taken place, which are respectively 



related to flow below the accreting center and 
to flow during a subsequent oceanic 
thrusting. The high temperature structure 
recorded in peridotites would correspond to 
asthenosperic flow in the range of 1250-1200 
'C (hypersolidus to solidus conditions) and 
low temperature structures, to lithospheric 
flow between 1000 and 800 'C (Nicolas, 
1989). It has been accepted that the process 
of obduction of an ophiolite nape upon a 
passive continental margin is initiated by 
oceanic detachment of a thin lithosphere slab, 
followed by intra-oceanic thrusting. 
Assuming that the accretion wedge has a 
simple geometry, tectonic models imply 
either a return flow or a pure shear 
deformation, which can be achieved by 
progressive tilting of imbricate thrusts with as 
a result the up thrusting of most internal 
thrust slices (Nicolas, 1989). 

4.3. Stage III, remobilization and re-deposi- 
tion of PGE / de-sulphidation 

The association of PGM with secondary 
silicates and the composition of PGM have 
been interpreted as products of precious 
metal re-mobilization at low temperature, by 
hydrothermal processes (Tarkian and 
Prichard, 1987; Bridges et al., 1993; Melcher 
et al., 1997; Garuti and Zaccarini, 1997). The 
widely variable PGM of all platinum-group 
elements in the Veria chromitites are often 
characterized by significant Fe, Ni, Cr, CO, 
Cu, Mn, As and Sb contents (Fig. 3), confirm 
the possibility of the secondary formation at 
low temperature, during serpentinization 
andlor rondigidation, by in situ 
desulphurization of the PGM sulphides, as 
has proposed by previous authors. Besides, 
certain fragmented PGM grains may preserve 
their continuity (Fig. l), although commonly 
they occur as dismembered angular grains or 
as interstitial of chromite grains (Fig. 2). 
Thus, textural features indicate that they 
predated the last intense tectonism event that 
has resulted in the disruption of probably 

large PGM grains, together with chromite. 
Also, the presence of PGM as inclusions 
within unaltered chromite grains and the PGE 
content (whole ore analysis) suggest 
formation of PGM directly from magma. 
Alternatively, the wide compositional 
variation of chromite, event in the same ore 
body, may indicate significant re- 
crystallization of chromite and PGM, at lower 
temperatute, probably during plastic 
deformation episodes. 
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ABSTRACT. Extraction of elements of platinum group from non-traditional sources is a vital 
problem for many states. Chromite, gold-ore copper porphyry and others [l] are among the 
promising deposits. Uzbekistan is one of the leading gold-mining countries in the world, 
therefore the problem of extraction PGE is also of extreme importance. Ores of epithermal 
Au-Ag, porphyry Au-Cu-MO deposits and the products of their processing were studied 
integrated at Almalyk Mining and Iron-Steel Integrated Works (AMIIW). Data on gold-ore 
giant in the black shales of Muruntau were quoted for comparison. In view of the fact that 
extraction PGE is thought of, research was conducted in the preliminary extracted from 
various types of ores gravitational concentrates. ICP MS Elan- DRS 11, SRS-3000, Jeol JSM - 
59 1 0LV methods were used. 

1 GEO1,OGY exposed to the processes of propylitization, 
beresitization, argilliza-tion. The age of the 

All gold ore deposits of Uzbekistan are 
basic stage of ore formation in all the 

located within the thick Beltau-Kurama 
BKVPB deposits applies to C3 - P [2]. 

volcanal-plutonic belt (BKVPB). It stretches 
from K-yzyl-Kum in the west of the Republic 
to Chatkal-Kurama mountains in the east. @ Muruntau 

Gold ore deposits are grouped in ore knots: 
Kyzyl-Ehm, Nurata, Kurama (Fig. l). 
BKVPD was formed due to subduction of \+ 

oceanic crust of Turkestan paleobasin under 
the northern Kazakhstan - Kyrgyzstan 
microcontinent. Ore knots were formed as a 
result OF crossing BKVPB by cross transform 
submeridional faults. The deposits are located 

Fig. l - Scheme of localization of gold and 
in the c O a l ~  tenigenOus, tenigene- silver deposits within the of the 
carbonate volcanogenic and intrusive rocks. ~ ~ ~ ~ b l i ~  of~zbekistan ( N . A . A ~ ~ ~ ~ ~ ~ .  

The enclosed mineralization of the rocks is 2001). 



Epithermal and copper-porphyry deposits 
are located in the Kurama knot which 
represents the area with the widely-developed 
andesitoid volcanism. Epithermal deposits are 
presented by two types [3]: 1) Ag-Au-Te with 
tellurides Au, Ag, Sb, Hg, Pb, selenides and 
tellurides Bi, high grade gold (Kochbulak and 
others); 2) Au-Ag-Se with inter-metalides, 
sulphides, sulphosalts, selenides Ag, electrum 
and kustelite (Kyzylalma and others). Au-Cu- 
MO deposit Kalmakyr is associated with 
porphyry stocks by granodiorites, monzonites 
[4]. As for reserves of gold it is on a par with 
gold-ore giants. Muruntau ore deposits are 
composed of Au-As paragenesis with 
arsenopyrite, pyrite, minerals Ni, CO, 
invisible gold, and Au-Bi-Te paragenesis 
with tellurides and selenides Bi, maldonite 
and high grade gold. 

2 PGE IN THE ORES OF GOLDBEAFUNG 
DEPOSITS 

Periore metasomatites contain scheelite, 
molybdenite, gold [5]. The ores of the 
deposits investigated constantly contain PGE 
the concentration of which is of an order but 
their amount is the range 0,2-0,5 ppm (Table 

1 .l 
The dominating among PGE are light 

platinoids (Pd-Rh-Ru), of the hard are present 
platinum and it is only osmium that is 
available in copper porphyry deposits. 
Among the light platinoids Pb is the lead and 
Pd is more than Pt almost in all deposits. It is 
only in Au-Te sites that Pt is somewhat 
greater than Pd. The problem remains open 
on how to find PGE in the ores of Kurama 
zone deposits. The only true fact in the 
location of palladium telluride (Pd-28.11; Pt- 
0.93; Cu-0.34; Sb-0.29; Te-69.9%) in 
molybdenite concentrate, in intergrowth with 
native gold. More often Pt and Pd were 
determined by electrical sounding analysis in 

native gold at the rate of 0.01-0.9%. In 
electrum Pd content comes to 2%. 
Independent phases were not established, but 
nanomineral forms are possible. 

3 PGE IN THE PROCESSING PRODUCTS 

The products of ore processing in the 
AMIIW were analyzed. (Table 2). 

Here also dominates Pd especially in the 
slimes of copper production, black copper, 
matte and molybden concentrate. MO- 
concentrate and slime-main products 
containing OS including 0 ~ ' ~ ~ .  Platinum is 
mainly found in slime, black copper and MO- 
concentrate. At present it is hard to arrive at 
final conclusions about the most promising 
incline with respect to PGE type of deposits. 
There is a distinct inclination of light 
palinodes towards silver deposits, and Pd 
predomination over Pt in gold-containing 
deposits of Uzbekistan. We can state with 
sure, that incidental extraction PGE including 
0 ~ ' ~ ~  is a fully objective and real possibility 
to expand the industrial produce of AMIIW. 
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Table 1. PGE distribution in concentrates of samples of gold-containing deposits. 

Quantityof Pd Rh Ru Pt Ir OS EPGE 
analyses 

Epithermal 

Ag-Au-Te 26 0.0984 0,0207 0,0026 0,1715 traces 0,2932 
Au-Ag-Se 18 0,2433 0,0600 0,0022 0,0868 0,3923 

In black shales 
Au-Bi-Te 13 0,0820 0,0700 0,0030 0,0020 0,157 

Porphyry 
15 0,1100 0,0060 0,0072 0,0740 0,O 10 0,1972 

Table 2. PGE distribution in the products of ore processing in AMIIW 

Product 

Cu-concentrate 0,11 0,008 0,05 1 0,065 0,002 0,033 0,269 
MO- concentrate 1,07 0,22 0,058 0,35 0,016 2,90 4,6 14 
Matte 0,62 1,16 0,027 0,034 0,005 1,846 
Slag 0,lO 0,037 0,015 0,024 0,003 0,179 
Clinker 0,28 0,58 0,055 0,045 0,960 
Black copper 3,80 0,64 4,44 
Slime 370,2 2,6 1,5 64,3 3 $2 5,3 447,l 

Pd Rh Ru F't Ir OS C PGE 
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ABSTRACT. New data on geology and sulfide-PGE-Au mineralization of Olivine Horizon of 
West Pana Intrusion are presented. Content of ZPGE+Au reaches as 10- 15 ppm for thickness 
of 0.5 m. PdPt ration varies as 5.2 - 7.9. An average Ni content is of 0.16% and Cu content 
of 0.1 1%. 

l .  INTRODUCTION. 

Fedorova-Pana intrusive complex is one of 
the most promising targets over the Kola 
Peninsula in terms of Cu, Ni and PGE 
deposits. Much attention is traditionally paid 
to Fedorova deposits, North and South Reefs 
of West-Pana Intrusion, and Layered Horizon 
of East-Pana Intrusion. Besides, other parts of 
Fedorova-Pana intrusive complex are also 
being studied. Last years exploration proves 
perspectives of low-sulfide with precious 
metals mineralization in Olivine Horizon of 
West-Pana Intrusion. 

2.GENERAL DESCRIPTION. 

Fedorova-Pana intrusive complex is 
situated in the central part of Kola Peninsula 

and confined to the northern boundary of 
Pechenga-Imandra-Varzuga paleorift system. 

It is divided up in three parts - Fedorova, 
West Pana & East Pana intrusions (fig. 1). 

Olivine Horizon (OH) occurs above 
ULH. It has thickness from 100 to 250 m 
being developed for entire length of West 
Pana Intrusion. OH is built up of rhythms. 

! ! 
' I WESTPANA : i ,  

Fig. l .  Schematic map of Fedorova-Pana 
intrusive complex. 



Upper part of each rhythm composed by 
troctolite (poC, pocba), underlayed by 
alternation of thin layers of troctolite (poC, 
pocba), olivine gabbronorite (pbaoC, pboCa) 
and gabbronorite (pbaC). Lower part of 
rhythm is composed by olivine gabbronorite 
(pbaoC, pboCa) with nests of anorthosite 
(pc). Presence of eruptive breccia at the 
contacts and composition of OH allow us to 
state that OH had been formed due to 
injection of primitive magma into plastic 
non-consolidated rocks of West Pana 
Intrusion. Cyclic alternation of cumulus 
association leads to an assumption of few 
pulses of injection. 

3. SULFIDE MINERALIZATION IN 
OLIVINE HORIZON. 

As a rule, sulfide mineralization is confined 
to hanging wall of thin-layered alternating 
package and close to a contact with troctolite 
layer. The mineralization occurs as lenses 
confomlal to layering, or isometric nests, of 

Morphologically ore minerals occur as 
highly irregular interstitial dissemination. The 
size of sulfide grains and their aggregates is 
no more than 1-2 mm as a rule. Fine 
intergrowth of sulfides (chalcopyrite 
especially) and secondary silicates afier 
olivine and pyroxene are typical. As to 
platinum group minerals (PGM), moncheite, 
kotulskite, braggite, keithkonnite, 
zvyagintsevite and sperrylite (going by 
occurrence frequency) were determined. The 
biggest grains up to 40 pm are formed by 
moncheite and braggite (fig.3). 

0.1-1 m thick. It has been traced for 400 -W*-- 
-- 

Fig. 2. Interstitial millerite-violarite 
meters along strike in outcrops and supported inclusion (white and grey) surrounded by 
by drillholes up to 145 meters downdip. thin emulsion dissemination of 
Content of XPGE+Au in grab and trench 
samples reaches as 10-15 ppm for thickness 
of 0.5 rn. Core samples showed lower grades 
- up to 3-5 ppm for thickness of 0.2-0.7 m. 
Average Ni content is of 0.16%, Cu content 
is of 0.1 1%. PdPt ratio varies as 5.2-7.9. 

Average sulfide content is of 0.5% (from 
0.1 to 1 S%) which is 2-3 times lower than in 
North iind South Reefs. Main ore minerals 
are chalcopyrite, pentlandite, pyrrotite (fig.2). 
Millerite and bornite occur in fewer amounts, 
but are significantly more abundant 
comparing with the earlier known reefs. Most 

chalcopyrite (grey) in secondary 
amphiboles (black). Gabbronorite, SEM- 
photopicture. 

- 
of pentlandite is violaritized. Pyrite and Fig 3. Inclusion of monc~lcite (whi!e) 

- 
magnetite are developed as accessory rimmed by keithkonnite (light-grey) in 
minerals. chalcopyrite (grey). Black is amphibole. 

Olivine gabbronorite, SEM-photopicture. 



All PGM are strictly confined to sulfides, 
being either inosculated with them, or 
localized to halo of fine-grained sulfides and 
secondary silicates around relatively large 
sulfide inclusions. 

For mineralized rocks of OH, significant 
part of Pd most probably is accumulated, 
besides PGM, in pentlandite and millerite, 
where Pd grades may reach up to 1300 ppm 
according to X-ray microanalysis. 
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ABSTRACT. The Baimazhai Ni-Cu-(PGE) sulfide deposit is hosted in a concentric mafic- 
ultramafic intrusion at Jinping, SW China. The intrusion is composed of an inner peridotite 
core surrounded by pyroxenite, which in turn, is rimmed by gabbro. The peridotite and 
pyroxenite occupies -50 volume % of the intrusion and is almost totally mineralized. The 
mineralization comprises a disposed massive ore body (-20 volume %) surrounded by net- 
textured and disseminated ores. Geochemical data demonstrate that the parental magmas were 
Mg-rich, S-undersaturated melts that became S-saturation before emplacement. The deposit 
was formed by emplacement of an olivine crystal mush rich in sulfide melts. Due to their 
highly different densities, the immiscible sulfide melts were concentrated at the bottom of the 
staging; magma chamber while olivine-rich silicate melts above the sulfide melts. When the 
melts were squeezed up along a magma conduit under regionally compressive setting, 
immiscible sulfide melts tend to concentrate in the center of the conduit in response to higher 
velocity as the magma flows. Eventually, the magma was heavily loaded with cumulus 
olivine crystals in addition to sulfide droplets on emplacement, and finally the massive sulfide 
ore body formed in the center surrounded by silicate rocks. 

1 INTRODUCTION magmatic environments like lava channels 

It has been known for several decades that and magma conduits. The host intrusions 

large magmatic sulphide deposits are hosted have been explained as forming through 

in small intrusions in China. For example, multiple injections of compositionally 

sulfides make up over 40 volume % in the different magmas, whereas the massive 

Jinchuan intrusion in NW China (Tang 1993). sulfide bodies are considered to be the last 

Sulfidt: ore bodies in these intrusions all injection of sulfide melts (Tang 1993). 

occur in the central part of the intrusions. However, such a model has not yet been 

These occurrences are unique but remain valuated and thus its validity is still unknown. 

unexpllained. Elsewhere in the world, many Flood basalts and spatially associated 

classic magmatic ore deposits are hosted at mafic-ultramafic intrusions from Jinping, SW 

the base or margin of the large layered mafic- China to northern Vietnam are considered as 

ultramafic intrusions and occur in dynamic part of the Permian (-260 Ma) Emeishan 



Large Igneous Province (ELIP). Magmatic 
Ni-Cu-(PGE) sulfide mineralization in the 
region is the Ban Phuc deposit in northern 
Vietnam (Glotov et al., 2001) and the 
Baimazhai deposit in Jinping. However, no 
detailed studies have been carried out on the 
Baimazhai deposit. The Baimazhai intrusion 
is a small intrusion, about 530 m long, 190 m 
wide and 24 to 64 m thick. However, a large 
proportion (over 50 volume%) of the 
Baimazhai intrusion is mineralized with over 
410, 000 ton of ores at Ni grades ranging 
from 0.17 to 3.54 wt% and Cu grades from 
0.12 to 2.34 wt%. This deposit thus provides 
an opportunity to develop and evaluate 
genetic models for large volumes of sulfides 
in small intrusions. 

2 PETROGRAPHY 

In the Baimazhai area, a group of small, 
differentiated intrusions including the 
Baimazhai intrusion intrude the Ordovician 
meta-sandstones and slates. The Baimazhai 
intrusion has a surface exposure of 0.1 km2. 
The major rock types include peridotite, 
pyroxenite and gabbro, forming a concentric 
lens-like body with an inner core of peridotite 
surrounded by pyroxenite, which in turn, is 
rimmed by gabbro (Fig. l). 

There are no visible sulfides in the 
gabbros, but chalcopyrite segregations and 
veinlets occur in the pyroxenites. The inner 
core peridotites are the host of sulfide ores 
(Fig. l )  and are almost totally mineralized 
with net-textured and massive sulfide ores. 
They contain variable amounts of sulfide 
ranging from 14.8 to 76.2 wt%. Both the 
massive and net-textured sulfide ores have 
similar mineralogy and consist of pyrrhotite 
(-40-74 volume %), pentlandite (3-12 
volume %), chalcopyrite (1-19 volume %) 
and magnetite (2-8 volume %). 

Fig. l Cross sections along ~0 .9 '~ '  exploration line 
showing the distribution of rock units and a massive 
sulfide ore body. 

3 GEOCHEMISTRY 

Copper and Ni are positively correlated in 
the Baimazhai intrusion (Fig.2). Cu/Ni ratios 
are mostly < l  with a range from 0.02 to 4.17, 
comparable to the Jinchuan deposit (0.06 to 
5, Chai and Naldrett 1992), Voisey's Bay 
(0.5, Naldrett et al. 2000), and Talnakh 
deposit (1.6, Naldrett 2004). The low Cu/Ni 
ratios of sulfide ores suggest that the sulfides 

were derived from relatively primitive 
magmas. 

Fig2 Cu versus Ni plots 

Silicate rocks and massive ores have 
similar PGE patterns (Fig.3). Fig.4 shows 
PGE data from Bairnazhai massive ores 
compared with data from other bodies on a 
chondrite-normalized chalcophile element 
plot. It is seen that the Baimazhai massive 
ores have steeper PGE patterns, similar to 



those fbr Voisey's Bay, Talnakh and 
Jinchuari deposits that formed from basaltic 
or magnesian basaltic magma (Naldrett and 
Duke 1980), but different from those 
resulting from ultramafic magma (e.g. those 
related to komatiites) that have relatively flat 
PGE profiles. 

Fig.3 Cihondrite-normalized Chalcophile element 
patterns 

loo0 

0.001 
Ni Ir Ru Rh Pt Pd Cu 

Fig.4 chondrite-normalized Chalcophile-element 
patterns for the Baimazhai ores in comparison with 
other deposits. Data sources: Naldrett (2004), Voisey's 
Bay; Naldrett et al. (2000), Talnakh; and Chai and 
Naldrett (1  992), Jinchuan. 

Mas,s balance calculations showed that the 
compositions of the Baimazhai intusion has 
more 'MgO (17.94 wtO/o) than the inferred 
mantle magma, like high-Mg and low-Ti 
basalt in this region (MgO 16.71 W%), 
stronglly suggesting that the intrusion 
accumulated some excess ultramafic 

2001) and elsewhere within the ELIP (Xu et 
al. 2001). Regionally the Emeishan flood 
basalts are grouped into high-Ti and low-Ti 
types (Xu et al., 2001), the flood basalts in 
the Jinping area are mainly of the low-Ti 
variety (Xiao et al., 2003). The high-Mg and 
low-Ti basaltic magmas formed by large 
degrees of partial melting can accommodate 
all the sulfides in the upper mantle, a 
necessary condition for the formation of the 
Baimazhai deposit. Thus, there may be a 
genetic link between the high-Mg and low-Ti 
basaltic magmas and the formation of the 
deposit. 

Assuming a Dsul/sil of c.200 for Ni, a Ni 
content of 548 ppm (high-Mg and low-Ti 
basalt mentioned above) in the magma, and 
Ni content of -3 to 5 wt% in the Baimazhai 
ores, the R factor was estimated at -1 16. This 
compares with an estimated R factor of 
around 100,000 for the UG2 and Merensky 
Reefs. Due to this relatively low R factor, 
PGE contents are therefore very low in the 
Baimazhai intrusion. On the other hand, the 
volume of sulfides is too great to have been 
derived from magmas with volume equal to 
that of the intrusion (Lesher and Groves 
1986). CdZr ratios vary largely from 0.08 to 
2,237 in the Baimazhai intrusion, with only a 
few with minor sulfide contents have < l  
CuIZr ratios. This may indicate that the rocks 
have reacted with sulfide. Therefore, the 
s u l h  saturation may occur before the 
emplacement of the intrusion. Moreover, the 
peridotites and massive ores with much 
higher CulZr ratios (3.3 to 2,237) strongly 
suggest the presence of excess sulfide 
contents in the intrusion. 

4 GENETIC MODEL 
compo~nents. Therefore, the parental magma 

The excess ultramafic components and 
was likely a high-Mg tholeiitic, or picritic 

sulfides in Baimazhai could have been 
melt. [n fact, high-Mg volcanic rocks have 

derived from a much larger volume of 
been I-eported in this region (Glotov et al. 



magmas than the intrusion itself. The small R setting would be a convergent margin. This 
factor cannot be reached after emplacement setting was possible as the Baimazhai area 
to form the mineralized intrusions. These was located near the boundary between the 
features are atypical of simple gravity settling South China Block and Indochina Block at 
from a staging magma and more consistent the time when the Baimazhai intrusion 
with a single injection of high viscosity formed during Permian time. 
materials. The geometry of the intrusion can 
be explained by flow differentiation of 5 ACKNOWLEDGEMENT 
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ABSTRACT. The phlogopite peridotite of the Finero Complex (Ivrea Zone, Italy) represents 
a slice of residual mantle, affected by metasomatism. The residual peridotite contains small- 
size chromitites that formed during the metasomatic event. The Finero chromitites are very 
different when compared with those hosted in the mantle of the suprasubduction zone 
ophiolites. Furthermore, mineralogical and geochemical evidences strongly suggest a 
carbonatitic character of the metasomatic fluids at Finero. This supports the conclusion that 
the Finero complex formed during extensional tectonics by passive uplift of the 
subcontinental mantle. The absence of the effect of crustal contamination suggests that the 
metasomatic agent derived from the mantle itself. 

The Finero phlogopite peridotite, is the 
largest and the northernmost of three mantle 
massifs exposed at the base of the lower 
continental crust in the Ivrea-Zone (Western 
Alps). The Ivrea-Zone is mainly composed of 
mafic-ultramafic layered rocks of the basic 
complex, intruded in metamorphic rocks of 
the kwigitic serie (Fig. 1). The Finero 
phlogopite peridotite forms the core of a 
conce~ltrically zoned sequence of layered 
gabbro and pyroxenite, amphibole-rich 
peridotite, and gabbro (Cawthorn 1975) (Fig. 
2). The Finero peridotite differs from the 
other two mantle massifs, Balmuccia and 
Baldissero, because of its more residual 
character, caused by the early extraction of 
about 18% MORB-type melts, before crustal 
emplacement at 290 Ma (Hartmann & 
Wede:phol, 1993). Subsequently, the restitic 
peridotite underwent a metasomatism process 

IVREA ZONE 
0 Basic Complex 
m Kinzigitic Series 

Mantle maqsifs 
63 Major Faults 

Fig.1: Simplified geological map of the Ivrea 
Zone with the location of the Finero, Balmuccia 
and Baldissero mantle massifs. 



by an alkaline-carbonatitic fluid phase during 
crustal emplacement (Exley et al. 1982, 
Hartmann & Wedepohl 1993, Zaccarini et al. 
2004). 

m Mantle phlogopite peridotite 

Amphibole peridotite 
m Layered amphibole gabbm and pyroxenite 

a Gabbro 

Fig. 2: Geological map of the Finero complex, 
showing the location of the major chromite 
bodies. 

According to Curnrnings et al. (1987) and 
Voshage et al. (1987) mantle metasomatism 
was initiated 293 + 13 Ma ago. Some authors 
proposed that the metasomatism was 
produced by a crustal slab in a subduction 
zone setting (Hartmann & Wedephol 1993, 
Zanetti et al. 1999, Morishita et al. 2003). An 
alternative interpretation is that Finero, 
together with the other mantle massifs of the 
Ivrea Zone, may represent variously depleted 
and re-enriched parts of a mantle plume 
emplaced at the base of the subcontinental 
crust during a period of extensional tectonics 
in the Southern Alps in pre-Hercynian time 
(Exley et al. 1982, Sthale et a1 1990, Shervais 
& Mukasa 199 1, Henk et al. 1997, Garuti et 
al. 2001, Zaccarini et al. 2004). 

Small bodies of chromitite, occur in the 
Finero mantle peridotite. These chromitites 
are believed to have formed concomitantly 
with the episode of alkaline-carbonatitic 
metasomatism (Ferrario & Garuti 1990, 
Zaccarini et al. 2004). A reaction would have 
taken place between the restitic mantle 
peridotite and a contaminant fluid phase 
causing instability of Cr-diopside and 
crystallisation of abundant Ti-rich chromite. 

In this work we have investigated the 
mineralogy, geochemistry and the OS isotopic 
signature of these chromitites with the aim to 
better understand the origin of the 
metasomatic fluids and the geodynamic 
setting in which the Finero complex and the 
associated chromitites formed. 

2 THE FINER0 CHROMITITES 

The Finero chromitites are best exposed in 
the marginal zone of the phlogopite 
peridotite, at the localities of Alpe Polunia, 
Rio del Ferro, Creves and Provola (Fig. 2). 
The chromite bodies form irregular pods, 
schlieren, elongated lenses and discontinuous 
layers up to 100 m long and up 0.5 m thick. 
The chromitites are surrounded by dunite 
with a sharp contact. The Finero chromitites 
display morphological characteristics similar 
to podiform chromitites from mantle tectonite 
of ophiolites, although the ore bodies are 
smaller and the effects of low-P, low T 
oceanic metamorphism are missing. The 
composition of the chromitites from Finero is 
similar to that of podiform chromitites with 
respect to major oxides in spite of slight Fe 
enrichment. The Ti02 content, however, can 
be much higher than typical for ophiolitic 
chromitites (<0.25 wt%), varying in the range 
0.15-0.95 wt%, similarly to the stratiform 
chromitites 

2 1 Accessory minerals 

An unusual association of accessory 
minerals, significantly different from that of 
podiform chromitites in suprasubduction 
settings, has been found in the Finero 
chromitites. Platinum group mineral (PGM) 
inclusions in chromian spinel comprise 
laurite accompanied by a Rh-rich PGM 
assemblage, mainly consisting of 
cuprorhodsite (Fig. 3), Rh-rich cuproiridsite 
and other rare Rh minerals. Barium-rich 
phlogopite, apatite, Ca-Mg carbonates and 
Ni-Cu sulfides and alloys also occur included 
in chromian spinel. 

Furthermore, the chromitite contains an 
association of "exotic" minerals of Ti-Zr-Th- 
U dominated by zircon along with 



zirconolite, baddeleyite, thorianite, thorite or 
huttonite and uraninite (Fig. 4). 

Uraninite 

Fig. 4: :$EM image of uraninite. 

The Finero zircons have Hf contents less 
than 9000 ppm and high Zr/Hf (>60). This 
composition is consistent with that reported 
in zircons crystallizing from magmas 
generated in continental rift settings, such as 
carbonatite and nepheline syenite magmas 
(Heaman et al. 1990). 

2.2 PGE, Au, REE distribution and OS 
isotope 

The Finero chromitites contain very low 
PGE concentration (45 ppb, average of 10 
samples). Only one sample proves to be 
enriched up to 292 ppb of total PGE. Our 
data, normalized to the C1 chondrite, 
display a peculiar shape, very different 
when compared with the PGE pattern of 
the chromitites hosted in the mantle 
sequence of the suprasubduction zone 
ophiolites (Fig. 5). The Finero chromitites 
are characterized by a pronounced positive 
anomaly in Rh (about 10 times the mantle 
concentration), whilst OS, Ir, Ru are 
unfractionated (5-8 times the mantle 
concentration), forming flat patterns. The 
concentration of Pt > Pd are less than those 
of the mantle abundance. The amount of 
Au is also low, being variable between 1.7 
to 3.9 ppb. 

' t  ..-.*................-..a..-.. Mantle chromitites 

Fig. 5: Chondrite normalized PGE patterns of 
Finero chromitites. The field of the mantle hosted 
chromitites from suprasubduction ophiolites is 
reported for comparison. 

The Finero chromitites and their host 
peridotites show a strong LREE enrichment. 
It is important to note that Baker & Wyllie 
(1992) have suggested that carbonatite 
metasomatism may be responsible for the 
commonly observed LREE enrichment of 
refractory peridotites. The REE distribution 
in the Finero chromitites is not consistent 
with a major contribution from the 
continental crust. 



187 The 0s/'~*0s compositions are 
dominantly subchondritic with 
compositions indistinguishable fiom that of 
host orogenic peridotites and that of the 
European subcontinental mantle. There is 
no or only little evidence that 
metasomatism had an effect on the PGE 
distribution and the 0 s  isotopic 
composition. 

3 CONCLUDING REMARKS 

The Finero chromitites are very different 
when compared with those hosted in the 
mantle sequence of the suprasubduction zone 
ophiolites, for the following main reasons: 

i) the small size of the ore bodies, 
ii) the lack of oceanic metamorphism, 
iii) the chromite composition and the PGE 
mineralogy and distribution. 
The composition of exotic accessory 

minerals, such as zirconolite and zircons, 
associated with the chromitite as well as the 
LREE enrichment in the chromitite and the 
host peridotite strongly suggest a carbonatitic 
character of the metasomatic fluids at Finero. 
The formation of carbonatite-type liquids and 
critical hydrous fluids is tipically related to 
the emplacement of mantle plumes in 
continental rift systems worldwide. This 
supports the conclusion that the Finero 
complex formed during extensional tectonics 
by passive uplift of the subcontinental 
mantle. Furthermore, the absence of the 
effect of crustal contamination, suggests that 
the mesatomatic derived fiom the mantle 
itself. 
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ABSTRACT. The new data on the hydrothermal fluid influence on the precious metal 
redistribution have been obtained by studying fluid inclusions of quartz from various 
paragenesis within the Critical Zone of Bushveld Complex. By LA ICP-MS we have revealed 
Au, Ag, Cr and Fe in single two-phase fluid inclusions, while some groups of multiphase 
inclusiorls contain trace of Pd and Ni contents with Ag, Sn, Sb, Hg, Pb, Bi, As, Cu and Zn, 
never having been found before. The peculiarities of fluid conditions and metal composition 
of fluid inclusions are the evidence of the long evolution of the orthomagmatic fluid system of 
Rustenbi~rg layered Suite from the earliest quartz-feldspathic graphic of IRUP (S.l) to the 
latest quartz-tourmaline-feldspathic pegmatite veins, which cross-cut all the chromitite layers 
of the Critical Zone. 

The significance of hydrothermal processes 
in redistributing of the PGE, Au, and Ag in 
mafic-ul tramafic layered intrusions remains 
an important but highly controversial 
uncertainty in the ore genesis research. On 
the one hand, there are numerous evidences 
of the hydrothermal precipitation of the PGE, 
and Au-Ag mineralization in the Bushveld 
Complex area (McDonald et al., 1999; 
Prokofyev et al., 2001). On the other hand, 
the convincing facts emphasize to the 
absence of hydrothermal influence on the 
PGE redistribution in the Merensky Reef 
(Ballhaus & Stumpfl, 1986; Cawthorn, 1995). 

The intention of our research is the attempt 
to find at least some evidence of 
hydrothermal fluids redistribution of the 
PGE, Au, and Ag on the basis of the quartz 
inclusion study from various paragenesis of 
the Critical and Main Zones of the Bushveld 
Complex. We were encouraged by our 

Fig. l. The quartz sampling sites at the schematic 
geological map of the Bushveld Complex (by Kinnaird 
et al., 2003) 



successful quartz inclusions research of 
sulfide ores from the Chineisky Pluton, 
Transbaikal Region, Russia, where numerous 
PGE and Au-Ag mineralization was finally 
formed at the marginal zones of intrusive due 
to hydrothermal fluids enrichment processes 
(Zhitova et al., 2004). 

1 QUARTZ SAMPLES CHARACTERISTIC 

The quartz sampling sites are shown at the 
schematic geological map of the Bushveld 
Complex (Fig. 1) and the stratigraphy column 
of Rustenburg Layered Suite (Fig. 2). 

Fig. 2. The quartz sampling sites at the stratigraphy 
column of Rustenburg Layered Suite (by Kinnaird et 
al., 2002). 

There are five groups of quartz samples, 
subdivided according to their localization, 
and presumable age relatively Rustenburg 
Layered Suite. 

S.l is a group of samples from the margin 
of IRUP (Iron-rich ultramafic pegmatoid), 
which cross-cuts norites of the upper Critical 
Zone about 25 m below the UG1 chromitite 
layer. Samples are represented by quartz- 
feldspathic graphic intergrowth from Lornnin 
Eastern Platinum Mine on the western 
Bushveld about 10 km east Marikana. The 
presumable age of this assemblage is younger 
than Rustenburg Layered Suite, but older 
than overlying Lebowa Granite Suite of the 
Bushveld Complex. 

S.2 are samples from Merensky Reef. 
Quartz is frequently intergrown with biotite, 
and occurs as the drusy nests among other 

hydrous silicates, replacing pyroxene and 
amphibole. The age of quartz from Merensky 
Reef is similar to the Critical Zone one 
(2043*11 Ma by Ronny et al., 1999). 

S.3 are samples from a quartz-feldspathic 
pegmatite vein cross-cutting gabbronorites of 
the Main Zone approximately 400 m below 
the pyroxenite marker horizon, which is the 
boundary between the Main Zone and the 
Upper Zone. This pegmatite is dated 2057*3 
Ma the same as the Lebowa Granite Suite 
(Kruger, 1 994). 

S.4 are samples from quartz-feldspathic- 
tourmaline veins which cross-cut all the 
chrornitite layers of the Critical Zone. These 
veins are related possibly to the latest 
hydrothermal processes (1 957*15 - 1604*70) 
due to marginal tectonism of the Kaapvaal 
Craton in the Limpopo Belt (Kinnaird et al., 
2003). 

S.5 are samples from PLAMP (Pipe-like 
Ultramafic Pegmatoid) which cross-cuts 
Rustenburg Layered Suit. The age of PLAMP 
structure was estimated about 205W22 Ma 
(Kruger, 1994). Samples are represented by 
intergrowth of quartz-feldspathic graphic 
with clinopyroxene and hornblende. These 
rocks also contain chalcopyrite, pyrrhotite, 
Ti-magnetite, ilmenite. 

2 FLUID INCLUSIONS IN QUARTZ 

Fluid inclusions were identified in all 
quartz samples of five subdivided groups. 
S.1. Single isometric or elongated fluid 
inclusions occur as a series of trails into the 
host quartz and are primary in the origin. 
Their size ranges from 1-5 to 30-50 pm, but 
the 10-20 pm inclusions are more common. 
This quartz contains gas one-phase and 
essentially gas two-phase inclusions with 
little solution (Fig. 3), as well as multiphase 
(gas + liquid + isotropic halite NaCl + 1-3 
anisotropic salt phases) water-salt fluid 
inclusions. There are also melt inclusions (1- 
20 pm) in the host quartz. 

S.2. Multiphase single isometric 10-30 pm 
fluid inclusions (gas + liquid + 1-3 isotropic 
halites NaCl + 1-4 anisotropic salt phases) are 
predominate in the host with essentially gas 
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Fig. 3. Multiphase (a, b) and essentially gas (c, d) 
inclusions in host quartz S. 1. 

one- or two-phase inclusions being present. 
The inclusions are decorated the growth 
zones into the host quartz. 

S.3. Gras one-phase together with two- 
phase fluid inclusion are predominate in 
quartz. Their size ranges up to 30-40 pm. 
Multiphase inclusions are not common for 
this quartz, while single ones occur only in 
the quartz crystals overgrown by feldspathic 
aggregate. 

S.4. Multiphase single fluid inclusions 
contain up to 6-9 salt phases (Fig. 4). Their 
size ranges fi-om 10-20 to 50-70 pm. The 
largest inclusions are localized in quartz 
crystals overgrown by tourmaline. 

Fig. 4. Idultiphase fluid inclusions fi-om quartz- 
tourmaline-feldspatic pegmatite veins S.4. 

The multiphase inclusions of 10-20 pm are 
common for quartz without tourmaline 
intergrowth, as well as gas one- or two-phase 
inclusions. 

S.5. Small fluid inclusions (size 1-20 pm) 
are predominate in the host quartz from 
PLAMP. Inclusions occur as a series of trails 
and are secondary in the origin. The gas one- 

or two-phase inclusions are more common 
than multiphase ones. 

3 CRYOMETRY, THERMOMETRY, 
RAMAN-SPECTROSCOPY, LA ICP-MS 
RESULTS 

Unfortunately, fluid inclusions in quartz of 
all the subdivided groups above have not 
been studied as yet. However, the 
investigation of inclusions from S.l and S.4 
samples allow summarizing some results. 

S.1. According to the cryometry 
measurements the eutectic temperature of 
multiphase inclusions is -68- 106"C, ice 
melting occurs at -50-52"C, which suggests a 
total concentration 60 wt.% NaCl equiv. and 
a complicate salt composition of fluid, 
including NaC1, KCl, and probably LiC1, 
FeC12, ZnCl2, MnC12 and others. The 
presence of those salt phases in solution is the 
reason of decrease the eutectic temperature of 
multiphase inclusions. 

Two-phase inclusions contain solutions of 
the same complicate salt composition as the 
multiphase ones. The eutectic temperature of 
two-phase inclusions decreases up to - 106"C, 
which means a concentration 3.3-28 wt.% 
NaCl equiv. 

S.4. The total concentration of solutions 
from multiphase inclusions has been 
estimated as 52-54 wt.% NaCl equiv. The 
solutions of these inclusions behaved 
metastable during cooling. The crystallization 
of solutions is not observed even under 
repeated cooling due to complicate salt 
composition. The temperature of fluid was 
exceeded 450°C. 

Two generations of essentially gas 
inclusions were identified in quartz. The frrst 
one is represented by inclusions with liquid 
CO2 and some mixture of CH4 and N2, which 
is confirmed by low temperature of CO2 
melting (-61°C). The density of gas mixture is 
0.71 in CO2 equiv., which allow estimate a 
pressure of fluid (more than 1.5 kb). 
According to the Raman-spectroscopy, the 
gas inclusions with liquid CO2 contain 97.2- 
98.4 mol.% CO2 and 1.6-2.8 mol.% N2. 

Gas inclusions from the second generation 
are represented by low dense gas phase, 



which contains 67 mol.% N2 and 33 mol.% 
CH4 with CO2 absence. This sharp difference 
between the two types of gas inclusions is 
explained by changes of oxidized-reducing 
potential of fluids during the evolution of 
quartz-tourmaline mineral assemblage. 

The presence of Au, Ag Cr, and Fe 
contents has been found in single two-phase 
fluid inclusions from quartz S.l and S.4, 
using LA ICP-MS method. Due to 
insignificant concentration of the PGE, CO, 
Ni, and Cu, which is less than limits of 
method, there has been fixed the absence of 
these metals. It's unusual that in some group 
of multiphase inclusions (on the contrary to 
host matrix of quartz from quartz-tourmaline 
intergrowth S.4) there were found the trace of 
Pd and Ni contents and Ag, Sn, Sb, Hg, Pb, 
Bi, As, Cu, Zn. 

4 CONCLUSIONS 

The preliminary results of our research 
have shown that hydrothermal fluids of 
different ages display some distinctions of 
fluid conditions, which were altered during 
the evolution of Rustenburg Layered Suite. 
The presumably earliest postmagmatic 
hydrothermal fluids from quartz-feldspathic 
graphic of IRUP (S. 1) were high-temperature 
and highly concentrated water-salt solutions 
(up to 60 wt.% NaCl equiv.) with very 
complicated salt phase composition, 
including NaCl, KC1 and probably LiCl, 
FeC12, ZnCl2, MnClz and others. The latest 
hydrothermal fluids from quartz-tourmaline- 
feldspathic pegmatite veins (S.4) were 
represented by a high-temperature less 
concentrated water-salt solution with free 
separated gas phases of two generations 
(liquid CO2 with some mixture of C& with 
N2; and low dense gas mixture of NZ, C& 
with absence of CO2,. 

Along with Au, Ag, Cr, and Fe contents in 
single two-phase fluid inclusions, Ag, Sn, Sb, 
Hg, Pb, Bi, As, Cu, Zn, with trace of Pd and 
Ni contents were first found in multiphase 
inclusions group as the evidence of the 
hydrothermal fluids influence on the precious 
metal redistribution within the Critical and 
Main Zones due to long evolution of 

orthomagrnatic system of the Rustenburg 
Layered Suite of the Bushveld Complex. 
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ABSTRACT. Magmatic Fe-Ti-V oxide and Ni-Cu-(PGE) sulfide deposits are hosted in 
plutonic rocks of the Permian Emeishan Large Igneous Province, SW China. Spatially and 
temporally the plutonic rocks are associated with the Late Middle-Permian (-260 Ma) 
Emeishan flood basalts including high-Ti and low-Ti basalts and alkali rocks. These plutonic 
rocks are dated at -260 Ma, the same as the volcanic rocks. Both oxide-bearing and sulfide- 
bearing rocks display distinctly different geochemistry, suggesting their derivation from 
various mantle sources and involvement of different degrees of crystal contamination. We 
propose that a mantle plume reached the base of South China at -260 Ma and generated 
various magmas at different depths in the mantle. The sulfide -bearing intrusions formed from 
high-Mg and low-Ti magmas from a lithospheric mantle, whereas the oxide-bearing 
intrusio~ls crystallized fiom highly differentiated, high-Fe-Ti-V mafic magmas that separated 
from more primitive magmas generated fiom an enriched, OIB-type mantle source. The 
spatially associated syenitic intrusions represent the residual liquid after the formation of the 
oxide-deposits and hosting rocks. 

1 INTRODUCTION 

Formi~tion of large igneous provinces 
(LIPs), such as Siberia and elsewhere may 
have involved a diversity of processes, such 
as variable mantle sources, mantle plume- 
lithosphere interaction, crustal contamination, 
or a combination of these processes (Naldrett 
et al. 1992; Wooden et al. 1993; Arndt et al. 
2003). These processes may have played an 

important role in the generation of magmatic 
ore deposits associated with the LIPs. 

Within the Emeishan LIP (ELIP), some 
mafic-ultramafic intrusions contain giant 
oxide ore deposits (Zhong et al. 2002), 
whereas others contain Ni-Cu-(PGE) sulfide 
deposits (Zhou et al. 2002; Song et al. 2003). 
Spatially there are unmineralized syenitic 
intrusions. On the other hand, the volcanic 
succession contains high-Ti and low-Ti 
basalts (Xu et al. 2001) and alkali rocks such 



as trachyandesites and trachytes (Ma et al. sill is l km long and up to 100 m thick and is 
2003). If the intrusive bodies are part of the composed of wehrlite and pyroxenite (Wang 
same igneous event, one would expect a et al. 2005). 
diversity of plutonic assemblages and a Syenitic bodies are located in the Panxi 
genetic link between the extrusive and district where the large Fe-Ti-V oxide- 
intrusive rocks. Understanding the processes bearing intrusions occur. They are typically 
that led to such a diversity of rocks is small (several hundred meters in diameter) 
important in the understanding of the factors and consist of quartz syenite and syenite. 
controlling the formation of the hosting 
magmatic ore deposits. 3 GEOCHEMICAL RESULTS 

2 BACKGROUND INFORMATION 
SHRIMP zircon U-Pb isotopic data yielded 

263h3 Ma for the Panzhihua intrusion, 263*3 
Rocks of the ELIP crop out in SW China Ma for the Limahe intrusion and 262 * 2Ma 

and include the flood basalts and associated for the unmineralized syenites. These new 
mafic-ultramafic and syenitic intrusions. age dates, together with previously reported 

In the Panxi district, several N-S-trending SHRIMP zircon U-Pb ages, suggest that these 
faults have exposed Emeishan dykes and intrusive bodies are all members of the ELIP. 
large intrusions. Cu-Ni-(PGE) sulfide The sulfide-bearing, mafic-ultramafic 
deposits are hosted in the Limahe and Zhubu Jinbaoshan, Limahe and Zhubu intrusions 
intrusions. Four large Fe-Ti-V oxide ore 
deposits occur at Panzhihua, Baima, Taihe 
and Hongge (Zhong et al. 2002; Ma et al., 
2003). 

To the south, mafic-ultramafic intrusions 
along the Red River Fault are spatially 
associated with the flood basalts. The 
Jinbaoshan Pt-Pd deposit is hosted in an 
ultramafic sill near Dali. The Baimazhai Ni- 
Cu-(PGE) sulfide deposit in Jinping, Yunnan 
and the Ban Phuc sulfide deposit in northern 
Vietnam are hosted in concentric mafic- 
ultramafic intrusions. All these bodies intrude 
Devonian strata. 

display similar compositions with lower 
A1203, ~ e 2 0 3 ~  and total alkali (Na20+K20) 
but higher MgO than the oxide-bearing, 
gabbroic intrusions at Panzhihua and Baima. 
All these intrusions have LREE-enriched 
REE patterns and have similar initial 8 7 ~ r / 8 6 ~ r  
ratios ranging from 0.7039 to 0.7094 and 
E Nd(t) ranging from -3.6 to 4.6. The 
syenites have very low MgO (<2 wt%) but 
variable Fe203 (2.5 to 13 wt%) with initial 
8 7 ~ r / 8 6 ~ r  ratios ranging 0.7039 to 0.7089 and 
E Nd (t) ranging from -5.9 to 3.7. Results of 

these isotopic analyses for all the intrusions 
are within the range of those for the 

Oxide-bearing gabbroic intrusions, the Emeishan flood basalts. 
Panzhihua and Baima intrusions, are 
composed of layered gabbros with magnetite 4 DISCUSSION 
concentrations near the bottom of the 

The Siberian Traps are similar to the ELIP 
intrusion. The sulfide-bearing Limahe and 

in that they contain a variety of plutonic 
Zhubu intrusions are concentric bodies with 

rocks including alkaline complexes and 
ultramafic rocks in the core surrounded by 

tholeiitic and picritic intrusions associated 
gabbroic rocks, with sulfide ore bodies 

with flood basalts. Intrusions in the Noril'sk- 
concentrated in the central part of the 

Talnakb region of Siberia with distinctive 
intrusions. The sulfide-bearing Jinbaoshan 



petrology and chemical compositions are from a more primitive mantle magmas and 
considered to have formed fiom magmas of thus represent highly-differentiated products 
variable lcomposition (Arndt et al. 2003). as demonstrated by their high Cu/Ni ratios 
These diverse magmas were produced from and very low Mg#s. 
mantle-derived melts with different degrees ~ s ~ . . ~ . , . . . . , . . . . , . . . . ,  
of crustal contamination (Naldrett et al. 1992; 
Wooden et al. 1993; Arndt et al. 2003). 
Similarly., geochemical differences between 
the three types of intrusions within the ELIP, 
the oxide-bearing gabbroic, sulfide-bearing 
mafic-ultrarnafic and syenitic intrusions, 
suggest that a variety of processes were also 
involved in the formation of the ELIP. 

The sulfide-bearing intrusions are believed 
to have been derived from high-Mg tholeiitic 
or picritic magmas (see Song et al. 2003), 
because this type of magma is required to 
form Ni-Cu-(PGE) sulfide deposits (Keays 
1995). Such a primary magma may have been 
enriched in siderophile elements, including 
PGE, through large degrees of mantle partial 
melting (Keays 1995). It is likely that such 
magmas were Ti-poor and S-undersaturated 
before their emplacement, because both Ti 
and S are highly incompatible elements 
during partial melting in the upper mantle 
(e.g. Itollison 1993). Their eruptive 
equivalents are the low-Ti basalts in the ELIP 
volcanic succession (Xu et al. 2001), because 
both have similar T i n  ratios (Fig. 1). 

On the other hand, the oxide-bearing 
gabbroic intrusions are typical of layered 
intrusions with large-scale cyclic zoning and 
small scale layering, formed in large magma 
chambers. The original melts were probably 
picritic with high-Ti and high-Fe contents. 
They have high Ti/Y ratios, similar to the 
spatially associated high-Ti basalts. The high- 
Ti magmas may have an EM2 type source, 
generated much deeper in the mantle than the 
low-Ti magmas (Xu et al. 2001). It is also 
possible that such high-Fe and high-Ti- 
magmas were generated by fractionation 

Fig.1 Plots of MgO vs. Ti/Y ratios of the mafic- 

ultramafic intrusions and syenite complexes in Panxi, 

SW China. 

Syenites may have formed from crystal 
fractionation of alkali or transitional basaltic 
magma, combined with varying degrees of 
crustal assimination, or small-degrees of 
partial melting of enriched upper mantle or 
even lower crust. The syenites in the ELIP 
have much higher total alkalis than the other 
two types of intrusion and their origin is less 
clear. The Sr -Nd isotopic compositions of 
the syenites are similar to those of the oxide- 
bearing gabbroic intrusions, suggesting that 
they were essentially derived fiom the same 
mantle source, but their high alkali 
compositions and slightly higher initial 
8 7 ~ r / 8 6 ~ r  ratios and lower &Nd are consistent 
with a larger degree of crustal contamination. 
Considering their negative Nb- and Ti- 
anomalies, it is possible that these rocks may 
have formed from residual melts after 
magmas formed the oxide-bearing gabbroic 
intrusions. It is also possible that the eruptive 
equivalents of the syenitic intrusions are the 
alkali volcanic rocks (trachybasalts and 
trachyandesites) that are known within the 



Emeishan volcanic succession, although no Song, X.Y., Zhou, M.-F., Cao, Z.M. Sun, M. 2003- 
Ni-Cu-(PGE) magmatic sulfide deposits in the 

detailed study is yet available for these rocks. Yangliuping area, Permian Emeishan igneous 
province, SW China. Mineralium Deposita, 38, 

5 CONCLUSIONS 

The ELIP is composed of the Emeishan 
flood basalts and a variety of mafic- 
ultramafic, gabbroic and syenitic intrusions. 
The intrusions have isotopic signatures 
similar to the volcanic rocks, suggesting 
derivation from the same mantle source that 
gave rise to a mantle plume that reached the 
base of the crust at -260 Ma. However, the 
primary melts may have had variable 
compositions and appear to have evolved 
along different paths. The oxide-bearing 
intrusions were derived from highly- 
differentiated, high-Fe-Ti magmas, whereas 
the sulfide-bearing intrusions were derived 
from low-Ti, high-Mg magmas. The syenitic 
intrusions represent magmas that 
differentiated from those that formed the 
oxide-bearing gabbroic intrusions. 
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