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ABSTRACT. At Zarshuran, north of Takab in northwest Iran disseminated gold occurs in 
Precambrian sedimentary rocks. Detailed investigation of the mineralogy and petrographic 
relationships give information over the evolution of the hydrothermal fluid in terms of chernistty 
and temperature. Two phases of mineralization are recognized. 

1 INTRODUCTION 

At Zarshuran, north of Takab in northwest 
Iran disserninated gold occurs in Precambrian 
sedimentary rocks. Recent exploration for 
gold has established a probable reserve of 2.5 
million tonnes of ore with an average grade of 

10 g/t gold. Recent studies indicate that the 
Zarshuran Deposit is of the Carlin-type 
(Asadi et al., 1999, Mehrabi et al., 1999, 
Asadi et al. 2000). 

Figure 1. Sequence of minerals and temperature ranges in relation to gold deposition 
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2 RESULTS REFERENCES 

The gold occurs mainly in solid solution in 
arsenian pyrite (HT) and collofoxm pyrites 
and sphalerites (LT) (Asadi et al. (1999). 
Besides the telluride coloradoite (HgTe), 
several Pb(As,Sb)-sulphosalts, (As,Sb)- 
sulphides and T1-minerals occur in the 
deposit. The telluride indicates a magmatic 
contribution to the mineralisation, and fiom 
the sequence of crystallisation deductions can 
be made about the formation of the 
mineralisation. The scheme shown in Figure 1 
shows the identified sulphosalt-minerals in 
their order of crystallisation, and temperature 
ranges for their stability as mentioned in the 
literature (Moelo 1983, Radtke et al. 1977, 
Weisberg 1965). 
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Mineralogy of ochreous precipitates formed fiom mine effluents 

L. Carlson 
Geological Survey of Finland, P.O. Box 96, FIN-02150 Espoo, Finland 
Liisa. Carlson@gs$" 

ABSTRACT. The most important factors affecting the mineralogy of precipitates formed from 
mine effluents are pH and sulphate concentration. From high-sulphate, low pH effluents jmsite, 
schwertmannite or S04-rich goethite are formed. At near-neutral pH and low sulphate 
concentrations femhydrite is favoured by the presence of silicate whereas goethite is favoured by 
the presence of carbonate in solution. These minerals often occur as mixtures. 

Sulphide minerals exposed in mines and tailings 
decompose in the presence of H20 and O2 to 
yield an acid effluent high in dissolved S O ~  
~ e ~ +  and other contaminants. Dilution with 
surface waters or influence of adjacent 
carbonaceous rocks may change the pH, as 
exemplified by the range of pH values fiom 2.6 
to 7.8 observed by Bigham et al. (1992) in 37 
sulphide and coal mine effluent sites in Finland 
and the United States. 

Oxidation of ~ e ~ +  usually leads to the 
formation of an ocbreous precipitate, familiar in 
streams, ditches and ponds. The rate of abiotic 
oxidation of iron is negligible at pH < 4.5 but 
acidophilic bacteria such as Thiobacillus 
ferrooxidans catalyse the oxidation (Singer & 
Stumm, 1970). The bacteria use the energy of 
Fe oxidation for growth but do not actively 
participate in mineral formation, which is 
controlled by geochemical parameters (pH, 
[so~~-], etc). 

A variety of minerals are found in ochreous 
precipitates from mine drainage: 

Schwertmannite, Fe808(OH)6S04, is the m0st 
common mineral formed from acid effluents. It 

was f h t  described by Bigham et al. in 1990 and 
accepted by IMA in 1992 (Bigham et al., 1994). 
Optimal conditions for its formation are pH 
values in the range 3 to 4 and sulphate 
concentrations of 1000 to 3000 mg/L. 
Schwertmannite is poorly crystalline, with high 
specific surface area and strong yellow colour 
(Munsell hue 10YR-2.5YR). Structurally it is 
related to akaganéite ($-FeOOH), but instead of 
C1 the tunnels are occupied by S04. Natural . 
schwertmannites contain 1044% (wlw) S04. 

At the closed Pmistenjärvi Cu-W-As mine 
in SW Finland, schwertmamiite was found to 
contain 7 wt% As and only 3.8 wt% S04. In 
response to this hding, mineral synthesis and 
adsorption experiments were conducted to 
determine if AsO4 is capable of substituting for 
S04 in the structure of schwertmbte. An 
oxyhydroxyarsenate of Fe could not be 
synthesised and schwertmannite structure was 
only formed when enough S04 was present in 
solution. As04, however, competed successfully 
with S04 for surface adsorption sites even at 
much lower concentrations (0.4 mg/L As 
against 900 mg/L S04; Carlson & Bigham, 
1992). 

Jarosite, (Na,K)Fe3(OH)6(S04)2, is formed at 
pH 1-3 and sulphate concentrations > 3000 
mg/L. Such extreme conditions occur only 
occasionally in mine drainage environments and 



jarosite is thus mostly found as a minor 
component together with schwertmannite or 
goethite. Jarosite is well crystalline and the 
colour is straw yellow (Munsell hue 2.5YR- 
5YR). 

Ferrihydrite, FesH08'4Hz0, is a major 
component of ochreous precipitates h m  mine 
effluents with pH > 5. It is produced by rapid 
oxidation (which may be abiotic) and 
hydrolysis of iron. Dissolved silica favours 
fenihydrite formation (Carlson & 
Schwertmann, 1981) and it is also known to be 
formed in organic-nch enviroments. 
Ferrihydrite is poorly crystalline, has high 
specific surface area and its colour is redder 
than that of schwertmannite (Munsell hue 5YR- 
7.5YR). Ferrihydrite preferentially scavenges 
silica fiom solution, which may lower its point 
of zero charge fiom pH 8 (pure synthetic 
f d y d r i t e )  to around pH 5 (natural ferrihydrite 
with 6.8 wtO! Si)(Schwertmann & Fechter, 
1982). 

Goethite, a-FeOOH, is often present in mine 
drainage precipitates as a minor compound 
together with schwertmannite or fdydr i te .  
Because goethite is themodynamically the only 
stable mineral of those mentioned here, e.g. 
schwertmannite and fenihydrite tend be 
t r a n s f o d  via dissolution to goethite. Bigham 
et al. (1992) found goethite as a major 
compound where low-pH effluents are 
neutralized by carbonate-charged waters. 
Recently, Carlson & Kumpulainen (2000) 
described a S04-rich goethite (7.5-10.5 wt% 
S04) fiom the Hammaslahti Cu-Zn-Au mine in 
eastem Finland that is formed at conditions 
typical for schwertmannite (pH 3.5-3.8, so4 
1000-1500 mg/L). Webster et ai. (1998) found 
goethite with S04-content ranging fiom 5.6 to 
11.3 wt% h m  the former Tui Pb-Zn mine in 
New Zealand. 

Lepidocrocite, y-FeOOH, was reported by 
Milnes et ai. (1992) to occur in mine drainage 
precipitates in Australia. It is a common mineral 
in certain types of ochreous precipitates in 
Finland but has not been found in mine 
effluents. 
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Skam textures 
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ABSTRACT. Skam deposits cany useful information on primary and overprinting processes 
through their textures. Although no textures are skam-specific, the prevalence of non-equilibrium 
conditions allows certain key textural pattems to be well-preserved in many deposits. This paper 
examines the theoretical background for dissipative textures in relation to specific instabilities at 
skarn-forming fionts in order to show their patterning potential. Phenomena including Liesegang- 
Ostwald banding, competitive particle growth and oscillatoy zoning in minerals are reviewed, cit- 
ing relevant examples. The Ocna de Fier Fe-Cu-(Zn,Pb) deposit, Romania is used as a case study. 

Various series of textures of primary d o r  
overprinting character occur in skarn deposits. 
None of them are exclusively skarn-specific as 
such, but sets of sequential spacel time textures 
are instructive and sometimes unique windows 
to the individual combination of prograde- 
retrograde paths followed by mineralising proc- 
esses in given skam-forrning systems. Zonation 
patterns are nevertheless intimately associated 
with skam formation and thus represent intrin- 
sic variations on the theme within any type of 
skarn deposit. Deposit-scale zonation is a usefui 
exploration tool for skam deposits (Meinert, 
1997). Pattems seen in hand specirnen, and 
various crystal zonation patterns, are instructive 
in placing constraints on the evolution of min- 
eralising processes. 

Metasomatism is defined as the mineralising 
process realised by reactions of a fluid moving 
through a porous solid, and requires an initial 
disequilibrium between fluid and solid. Forma- 
tion of skams, classically defined at the contact 
of intrusives with carbonate protholiths, is one 
of the most successful applications of metaso- 
matic theory. Skarn-forming systems lie, how- 
ever, within the broader metamorphic domain 
(Meinert, 1992), with various settings regarding 
nature of the fluids and protolith (e.g. silty 
limestone, BJF, dolornite, or pure limestone). 

2 HISTORICAL PERSPECTIVE 

The pioneering work of Korzhinskii (1970) es- 
tablished the differential equations of metaso- 
matic zoning, assuming local equilibrium con- 
ditions at reaction fiont. Korzhinskii differenti- 
ated between two mechanisms of fluid transport 
in metasomatism: infiltration, driven by pres- 
sure gradients, and diffusion, dependent upon 
chernical potentials and thus an order of mag- 
nitude more sluggish than Mltration. By ne- 
glecting kinetic phenomena, he concluded that 
the metasomatic column realised through infil- 
tration has sharp reaction fionts, whereas diffu- 
sion zoning would be represented by transitory 
limits. This conclusion led to the basis of chro- 
matographic modelling or phase diagrams equi- 
libria as valid methods to study skam assem- 
blages. Predicted bimetasomatic skam zoning 
columns were obtained experimentally, repro- 
ducing different types of natural skarn-forming 
systerns (Zaraisky, 1991). 

Field evidence, however, indicates that fluid- 
rock interaction in the contact aureole is ex- 
pressed in more complex crystal growth pat- 
tems and associated textures in mineral assem- 
blages than can be predicted fiom petrogenetic 
grids, which assume static equilibrium. Liese- 
gang banding (Liesegang, 1913), patterns of 
mineral coarsening (Ostwald, 1925), metamor- 
phic banding (Turing, 1952), calc-silicate nod- 
ulesl rims of calc-silicate on chert nodules in 



limestone (Joesten, 1974; 199 1) and widespread 
oscillatory zoning in gamet, d l  in contact aure- 
oles, were the basis for interpretations which 
consider mineral kinetics in a non-equilibrium 
environment (Joesten, 1991; Kerrick et al., 
1991). Metastability and non-equilibriurn are 
drawn into kinetic isotherms and overstepping 
parameters. They are considered as either im- 
posed on the system by variation in parameters 
(e.g. pressure, temperature, infiltration) or are 
functions of kinetic barriers in relation to diffi- 
sion-controlled growth and nucleation. A whole 
suite of extrinsic parameters are thus defined as 
inherent to the various textures resulting fkom 
metasomatic growth, implying that reaction se- 
quences cannot be modelled in terms of con- 
ventional phase equilibria theory. 

Nevertheless, the rich potential of skarns as 
fertile ground for 'oscillatory textures' or other 
non-inherited mineral pattems is revealed in the 
larger context of revolutionary concepts re- 
garding non-linear evolution of systems at far- 
hm-equilibrium conditions (Glansdorff & 
Prigogine, 1971; Nicolis & Prigogine, 1977). 
Skam-forming systems are included in this gen- 
eral picture of processes based on non-linear 
functions, either by the model of chromatogra- 
phy applied to metasomatic zoning theory (Guy, 
1993) or by models of reaction-infiltration 
feedback addressed to skarn h n t  hydrody- 
namics (Dipple & Gerdes, 1998). 

3 DISSIPATTVE STRUCTURES AT 
REACTION FRONTS 

The main characteristic of far-hm-equilibriurn 
systems is their potential to evolve into dissipa- 
tive structures by arnplimg, up to macroscopic 
scale, the small perturbations present in any 
given system, Le., the background noise at the 
boundary, initial conditions, and rates of oper- 
ating processes. If the system is sufficiently far- 
fkom-equilibrium, and at least two processes are 
coupled into a looping or feedback manner, 
such dissipative structures are initiated by self- 
organising phenomena, without external tem- 
plates. Dissipative structures are therefore the 
expression of instabilities promoted into types 
of order attainable in non-equilibrium systems, 
e.g., chemical waves, multiple steady states, 
limit cycle, tori, knots and spontaneous mor- 
phological transformations. They are common 
in natural systems and are traced by the pres- 
ence of oscillatory, periodiclnon-periodic or- 
dered pattems with increasing complexities, 
dependant upon the number of variables in- 

volved in the system. The variance of these de- 
scriptive variables can be analysed in multi- 
dimensional space and define the attractor of 
the evolving structure, e.g., steady state, peri- 
odic limit cycle, knotted, spiral, toroidal, 
strange, etc., of the evolving structure. Ortoleva 
(1994) demonstrated reaction fionts in geo- 
chemical systems to be highly predictable in 
promoting dissipative structures as spontaneous 
modes of patterning, coupling instabilities, e.g., 
oscillations, chaos, waves, with reaction- 
diffbion non-linear dynamics. Guy (1981) dis- 
cussed mineral pattems fiom skam in terms of 
dissipative structures. 

According to Ortoleva et al. (1987a), the po- 
tential for self-organising phenomena in geo- 
chemical systems is linked to the fact that sev- . 
eral well-established isothermal reaction-mass 
transport feedbacks exist in such systems. Ex- 
amples include reactive-infiltration instability 
(Ortoleva et al., 1987b), supersaturation- 
nucleation-depletion cycle, competitive particle 
growth (CPG), autocatalyiic crystal growih, 
mechanochemical coupling, etc., which can 
produce chemical, mineral and textural pat- 
teming in rocks. Such self-organisation feed- 
back loops have direct application to skms and 
may produce a wide variety of selfsrganised 
pattems, e.g., dissolution fingering or scalloping 
of reaction h n t ,  repeated precipitation in 
bands, spots, or other 2D or 3D precipitate pat- 
terns, multiple interacting mineral banding. The 
positive loop descnbes a sequences of processes 
that is closed on itself, e.g., reactive infiltration 
feedback; a negative loop involving time de- 
lays, e.g., the supersaturation-nucleation- 
depletion cycle, can also induce temporal os- 
cillatory order. Contrary to traditional views, 
self-organisation analysis may be applied to ob- 
served mineral and textural patterns which can- 
not be explained in terms of inheritance fkom 
initial conditions, e.g., skarns forrned in BIF 
envhnments, original bedding or other inho- 
mogenities in the protholith, chert nodules in 
limestone etc., or imposed templates, e.g., 
variation of pressure, temperature or fluid 
fluxes. 

Mineral banding, clots and orbicules described 
in skams (Table 1) and other rocks were inter- 
preted as related to Liesegang banding, believed 
to form at the junction of two distinct litholo- 
gies, or when a fluid percolates through a rock 
with which the fluid is in disequilibrium. The 



first examples came fiom skam deposits, e.g., 
Tiegeren; magnetite bands in limestone fiom 
Ocna de Fier, Romania (von Cotta, 1864), and 
the spectacular and complex mineral banding 
fiom Hopunwaara-Pitkäranta, Karelia (Tdistedt, 
1907). Liesegang phenomena is the spontane- 
ous fonnation of banded patternslocalised rings 
of precipitate in 2D, and corkscrew pattems in 
3D, obtained by interclifision of two co- 
precipitates. Ostwald (1925) showed that the 
mechanism for band formation rnay be pro- 
duced without precipitation before the initiation 
of interdifhion, as a result of sequential events 
involving supersaturation-nucleation-depletion 
in the zone where co-precipitate concentration 
profiles meet. Turing (1952) discussed sponta- 
neous pattem formation in metamorphic rocks 
as a reaction-diffusion mechanism. 

Ortoleva et al. (1987a) demonstrated that 
spatially periodic structures rnay result in rocks 
fiom the repetitive succession of supersatura- 
tion-nucleation-depletion (the Ostwald-Liese- 
gang cycle; OLC), in which events are offset 
with respect to time. This is a tirne-delayed, 
negative loop oscillation which can explain e.g., 
Fe-oxide banding associated with uranium mll- 
type deposits (Ortoleva et al., 1986). The bifur- 
cation of flow-driven OLC was investigated 
analytically for precipitate banding in a pyrite- 
goethite system (Sultan et al., 1990). Numerical 
simulations show that wisteady pulses of min- 
eral deposition are obtained and develop in a 
variety of patterns, e.g., unsteady pulse, undu- 
lating patterns and discrete bands, with appro- 
priate variance of parameters within the system. 

5 COMPETITIVE PARTICLE GROWTH 

Ortoleva (1994) discussed CPG as another type 
of feedback instability, which rnay form macro- 
scopic patterns at reactive fionts in rocks un- 
dergoing changes in stress, temperature or gra- 
dients of composition. Precipitate banding and 
other self-patteming phenomena occur after 
cessation of nucleation with many small pre- 
cipitate particles remaining in the system. Ex- 
periments with initially uniform sols evolved 
into self-organised pattem such as mottled, 
halos and spiral, which can not be explained by 
a simple OLC (Ortoleva, 1978). To account for 
post-nucleation pattern formation, the CPG 
model was started based on a feedback involv- 
ing the dependence of the dissolution equilib- 
riurn constant on particle radius of curvature. 
The CPG phenomenon is in fact a competitive 
type of Ostwald ripening pmcess. The CPG 

model of post-nucleation precipitate patterning 
states that also the competition can be co- 
operative, so that deviation of the local average 
particle size tends to ampli@ themselves and 
promote the appearance of what are termed 
'greedy giants'. The CPG theory is promising 
with respect to many types of patteming in- 
volving crystal size, distribution, morphology, 
mineralogy and composition. For example, al- 
ternating banding of calcite and aragonite can 
be predicted. The theory rnay also be applied to 
zoning of minerals in solid solution. 

6 SKARN-MARBLE CONTACT S 

Analysis of reaction-infiltration feedback 
mechanisms indicate the reaction fiont to be 
predictable for disequilibrium and other non- 
linear phenomena, favouring the appearance of 
complex morphology also in relation to self- 
organising phenomena (Ortoleva et al., 1987b; 
Ortoleva, 1994) and examples of reaction fronts 
marked by inter-fingering morphologies quoted 
therein. Direct implication for skarn environ- 
ments are that the marginal reaction front is 
highly likely to develop patterning in the form 
of dissipative structures, Liesegang-Ostwald 
banding and CPG patterning. As a direct conse- 
quence of reaction-infiltration feedback mecha- 
nism, the reaction fiont is characterised by spe- 
cific morphologies reflected in cm-scale scal- 
loped banded skarns or km-scale scalloped 
dolornitisation fionts. Such features are charac- 
teristic for skam deposits (Meinert, 1997). 

Analysis of reactive inliltration applied to 
skam systems (Dipple & Gerdes, 1998) shows 
that infiltration-reaction feedback at skarn 
fionts can define two reaction parameters im- 
pacting on mineral reaction and fluid produc- 
tion: over-pressure potential and change in po- 
rosity. Observed stacking of mineral reaction 
reflected in banded skarn patterns (Table 1; 
Meinert, 1997) and isotopic fionts at the skarn- 
marble contact (Gerdes & Valley, 1994) rnay be 
produced by large increases in porosity at the 
skam fiont, coupled with focused flow parallel 
to the contact, assuming reactive-infiltration 
instabilities provide for this. 

Yardley & Lloyd (1995) have shown that 
similar complex oscillatory pattem rnay de- 
velop in skam-reaction zones within metamor- 
phic terranes, which, in reality, represent meta- 
somatic 'sides' of reactive fionts, providing that 
a focused fluid flux is established. Metamorphic 
secondary porosity is generated by rapid decar- 



bonation reaction at high lithostatic gradients 
under far-fkom-equilibrium conditions. 

7 OSCILLATORY ZONING IN MINERALS 

Oscillatory zoning is a common phenomenon in 
minerals, having been recorded fiom 75 species 
(Shore & Fowler, 1996). Reported examples of 
oscillatory zoning among ore minerals are, 
however, rare. Numerous imaging techniques 
exist to investigate fluctuations in zone thick- 
ness, composition and pattems of inclusions, 
dislocations and point defects; all are described 
collectively as 'oscillatory'. However the term 
accounts for a variety of grading, periodic, har- 
monic or more complicated patterns. 

Crystal growth processes during skarnifica- 
tion may undergo sensitive adjustments to 
fluctuating parameters. These may be extrinsic 
(e.g., episodic fluid flow; Yardley et al., 1991; 
Jamtveit et al., 1993), rates of infiltration 
(Jamiveit et al., 1995), fluid fluxes etc. (Holten 
et al., 1997) or intrinsic (e.g., strain within 
growing layers because of unit cell differences 
in solid solution minerals; Jamtveit, 1991; Put- 
nis et al., 1992.). Zoning patterm in minerals 
(Table 1) may be related to variation of major 
components in minerals fiom solid solution se- 
ries, order-disorder phenomena in polysomatic 
or accretional series, trace elements, adsorption 
of impurities, as well as point defects. 

Zoning pattem within individual minerals 
may be correlated to the mineralising processes 
in the smunding environment. Some of the 
best examples are given by zonation pattems in 
skam minerals fiom the Oslo Paleorifi. Jamtveit 
(1991) suggested non-ideal solid solution be- 
tween end-members in the grossular-andradite 
rnineral series as an explanation for the chaotic 
type of oscillatory zonation pattems. He inter- 
preted such chaotic patterm in immiscible sol- 
ids as induced by periodic changes in fluid 
composition. Zonation patterns of major and 
trace elements (e.g., As, W) in gamet h m  the 
same location were further found to relate to the 
evolution of the hydrothermal system (Jamtveit 
et al., 1993). Intracrystalline zoning pattems in 
gamets and vesuvianite were analysed by sta- 
tistical methods in order to investigate fkactal 
behaviour and were tested against simulation of 
extemal fluctuation on diffusion and local 
growth kinetics (Holten et al., 1997). Zoning 
patterm indicate the influence of extemal fluc- 
tuation in open system and factors operating at 
scales much larger than the local interface proc- 
esses were found responsible for the zonation. 

Ortoleva (1 994) related oscillatory zonation 
in crystals h m  geological systems to several 
models of self-organisation related to far-fkom- 
equilibrium theory, assuming that the oscilla- 
tions during growth are time-independent in 
relation with the medium. Other published 
models, especially for minerals fiom igneous 
rocks, explain zonation as a result of intemal 
crystal growth processes. Holten et al. (1997) 
questioned the applicability of such models to 
natural systems by inferring that fluctuations in 
the environment, i.e. external influences, cannot 
readily be considered in terms of time scales 
very different to crystal growth rates. 

An opinion reconciling the two standpoints 
was presented by Jamtveit et al. (1995), who 
investigated the grandite solid solution relative . 
to aqueous solution equilibrium in order to es- 
tablish correlations between zonation patterm 
of grossular-andradite and skam-forming fluids. 
Zonation patterns are considered as mainly ex- 
ternally controlled, by fluctuations in M e -  
ratios of the pore fluid caused by variable rates 
of infiltration and kinetic dispersion in the hy- 
drothermal system. Minor variations in gamet 
composition may relate to surface kinetics and 
local transport processes near the crystal surface 
and may also relate to self-organisation. 

The importance of oscillatory zoning in 
metamorphic minerals is underlined by Yardley 
et al. (1991), indicating that it could be a key 
parameter to identiQ mineral growth due to in- 
filtration processes. This would have important 
application in distinguishing between skam en- 
vironments and regional metamorphic terrains. 
Schumacher et al. (1999), however, report os- 
cillatory zoning in gamet Com metamorphic 
terrains as a function of complex growth-and- 
resorbtion histories related to subtle, small-scale 
variations in the rate of decompression during 
regional metamorphism. No evidence to support 
an open-system fluid phase influence on the os- 
cillatory pattem was found. 

Skarn deposits are characterised by prograde 
stages and superimposed, retrograde events; the 
latter reflecting contributions fkom hydrother- 
mal or meteoric waters in shallow environments 
(Meinert, 1992). Fluctuation of chemical pa- 
rameters during the retrograde event, mixing of 
fluid types and possible boiling and coilapse of 
the skam system will impact upon skam tex- 
tures. Shock-induced textures and brecciation 
are widespread, overprinting primary, i.e. pro- 



grade, textures. Abrasion of refiactive minerals fiagments. Microtextures show distinct parallels 
is enhanced by the presence of ductile sul- to both hydrothermal breccia and regionally 
phides. Annealing and healing of brecciated, metamorphosed deposits and relate to depth of 
hydraulically-reworked assemblages are evi- fonnation. Study of skam textures offers an of- 
denced by equilibration reactions and recemen- ten-neglected additional key for tracing zoning 
tation along grain boundaries and by welding of patterns during deposit evolution. 

Table 1 : Some published examples of mineral and textural patterns in skam environrnents. 

Type & Reference Locality Features described 
Banded textures and scallmed skam fionts: 
Bussel et al. (1990) Uchucchacua, Peru Ag-Mn-Pb-Zn vein replacements & skam 
Gower et al. (1985) Mount Reed- Mount Haskin, Canada W-Mo s b ,  wrigglite textures 
Guy (1981) Costabonne, French Pyrenees Banded, W-bearing skarns 
Jahns (1944) Iron Mountajns, New Mexico, USA Lenses/masses of ribbon-textured 

Beryllium-bearing 'tactite' 
von Cotta (1864), Kissling (1967) Ocna de Fier, Romania Classic locality of 'Tiegeren'. 
Kwak & Askins (1981) Moina, Tasmania, Australia F-Sn-W-(Be-Zn) skani; wrigglite 
Nakano (1978) Kamaishi Mine, Shinyama, Japan Fe-Cu skam, monomineralic bands 
Ochiai (1987) Kamaichi, Nippo, Japan Cu skani, alternating layers 
TrUstedt (1 907) Pitkäranta, Karelia Banded & orbicular textures in magnetite 
Ortoleva et al. (1986, 1987a) Several examples are mentioned, including from Mn ores in Brasil 1 Gabon 

Oscillatorv zoninp; in crvstals: 
Ciobanu & Cook (2000a, b) Ocna de Fier, Banat, Romania Silicate inclusion trails in magnetite, order- 

disorder phenomena in Bi-sulphosalts 
Guy (1981) Costabonne, French Pyrenees Garnet 
Jamtveit (1991), Jamtveit et al. Oslo Paleorifl, Norway Andradite-grossular, diopside- 
(1993, 1995), Holten et al. (1997) hedenbergite, trace elements; garnet, 

vesuvianite 
Katchan (1984) Ertsberg, Irian Jaya, Indonesia Monticellite 
Nakano (1989) Shinyama, Japan Clinop yroxene 
Nakano et al. (1989a, 1989b) Chichibu Mine & Yaguki, Japan Garnet (with individual textures); epidote 
Shore & Fowler (1996) Review of oscillatory zoning; includes reference to examples h m  

skani environments 
Sitzman et al. (2000) Adirondack Mts., New York Impurity adsorption, dislocations in mag- 

netite 
Yardley et ai. (1991) Comemara, Ireland (and others) Pyroxene 

Clots and orbicules in contact aureoles: 
Tilley (1951), Hoersch (198 1) Beinn an Dubhaich, Skye, Scotland Orbicular chert nodules in contact 

dolostone 
Joesten (1991) This review Includes reference to several examples in contact aureoles 
Joesten & Fisher (1988) Christmas Mountains, Texas Chert, calc-silicates, wollastonite, 

tille yite 
Knopf (1 908) Seward Peninsula, Alaska, USA Orbicular textures, Sn deposits 
Leveson (1966) Includes refetence to several examples in contact aureoles 
Moore (1984) Palabora, South AEca Layers/bands in metasomatised 

carbonatitite 
Moore & Kemck (1976) Alta, Utah, USA Orbicular nodules, rimmed by 

calc-silicates 
Patterson et al. (1981) Rennison Bell, Tasmania Orbicular textures in Sn-skam deposits 
Puga & Fontboté (1980) Santa Olalla, Spain Zoned silicate nodules in brucite marble 

9 CASE EXAMPLE: OCNA DE FIER also well marked by a range of diffusion-related 
dissipative structures. Mineral banding, orbicu- The classic Fe-Cu-(Zn-Pb) calcic skarn deposit lar, nodular, spotted aod mottled pattems of Ocna de Fier, S.W. Romania, contains exam- recorded in vanety of skam-ore minerals ples 0f the texhires described in this paper' sociatioIIS. order to explain their formation, Scalloped fionts at the marble-skam contact are both Liesegang banding and CPG meehanisms marked by cm- to dm-scale well-zoned mineral may be invoked, relatllig to instabili- assemblages of distal type: gamet-wollastonite- ties manifested at the distal skam nont. 

marble, garnet-tremolite-marble, gamet-heden- 
bergite-marble. The marble-skam contact is 



Central parts of the ore are characterised by 
infiltration-related oscillatory pattems. Wide- 
spread oscillatory zoning in garnet, magnetite, 
and garnet-magnetite composite crystals points 
to the manifestation of an active infiltration- 
reaction feedback driven by focused flow par- 
alle1 to the skarn-fonning fiont. Ciobanu & 
Cook (2000b) have proposed that comparable 
dissipative structures may be initiated by small 
chemical fluctuations in relation to variable 
rates of diffusionlinfiltration to explain ob- 
served pattems among certain Bi-sulphosalts. 
These rninerals, via their structural modularity, 
or ability to accommodate order-disorder phe- 
nomena, are able to adjust to small, incremental 
random andor patterned compositional varia- 
tions. Concepts such as polysomatism and 
modularity among accretional series @fako- 
vicky, 1998) and the ability to ooperate via 
modular coordination polyhedra are echoed in 
different types of minerals within skarn depos- 
its. Carbonate-quartz piercing and cracking, 
blown-apart textures (garnet, magnetite) and 
shock-induced anisotropy (garnet) are evidence 
for intemption of prograde skarnification by 
build-up of volatile-rich fluids. Explosive boil- 
ing, dissipated by fluid-pumping and milling, 
resulted in repeated collapse within the 5 km 
deep system, and marked the onset of retro- 
grade events. Oscillatory variation inf02 during 
the retrograde episode is expressed by rnicro- 
scopic repetitive pattems of magnetite-hematite. 

Primary prograde assemblages overprinted by 
hydraulic reworking, produce a wide range of 
brecciation and deformation textures. Micro- 
textural adjustments, abrasion and overgrowth 
during microshear-assisted fracture are espe- 
cially comrnon in refiactory magnetite. Rhyth- 
mically intergrown composite magnetite-garnet 
crystals or associations of refkactive minerals 
document adjustment in the form of jigsaw bor- 
dm.  Syn-deformational hooks and pressure 
shadows are preserved as relics despite recrys- 
tallisation. Abrasion of refractive minerals is 
enhanced by ductile sulphides present. Anneal- 
ing and healing of brecciated, hydraulically re- 
worked assemblages are evidenced by equili- 
bration reactions and recementation along grain 
boundaries and by welding of hgments. 
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LA-ICP-MS analysis techniques in mineralogical studies 
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ABSTRACT. Laser abiation (LA) is a sample introduction technique used for direct analysis of 
solid materials. Normally it is used in combination with an inductively coupled plasma mass 
spectrometer for multi-elemental microanalysis. By reducing the inner volume of the laser ablation 
sample cell a faster analyte signal response and better spatial resolution can be obtained. For this 
purpose a special Geo-Sampling Cell was constructed to evaluate the suitability and performane 
of the analytical equipment for analysis of geological thin sections. This can be done for instance by 
elemental mapping of certain structudy well defined mineral grains occurring in the rock matrix. 

1 INTRODUCTION 

In geochemical studies of rocks and minerals 
there is a need to estimate the concentration of 
main and trace elements, to survey incorporated 
foreign elements in the Iattices of different key 
minerds, to study elemental zonation in 
individual mineral gtains and spatial 
distribution of minor and trace elements. These 
studies give valuable idormation about the 
history and the prevailing physical- and 
chemical conditions when the rock was formed. 
Such &ta are of great importance in geo- 
chemical research in general and for instance in 
geo-chemical prospecting for ore deposits. 
To gather this kind of analytical data by direct 

analysis of solid samples, micro-analytical 
techniques with a high spatial resolution must 
be used. 

2 INSTRUMENTATION 

During the last few decades the development of 
dserent micro-beam techniques such as the 
electron microprobe, micmpixe and the 
coupling of laser ablation (LA) and more 
recently laser ablation micropmbe to the 
high sensitive ICP-MS instrument has resulted 

in a huge increase of new analytical data for 
geo-chemists. 
In geological applications the samples are 

mostly polished thin-sections prepared h m  
rock samples. The analytical instrumentation 
used in our laboratory is a Perkin-Elmer Elan 
6000 inductively coupled plasma mass 
spectrometer equipped with the Cetac LSX 200 
W (266nm) laser ablation instrument. The 
laser ablation system is provided with 
polarizing lenses as a geo-option. 

3 LASER ABLATION SAMPLING CELL 

An imprtant feature of laser ablation is the 
ability of spatial resolved analysis, which 
enables elemental mapping of very small 
mineral grains (100 x 100 pm). 

By replacing the standard ablation sampling 
cell with a smaller cell' with an inner volume of 
2 cm3 a good resolution, a higher sensitivity and 
a fester response signal could be obtained. An 
in-house made ablation sampling cell Fig.1 has 
been constructed especially for analysis of 
geological thia-section samples. The cell has an 
open bottom and can be fured by cramps 
directly on the smooth surface of the sample. As 
a result of this construction the thin-sections cm 
be viewed under crossed polarized light, which 



Figure 1. Geo- Sampling Cell 

facibtes identification of the individual 
minends, by their interf'erence colouts. 

Figure 2. Single line scan profile across an 
ilmenite grain using the Geo- Sampling Cell. 
The mctaquk box indicates the ilmenite grain 
in the K-feltspar matrix. 

The suitability and perfonnance of this new 
ablation cell for element distribution studies 
(Fig.2) will be demonstrated aud compared 
with results obtained with the standard ablation 
sampling cell (Fig.3). The peak profiles 
obtained by the Geo-Sampling Cell are much 
m w e r  (ca 60 p at the sampling point) and 

they return nicely to the base line with no 
tailing, thus demonstrating a f8st response and 
good spatial resolution of the dy t i ca l  
system. 

Figure 3. Single line scan profile usmg the 
standard sampl* cell. 

This analysis technique makes it possible to 
study the trace elemental disiribution in the 
micro-structure of the target materials, by 
moving the laser beam in the x-y d M o n s  on 
the sample surfke. By reducing of the profiling 
speed of the laser beam to a few @sec and 
simuItaneously incmwing the measuring rate on 
the ICP-MS btmment a very high resolution 
of the elemental distribution can thus be 
achieved. This can be visualised by preparaton 
of topographic images of the examined 
samples. 
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ABSTRACT. The significance of replacement and especially of selective replacement textures for 
understanding the hydrothermal ore fomation is shown. The different types of selective 
replacement are illustrated by the examples h m  some Russian deposits. Among these types are the 
replacement of regular intergrowths of ore minerals by later 1) pyrite, 2) quartz and 3) carbonate 
and 4) the replacement of quartz and silicates by later sulfides. First three types permit to establish 
the sequence of formation of minerals and show the different behaviour of sulfides under 
subsequent replacement of sulfide ores by pyrite and quartz. Sphalerite and stannite remain stable 
while chalcopyrite is unstable and undergo replacement. The described textures lead to an 
interesting conclusion that in all cases, the chalcopyrite is the most unstable mineral, stannite is 
more stable, and sphalerite - the most difficult for dissolution. The fourth type, a selective 
replacement of quartz by sulfides (stannite and fahlore) that facilitates a significant change in the 
composition of the later solution with its enrichment in alkalies is suggestive of the replacement of 
quartz. 

1 INTRODUCTION 

Replacement, or metasomatism is a dominant 
process in the formation of most sulfide ore 
deposits. The replacement textures have been 
attracting attention for a long time. But 
according to correct opinion of Hubert Barnes 
(1979, p.438) "replacement is a major area of 
ignorance in understanding hydrothermal ore 
genesis." 

2 REPLACEMENT TEXTURES 

The textures that result fiom replacement are 
variable. Among them, peculiar and surprising 
are the textures of selective replacement, where 
some minerals show a distinct preference to one 
of the replacing minerals. Selective replacement 
of earlier fomed sulfides by non-opaque 
minerals and vice versa, is of great interest. A 

separate type is the replacement of quartz and 
silicates (tourmaline) by sulfides (fahlore and 
stannite). The different types of selective 
replacement will be illusrated here by the 
examples h m  some Russian deposits. 

The textures arising during the replacement 
of regular intergrowths of ore minerals, when 
the host mineral with oriented inclusions of 
other ore mineral is replaced and the 
inclusions are left intact, permit unequivocally 
establish the sequence of formation of 
minerals. 

3 EXAMPLES OF DEPOSITS STUDZED 

In the Bukuka tungsten deposit (Transbaikalia) 
starlike inclusions of sphalerite are distributed 
in chalcopyrite. The same inclusions occur in 
idiomorphic crystals of pyrite (Fig. 1). 
Chalcopyrite h m  the Sinancha deposit (Far 



East) contains many larninar inclusions of 
stannite and isometric inclusions of sphalerite. 
These inclusions with the same orientation are 
found in idiomorphic cxystals of pyrite (Fig.2). 
These examples show the later formation of 
pyrite porphyroblasts. 

Figure 1. Inclusions of sphalerite (dark grey) m pyrite 
crystal (white) and chalkopyrite (iight grey). 

Figure 2. Inclusions of stannite and sphalerite (dark grey) 
m P* (light grey) and chalkopynte (grey). 

Most interesting case of selective replacement 
was described by P. Ramdohr (Ramdohr, 1980, 
p. 204) fkom the Carrick Dhu-Quany mine, 
Cornwall. Ramdohr writes "chalcopyrite with 
well-developed small exsolution bodies of 
stannite is replaced by perfectly idiomorphic 
quartz. The observation that the stannite bodies 
are completely intact and in their old orientation 
within quartz provides the only clue, but a 
conclusive one of the replacement nature of the 
quartz. Both the chemistry and mechanism of 
this sparing and selective replacement are 
enigmatic". 

Analogous phenomena were observed in the 
samples of the Bukuka tungsten deposit. 
During the replacement of chalcopyrite by 
metacrystals of quartz the linearly distributed 
inclusions of stannite with the same orientation 
as in chalcopyrite were preserved in quartz. 

The presented data testi@ to different 
behaviour of sulfides under subsequent 
replacement of sulfide ores by pyrite and 
quartz: sphalerite and stannite remain stable 
while chalcopyrite unstable and undergo 
replacement. Hence the solutions interacting 
with earlier sulfide association were 
undersaturated with copper or the physico- 
chemical conditions were changed and the 
solution became unequilibrated with sulfide 
paragenesis. The described phenomenon is 
obviously connected with the different 
solubility of chalcopyrite, sphalerite and 
stannite. 

The selective replacement of ore minerals by 
carbonates also occurs in some deposits. In the 
Deputatskoe tin deposits (Yakutia) the starlike 
inclusions of sphalerite in chalcopyrite were 
replaced by carbonate. During the carbonate 
replacement of the pyrrhotite-pentlandite 
exsolution textures in copper-nickel ores of 
Norilsk deposit, the exsolution lameliar of 
pentlandite (Fig.3) were preserved. 

Figure 3. Inclusions of pentlandite (white) in pynhotite 
(grey) and carbonate (black). 

The described textures lead to an interesting 
conclusion that in all cases, the chalcopyrite is 
the most uflstable mineral, stannite is more 
stable and sphalerite is most difficult to 
dissolution. This is caused by diff'erent 
behaviour of copper, tin and zinc. As it has 



been shown, copper is a metai which is more 
easily soluble under the action of later sulfides 
precipitation solutions. Noteworthy is that the 
sequence of solution of suifides under 
transformation do not coincide with the 
sequence of their crystallization fiom the 
solutions. The observed phenomena represent a 
unique data for understanding the behaviour of 
ore forming sulfides and metals during - 
retrograde pn>cesses. 

The next type of replacement of quartz by 
sulfides is especially significant because quartz 
is very stable in chemical respect and can be 
dissolved only by solutions rich in aikalies and Figure 5. Fahlore (grey) replacing quartz crystal (black) 

in chalkopyrite (light grey). 
fluoric acid. Therefore the facts of its solution 
in sulfide ores are important for understanding a . 1 
chernical composition of ore fonning solutions. 
The replacement of quartz is shown in the 
examples of the sulfide-cassiterite Valkumei 
(Chukotka) and the gold-sulfide Darasun 
(Transbaikalia) deposits. In the Valkumei 
deposit the idiomorphic quartz crystals in 
sphalerite are replaced on their periphery by 
stannite (Fig. 4). 

Figure 4. Stannite (white) replacing quariz crysta (black) 
in sphalerite (grey). 

The relatively late formation of stannite is 
demonstrated by its thin veinlents is sphalerite. 
All stages of replacement of idiomorphic quartz 
crystal in chalcopyrite by fahlore (Fig.5) were 
observed in Darasun deposit. A false impression 
of the existence of perfectly formed crystals of 
fahlore in chalcopyrite (Fig. 6) could &se in 
the case of full pseudomorphs of fahlore. 
Tourmaline as needle crystais often occurs in 
Darasun deposit in quartz, chalcopyrite and 

Figure 6.Hexagonal pseudomorph of fahiore (grey) in 
chalkopyrite (light grey). 

Needle crystals of fahlore sometimes with 
relics of tourmaline testi@ that towmahe also 
underwent a pseudomorph replacement by 
fahlore. These examples show that the 
formation of stannite and fahlore occur in later 
moments of ore formation process. 

4 CONCLUSIONS 

The described different types of selective 
replacement lead to the conclusion that in the 
process of ore formation such replacement 
events took place in later stage of this process. 
The textures of selective replacement permit to 
establish: 1) the sequence of formation of 
minerals; 2) the different behavior of sulfides 
under subsequent replacement of sulfide ores; 
3) a singnificant change in the composition of 
ore forming solutions. 

fahlore. 



The textures formed during the replacement fahlore) can help in understanding the 
of regular intergrowths of ore rninerals, when chemical composition of orefoming solutions. 
the host mineral with oriented inclusions of This replacement could be explained by the 
other ore mineral is replaced and the inclusions enrichment of later solutions by alkalies. 
are left intact, permit unequivocally establish 
the sequence of formation of rninerals. 5 REFERENCES 
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Microbial sulfide oxidation in tailings fiom Boliden 
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ABSTRACT. Batch experiments containing fieshly processed sulnde e g s ,  were pedormed at 
different degrees of oxygen saturation and in the presence of Thiobacillus species. These 
investigations concluded that microbial sulfide oxidation could proceed at low oxygen (dysoxic) 
levels. 

1 INTRODUCTION 

In mine taihgs impoundrnents containing 
sulfide minerals, sulfide oxidation is a 
significant problem resulting in acidification 
and the mobilization of heavy metals to natural 
waters. The factors which most greatly affect 
this process in the waste rock environment are 
microbial activity, oxygen concentration, water 
accessibility, ferric iron concentration, 
temperature and pH. Among the microbial 
populations in sulfide rich environments, 
bacteria of the genus Thiobacillus (Figure 1) are 
associated with acid mine water. They are rod 
shaped microaerophilic acidophiles, and 
catalyze sulfide oxidation reactions as they gain 
energy fiom the ttansformations of sulfur and 
iron. 

This work is focused on fieshly processed 
sulfide tailings fiom Boliden's tailings mill in 
northern Sweden. Previous studies have shown 
that microbial oxidation of tailings at oxic 
conditions results in the most rapid oxidation 
rates. A task of this study was to investigate if 
microbial oxidation of tailings could be carried 
out at dysoxic conditions (oxygen 
concentrations greater than 0.1 mg/L and less 
than 0.5 mg/L), which are probably more 
representative of oxygen levels in covered 
tailings impoundments. 

8 
Figure 1. ESEM image of ThiobaciIIus mes. 

2 MATERIALS AND METHODS 

Characterization of the Boliden tailings 
displayed that the most common minerais were 
pyrite, chalcopyrite, sphalerite, quartz and 
chlorite, according to optical microscopy 
analysis. Sulphur and iron content were 9.27 
(kO.16) and 7.69 (*0.70) %, respectively, 
according to total chemical analysis. Particle 
size distribution was 20 - 60 pm according to 
grain size analysis. Environmental scanning 
electron microscopy PSEM) analysis of the 
tailings indicated the presence of relatively 
heavy minerals (Le. sulfides) in contrast to 
relatively light minerals (e.g. quartz) (Figure 2). 



3 RESULTS 

k'igure 2. ESEM image of the Boliden taiiings m back- 
scattered electron mode. The BSE images show minerals 
containing heavier elements (e.g. metal sulfides) as white, 
while relatively lighter minerais are shown less brightly. 

Batch experiments containing the tailings 
were pedormed at room temperature under 
different conditions for about four months, and 
studied with respect to the various oxidation 
rates. Experiments executed were: microbial 
oxidation at oxic conditions (0.21 atm a), 
microbial oxidation at dysoxic conditions (0.01 
atm 02), and abiotic oxidation by dissolved 
oxygen at low and high pH. 

The results showed that microbial oxidation 
proceeded at both oxic and dysoxic conditions, 
and the rates were 2.5 times more rapid in the 
oxic (2.0 x 10~' mol m-2 pyrite s-') than in the 
dysoxic (7.9 x 1u9 mol m-2 s-') experiments. 
Microbial oxidation was also faster than abiotic 
oxidation. At oxic microbial conditions, the rate 
was 5 times more rapid than at oxic abiotic 
conditions by dissolved oxygen at low pH (4.2 
x 104 mol m=L s"), which was the fastest 
oxidation rate among the abiotic experiments. 
Tailings oxidized abiotically by dissolved 
oxygen at high pH, i.e. the pH of the tailings 
when discharged ffom the tailings mill, showed 

-2 1 an even slower rate (1.4 x 10-~ mol m s- ). 
The results aiso showed that the oxidation 

rates decreased toward the end of the 
experimental period in ali batch experiments. 
Presumably, different amorphous ferric 
hydroxides started to precipitate and covered 
the sulfide grains, leading to slower oxidation 
rates as the fiee sulfide surfaces becarne less 
available. 
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ABSTRACT. The nickel minerals m chromitites of the Kapitanov chromite deposit, Ukramm 
. .. 

Shield are represented by gersdofite, maucherite, miUerite, nickeline, pentlandite, As-bearhg 
tucekite and violarite. The minerals occur as mclusions m chromite and distributed in interstitial 
matrix. The formation of nickel sulphides, arse-, sulpharsedes and antimonides m the deposit 
took place within several stages, starting h m  high temperature crystalkation of some varieties of 
nickeline, millerite and gersdofite followed by relatively low-temperature formation of these and 
other phases and by origin of secondary mineral assemblages. 

The most important chromite deposits of the 
Ukrainian Shield named Kapitanov and 
Lipovenki are known since 1952 (N.T. 
Vadimov, unpubl). The deposits represent 
potential target for miniug operations and are 
located closely to the Pobugskoe town, which 
was one of the major producers of lateritic 
nickel ores m former USSR. However, very 
limited &ta exist on mineralogy of UkramUui . . 
chromite deposits. In this paper we present &ta 
on nickel miaerals found in chromitites of the 
Kapitanov deposit. 

2 GEOLOGIC BACKGROUND 

The Kapitanov chromite deposit is hosted by a 
1.96-2.1 Ga layered fault-bounded massif 2500 
m long and 260 m wide, located within the 
Golovanev suture zone, which separates the 
Western and Central geoblocks of the Ukrainian 
Shield (Kanevskii 198 1, 1996; Gomostayev et 
aL, 1999). The deposit consists of massive and 
disserninated chromitite bodies (2-16 m thick 
and 40-250 m long) enriched m Al and hosted 
by serpentinized and carbonatized dunite and 
hanburgite. The chromitites are composed of 

chromite edched in Ai, ilmenite (euhedral to 
subhedral graius in silicate matrix and lamellae 
in chromite), oliviue (Fogg-go), serpeniine, 
orthopyroxene and clinopyroxene. Opaque 
minerals m serpentine matrix and m chromite 
grains comprise chalcopyrite, galena, 
gersdorfiite, maucherite, miilerite, nickeline, 
pentlandite, As-bearing tucekite and violarite. 
Among platinum-group minerals (FGM) found 
m the ores are anduoite, b i t e ,  laurite, 
ruarsite, sperrylite and unidentikd Ru-Rh-Ir- 
As, Pd-Sb and Pd-As phases. They occur as 
smd  (mostly 1-5 pm) irregular gramS attached 
to chromite edges or within mterstitial silicates 
and as euhedral crystals m chromite. 

3 NICKEL MINERALS 

Gersdorfiite occurs in the ores as negative 
mclusions in chromite in association with 
millerite (Fig. la, Table 1. anal. 1; Fig. lb). It 
also occurs in chromite as a component of 
three-phase inclusions (Fig. lc) with nickeb 
and millerite. 



Figure 1. BSE images of nickel mioeraisfbmKapitanov. Bar scaie: 2 pmh Figure lb; 5 pm h Fignres 1% lc, If, lg and lh: 10 pmm 
Figure lj: 20 p m inFigmes 11, Ik and 11; 50 pmhFigure 1 ~ .  ~ i ~ i t s  inbrackets comspnd t0 amlysishTable 1.' , 
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Table 1. Representative electron-probe analyses* on 
nickel minerals from Kapitanov. 

Weight % 

* JEOL JSM-6400 scanning el- micrmcope 
equipped with a LINK eXL energy ckpsive 
spectrometer. Analyticai canditions: 15 kV, 1.2 nA, 
100s counting time. 1 - gemddfite; 2 - 4 - millerite; 5 
- 7 - nickeline; 8, 9 - maucherite; 10, 11 - As-bearing 
tucekite; 12 - ptlandite'. 13 - violarite. 

** Tatals for famula unit are given for idea1 
stoichiameay. 

3.2 Millerite, NiS 

MiUerite is found m three associations: (1) m 
a two-phase negative crystal association with 
gersdorfnte (Fig. la; Table 1, anal. 2 and Fig. 
lb; Table 1, anal 3), (2) in three-phase 
inclusions with gersdorfnte and nickeline (Fig. 
lc), (3) as euhedral "pprimary" mclusions m 
chromite (Fig. ld, Table 1, anal. 4). It should be 
noted that the single-phase inclusion contains 
detectable amount of Co, while other varieties 
of millerite are enriched in Fe and show 
presence of As. 

3.3 Pentlandite, (Fe,Ni)pSg and violarite, 
- FeNi2Sq 
- Pentlandite and violarite (Fig. le; Table 1, 

anais. 12 and 13) are most abundant nickel 
minerals iu the ores. They are located m silicate 
matrix and violarite forms secondary rims after 
pentlandite. Pentlandite occurs as broken grains 
of some 50x100 pm, as small irregular 
aggregates or as veinkts. 

3.4 Nickeline, NiAs 

Nickeline is a common inclusion in chromite 
fiom Kapitanov. In addition to three-phase 
mclusions (Fig. lc; Table 1, anal. 5) with 
miJierite and gersdofite, it occurs as euhedd 
"pprimary" crystals (Fig. lE, Table 1, anal 6) 
enclosed m the chromite, which contahs 
lamellae of ihnenite. Nickeline also occurs as 
smgle negative crystals in chromite (Fig. lg; 
Table 1, anal.7). 

3.5 Mauchente, Nil lAs8 

Maucherite represents typical "secondary" 
association and is found m the ores as irre- 
grains and veinlets nIlSig cracks and cavities m 
ilmenite (Fig. lh) and m chromite (Fig. li; 
Table 1, anaL 8). In the latter case, it contahs 
detectable amount of Sb. In some cases, thc 
h r a l  has been found attached to chromitc 

- grains associated with galena (Fig. lj; Table 1, 
ad.9).  

3.6 As-bearing tucekite, NidSb,As)2S8 

Tucekite, ideally NigShSg, is a rare mineral 
of the hauchecomite group. It was described m 
a mineraiized Archaean chlorite schist at 
Kanowna, Western Australia, and in the gold- 
bearing conglomerates of Witwatersraud, South 
Africa (Just & Feathcr, 1978). As-bearing 
tucekite is only found m the copper-nickel 
sulphide ore hosted by a rnafic-ultramafk 
pluton of the Voronezh crystalline massif 
(Kasatov et al., 1988). As-bearing tucekite from 
Kapitanov occurs as irregular aggregates of 
some 5x20 pm (Fig. lk; Table 1, anals. 10, 1 1) 
or 35 - 40 pm long veinlets (Fig. 11) filling the 
cracks between chromite and ihnenite. It shows 
sharp boundaries and has no signs of alteration 
or replacement by other minerals. 



4 CONCLUSIONS 

The nickel minerals in chromitites of the 
Kapitanov cbromite depsit, Ukrainian 

. . Shitld 
are gersdorfiite, maucherite, miilerite, 
nkkeline, pentlandite, As-bearing tucekite and 
violarite. 

Some mineral species were f o d  in various 
asstmblages also showing differences it their 
composition. The formation of nickel sulphides, 
arsenides, supharsenides and antimonides in 
Kapitanov took place w i t b  severai stages, 
starting from high tempcratwt crystallization of 
some varieties of nickeline, &rite and 
gresdorfnte followed by relatively low- 
temperatm formation of thcse and other phases 
and, h d i y ,  by origin of secondary mineral 
assemblages. 
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ABSTRACT. The possibility of using x-ray diflhtion (XRD) to q u m w  mineral composition of 
chromite ore and metallurgical products was tested both with the classical method, which is based 
on calibrations with standard samples, and the Rietveld method. The best results were obtained in 
the determbtion of chromite m the ore samples with the classical method. The average relative er- 
ror was 2.9 %. The Rietveld-method proved to be less accurate and the relative errors were mund 
30 %. The inaccuracy of the Rietveld-calculations is due to difliculties in talc detemhtions. The 
Rietveld-method is more suitable for pymmetallurgicai products, in which the amount of amorphous 
materiai is substantial. Sample preparation, especially grinding, is the main limitation in utilizing 
quantitative XRD methods. The grindabilities of the minerals are very different, e.g. sof€ clay-like 
minerals are easily overgound. 

1 INTRODUCTION 

Quantification of phases is one of the most im- 
portant tasks in process mineraiogy. Tradition- 
aily, phases have been quantified by point 
counting. The method is neither the most eco- 
nomical nor the fastest. For this reason other 
methods have been developed for quantifica- 
tion. The most important ones are chemical 
methods (based on mass balance calculations), 
image analysis and quantitative X-ray diflh- 
tion (](RD). 

This paper deah with the quantification for 
phases of chromite ore and meMlurgical prod- 
ucts by the classical absorptiondifhction 
method that r e q h  a large number of calibra- 
tion samples and the standardless Rietveld 
method. The results are presented in detail in an 
unpublished report and thesis (Harle 1999 and 
2000). 

2 RESEARCH METHODS 

The calibration and validation samples for the 
classical method were compiled h m  pure min- 
eral samples: chromite (FeCr@4), talc 
(Mg3si4010(0I1)2), clinochlore 

((M&Fe)&(si&)Oio(oH)~), phlogopite 
(KMg3Sip410to(F,0H)), calcite (CaCa) and 
dolomite (Ca,Mg)(C03)2) 

Chromite pellets were compiled h m  the 
same chromite and talc samples as the calibra- 
tion and validation samples. 

2.2 Sample preparation 

For the calibration samples, pure minerais 
were milled for 15 s in a swing-mill. The de- 
sired weight W o n  of each mineral was added 
to a calibration sample with a total mass of 10 g. 
The calibration samples covered a wide compo- 
sitional range from 11 to 93 % chromite, 0-27.8 
% chlorite, 1.8-57.0 % talc, 0-23 % calcite, 0-27 
% dolomite and 0-5 % phlogopite. The calibra- 
tion samples were swing-milled for 15 s before 
measurement. 

The quality of the caliirations was checked 
with validation samples. They were prepared 
fkom a distinct grain size range of each minerai 
so that different minerals were as identical in 
grain size as possible. The grain size ranges 
were 1801315, 901180, 45190, 20145 and <20 
pm. The validation samples were then swing- 
milled for 30 s. 



in metallurgical test, 80 % chromite and 20 % 
talc was mixed and made to pellets. The pellets 
were sintemd at five t e m m s  ushg two 
different heating times. The sintemd pellets 
were then &ed and 20 wt-% of corundum 
powder (A1203) was added to it and the mixture 
was then milled in Retsch laboratory mill for 25 
s. Adding conmdum enables estimation of 
amorphous materia1 in the samples. 

The XRD measurements were done using 
Philips PW1820 difhctometer PC-APD 3.6 
software and a Siemens D500 difhdometer 
and Brukers ~ i r o q u a n t ~ ~  2.0 was used for the 
Rietveld-calculations. 

3 QUANTIFICATION OF MINERAL 
COMPOSITION IN ORE 

In quantitative XRD, the grain size of the 
&al should preferably be less than 10 pm 
(Buhrke et al. 1998). XRD is very sensitive to 
sample prepamtion, in particular grinding, and 
the risk of overgrinding often occurs with sofi 
ciay-like minerais. 

6ridabilities of pure minerals am o h  very 
different h m  each other. The grain size distri- 
bution graph in Figure 1 demonstrates the dif- 
ferences in the grindabilities of the minerals oc- 

0 10 #) 30 40 50 60 

~ R i m l p m  

Figiire 1. Grain size distributiom of 30 s gromd pure 
mineral samples. 

The effects of grinding are even more mm- 
plex m ncmnai process samples, where interac- 
tions between hard and soft m i n e d  &ect the 
grain size. In the ore case, chromite grains be- 
have like grinding balls that diminish the grain 
size of the softer minerals e.g. talc and carbon- 
ates. 

Overgrinding of soft minerals is likely to 
happea while preparing samples for quantitative 
XRD. Figures 2 and 3 show the different be- 
haviour of a hard mineral (chrornite) and a soft 
one (talc) in a same sample. The peak intensity 
of chmite increases slightiy with grinding 
time whereas the peak intensity of talc collapses 
to one thnd of the original value. The tali- 
tion curves were done with 30 s. gromd sam- . 
ples which in case of talc, meam cleariy over- 
srinding- 

Overginding is not the only possible problem 
in the sample pmpamtion. Schmitz et ai. (1994) 
had difficulties in getting h e  enough grain 
sizes in quartz-bearing lignite samples. in this 
study such Mculties were not detected. 



Table 2. M d  composition (classical XRD method) 
of samples in compnrison to weighted composition (nla- 
tive emor). 
Detamiasdminaal compositioa/w% 

~lsOnl5~9Wl80~ 4jrgg 1 W45 1 -20 1 Bdk 
I I I I I I 

Ctiromits 61.2 55.9 49.2 39.7 35.5 49.0 
ChiodtC 5.5 6.8 93 9.4 8.2 5.9 

Tdc 14.0 14.1 17.1 20.9 35.5 29.0 
DdomitC 4.3 6.6 8.5 10.3 11.9 9.6 
PhlogcpiDc 1.6 3.1 4.1 4.3 4.3 5.4 

cal XRD and the were The Rietveld method proved to be less accu- 
to the weightcd com~i t iOm t0 validite rate the wt iOnal  o n  (Table 3). m- 

the detenninan . . ons. son for inaccurate results is the difnculty in the 

Figure 3. J3£fect of grinding on the XRD-peek intensity of 
talc. 

3.2 Acmacy of the measurements 

Table 1. Weighted minerai composition of ihe vaiidation 
iamples. 

1m15 w180 45190 m45 -20 Bdk 

aaomits 63.0 56.0 49.0 420 35.0 527 
Chlonie 7.0 8.4 9.9 113 12.8 9.1 

Talc 19.0 22.2 25.4 28.6 3 8  23.7 
Dolomits 7.0 8.5 10.0 11.5 13.0 9.2 

Phlogopite 4.0 4.8 5.6 6.4 7.3 5.2 

M i n d  compositions obtaiued by the classi- 

Relatmarorl% 

The classical XRD method proved to be a 
very accurate meihod to detennine chromite 
composition in the ore regardless of the grain 
size of the original sample (Table 2). The rela- 
tive error (difference between weighted and 
obtained m i n d  composition) of the determi- 
nation as low as 2.9 % is on average. The rela- 
tive errors for the other minerals are considera- 
bly higher. This is mainly due to two factors: 
the low absolute amounts of these minerals and 
overgrinding. 

C h d i c  
aiiaito 

Talo 
DolOmae 
Phlogaoite 

detemhtion of talc and chlorite. I3e& the 
Rietveld method assumes the sum of the calcu- 
lated phases to be 100 %, detemimtion of 
every mineral suffers if one of the phases cannot 
be determined accurately. The goodness of fit 
(GOF) is a numerical value for the quality of the 
calculation. In an idea1 case it should less tha. 
three (Anonymous 1996). The obtained compo- 
sitons in this particular ase should ody be con- 
sidered as trendsetting, because the GOF exeeds 
five. 

Table 3. Measured composition (the Rietveld methad) of 
samples in comparison to wei- composition (relative 

- -- - 

18W315 

29 
21.4 
26.4 
38.1 
59.5 

4590 

0.4 
5.7 
32.5 
153 
27.5 

w180 

0.3 
18.9 
36.6 
22.9 
34.2 

C¶mmdt~ 
Cblorits 

Talc 
Dol& 

Phiogopito 

77.5 
25 
9.4 
6.2 
4.4 

~ d k  

7.0 
35.1 
225 
4.7 
4.4 

2W45 

5.4 
16.9 
26.9 
10.8 
32.4 

-20 

1.5 
35.7 
11.8 
83  
41.4 

73.8 
3.7 
8.7 
8.8 
5.1 

67.8 
5.3 
85 
12.5 
5.9 

61.7 
5.8 
9.7 
15.8 
7.0 

57.4 
49 
119  
17.9 
7.9 

71.1 
4.2 
9.3 
9.6 
5.9 



4 QUAN'IlFiCATION OF PHASE composition calculations. Figure 5 shows the 
COMPOSITION IN SINTERED PELLETS in- of the ceU dimemion of chromite with 

Chromite pcllets are a f e d  materia1 in the fmO- the hmtmg tempcratun. In the case of chromite, 
chome The effects of s h e  on he the -11 dimension r~fl- the composition 0f 
phase compositions of the pellets wen studied chromite* 
by using five Werent temperatures and Wer- 
ent original mineral composition (Harle 19P9). 5 CONCLUSIONS 
The Rietveld method was used in composition The resulb ofthis study show t ,at  q-titative 
C ~ C ~ ~ O I ~ S .  chn,mite 4- 20 % talc is used h XRD are suitable for -y types of 
this paper as an example of the method. process mineralogical detemhtions. The best 

The main phases in the sintered chromite-talc a v w l e  techmq~ d m &  on t h  -eral 
~ 1 1 -  chromite, se~qioxide (ekolaite, semblage. The classical method is more suitable 
(cr,Feh03) and an ~ o r ~ h o ~  PW* for the talwntaining ore samples, because talc 
Minor amomts of enstatite @&2SizOs) and is very diflicult to determine with the Rietveld 
cristobalite (Sia) are also forrned in the pelle@ method. ui contrast, the Rietveld methd is 
(Figure 4). The phase composition of the prod- bettet. for pyrommwgical P-, in which 
ucts reflects the oxidation stage of the pellets. the amount of amorphous materia1 is substan- 

tial. 

I I 
Figiae 4. IWmated phase composition of s i n t e d  chm- 

1 I 

Figcire 5. Cell dimension variation of chromite in sintered 
chromit&talc pellets. 

Sample preparation, especially grhding, is 
the main limitation in utilising quantitative 
XRD methods. M i n d  behave in grinding in a 
very Werent manners and this should always 
be taken in concideration. Selection of the best 
possible method depends on the mineral assam- 
blage and the type of the sample. 
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Microbial sulfide oxidation and secondary mineral formation 
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ABSTRACT. Mine waste deposits contain an abundance of bacteria, including iron- and sulfur- 
oxidizing bacteria such as Thiobacillus ferrooxidans. The presence of T. ferrooxidans and other 
bacteria can accelerate the rate of Fe2+ and pyrite oxidation by several orders of magnitude, relatiGe 
to the abiotic rates. In addition to their effect on sulfide oxidation, bacteria in mine waste deposits 
are reactive solids providing effective nucleation sites for metal adsorption and precipitation. The 
interaction of dissolved metals and surface functional groups results in the adsorption of metals to 
the bacterial surfaces, and may subsequently provide discrete sites for mineral nucleation and the 
precipitation of secondary iron phases (e.g. fenic oxyhydroxides; fmous sulfides). Mineral phases 
that nucleate and precipitate on bacterial surfaces are notoriously difficult to characterke because of 
their poor crystallinity and intimate relationship with biological membranes. 

Where ever mining activities expose sulfide 
mineral deposits and extract base and precious 
metals fiom sulfidic ore bodies, the atmospheric 
oxidation of sulfide minerals is a potential 
source of acid mine drainage. Pyrite (FeS2) is 
the most common sulfide mineral present in 
s a d e  ore deposits, and is thus the most 
common source of acid mine drainage from 
mine workings and mine waste deposits. In the 
presence of atmospheric oxygen, pyrite 
oxidation can be written as: 

In addition to atmospheric oxygen, other 
oxidants may contribute to the oxidative 
dissolution of sulfide minerals. Ferric iron is a 
strong oxidant of pyrite, such that at low pH 
(< 4.5) and under sterile conditions, it is widely 
accepted that Fe3+ oxidizes pyrite much faster 
than 0 2  (cf: equation 1): 

This reaction proceeds more ra idl than the R abiotic oxidation of dissolved Fe to Fe3+. For 
this reason, ferrous iron oxidation is considered 
the rate-limiting step in abiotic pyrite oxidation. 
A recent review of sulfide oxidation in mine 
wastes has been presented in Nordstrom & 
Alpers (1 999). 

2 BACTERIAL MEDIATION OF SULl?T.DE 
OXIDATION 

Mine waste deposits possess a complex 
microbial ecology consisting of numerous auto- 
and heterotrophic microorganisms, as well as 
h g i  and prokaryotes (e.g. yeast). Within this 
ecosystern, there is an abundance of bacteria, 
including iron- and sulfur-oxidizing bacteria 
such as Thiobacillus ferrooxidans. This bacteria 
is chemolithotrophic (autotrophic), oxidizing 
reduced inorganic compounds including ferrous 
iron and sulfides with oxygen as an electron 
acceptor, in order to gain energy for carbon 
dioxide fixation. The presence of T. 
ferrooxidans and other bacteria can accelerate 
the rate of Fe2+ oxidation by 0 2  by up to six 
orders of magnitude (Singer & Stumm 1970). 
However, T. ferrooxidans activity is a function 



of pH, with an optimal growth pH of < 3  
(Nordstrom & Southam 1997). At very low pH, 
pyrite oxidation is dirninished because of 
physiological limitations on the bacterial 
production of F$+, while above pH 3.5, the 
pyrite oxidation rate is limited by the decreasing 
solubility of Fe hydroxides. For both the 
abiotic and microbial processes, sulfide 
oxidation will be limited by the availability of 
oxygen as either a direct oxidant of sulfide 
(equation 1) or for the oxidation of ferrous iron. 

Although T. ferrooxidans is often considered 
the p h a r y  bacterial mediator of pyrite 
oxidation in mine wastes, a variety of other 
iron- andlor sulfur-oxidizing bacteria such as T. 
thiooxidans and Leptospirillum fmooxidans 
may be present, depending on mineral 
composition and geochemical conditions in the 
oxidative environment. For example, in studies 
of tailings deposits where neutral pH conditions 
persist because of carbnate dissolution, 
populations of the neutrophilic species T. 
thioparus were 1 - 6 orders of magnitude higher 
than the population of acid-tolerant T. 
thiooxidans and acidophilic T. ferrooxidans 
(Blowes et al. 1998). 

Since the oxidation of S in pyrite requires the 
transfer of many electrons, various S species 
with progressively greater oxidation states are 
produced during the intermediate steps. 
Examples of intermediate species include 
elemental sulfur ( ~ 4 ,  thiosulfate ( ~ ~ 0 3 ~ 3 ,  
sulfite (~03~3,  and tetrathionate (s406 ; see 
Figure 1). Elemental s u l k  has been identified 
in mine waste deposits, but is generally 
associated with the oxidation of monosulfides 
such as pyrrhotite (Fel,S; Bhatti et al. 1993) 
and not with pyrite. As shown in Figure 1 
sulfur anions of higher oxidation state than S d 
(e.g. sulfite, thiosulfate, polythionates) may also 
be produced in intermediate steps during 
bacterial oxidation (Moses et al. 1987), but 
these are metastable and will ny>idly oxidize to 
sulfate in the presence of the Fe +. 

Figure 1. Bacteriai oxidation of suifi& to higher 
oxidation states. Adapted fiom Suzuki a al. (1994). 

In recent years, the production of oxidation 
products on pyrite and other sulfide surfaces has 
been investigated using surface-sensitive 
techniques such as X-ray photoelectron 
spectroscopy (XPS). Buckley and Woods 
(1987) concluded that iron tends to be easily 
leached h m  a pyrite surface producing an iron- 
deficient surface that does not have the 
properties of elemental sulfur unless prolonged 
strong acid attack is used. The presence of 
surficial elemental sulfur was c o b e d  in 
studies by Sasaki et al. (1995). Other studies 
(e.g. Nesbitt & Muir 1994) have shown that 
initial dissolution under acidic conditions 
releases iron and produces a &ace layer 
containing disulfide, monosulfide, and 
polysulfides. With increased oxidation, the 
levels of monosulfide decrease relative to 
disulfide and polysulfides, and thiosulfate and 
sulfate begin to form (Guevremont et al. 1998). 
This sulfbr-rich surface should be energetically 
favorable for T. thiooxidans, and may explain 
their association with T. ferrooxidans (Sasaki et 
al. 1995). 

3 OXIDATION PATHWAYS 

The oxidation of sulfide minerals in mine waste 
deposits can proceed via a number of pathways, 
as illustrated in Figure 2. Solid-phase sulfide 
may be abiotically oxidized by 0 2  (pathway 1, 
equation 1). It should be apparent here that this 
abiotic oxidation mechanism has limited 
relevance, because iron- and s*i)xidizing 
bacteria are ubiquitous in ground and surface 
waters and are omnipresent mediators in sulfide 
oxidation reactions (i.e. pathways 2 - 5). In 
systems containing hn, T. ferrooxidans may 
exclusively oxidize ~ e ~ +  to ~ e ) +  to gain energy, 
although reduced S is also a potential source of 
energy, with 0 2  used as an electron acceptor 
(pathway 2). Ferric iron may oxidize pyrite 
(equation 2) with or without microbial 
mediation (Figure 2, pathways 4 and 3, 
respectively). Finally, other oxidants may be 
present in the mining environment, such as 
nitrate (pathway 5), and nitrate-reducing 
bactena may contribute to pyrite oxidation. 

Much of the debate on sulfide oxidation 
centers on the evidence for an indirect or direct 
oxidation mechanism (e.g. Wakao et al. 1984; 
Sand et UI. 1995). Free-floating bactena cm 
catalyze the oxidation of femus to ferric iron in 
aqueous solution, with f h c  Ilon as the electron 



acceptor in the abiotic oxidation of pyrite 
(Figure 2, pathway 3). This is the 'indirect 
mechanism'. The 'direct contact mechanism' 
works by direct bacterial adhesion to the pyrite 
surface (Figure 2, pathway 2), where the sulfide 
d a c e  is solubilized through hypothesized 
enzymatic oxidation reactions (Ehrlich 1981). 
Extracellular polymeric substances, composed 
primarily of lipopolysaccharides, mediate the 
contact between the bacterial cell and sulfide 
energy source, and play an important role in 
organic film formation and bacterium- 
substratum htmactions. 

Figure 2. Alternative pathways in the oxidative 
wea&rhg of suilide minerais. 

Nordstrom & Alpers (1999) contend that the 
indirect mechanism is dominant, as abiotic Fe3' 
oxidation rates generally exceed biotic rates, but 
there is evidence to the contrary. In a study by 
Bemett & Tributsch (1978), they confirmed 
that the chemical processes taking place on the 
pyrite surface due to oxidizing bacteria occur 
mainly in the region of contact between bacteria 
and p e .  They also suggested that the 
bacterial distribution on the surface is 
dependent on the crystal structure and the 
diversity in the crystal order (hcture Iines, 
d i s l d m )  of the pyrite. This suggests that it 
is more favorable for the bacteria to obtain their 
energy Erom solid surfaces that are 
characterized either by weaker chemical 
bonding or by an increased d a c e  area along 
cracks or polycrystalliine regions. It appears 
that T. ferrooxidans is capable of diiguishing 
between favorable and less favorable sites for 
energy extraction, selecting the site of attack 
according to the availability of nutrient. 
In the discussion of direct or indirect sulfide 

oxidation mechanisms, it may be that both 
groups are correct, as both bacterial attachment 

and Fe3+ are required (Figure 2, pathway 4). A 
recent study by Gehrke et al. (1998) indicated 
that extracellular polymeric substmces, which 
are apparently necessary for bacteriai 
attachment to solid substrates, are important in 
the h t  steps in metal sulfide dissolution. 
Charge effects are involved in the mhment .  
Primary attachment to pyrite is mediated by 
Fe3' ions complexed with the bacterial 
exopolymers, which allows for an 
electrochemical interaction with a negatively 
charged pyrite surf' (pHiOoPP - 1.5, Bebie et 
al. 1998). T. fmoaxidam regenerates the ~ e ~ '  
ions and uses the energy for pwth.  Thus, 
although direct bacterial wntact is required for 
this oxidation mechanism, the main bacteriai 
contribution is to keep the iron ions in the 
oxidized state. The actual sulf& oxidatibn 
proceeds chemically. Consequently, the indirect 
leaching mechanism is supported by the data of 
Gehrke et al. (1998), in addition to other studies 
such as Sand et a]. (1 995). 

4 MINERAL NUCLEATION ON 
BACTERIAL SURFACES 

Evidence for microbial f-us iron oxidath is 
usually pervasive at mine sites: the fonnation of 
yellow-red iron precipitates is readily apparent 
in the upper horizons of mine deposits and in 
near-lying mrfhce water. These precipitates are 
o b  composed of ferric oxides and 
oxyhydroxides (e.g. goethite, a-FeOOH; 
ferrihydrite, FesHO8 ' 4H20) and femic sulfates 
[e.g. jarosite, KFe3(SO4)2(0H)a; schwertmann- 
ite, Fel&l6(OH),(SO4),' n w ] .  The precipita- 
tion of secondary oxides h m  solution is 
usually initiated by the nucleation of poorly - 
ordered relatively soluble ferric oxides (e.g. 
ferrihydrite). These poorly - crystalline phases 
wiil, with time, crystallize to less soluble phases 
(e.g. goethite) through a loss of water h m  the 
structure and a refinement in crystal order. The 
initial nucleation of soluble Fe oxides directly 
b m  solution requires a certah degree of 
supemtwation. Altematively, nucleation can 
be facilitated by organic and inorganic surfaces, 
with nucleation initiated as the surfáce 
adsotption of iron (Warren & Fenis 1998). 

In addition to their effect on sulfide oxidation 
and dissolution, bmteria in mine waste deposits 
ase reactive solids providing effective 
nucleation sites for metal adsorption and 
precipitation (Schultze-Lam et al. 1996; Fortin 
& Beveridge 1997b). The reactivity of the 



bacterial surfaces is derived fiom the presence 
of amphoteric surface functional groups (e.g. 
carboxyl, phosphoryl, and amino groups) that 
are associated with stmctural polymm in the 
cell walls and external sheaths or capsules of 
individual cells (Beveridge et al. 1997). The 
point of zero net proton charge is generally 
quite low for bacterial surfaces, such that even 
at low pH, many of these functional groups will 
be deprotonated and thus negatively charged 
(Beveridge 1989). The interaction of dissolved 
metals and these surface functional groups 
results in the adsorption of metals to the 
bacterial surfaces, and may subsequently 
provide discrete sites for mineral nucleation and 
precipitation reactions (Warren & F d s  1998). 
The adsorption of anions such as silicate 
(&SiO41 may also be enhanced by the presence 
of bacterial surfaces (Fortin & Beveridge 
1997b), leading to the formation of surface 
layers of amorphous silica. 

For iron-oxidizing bacteria (e.. T. 
ferrooxidans, Gallionella ferruginea), high 
concentration gradients of fenric iron will exist 
close to the cell sufaces as a direct 
consequence of metabolic femus iron 
oxidation; ferric iron adsorption and oxide 
nucleation should thus be promoted on these 
bacterial surfaces. Indeed, iron oxyhydroxide 
precipitates have been observed in intimate 
association with T. ferrooxidans surfaces and 
other bacteria in a number of studies (e-g. 
Southam & Beveridge 1992; Fortin & Ferris 
1998). These fine-grained precipitates provide 
a large surface area for the further nucleation 
and the adsorption of other heavy metals. In 
contrast, iron sulfide may precipitate on the 
surfaces of sulfate-reducing bacteria under 
anoxic conditions below the water table or 
below a hard pan (Fortin & Beveridge 1997a), 
also providing a large surface area for trace 
metal adsorption. Secondary metal sulfides of 
lower solubility (e.g. CuS, ZnS) may also 
precipitate in the tailings, or may form by cation 
substitution for iron in pre-existing iron 
s-des. 

Mineral phases that nucleate and precipitate 
on bacterial surfaces are notoriously difficuh to 
characterize due to their poor crystallinity and 
intimate relationship with biological 
membranes. Most traditional methods of 
mineralogical characterization, such as X-ray 
difEactometry, suffer fiom a lack of near - 
surface resolution and will only provide a bulk 

Figure 3. Transmission electton micmgraph of 
Pseudomonas aeruginosa with surface precipitates 
of poorly ordered two-line femhydrite (selected area . 
electron diffraction analysis). Solution conditions: 
pH 4, 104 M Fe. Scale bar = 500 nm. Reprinted 
with permission, fiom Warren k Fenis (1998). O 
1998 American Chemical Society. 

composition. In general, successful methods 
for the characterization of biominerals rely on 
imaging techniques coupled with elemental 
and/or mineralogical analysis. Transmission 
electron microscopy coupled with energy - 
dispersive spectroscopy (EDS) is commonly 
used for imaghg biofilms and providiig 
chemical analyses, while selected area electron 
difhction can yield data on mineralogical 
composition (e.g. Fortin & Ferris 1998). Low 
vacuum techniques, such as those utilinng 
environmental scanning electron microscopy 
(ESEM), are ofien very effective, as cellular 
membranes are preserved in the water saturated 
analytical chamber. Surface analyses are 
generally not possible by ESEM - EDS 
analysis, as the electron beam excites a rather 
large sample volurne. Surface analyses of 
biogenic minerals and bacteria require high 
vacuum techniques, which generally dehydrate 
and destroy bacterial membranes. Nevertheless, 
surface methods such as XPS can provide much 
information on the composition, valence state, 
and ligand binding in bacterial precipitates. 

The data presented in this paper has been 
collected and reviewed within the Swedish 
research program Mitigation of the 
Environmental Impacf fiom Mining Wmte 
(MiMi) under funding by the Foundation for 
Strategit Environmental Research WSTRA). 
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Optical absorption spectroscopy - the method and applications in 
mineral science 
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ABSTRACT. Optical absorption spectroscopy is a mature method, which has found a wide range of 
applications in mineral science during the last four decades. It has with considerable success been 
applied to determine cation valence in minerals, intracrystalline cation distribution in structurally 
complex phases, quantitative cation concentrations and stabilisation energies of cations in rninerals. 
The integration of the petrographic microscope and the optical spectrophotometer represents a ma- 
jor improvement fiom the Earth Sciences point of view, which allows studies of fine-grained aniso- 
tropic minerals directly in petrographic thin sections at comparably high resolution. 
The information retrieved by optical absorption spectroscopy is largely limited to the character of 
transition metal cations and their structural environrnent, primarily the first coordination sphere. 
This limitation is explained by the fact that the method is mainly used to detect electronic transi- 
tions in the cation valence shell. In spite of this, geochernically relevant information can be obtained 
on, e.g., the speciation of members of the first transition element series, of which some occur in 
high crustal abundance (e.g. Fe) or are otherwise of interest fiom an economic or environmental 
point of view (e.g., Cu, Ni or Cr). 

1 INTRODUCTION 

Optical absorption spectroscopy may in a 
popular way be defined as a method for the 
analysis of colours in matter. In combination 
with theoretical model concepts as, e-g., crystal 
field theory, ligand field theory or molecular 
orbital theory, which relate to quantum me- 
chanics and group theory, it provides a means to 
gather detailed information on the valence and 
structural incorporation of cations in substances. 
In Earth Sciences the method has also been ap- 
plied as an analytical technique, which allows 
quantitative in situ deterrnination of cation con- 
centrations in minerals. In addition, it has been 
used to determine thermodynamically relevant 
parameters as, e.g., the crystal field stabilisation 
energy of cations. 

Classically, optical absorption spectra record 
the colour of a mineral or other substance by 
measuring its transmission of light at all the 
wavelengths which make up the visible part of 
the electromagnetic spectrum. A large number 

of different effects may contribute to the re- 
corded spectrurn. Just to mention a few, we may 
encounter interference effects, as in opal and 
some feldspar minerals or electron defects con- 
tributing to the fomation of colour centre as in 
sodalite. In many ore minerals colours relate to 
transitions in electronic band structures. A very 
usefid compilation of causes for mineral colours 
is given by Burns (1993) in his comprehensive 
work on crystal field studies of minerals. 

The most frequent cause for coloration in 
transparent minerals is related to transfer of 
electrons in cations of the transition elements. 
Several of these elements are of geochemical 
importance as they may be common in the 
Earth's crust or they may be of economic or en- 
vironmental importance. Specifically, this ap- 
plies to the cations of the first transition elernent 
series (3d-elements), which comprise Sc, Ti, V, 
Cr, Mn, Fe, Mn, Co, Ni, Cu and Zn. REE- 
cations (4f-elements) also represent geochemi- 
cally interesting species, which may be studied 
by means of optical absorption spectroscopy. 



The electron transfers occur between different 
orbitals in the valence shell of the cation and 
they normally produce discrete bands in the re- 
corded optical absorption spectrum. The char- 
acter of the absorption bands in terms of, e.g., 
energy, intensity, widths, anisotropy etc., is re- 
lated to the electron configuration of the ab- 
sorbing cation as well as the character of the 
surrounding ligand sphere (number of ligands, 
ligand charge distribution and symmetry of the 
ligand arrangement). Consequently, optical ab- 
sorption spectroscopy can provide information 
on cation valences as well as on the nature of 
the interacting local ligand sphere. In contrast to 
common bulk methods , e.g., XRD-techniques, 
optical absorption spectra can provide this type 
of local information even in weakly 3d-element 
substituted minerals. In addition, the informa- 
tion may be recorded with an areal resolution 
almost comparable to, e.g., electron microprobe 
techniques. 

2 PHYSICAL BACKGROUND 

2.1 Transitions and absorption band character 

As cations of the h t  transition series (3d- 
elements) are of major interest from a geo- 
chemical point of view, they have been chosen 
to examplifi the nature of electron transitions 
and resulting absorption bands. 

The electrons in the incompletely filled d- 
shell of a 3d-cation are distributed over five dif- 
ferent d-orbitals. In the fiee ion, all five orbitals 
are energetically degenerate, but in a crystalline 
phase, where ligand charges act on the central 
cation, this degeneracy is lifted. This allows 
transitions of different energy to occur through 
transfer of electrons between different d- 
orbitals. Such electronic d-d transitions may be 
of two main types, spin-forbidden or spin- 
allowed. In the fhst case, which applies to ca- 
tions with half-filied d-orbitals (3ds-cations) as, 
e.g., high-spin fenic iron or divalent manga- 
nese, any d-d electron transfer will involve a 
change of the number of orbitals with unpaired 
electron population. This violates fundamental 
transition selection rules and the resulting prob- 
ability of such a transition becomes very low. 
For spin-allowed electronic d-d transitions, the 
number of unpaired d-electrons are the same in 
the ground state and in the excited electronic 
state. The transition is consequently allowed 
according to spin-multiplicity mies. The prob- 

ability for such transitions are orders of magni- 
tude higher ihan for the spin-forbidden transi- 
tions. Consequently, spin-allowed electronic 
transitions result in absorption bands which are 
much more intense than those caused by spin- 
forbidden ones. 

The number of spin-allowed d-d transitions 
occurring in a 3d-cation is dependent on the 
syrnrnetry of the surrounding ligand field. In a 
cation placed in a regular octahedral or tetrahe- 
dral field only one transition may be observed, 
but at decreasing point symmetry of the field an 
increasing number (for 3d-cations, maximum 
of four) of energetically different transitions 
occur. 

Additional prolific features (IVCT-bands) 
caused by electron transfer in homonuclear or 
heteronuclear cation clusters are ofien encoun- 
tered in spectra of rock-forming minerals. Nu- 
merous examples of FeZr-Fe3' charge transfer 
bands have for instance been observed in spec- 
tra of many common Mg-Fe silicates. The proc- 
esses causing these bands bend the selection 
rules and consequently resulting band intensi- 
ties are anomalous, often being orders of mag- 
nitude higher than those observed for spin- 
allowed d d  bands. 

Absorption bands in optical spectra are not 
sharp lines, bur rather broad features of ap- 
proximately Gaussian shape. In addition to the 
obvious effect of closely spaced bands, broad- 
ening is related to thermal lattice vibrations. 
Consequently, bands become sharper in spectra 
measured at low temperatures. In general, 
broadening is more pronounced for bands 
caused by transitions involving electronic states 
arising h m  the same ground state. This ex- 
plains why absorption bands caused by spin- 
allowed transitions are often distinctly broader 
than spin-forbidden bands. Intervalence charge 
transfer transitions, which involve electron 
transfer between nuclei at larger distances are 
even more effected by lattice vibrations, which 
is one reason for the very large band widths ob- 
served for IVCT-bands. 

2.2 Coordination andpolarisation 

The occurrence of transition metal cations in 
coordination polyhedra of low-symrnetry leads 
not only to a splitting of the d-orbital energy 
levels but also to cr~stallographic dependencies 
of the transition probabilities. In polarised light, 
spectra of non-cubic minerals will show strong 



band anisotropy, which is related to the point 
symmetry of the ligand field at the absorbing 
3d-cation. The interpretation of band polarisa- 
tion is based on group theory, which considers 
the symmetry of the involved ground and ex- 
cited electronic states and the electric vector of 
the polarised light trammitted through the 
crystal. In addition to this, the symmetry of vi- 
brational modes must be considered in the in- 
terpretation. 

2.3 Cation concentration and band intensity 

The measured intensity or optical density 
(OD) of an absorption band is related to three 
factors: the thickness of the absorber (t), the 
concentration of the absorbing cation species 
(C) and the molar extinction coefficient (E) of 
the absorption band: 

oD=t.C-&. 
Provided that the E-value for a specific ab- 

sorption band has been established, the concen- 
tration of a cation rnay be measured by record- 
ing the optical spectrum and the thickness of the 
mineral absorber. Unfortunately, E-values are 
not only different for different cations but they 
also vary with mineral matrices and polarisa- 
tion. In fact, one could say that each d-d band 
has its own E-value and directional dependency. 
Nevertheless, a large number of useful E-values 
for bands related to different 3d-cations in vari- 
ous mineral polyhedra have been established 
during the years. These allow quantitative de- 
terminations of cation concentrations in geo- 
logically important minerals directly fiom re- 
corded optical absorption spectra. For kinetic 
studies or other applications focusing on 
changes in cation concentrations over very 
small distances, optical absorption spectroscopy 
represents an interesting method and its poten- 
tial has so far not been fully realised. 

3 THE TECHNIQUE 

3.1 Instrumentation 

As with all resonance methods, optical ab- 
sorption spectroscopy relies basically on two 
technical devices; a radiation source and a de- 
tector. The radiation source must of course 
cover, with as high brilliancy as possible, the 
range of energies at which the phenomena of 
interest occur and likewise the detector system 
must be as sensitive as possible to radiation of 

these energies. Optical absorption spectroscopy 
covers a relatively large range of the electro- 
magnetic spectrum, Com the low-energy U V  
over the visible range (VIS) to the near incared 
(NIR). This range extends roughly fiom 250 to 
2,500 nm (40,000 - 4,000 cm-') and this makes 
it necessary to use a number of different light 
sources and detectors to ensure high instm- 
mental efficiency in all parts of the spectnun. 

In order to obtain infionnation of high spectral 
resolution different strategies rnay be ernployed. 
In the conventional and so far most Cequently 
used instnunents, this is achieved by placing 
monochromators in the light beam. Monochro- 
mators rnay be prisms or gratings. 

With the airn to improve the spatial resolu- 
tion, optical absorption spectra rnay be recorded 
through the lens system of a petrographic mi- 
croscope. This enables measurements of parti- 
cles down to approximately 5 pm in diameter, 
and ideally spectra rnay be recorded on single 
crystals of minerals in a standard petrographic 
thin-section. 
As most minerals are optically aniostropic, 

polarisers, which allow spectral recordings with 
the E-direction of the incident light beam par- 
allel to the optical maui axes, are integral parts 
of the instnunents. Commonly, calcite-based 
Glan-Thompson prisrns are used as polariser, 
but also different types of polarising films are in 
use. +The latter provide efficient polarisation 
only in restricted spectral ranges, and conse- 
quently at least three different coated filters 
have to be employed in order to ensure adequate 
polarisation of the light-beam in the entire UV- 
VIS-NIR range. 
In addition to the briefly mentioned major 

components of the instrumentation, a number of 
alternative accessories complete the measuring 
system. Details on these and other matters are 
given in Piller (1977) and further details are 
also provided by Langer & Frentrup (1978). 

3.2 Samples and preparation 

In principle, useful optical absorption spectra 
rnay be obtained from mineral grains in stan- 
dard petrographic thin sections. There are, how- 
ever, some limitations which need to be consid- 
ered. Primarily, polished thin sections should be 
used. This minimises the distance which the 
light beam needs to travel through embedding 
materia1 etc. They also ensure smooth and par- 
allel mineral surfaces for light entrance and exit, 



which minimises stray light effects. As thin 
sections normally are just 30 pm thick, there 
rnay occur detection problems. This is specifi- 
caliy true for samples which contain very low 
concentration of the absorbing species or ca- 
tions which are characterised by bands with low 
E-values. The problem is obvious for minerals 
containing 3ds-cations as, e.g., Fe3+ or Mn2', 
which only produce spin-forbidden d d  absorp- 
tion bands. A fiuher lirnitation, which is spe- 
cifically problematic for analytical applications, 
is related to optical anisotropy, which charac- 
terises a large fiaction of all known minerals. 
Provided that the mineral of interest occurs 
abundantly in the thin section, suitably oriented 
single crystals are most likely present. This 
needs, however, to be ascertained, for instance, 
through optical interference figures using cono- 
scopic microscopy. 
In those cases where spectra rnay not be re- 

corded, with Ml crystallographic control, h m  
mineral grains in a thin section, one normally 
relies on absorbers prepared from selected sin- 
gle crystals. Selected mineral grains rnay be ori- 
ented on the basis of crystal habitus, cleavages 
or preferentially by conoscopic microscopy or 
XRD-methods. Subsequently, the grains are 
transfed, with retention of the orientation, to 
a glass slide covered with a suitable embedding 
material (e.g., thermoplastic resin). After resin 
hardening and grinding to an appropriate sam- 
ple thickness, two carefully polished and paral- 
lel surface should be produced. 

4 SOME APPLICATIONS 

4.1 Valence determinations 

Iron and manganese are fiequent elements in 
many common minerals. They rnay occur as 
nominal constituents or as substituting elements 
at lower concentration levels. They ofien inter- 
act with other cornrnon elements as, e.g., Al, 
Mg or Ca through exchange processes in solid 
solution series. Intercrystalline distribution of 
Fe between Fe-Mg phases as members of the 
pyroxene, mica, garnet or spinel groups rnay 
provide information on the conditions for mul- 
eral formation. 

Iron as well as manganese occur in the diva- 
lent and trivalent state in several of these miner- 
als. Consequently, it is essential for the calcula- 
tion of partioning coefficients, which constitute 
the basis for thmal  or barometric interpreta- 

tions, that not only elemental concentration but 
also valency information is available. Many 
mineral investigations by means of optical ab- 
sorption spectroscopy has focused on the ques- 
tion on 3d-cation speciation. Bums (1993) pres- 
ents a comprehensive compilation of these 
studies. 

4.2 Concentration determinations 

Ordering of 3d-cations among available ca- 
tion sites is often depending on the temperature 
andlor pressure prevailing during mineral crys- 
tallisation or on the thexmal history of the min- 
eral. Infomation on cation order rnay be ob- 
tained by a number of bulk methods, e.g., XRD 
single crystal refinements. Optical absorption 
spectroscopy provides an alternative method, 
which allows data collection at a high spatial 
resolution. In this category of studies, the in- 
vestigation on Fe-Mg distribution among M1- 
and M2-sites in orthopyroxene by Goldman & 
Rossman (1978) is a pioneering work. 

4.3 Crystallographic infonnation 

The physical properties of a mineral rnay be 
strongiy effected by substituting 3d-cations al- 
ready at low concentrations. As crystal struc- 
tures of many minerals are complex and com- 
prise a large number of different structural sites, 
it is not trivial to relate the physical changes to 
a particular exchange process. Through careful 
analyses of optical absorption spectra of miner- 
als as well as synthetic equivalents it is possible 
to obtain qualitative as well as quantitative &ta 
on 3d-cation distribution in structurally and 
chemically complex minerals. 
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ABSTRACT. Our petrographic and microprobe analyses of sulphide minerals that occur in 
phoscorites carbonatites h m  Turiy alkaline complex (Kola Peninsula, Russia), have revealed the 
presence of hexagonal and monoclinic pyrrhotite, chalcopyrite, sphalerite, galena, pyrite and 
marcasite. Sulfides are late minerals in the carbonatites and phoscorites of Turiy alkaline complex 
and have hydrothermal origin. Evolution of Eh and pH conditions had great influence to the sulfide 
formation in the phoscorites and carbonatites. The changes of Eh and pH conditions has "wave- 
like" trend and all types of sulfide assemblages have occured at the strictly detennined intervals of 
"Eh-pH wave". 

1 GEOTECTONIC POSITION 

The Turiy complex forms part of the Kola 
Alkaline Province (Russia). Its origin is due to 
the Paleozoic rifting zone represented by the 
Kandalaksha graben. The Kandalaksha fiacture 
zone is considered to control the spatial 
distribution of the Sokli carbonatite complex in 
Finland and Kovdor, Kandagubskii and Turiy 
complexes further to east extending across the 
White Sea to Archangelsk (Bel1 et. al., 1996). 

2 SULFIDE MINERALS 

The phoscorite-carbonatite rocks of the Turiy 
complex contain up to 13 volume % of sulfide 
minerals. Among them are found sulfides of 
iron, copper, zinc and lead. All obsemed 
sulfides form three paragenetical associations: 
1) High-temperature sulfides - hexagonal 

pyrrhotite, chalcopyrite-1, and sphalerite-1; 
2) Low-temperature sulfides - monoclinic 

pyrrhotite, calcopyrite-II, sphalerite-II, 
galena and pyrite-1; 

3) The products of pyrrhotite oxidation - 
pyrite-11 and marcasite. 

Each of the phoscorite-carbonatite rock types 
has its own strictly determined sulfide 
assemblage. Phoscorite is the earliest rock type 
of the carbonatite series in the Turiy complex; it 
does not contain primary sulfide mineralization, 
and only during the later stages of alteration do 
the secondary minerals and low-temperature 
sulfides appear. The earliest types of 
carbonatites are characterized by thei. own 
high-temperature sulfide r&neralization, 
whereas the later types have a low-temperature 
sulfide mineral assemblage. 

In all the phoscorite-carbonatite rocks of the 
Turiy complex studied, the sulfides crystallized 
after the main carbonate minerals, i.e. silicates 
and apatite. The sulfide aggregates fill spaces 
between the carbonates, silicates and apatite, or 
impregnate them along cracks and k tures .  
The general sequence of sulfide formation is: 
pyrrhotite + chalcopyrite + sphalerite + 
galena + pyrite. 



A thermodynamic model of the sulnde 
formation in carbonatites of the Turiy alkaline 
complex has been established on the basis of 
geothermobarometery (Buddington & Lindsley 
1962.; Hutchison & Scott 1981) and physico- 
chemical methods of calculation (Gmls  & 
Christ 1965). As the result of our calculations 
we constructed the potential-pH diagram 
(Karchevsky 2000) showing the stability fields 
of sulfide minerais in the carbonatites h m  
Turiy complex and general evolution of the 
chemical conditions during the sulfides 
formation (Fig. 1). 

Figure 1. Model of sulnde formation in the 
carbonatites of Turiy alkaline complex 

Legend: Mgt - magnetite, PO - pyrrhotite, F'yr - pyrite, 
CP - chalcopyrite, Hem - hematite. 

Phoscorites do not contain sulfide minerals 
but have large amounts of magnetite. They 

l 
formed at a temperature of 550 OC, a ressure of 
3-3.5 mar, under f~ srounti 10-2121-p pH more 
than 10 and sulphur activity below 106 (Fig.1, 

I segment 1-2). High-temperature sulnde 

l 
mineralization appears as the sulphur activity 
increases up to 1 o4 - 1 o-~, at approximately 350 
OC and under pH values corresponding to 
reducing conditions (Fig. 1, segment 3-4). The 
main part of this mineralization corresponds to 
7.8CpH4.2, when Eh values sharply increase 
and the processes of amphibolization and 
tetrafkrriphlogopitization occur (Fig. 1, segment 
4-5). Low-temperature sulfide minerals formed 
at neutral pH conditions, under conditions of 
higher Eh and temperatures below 250 OC (Fig. 
1, segment 6-7). Oxidation of pyrrhotite occurs 

during the fmal stages of carbonatite evolution 
in the Turiy complex, in conjunction with an 
increase of Eh and the formation of baryte and 
hematite occured (Fig. 1, segment 7-8). 

4 CONCLUSIONS 

There are different suggestions concemhg the 
origin of the sulfide minerals in the carbonatite 
complexes. On the basis of our &ta on the 
morphology of sulfide aggregates and results of 
the thermodynamic calculations we attribute 
sulfide mineralization in carbonatites of Turiy 
alkaline complex to a hydrothermal origin. 
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ABSTRACT. The Archaean Channagiri Layered Complex in Karnataka, India contains a 
promising, mainly silicate-hosted PGE mineralization that was discovered in the early 1990?s. 
There are actually several minedized zones which can be divided into four types based on the PGE 
mineralogy and the associated rock types. These are in a descending order of PGE content 1) 
silicate-hosted Pd mineralization, 2) silicate-hosted Pt mineralization, 3) sulfide-hosted Pd 
mineralization and 4) oxide-hosted PGE mineralization. The most irnportant platinum-group 
minerals are sperrylite and various Pd-Te-Bi and Pd-Sb minerals. 

The occurrence of platinum-group elements 
(PGE) in the Channagiri Layered Complex was 
first reported in 1994 by Devaraju et. al., but it 
wasn't until in 1998 when drilling of the PGE- 
bearing intrusion commenced. So far several 
cores have been obtained and a lot of various 
analyses have been made fiom that material. 
The results have been somewhat encouraging as 
best whole rock PGE values indicate several 
ppm's of Pt+Pd. 

This paper concentrates on the PGE 
mineralogy of the deposit by describing the 
characteristics of the various platinum-group 
minerals (PGM) andlor mineral groups, i.e. 
what they are and how they occur in this 
particular deposit. 

2 GEOLOGIC SETTING 

The Channagiri Layered Complex is composed 
of several tectonically separated blocks, 
together spanning about 30 km in length with 
thicknesses ranging fiom about 0.2 to 1 km. 
The block hosting the Magyatahalli PGE Reef 
is about 3 km long and 0.3 km wide. 

According to field relations the complex is of 
Archean age and has been thoroughly 
metamorphosed (Jayaraj et. al, 1995; 
Radhakrishna & Vaidyanadhan, 1997). Hence 

the list of the main rock-forming minerals is 
rather short comprising generally just 
amphibole, chlorite and magnetite along with 
the more confhed occurrences of carbonate, 
epidote and talc. 

3 PGE MINERALOGY 

3.1 Samples and analytical techniques 

All sarnples used in this study were taken 
fiom one drill core only (DH-1). Continuous 
sampling has been applied to alrnost the entire 
drill core for whole rock lead fire-assay PGE 
analysis. Polished thin sections were then made 
fiom samples with anomalously high PGE 
concentrations for identiwg and studying the 
PGM's with an optical microscope as well as a 
SEMIEDS system. 

3.2 Grouping of PGM's 

Due to the small grain size, which is 
commonly < 5 pm as shown in figure 1. and the 
lirnitations of the energy dispersive analytical 
method and hardware the actual analyses are 
usually semi-quantitative and hence some 
interpretation is required to identiQ the mineral. 
Also the actual formulae of many PGM's are so 
close to each other that the differences often fall 
within reasonable analytical errors. Then there 



is also the probability of yet to be proven solid- So far over 650 PGM's have been analysed 
solution series between several possible end- fiom the f h t  drill core and they have been 
members. All these problems become very grouped as shown in figure 2. into sperrylite, 
evident particularly when dealing with the other WRh minerals, Pd-Te-Bi minerals, Pd- 
various Pd-Sb and Pd-Te-Bi minerals. S b A s  minerals, other Pd minerals and Ru-Os- 

Ir minerals. Gold grains have also been 
documented. This division is based on statistics, 
chemical &11ities of PGE's and the association 
of certain minerals with some of the main rock- 
forming rninerals. Figure 3. gives a generalized 
representation of how the PGM's relate to 
other minerais. 

Figure 1. Grain sizes of the PGM's in DH-1. 
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Figure 2. Distribution of the PGM's in DH-1. 

3 -3 Pt-bearing minerals 

Sperrylite (PtAs2) is by far the most common 
Pt-bearing mineral in the analyzed samples. . 
Sperrylite grains are ofien euhedral or subhedral 
and they are usuaily associated with silicates. 

More than half of the group "other MRh 
minerals" is actually hollingworthite (RhAsS) 
and it was added to this group mainly for the 
sake of simplicity. However, because sperrylite 
may ofien contain a few percent of Rh and also 
hollingworthite may contain significant amounts 
of Pt andlor Ir it fits reasonably well into this 
group. The other minerals in this group are 
moncheite (PtTe2), cooperite (PtS), braggite 
((Pt,Pd)S) and platarsite (PtAsS) and all of 
them tend to occur in silicates. 

3.4 Pd-bearing minerals 

About one third of all PGM grains found 
from DH-1 so far are kotulskite (PdTe) and a 
vast majority (over 80 %) of them are hosted by 
silicates. Also in the case of kotulskite it can 
best be seen that as the occurrence of the 
mineral gets more frequent the grain size also 
increases. Although a large portion of kotulskite 
grains still fall within the 2-5 pm range the 
occurrence of much larger grains does indeed 
become more fiequent. Kotulskites in DH-1 
usually contain several percent of both Sb and 
Bi. 

Merenskyite (PdTe2) and michenerite 
(PdTeBi) are common too but with them the 
association with sulfides becomes more 
apparent for they are often found either inside 
the base metal sulfides or at the border between 
a sulfide grain and some other mineral (silicate, 
carbonate or oxide). ui addition to these the Figure 3. Hosts of the PGM's in DH-1. The group "Pd-Te-Bi minerals" contains a few 

last section tenned "other" includes the grains of keithconnite (Pd3,Te), association of PGM's with carbonates as well testibiopailadi~te ( p d ( ~ b , ~ i ) ~ ~ )  and some 
as three or more of the other groups at a time. 



apparently umamed phases. Figure 4. shows a stibiopalladinite (Pd5Sb2) and mertieite-1 
ternary plot of all Pd-Te-Bi minerals so far (Pd5(Sb,As)2) and they are most often found to 
analyzed fiom DH- 1. occur as inclusions in silicates. Other minerals 

in the group "Pd-SWAs rninerals" include 
isomertieite ((Pd,Cu)i ~(sb,As)~), sudburyite 
(PdSb) and some presumably unnarned phases. 
Figure 5. shows a temary plot of all Pd-SWAs 
minerals so far analyzed fiom DH-1. 

The small group of "other Pd minerals" 
comprises temagamite (Pd3HgTe3), paolovite 
(Pd2Sn), sopcheite (Ag4Pd3Te4) and some 
unnamed phases. 

3.5 Ru-0s-lr minerals 

Despite the name of the group the individual 
mineral grains don't necessarily contain all of 
those elements. What is cornmon to them all jn 
DH-1, however, is that they tend to be closely 
associated with oxide minerals, namely 
chromite or Cr-rich magnetite. The minerals in 
this group are laurite (RuS2), anduoite (RuAs2), 

Figure 4. Compositions of the various Pd-Te-Bi ruarsite (RuAsS), erlichmanite (OsS2), osarsite 
minerals analyzed from DH-1 on a temary (OsAsS) and irarsite (IrAsS). 
diagrarn. 3.6 Gold 

Figure 5. Compositions of the various Pd- 
SUAs minerals analyzed fiom DH-1 on a 
ternary diagram. 

Pd-Sb minerals may oRen be difficult to 
distinguish Com each other. As a rule of thumb 
along with the element percentages the 
distinction is often based on the presence of As 
in the analysis, although that alone may not 
always validate the name for one way or 
another. The most cornrnon Pd-SbaAs minerals 
in DH-1 are mertieite-II (PdsSb3), 

The highest gold values fiom DH-1 are a few 
hundred ppb. Gold forms alloys with silver and 
the metal ratios vary a lot fiom nearly pure gold 
to about 90% silver. The grain sizes are usually 
very small. Gold grains are usually found Com 
base metal sulfides, but they do occur quite 
often in magnetite too and sometimes in 
silicates as well. Often when gold is associated 
with silicates it forms composite grains with 
some PGM's. 

4 CONCLUSIONS 

The whole rock Pt+Pd analyses (due to be 
published at a later date) indicate that there may 
actually be several different PGE 
mineralizations within the intmsion at different 
stratigraphic levels. When combined with the 
mineralogical &ta, this information leads us to 
distinguish four different types of PGE 
minedization. They are in a descending order 
of PGE content 1) silicate-hosted Pd 
mineralization, 2) silicate-hosted Pt 
mineralization, 3) sulfide-hosted Pd 
mineralization and 4) oxide-hosted PGE 
mineralization. Preliminary studies of other drill 
cores seem to support this conclusion, but more 
data is needed yet and that work is currently in 
progress. 
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Mineral recovery modeling in flotation: combining data from 
image analysis and laboratory tests 

P. Lamberg, P. Sotka, M. Lyyra and J. Liipo 
Outokumpu Research, P. 0. Box 60,281 01 Pori, FINLAND 
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ABSTRACT. The behavior of minerais in flotation was studied by combining &ta from image 
analysis and laboratory tests. Recovery of each particle type can be modeled using the first or& 
flotation kinetics equation, where the flotation rate of the particle is the average of mineral flotation 
rates weighed by mineral areas. Modeling requires i) exact mineralogical data of each particle in the 
feed, and ii) flotation rate constants of the minerals. Practical solution to approximate the flotation 
rata of minerals fiom flotation tests and a prototype of a modeling program were developed. 

1 INTRODUCTION therefore the number of different alternatives 

Image analysis studies related to mineral 
processing aim to deterrnine the mineralogical 
characteristics that a e c t  the behavior of 
minerals and ores in processing (Lastra et al. 
1998). Image analysis can reliably and 
accurately charactezize the mode of occurrence 
of minerals in process products. This is quite 
often eno- to solve 'mineralogical problems' 
in process plants (see examples in Lastra et al. 
1998). More versatile data and interpretation is, 
however, needed when considering different 
process alternatives e.g. in the flowsheet 
development; or when process parameters are 
adjusted as new ore types come into production. 
Optimization in these cases requires that the 
mutual relationships between different 
properties of each process product could be 

studied is quite small, and consequently 
optimhtion is defective. For the metallurgist, 
liberation data is undoubtedly precise, and it is 
good for comparing different feed materials for 
example, but it is far too complicated to be used 
in modeling. 

This paper describes a technique which 
combines precise image analysis data acquired 
fiom ore samples or process products and 
mineral process modeling. The technique is 
applied here in flotation, but it can be equally 
well utilized in o k  mineral separation 
processes such as gravity and magnetic 
separation and even leaching. Only the kinetic 
equations presented here would have to be 
replaced with equations appropriate for the 
process in question. 

- - 
expressed in the form of equations. For 
example, one might be interested in the 
consequences in mass flows, grades and 
recoveries when Fe-sulfides are depressed to 
upgrade the concentrate. These kinds of cases 
have been solved by additional laboratory 
testing and simulating alternative processes 
with modeling programs such as USIM PAC 2. 
From the mineralogical point of view, the 
problem is that modeling programs are not 
capable of utilizhg the exact and precise 
liberation &ta provided by image analysis, and 

2 MATHEMATICAL MODELS OF 
FLOTATION 

The behavior of particles in flotation is usually 
described by the following well-known 
flotation kinetics equation (Huber-Panu et al. 
1976): 

R = Y - ( I - ~ ~ )  (1) 
where R is the recovery of a valuable mineral; 
\Y is the fraction of valuable mineral in the 



feed, which is floatable; K is the flotation rate 
constant, and t is the flotation time (for other 
models see Dowling et al. 1985, Villeneuve et 
al. 1995, and Yuan et al. 1996). Modeling with 
equation 1 has to be done in size fractions, since 
floatability varies fiom one fraction to another. 
In the middle ftactions (say fiom 20 pm to 120 
pm, depending on the case) selectivity is the 
best and floatable minerals float quickly 
whereas in fine (<20 pm) and coarse (>120 pm) 
firictions selectivity is poor and floatable 
minerals need more time to be floated. 
Generally equation 1 does not correspond very 
well with flotation resuits (Fig. 1). Therefore 
more variables have been intmduced. In the 
USIM PAC 2 model 2A each particle type is 
divided into tbree sub-populations: i) a fast- 
floating sub-popdation, ii) a slow-floating sub- 
population and iii) a non-floating sub- 
population, and the recovery of particle (in 
fbth) is defined as (modified after BRGM 
1993, see also Villeneuve et al. 1995): 

~ = ~ - ( / = [ l - e " ' ] + ( l - & * [ l - e ~ ~ ~ ] ) ( 2 )  
where R is the recovery of particle type i, Y is 
the fraction of particle type i in the feed, which 
is floatable, 4 is the proportion of particle type i 
capable of f l d g  and which shows slow 
floating behaviour, K, the slow-floating kinetic 
amstmt, and & the fast-floating kinetic 
constant. When applying equation 2 a 
reasonable fit can be achieved with laboratory 
flotation tests and models (Fig. 1). Additional 
modifications have been proposed for the 
kinetic constant to take into account the 
entrainment of particles by water (Villeneuve et 
al. 1995, BRGM 1993). 

Modeling of the flotation circuit with 
equation 2 requires that parameters are 
detemhed for each mineral and each size 
-on. The disadvantage of equation 2 is that 
it is applicable only for those specific feed and 
flotation conditions where constants were 
determined. For example if the feed grade or 
grinding fineness changes, the constants of 
equation 2 have to be redetermined for each 
mineral and each fiaction. 
A study was made of the relationship between 
the sub-populations of equation 2 and different 
particle types determined by image analysis in a 
set of laboratory flotation tests and 
corresponding feed. The feed materia1 was a 
representative ore sample of a sulfidic nickel 
ote. Successful rougher flotation tests with 

different flotation times were selected, and 
mineral recoveries were determined fkom 
chemical analyses by mineral mass balancing 
(Lamberg et al. 1997). Liberation of sulfide 
minerals (pentlandite, chalcopyrite and 
pyrrhotite) and gangue minerals (serpentine, 
chlorite, amphibole and some minor phases) 
were determined by the SEM-EDS method 
using the liberation program of Link eXl. 
Fitting the test data into equation 2 gave the 
result that 11% of pentlandite is non-floating, 
67% fast-floating and 22% slow-floating (Fig. 
1). When these figures are compared with the 
liberation data of the feed the non-floating sub- 
population corresponds to particles containing 
less than 10% pentlandite, the slow-floating 
sub-popdation to grains where the pentlandite 
content is between 10 and 20% and the fast- 
floating population to gtains where the 
pentlandite content is more than 20%. 
Observations indicate that different sub- 
populations used in flotation models correspond 
to different particle types in the feed, as 
concluded aiso by Petruk and Lastra (1993), 
Morizon et al. (1997) and Penkthy et al. 
(2000). Particle types of any sample can be 
determined exactly by image analysis and 
expressed as the liberation of minerals. 

Figure 1. Cumulative recovery of pentlandite as a 
function of flotation time in one flotation test with 
sulfidic nickel ore (dots). Model curves according to 
equations 1,2 and 5. 

3 COMBMING IMAGE ANALYSIS AND 
MATHEMATICAL FLOTATION 
MODELS 

The floatability of a single mineral particle in 
given conditions (certain flowsheet, flotation 
reagents, mineral SUTface properties, flotation 



machine, pulp transport characteristics etc.) is 
dependent on its mineral composition and the 
floatability of these minerals. For simplicity in 
this paper it is assumed that all gtains of similar 
type have identical floatability. 

If the floatability of fiee mineral particles is 
known, the floatability of the particle can be 
expressed as follows: 

" 

i-1 

where ASi is the d a c e  area of mineral i in the 
particle and & is the flotation rate constant of 
mineral i when occurring as a liberated particle. 
To simpliQ the measurement and calculations, 
the d a c e  area can be replaced by the particle 
volume, which equals the area in a section, thus 

n 

i=l 

since there is no need to have different sub- 
popdations the term Y=l and equation 1 
becomes very simple 

~ = l - e "  (5) 

Equations 4 and 5 show that the recovery of 
the particle can be determined using the first 
order kinetic phenomenon, and the flotation rate 
of the particle is the average of mineral 
flotation rates weighed by mineral areas as 
illustrated in Fig. 2. 

4. PRACTICAL APPLICATION OF THE 
TECHNIQUE 

The application of equations 4 and 5 in the 
optimization of some process requires i) exact 
mineralogical data of each particle in the feed, 
and ii) flotation rate constants of the minerals 
(i.e. liberated mineral particles). For accurate 
results the examination has to be done in size 
fractions. 

The mineral composition of each párticle 
type in the feed can be determined routinely by 
image analysis. Instead of 'liberation tables' 
(see Tables 1-3 in Lastra et al. 1998) raw 
particle &ta is used, i.e. row-wise &ta that lists 
for each particle the size and areal fractions of 
each identified mineral (Table 1). In some 
special cases minerals can occur as a coating on 
particles, when floatability should be 
determined on the basis of the outer pixels of 
the particles (equation 4), but particle 

composition should be determined fiom areal 
fiactions. 

- -- V 
- ~- 

Figure 2. Recovery of particles in a given time 
to-equations 4 and 5, when recoveries for liberated 
particles are pyrite @y) 70%, chalcopyrite (ccp) 95% and 
silicate (sil) 15%. 

Table 1. Example of particle data required for modeling 
according to equations 4 and 5. The figures are volume 
percentages of the mineral in the particle. 

~p~ 

Particle py CCP sil Other~ ~p 
1 12 55 33 0 

The d e t d o n  of the flotation rate 
constant for each mineral requires liberation 
measurements for the feed and concentrate a f k  
which recoveries of liberated particles can be 
determined Thus, it seems that if equation 2 is 
replaced by equations 4 and 5, modeling 
requires even more detailed &ta and practical 
application becomes more remote. Examination 
of the nickel sulfide ore flotation test and the 
liberation &ta of the corresponding feed reveals 
that some simplifications can be used. Recovery 
vs. flotation time curves of the flotation tests 
normally follow equation 5 at short flotation 
times after which the curve becomes flatter. 
This flattening has been overcome in equation 2 
by dividing the population into fast-, slow- and 
non-floating. The first points equal the fast- 
floating population, which approximately 
corresponds to liberated particles, when 
floatable minerals are concemed Thus, the 
flotation rate constant of a floatable mineral can 
be determined by fitting equation 5 along the 
fht two flotation times. In the case of 
depressed minerals, the fast-floating population 
equals particles locked with fast-floating 
minerals, and the flotation rate constant can be 
determined by fitting equation 5 along points 
with a long flotation time. 



The advantage of equations 4 and 5 
compared with equation 2 is that the flotation 
rate constants determined for the minerals are 
not so strongly dependent on grain size as they 
are in equation 2. Different ore types with 
almost similar mineralogy (but for exarnple a 
different grade) of the same ore should have 
similar flotation rate constants. Therefore the 
modeling of different ore types, different 
grinding fineness, or different flowsheets may 
require only the liberation measurements of the 
corresponding feed. Naturally flotation rate 
constants are dependent on flotation conditions 
(reagents, equipment, flowsheet, etc.). 

5. PREDICTING THE BEHAVIOR OF 
MINERALS IN PROCESSING 

In generai the prediction of mineral behavior 
in processing requires i) exact knowledge of the 
mineral composition of the particles (Le. 
liberation data), and ii) separation equations of 
the liberated particles. A particle behaves in 
processing according to the weighed average of 
the single minerals it is composed of; in 
flotation according to equations 4 and 5. When 
the behavior of the particle is controlled by its 
surface properties (flotation, leaching) then the 
outet pixel of the particles should be 
determined. In leaching both solid and liquid 
phases have to be considered (shridcktg core 
model; Levenspiel, 1972). 

When the above-described data is available, 
then the behavior of a given mineral in the 
process cm be predicted by modeling. For 
example in flotation the time is set and 
recoveries of each particle are calculated from 
the liberation data according to equation 4 and 
5. When the recovery of each particle and the 
weight fraction of the minerais in the particles 
is known, then the weight M o n  of the 
mineral in the product can be calculated The 
equations and calculations themselves are 
simple, but the difficulty is that for reliable 
prediction the number of particles measured has 
to be in the thousands and the calculations are 
laborious to make. Due to the lack of such a 
prograrn a prototype has been designed and 
built by Outokumpu Research Oy (Lamberg et 
a1. 2000). 

Dowling, E.C., Klimpel, RR & Aplan, F.F., 1985. Model 
Discrimination in the Flotation of a Porphyry Copper 
Ore. Mineral & Met. Processing, 2,87-101. 

Huber-Panu, I., Ene-Danalache, E. and C o j d u ,  D. G. 
Mathematical models of batch and continuous 
flotation. In: Fuerstenau, M. C. (editor) Flotation A.M. 
Gaudin memorial volume vol. 2. New York: American 
Institute of Mining, Metallurgical and Petroleum 
Engineem, 1976, p 675-724. 

Lamberg, P., Hautala, P., Sotka, P. and Saavalainen, S., 
1997: Mineralogical balances by dissolution 
methodology. C O M M  Short course on ore and 
environmental mineralogy. Modern Approaches to ore 
and enviromental mineralogy. 8-10 September, 1997, 
Laboratorio do IGM, S. Mamede de Infesta, Portugal. 

Lamberg, P., Sotka, P. and Lyyra, M., 2000. Mineralogian 
ja panoskokeiden ennustemallit -Loppuraportti. 
Unpublished report (in Finnish) of Outokumpu 
Reseatch, 0001 3-ORC-T, 20.1.2000,56 p. 

Lastra, R, Pernik, W., Wilson, J., 1998. Image-analysis 
techniques and applications to mineral pmccsing. In 
Cabri, L., J., and Vaughan, D.J., 1998, Modem 
Approaches to Ore and Envimmental Minemlogy, 
Mineral. Assoc. Canada, Short Course Series, VOI. 
27.327-366. 

Levenspiel, 0. 1972. Chemical Reactim Engineering, 
Chapter 12: Fluid - Particle reactions. 

Morizot, G., Conil, P., Durance, M.V., and Gourram 
Badri, F., 1997. Liberation and its role in flotation- 
bascd flowsheet development. Int. J. Miner. Process. 
5 1,39-49. 

Penberthy, C.J., Oosthuyzen, E.J., and Merkle, RKW., 
2000. The recovgr of platinum-group elements b m  
the UG-2 chromitite, Bushveld Complex - a 
mineralogical perspective. Mineral. Petrol. 68, 213- 
222. 

Petnik, W. and Lastra, R ,  1993. Evaluation of the 
recovery of liberated and unliberated chalcopyrite by 
floiation columns in a capper cleaner circuit. Intemat. 
J. Mineral Process. 40,137-149. 

Villeneuve, J., Guillaneau, J.-C., Duran=, M-V., 1995. 
Plotation modeling: a wide range of solutions for 
solving industrial problems. Miner. Eng. 8 (4/5), 409- 
420. 

Yuan, X-M., PMsson, B.I., and Forssberg, K.S.E., 1996. 
Statistical intetpreiation of flotation kinetics for a 
complex sulphide ore. Miner. Eng. 9,429-442. 

4 REFERENCES 
BRGM, 1993. USM PAC 2 for Windows, Advanced 

Guide. BRGM. 186 p. 



Semiquantitative extraction of chrome spinel from Quatemary till- 
perspective for discriminative analysis, a case study from Lapland. 
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ABSTRACT. In 1998 the Geological Survey of Fdand (GTK) collected Quaternary tili samples from 
a @on in E a s t .  Lapland. The aim of the study was to locate potential diamondiferous kimberlites 
and/or lamproites based on the indicator mineral distribution in tiil. The samples were preconcentrated 
with a GTK modified 3" Knelson concentrator and subsequently processed by standard laboratory 
methods. The only indicator rnineral studied was chrome spinel. More than 600 grains were analysed 
by electron microprobe. The fundamental problem turned out to be how to tell the difference between 
regionally and more locaily derived chrome spinel populations. The result fiom this preliminary 
discrirninative analysis was encouraging. 

1 INTRODUCTION 

Since 1996 Geological Survey of Finland (GTK) 
has carried out regional sampling of Quatemary 
till in Lapland. The aim of the study is to locate 
potential areas for diarnond deposits i.e. 
kimberlites andlor lamproites based on the 
indicator mineral distribution in till. Apart from a 
sound understanding of Pleistocene glaciation 
events, there are two major aspects emphasized in 
this study: 1: the know how of quantitative 
sample processing methods and 2"d, the ability to 
discriminate between regional (e.g. voluminous 
mfic layered intrusions) and more local (e.g. 
kimberlites/lamproites and small ultramafic 
bodies) chrome spinel populations. 

2 PROCESSING METHODS 

The study material was collected in sumrner of 
1998. The till samples ca. 80 kg in weight were 
taken by excavator at a depth of 2.5-4.5 m 
allowing at the same time the till stratigraphy to 
be studied. The samples were preconcentrated 
with a GTK modified laboratory scale 3" Knelson 

concentrator originally designed for extracting 
gold (Chemet et al. 1999). Subsequent procasing 
methods included heavy medium separation, high 
and low intensity magnetic separation and dry 
sieving. The final heavy mineral concentrates 
were hand picked for kirnberlitic (and lamproitic) 
indicator minerals: eclogitic and chrome pyrope 
garnet, chrome diopside, high Cr-Mg chrome 
spinel and picroilmenite. The extracted grains 
were analysed by electron microprobe. The 
analyses were conducted in the GTK 
microanalysis laboratory with a Cameca 
Camebax SX50. 

3 RESULTS AND CONCLUSIONS 

All of the till samples turned out to be quite 
homogenous in terms of grain size and heavy 
mineral distribution. Most probably they all 
represented the same till bed. 

More than 600 chrome spinel grains were 
analysed, overwhelmingly from the grain size 
fraction 0.25-0.5 mm. The rnain focus was on the 
content of the following elements: Cr, Mg, Ti, Zn 
and Ni. Based on widely used classifications 



(Smith et al. 1991, Fipke et al. 1995, Griffin et al. distinguish between regional and the local heavy 
1994) the number i f  the grains suggestive of mineral signatures. 
diamond potential was 20-30. For regional mantle 
derived rock formations reference materia1 was 
searched fmm pnxiously published chrome spinel 
analyses. 

In this study the samples have been divided into 
either positive or negative groups depending on 
whether or not they contain diamond field chrome 
spinels. In Fig. 1 all of the chrome spinel grains 
which were found in positive samples are shown 
in a Cra-MgO-diagram (Smith et al. 1991). The 
negative samples are shown in Fig. 2. Comparing 
these figures, it can be seen that the low- Zn and 
high Cr-Mg chrome spinel population plotting in 
the diamond stability field is associated with 
another population with the same MgO contents 
but with lower Cr. The other chrome spinel 
populations that occur in both diagrams are most 
probably grains derived h m  other sources than 
kimberfites or lamproitw These populations are 
interpreted to be regional. The positive samples 
(20 of 32) were concentrated in three localities 
within the 20 * 45 km study area. This is strong 
evidence for a local source of the diamond field 
grains. 

The results from this preliminary study are 
encouraging; in addition to the locai chrome 
spinel population possibly suggestive of diamond 
potential, another regional chrome spinel 
population, corresponding to a Proterozoic mafic 
layered intrusion (Mutanen 1997), can be 
recognized in the study material. 

Figure 1.  The chrome spinel analyses of the positive 
sampies in Cr203-MgOdiagtam redrawn after Smith et ai. 
(1991). The analyses are divided into three classes based 
on their ZnO-content. D.INT.=diamond intergrowth field, 
D.INCL.=diamond inclusion field. 

In the absence of G10 field chrome pyrope 
(Dawson 1984) Or chrome pyrope in general, the Figure 2.The chrome spinel analyses of the negative 
interpretation of diamond potential based solely Sarnp1~ in CW3-MgO-diagram redrawn after Smith et al. 

(1991). The anaiyses are divided into three classes based on chmme spinel is difficult if not impossible. on theirznosontenL D.INT.=di.mond intergrowth neld, 
Hanski (1997), f0r instimce, has described a D.INCL.damond inclusion field. 
discontinuous belt of Paleoproterozoic ophiolitic 
rocks that contain chrome spinels plotting into the 4 ACKNOWWDGEMENTS 
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ABSTRACT. Sulfide-rich formations are encountered both in nature and in industrial wastes. A 
major problem associated with sulfide-rich formations is acid rock drainage (ARD). Sulfide-rich 
bedrock has an impact on the pH and chemical composition of surface waters and groundwater even 
under natural conditions, but more so if the bedrock is exposed and blasted, for exarnple during 
road construction. Geochemistry of graphite- and sulfide-rich shales in Finland was studied with 
some 2000 drill core samples. Environmental studies were done in five localities. Graphite- and 
sulfide-rich formations have been compiled to a 1 : 1 000 000 map and database. The map is used in 
regional planning, exploration, bedrock mapping and environmental studies. In addition to naturai 
sulfide-rich formations, new sulfide-rich formations are fonned during mining of sulfide ores. 
Cornrnon sources of ARD are mine water, waste rock piles and tailings ponds. 

1 INTRODUCTION 

Abundant sulfides are encountered both in the 
natural formations and in industrial wastes. 
Sulfide-rich bedrock has an impact on the pH 
and chemical composition of surface waters and 
groundwater even under natural conditions, but 
more so if the bedrock is exposed and broken. 
Anthropogenic sulfide-rich formations include 
the tailings of sulfide mines. Sulfides are 
originally formed in reducing environments and 
they become unstable in oxygen-rich 
environments at the Earth's surface. Sulfide 
oxidation is part of the natural weathering 
process. 

2 ACID ROCK DRAINAGE 

A serious problem associated with sulfide-rich 
formations is acid rock drainage (ARD), also 
known as acid mine drainage. Primary 
requirements for ARD are the presence of 1) 
sulfides, 2) water or hurnid atrnosphere, and 3) 
an oxidant, usually oxygen. There are several 
rate-determining factors in ARD generation, 
including pH, temperature, particle size of 
sulfides (surface area) and bacterial activity. 

l7ziobacillus fewo-oxidans, for example, 
catalyses the oxidation of pyrite, producing 
ferric and hydrogen ions. The rate of ARD is 
temperature dependent: a tailings pile that 
oxidizes completely at 25OC in 200 years will 
do the same at O°C in 500 years (Dave and 
Blanchette, 1999). 

3 NATURAL CONTAMINATION 

Geochemistry of the bedrock is reflected in the 
geochemistry of the surrounding environment. 
Calcium and magnesium concentrations in 
groundwater are higher, for example, in gabbro, 
peridotite and carbonate rock areas than in 
granite areas, and fluorine concentrations are 
high in groundwater in rapakivi areas (Lahermo 
and Backman, 2000). Elevated uranium 
concentrations are associated with certain 
granites, and these in turn are responsible for 
the high radon concentrations in wells drilled 
into the bedrock (Juntunen and Backman, 
1996). The natural background levels for ore 
formuig elernents such as the heavy metals tend 
to be high in the surroundings of ore deposits 
compared with the average values. For 
example, a nickel ore deposit may be reflected 



in elevated nickel concentration in surface 
waters, organic stream and lake sedirnents and 
till. These elevated concentrations have been 
used as a tool in exploration. 

4 ENVIRONMENTAL IMPACT OF BLACK 
SHALES 

Sulfide-rich black shales have caused 
environmental problems in South Korea, 
Canada and Finland (Kim and Thomton, 1993, 
Pasava et al., 1995, Piispanen and Nykyri 
1997). Even though black shales contain 
abundant sulfides, they seldom constitute ore 
deposits, since the concentrations of Ni, Cu, Zn, 
Au, As, PGE, U, Mo etc. usually are too low. 
However, concentrations of potentially hannful 
elements often are high enough to cause 
pollution, especially if the black shale is 
exposed and broken. If the geological formation 
contains abundant carbonate-rich layers in the 
vicinity of black shales, carbonates may suffice 
to neutralise the low pH produced by sulfide 
oxidation. 

Geochemistry of black shales in Finland was 
studied with some 2000 drill core samples 
during 1989-1 999 (Loukola-Ruskeeniemi and 
Heino, 1996, Loukola-Ruskeeniemi et al., 1997, 
Loukola-Ruskeeniemi, 1999). In addition, 
environmental studies were done in five 
localities. For example, elevated nickel 
concentrations in black shales at Sotkamo were 
found to be reflected in elevated nickel 
concentrations in till, organic stream and lake 
sediments, surface waters, groundwater and 
moss (Loukola-Ruskeeniemi et al., 1998). Even 
the chemical composition of crayfish muscle is 
different in lakes in black shale areas than in 
lakes underlain by granitic or quartzitic bedrock 
(Halonen, unpubl. data). 

Arsenic-bearing bedrock in Finnish Lapland 
is reflected in elevated As concentrations in till, 
organic stream sediments, stream water, in 
wells drilled into bedrock and especially in 
spring waters (up to 34 pg/L, Loukola- 
Ruskeeniemi et al., 1999). 

5 COMPILATION OF MAPS OF SULFIDE- 
RICH FORMATIONS 

Studies on black shales have shown that 
forestry, drainage programs and road 
construction have a more disturbing 

environmental impact in sulfide-rich areas than 
other areas. It is inadvisable to carry out 
eatbmoving or forestry activities in black shale 
areas that rnight lead to erosion and extensive 
exposure of bedrock. Bedrock distributions can 
also be used directly in delineating areas 
suitable for obtaining groundwater, since it is 
unwise to drill wells into sulfide-rich bedrock. 
To assist in this, maps are needed that show the 
distribution of sulfide-rich formations. 
1x1 Finland, graphite- and sulfide-rich 

formations have recently been compiled to a 1 : 
1 000 000 map and database (Arkimaa et al., 
1999). The map will fmd applications in 
addition to regional planning, also in 
exploration and bedrock mapping, and in 
studies on the natural background levels in the 
environment. 

6 ENVIRONMENTAL IMPACT 
SULFl.DE MINES 

In addition to natural sulfide-rich formations, 
described in the sections above, new sulfide- 
rich formations are formed during mining 
activities. In particular, the tailings of sulfide 
mines are rich in sulfides. 

The main environmental impacts of the 
rnining industry are air pollution (dust, gaseous 
emissions), accumulation of pollutants in plants, 
soil, groundwater and surface waters, 
disturbance of landscape and blasting vibration. 

Sources of ARD are mine water, waste rock 
piles and tailings ponds. The resulting drainage 
water is usually highly acidic and contains large 
amounts of dissolved heavy metals and may 
cause damage to groundwater and ecosystems 
in the downstream environment. 

The least costly and most efficient method of 
controlling ARD is to prevent its initial 
fomation. Water covers and underwater 
disposal of sulfide tailings have been confimed 
as the best technology for preventing ARD fiom 
unoxidized sulfide-bearing tailings. Collecting 
and treating mine effluents before they 
discharge to the environment should be normal 
practice, but also passive treatments like 
wetlands are useful means of controlling ARD. 
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ABSTRACT. Geometry and optical properties using the image analysis method, along with chem- 
istries of trace elements and organic matter were studied in samples fiom autifmus parts of reefs 
and their barren analogs h m  Witwatersrand, South B c a  The image analysis demonsimted that 
quartz pebbles fiom auriferous varieties are more homogeneous with respect to optical properties, 
have higher optical density, are better ordered and stronger elongated relative to the barren analogs. 
These fmtures favor in situ formation of 'pebblesy in auriferous parts of reefs fiom a homogeneous 
siliceous substance. The image analysis &ta, in combination with our observations on the trace 
element, gas, and organic matter chemistries, favor the notion on the formation of the Au minerali- 
zation in Witwatersrand as a result of destruction of the parent SEDEX-type ('smoker'-related) 
mineralization. 

1 INTRODUCTION 

Witwatersrand is the world's largest (approx. 
350 by 100 km) auriferous paleo-basin with 
gold resources about 80 Kt. Eight gold fields 
are located mainly along its northern and 
northwestem flank. In the ore-bearing sequence 
of the Central Rand gold field, potentially ore- 
bearing conglomerate constitutes 10-15 con- 
tinuous horizons. Thickness of each horizon 
may vary h m  several meters to several tens 
meters. Exposures of these horizons occur along 
N and NW fianks of the paleo-basin, as well as 
near the Vredefort dome at the center of the ba- 
sin. In the former case, these are economic Au- 
bearing quartz conglomerates, whereas in the 
latter-polymictic conglomerates, barren or car- 
rying poor mineralization. 

Discussions on the origin of tie Witwa- 
tersrand gold have a long history. First, the 
metamorphosed placer hypothesis (Ramdohr, 
1955) was introduced and dominated. Later, the 
idea on h y d r o t h d l y  altered placers came to 
fiont (Robb et UI., 1989). The oppositionists 
were Davidson (1960) with his hydrothermal 
hypothesis that employed an endogeneous Au 

source related to the Bushveld Complex devel- 
opment, along with Phillips and Myers (1989) 
who assumed hydrothermal gold re- 
mobht ion h m  the conglomerate-hosting 
rock and basement. Newer concepts associate 
Au resources with submarine exhalations 
(Hutchinson, Viljoen, 1988; Kremenetsky et al., 
1997), multiple sources and mechanisms 
(Shcheglov, 1993), or lasting SEDEX- 
dominated deposition (Kremenetsky, 1998). 

2 ANALYTICAL METHODS 

We employed an optical geometric method in 
morphostructural Studies of the barren and eco- 
nomic conglomerates. Data processing em- 
ployed the VIDEO-MASTER image processing 
system equipped with Scannex-2 input system 
(Russia). The image analyzer enhances the op- 
erations in the optical geometric studies aimed 
at delineation of objects in the digital images, 
measurements of optical and morphometric pa- 
rameters of the objects thus obtahed, and cal- 
culation of relevant statistics. The source im- 
ages were analyzed using the harmonic and 
kepster structural analyses with secondary im- 
ages as results. 



The parameters of pebbles measured in the 
polished sedions were as follows: (1) cross- 
section area, (2) perimeter, (3) length (the long- 
est chord), (4) width (the longest normal), (5) 
orientation, (6) relative brightness, and (7) the 
curvature index of the pebble contow, along 
with other derivative characteristics. 

3 RESULTS 
To test our concept on the leading role of 
SEDEX process similar to that related to recent 
submarine 'smokers' (Kremenetsky et al., 
1997), we compared productive and barren 
conglomerates h m  the same horizons. These 
were sampled in diierent sites of the paleo- 
basin (50-70 km apart). The horizons (reefs) 
studied were as follows (top to bottom): the 
Black Reef, the Ventersdorp Contact Reef 
(VCR), Kloof, the Bird Group (Vaal), Carbon 
Leader, and Dominion. 

The VCR case history exemplines the differ- 
ences in chemistries and structures of barren 
and economic conglomerates. This reef is one 
of the major economic members. It is consti- 
tuted by oligomictic quartz conglomerate. Peb- 
bles of homogeneous milky quartz are elon- 
gated and rounded, occasionally, dumbbell-like. 
Quarizite pebbles and chert hgments are less 
frequent in conglomerate. Pebbles are cemented 
by fine-@ed mass of quartz, chlorite, pyrite, 
pyrrhotite, and minor chalcopyrite. Small pyrite 
pebbles (max. 0.5 by 0.7 mm) are present in the 
matrix. The pebble/cernent ratio is approxi- 
mately 2: 1. 

Color of quartz varies fiom mi@ white (pre- 
vails) to grayish white and smoky gray; zonal or 
spotted color pattenis are observed. Color of 
quartz is controlled by fiae impregnationa of 
chlorite and sericite along fissures, abundant 
gas-and-liquid micro-inclusions, and unevenly 
distributed organic matter. Our Studies using the 
laser s@ analyzer demonstrated that the 
source quartz is optically pure and contains 
negligible amounts of C, (0.010/0), gold, and 
other Qace components. These are concentrated 
in microfissures, which cut quartz, and in the 
cement. The organic compounds are quite 
variegated in quartz. The latter is saturated with 
methane and ethane. Heptane, octane, and hex- 
ene is found here; these are not typical of the 
vein quartz varieties. This fact indicates special 
conditions, which favor polymerization of sim- 
ple hydrcmrbons into more complex varieties. 

High He contents we observed in the quartz 
pebbles (0.7-1.82 @cm3) are inherent in 
'smokers' located in the oceanic mnes (Lisit- 
syn, 1983). All these kts, plus weak mning of 
optically pure quartz pebbles, witness the authi- 
gene hydrothermai (SEDEX-related) nature and 
post-depositional re-diitribution of the organic 
and mineral matter. 

Pebbles of variegated composition (chert, 
quartzite, schist, and quartz) constitute barren 
conglomerate varieties. Usually, pebbles are 
intensely fissured, well rounded, and poorly 
sorted. Quartz, micas, and pyrite are major 
components of the matrix. The pebblelcement 
ratio is approximately 4: 1. 
Features of pebbles h m  productive versus bar- 
ren conglomerate determined statistically are as 
follows. In a d m u s  parts of reefs, the per- 
centage share of pebbles with 1 tms-section 
area less or equal to 100 mm is 45%. The 
ms-section area ranges here h m  13 to 1614 
mm2. Barren conglomerate bears smaller peb- 
bles: 42% of them ranges in cross-section h m  
30 to 50 mm2; the total extent is 17-187 mm2. 
Small pebbles h m  the barren and auriferous 
varieties do not differ in length and width, but 
large pebbles are more frequent in the latter. 
Variability of the cross-&on area in produc- 
tive varieties is higher relative to the barren 
ones. Mineralized varieties carry more elon- 
gated pebbles relative to the barren one. The 
curvaiure (unevenness) of the pebble contours 
is chai.acterized by uni-modal statistical distri- 
bution in aurifmus mnes, what is not the case 
in the barren ones (Figure la). The inner stnic- 
ture is m m  homogeneous in min- parts 
of reefh, and its variations are more smooth 
relative to the barren ones where both quartz 
and quartzite pebbles occur. In the latter case, 
the pebbles may originate h m  different 
sources. Pebbles fiom mllieralized mnes are 
more rounded (Figure lb), and the span of their 
roundness index is more narrow relative to the 
barren parts. This fact is another codhation 
of greater homogeneity of quartz pebbles Grom 
the d m u s  parts of reefs. Optical density of 
pebbles in barren mnes is lower (Figure lc) be- 
cause of fiequent presence of quarkite as the 
pebble material (optical density of this rock is 
lower). In addition, pebbles in auriferous mnes 
are more orderly oriented (Figure ld). 



Figure 1. Aurifmus verw  bauen parts of reek 
h p e n c y  curves of geomelric and optical parameters. 
(a) cwature index, (b) roundness index, (c) opticai 
density, (d) onierliness index. 

4 CONCLUSIONS 

The imge analysis data show characteristic 
fatures of quartz fiom aurifmus parts of the 
reefs: homogeneous inner slnicture, absence of 
the basement rock (granite, amphibolite) as 
pebble materials, elongated contours, uni-modal 
statktical distribution of the curvature index, 
high roundness grade and o tical density, and 
orderliness in orientation. Alf these features h- 
vor the notion on the formation of the Au min- 
eraiization by way of destruction of the 
lized parent siliceous gel produced "s"" y a 
SEDEX-type process. Data on the S-isotope 
compsition of sulfides fmm dmus  parts of 
reefb, along with increased Hg content in gold 
(max. 4 wt??!) and He in quark typical of recent 
SEDEX deposits, match the results of the image 
analysis. 

Stnicturaily and chemicaiiy, the ~ m u s  
parts of reen are similar over the Central Rand, 
what fcivors the idea on the continuous exhala- 
tion activities durin the period when the min- k eralized parts of ree were formed. 
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ABSTRACT. The following points are considered: scientific and practical significance of sulfosalt 
minerals; definition of "sulfosalts" in mineralogy; general features of sulfosalts and their 
"mysterious" pecularities, which are explained fiom the nonstoichiometry standpoint; general 
features of non-stoichiometric compounds; development of the conception of non-stoichiometry and 
homologous series of sulfosalts; principles of classification of sulfosalts. 

1 INTRODUCTION 

Sulfosalts represent the most complex ore 
minerals, which are often discussed at 
Intemational Geological Congresses and 
Sessions of International ~ineralogical 
Association. This interest is caused by the 
following: 

1) sulfosalts as minerals with complex 
composition and structure can be used as a 
model in many respects and their investigation 
can shed light on some general relationships of 
mineral constitution; 

2) a lot of sulfosalts are sources of important 
industrial components of ores (Ag, Cu, Bi, Hg 
and others); 

3) some sulfosalts display semiconducting 
properties, which are usable in science and 
technology; 

4) sulfosalts sensitively respond to changes 
of environment and may be used as its 
indicator. 

Definition "sulfosalts" is the longstanding 
problem in mineralogy. Although the term 
"sulfosalts" has long been in use, no generally 
accepted definition exists up to now. In 
chemistry, sulfosalts (thiosalts) are known as 
derivatives of sulfoacids (thioacids) [H3(AsS3), 

H3(SbS3), H3(BiS3) etc]. In a broad sense, 
sulfosalts are regarded in mineralogy as 
compounds of metals and semi-metals with 
sulfbr, which can be partially replaced by Se, 
rarely by C1 and 0. The general formula 
commonly accepted for these minerals is 
AanXP, where A - metallic elements, usually 
Pb, Ag and Cu and less fkequently Zn, Hg, T1 
etc., B - serni-metallic (formall trivalent) '7 elements As, Sb and Bi (partly Te 3 only, X - 
S, partly Se, more rarely C1 and 0. 

Some structural restrictions were proposed 
later in the definition of sulfosalt minerals. For 
example, the structure of sulfosalts has to 
contain the BS3 pyramidal groups (Takeuchi & 
Sadanaga 1969; Wuensch 1974 and others). 
Now, variable coordinations of the B elements 
(especially of Sb and Bi) have been established 
as well as a nurnber of mixed sites of the A and 
B elements in sulfosalt structures (e.g. Pb and 
Bi in lillianite, Pb and Sb in boulangerite and so 
on). But in all cases, direct Me-SMe bonds are 
absent in sulfosalts. So, sulfosalt minerals can 
be considered as compounds with formula 
given above, which have not Me-SMe bonding 
in the structure. 



2 GENERAL CHARACTERISTIC OF 
SULFOSALTS 

occur in high- and moderate-temperature ones. 
Sulfoantimonites and sulfoarsenites have been 
recently discovered in modem hydrothermal 

List of sulfosalts contains about 200 mineral formations on the ocean floor (so-called "black 

species. Among them there are very cornmon and white smokers", T about 450" and 230°C, 
minerals (e.g., tetrahedrite, boulangerite, respectively). Sulfobismutites occur in 
jamesonite etc.) and very r ae  ones occurring fumaroles (T 500 - 700'~). It should be 

only as very tiny grains in single deposit. On stressed that tiny size of sulfosalt grains and the 
the basis of sulfoanions, three main general resemblance of their properties create problems 
groups of sulfosalts are recognized: for researchers. 
sulfoantimonites, sulfobismutites and Sulfosalt minerals have some general 
sulfoarsenites. Sulfosalts with mixed ''mysterious" pecularities. The main of them 
sulfoanions are more rare. are the following: 

Complex crystal structures of sulfosalts show a) Many minerals have questionable formulas. 
a relationship to simple structures of some Red compositions of minerals do not often suit 
sulfides fiom which they can be derived their stoichiometric forrnulas. Sometimes 
through various sudstitutions, omissions or different stoichiometric formulas are given 
additions of atoms, or through distortion for rnineral- 
("derivative structures"). A large number of b) Some sulfosalt minerals are very close to 

sulfosalts have "composite structures", each other in composition. They have the same 
containing blocks of simpler structures jointed two unit cell parameters and differ only in 

in various orientation by twinning or shear, or the third one. The relevant interplanar spacings 

via non-commensurate interfaces. Some change incrementally from one such mineral to 

sulfosalt structures represent intergrowths of another. 

two simpler stnicture types on unit-cell scale. c) Regular intimate microintergrowths of very 

Morphology of the minerals is diverse: similar sulfosalt phases are usual. Therefore, 
prismatic and acicular crystals (the most the history of many natural sulfosalts is 
common). Short and elongated platy and confused: valid rnineral species were 
tabular crystals, thin laths, bladed crystals, and discredited as mixtures and were established 

irregular grains. Subparallel or acicular later with the same name (e.g. lillianite) or with 
aggregates (rarely rings), fibrous, massive, new name (e-g. ashamalmite and heyrovskiite). 
granular and compact masses are observed. These pecularities were sometimes 
Most of the sulfosalts belong to the low attributed to accidental reasons (in particular to 

symmetry (monoclinic, orthorombic, triclinic) instrumental errors). But actually, they are 

system. The cubic variety is rare. related to the non-stoichiometry of sulfosalts. 
Sulfosalts are very similar in physical 

properties. They are usually opaque in visible 
light but many of them are transparent in near- 
infked light. Minerals are comrnonly lead-gray 
(with various tints) with a metallic (sometimes 
adarnantine) lustre. They have low and 
moderate hardness (2-4) and rather high density 
(4 -7 g/cm3, increasing fiom Cu-sulfosalts to 
Ag- and Pb-sulfosalts). As a ale,  reflectance of 
sulfosalts is moderate. Serniconductors, 
semiconductor-segnetoelectrics, solid 
electrolites are known among them. 

Sulfosalts occur in various types of 
hydrothermal deposits. Sulfoantimonites and 
sulfoarsenites are abundant in low- and 
moderate-temperature deposits; sulfobismutites 

3 GENERAL FEATURES OF NON- 
STOICHIOMETRIC COMPOUNDS 

Evolution of the conception of non- 
stoichiometric compounds (berthollides) in 
chemistry goes back to the very beginning of 
the XM century to the famous dicussion 
between Proust and Bertholle. This conception 
was elaborated in different sciences - chemistry, 
crystal chernistry and chemical physics. 
Therefore, the tenn "non-stoichiometric 
compounds" have different definitions, e.g., (1) 
"Compounds, which do not conform with 
Dalton's laws of ConStant and multiple 
proportions, i.e., their elements are not 



combined in a simple whole number ratio" 
(with defenition is usually accepted in 
chemistry); (2) "Defective phases with 
changeable number of atoms in unit cell" 
(Makarov 1973) - in crystal chemistry. 
In 1964 Wadsley suggested five types of 

crystal-chemical reasons of non-stoichiometry: 
1) a substitution (cation and anion occupy 

partly same sites in the structure); 
2) interpolation (cations or anions occupy 

normally vacant sites); 
3) subtraction (variable amounts of either or 

both cation and anion are absent fiom the 
structure); 

4) shear structures (adjacent blocks of the 
structure are "out of step" with each other, 
reducing the number of anions); 

5) mixed or intergrowth structures composed 
by the fragments of related structures of 
different composition. 

The major feature of berthollides is the 
capacity to change their composition field and 
to exsolve into separate, structurally related, 
ordered homologous phases under the influence 
of changing physico-chemical conditions 
(usually when temperature decreases). Every 
phase is characterized by a less wide range of 
homogeneity (sometimes almost "line"). As a 
result, exsolution structures, consisting of 
isochemical phases, appear instead of the 
homogenic berthollide. The newly formed 
phases are very close each other in structure 
and composition. All phases formed fiom one 
non-stoichiometric compound represent 
homologous series, the structure and 
composition of which change regularly h m  
one member to another (Magnelli 1953). These 
series bear similarities to polymer homologous 
series of organic compounds. It should be noted 
that there are others terms describing such 
series, such as ordering series (Marfunin 1962), 
polysomatic series (Thompson 1978), 
structural series (Parthe et al. 1985), modular 
series (Makoviclq 1989 and others). But the 
term "homologous series" is connected with the 
ordering transformations of non-stoichiometric 
compounds and refers only to isoelemental 
series. 

One can see resemblance between general 
features of non-stoichiometric compounds and 
the pecularities of sulfosalts given above. 

Wadsley (1964) was the first who discussed 
sulfosalts among the other examples of 
berthollides, not distinguishing homologous 
series. Composite structures and mixed 
structural sites of cations and anions of various 
valency are the main causes of non- 
stoichiometry and homologous series of 
sulfosalts. 

4 DEVELOPMENT OF THE CONCEPTION 
OF NON-STOICHIOMETRY AND 
HOMOLOGOUS SERIES OF 
SULFOSALTS 

From a non-stoichiometry standpoint the 
"mysterious" pecularity of sulfosalt minerals .is 
coming to light. In particular, questionable 
stoichiometric formulas of some suifosalts are 
evidently due to their variable composition 
(non-stoichiometric composition fields). These 
pecularities have an informative value to 
recognize the homologous series of these 
minerals. 

Based on consideration of the results of our 
long standing investigations of sulfosalts as 
well as published data, the indicators of the 
sulfosalt homologous series have been revealed 
(Mozgova 1974). The fine intergrowths of 
chemically and structuraly related sulfosalt 
phases are the most illustrative among them 
(Mozgova 1977). It was shown that the f h t  
homologous sulfosalt series was described as 
the plagionite morphotropic group by L. 
Spencer in 1899. On the basis of indicators 
revealed, about 10 homologous series were 
established in sulfosalt groups of different 
chemical compositions. All members of a 
homologous series can be characterized by 
single general formula although every 
member of such series can have certain 
chemical formula, unit cell parameters and 
symrnetry. Two lattice parameters remain 
constant throughout the series; one parameter 
(and the relevant interplanar spacing) changes 
with the change of composition. (Mozgova 
1974,1977,1984 ,1985 and others). 

The sulfosalt homologous series conception 
was later elaborated by Makovicky (1989) fiom 
the structural point of view in his numerous 
excellent papers. But his interpretation of such 
term differs fiom that accepted in chemistry. 



Makovicky considered homologous structures 
as those that have certain structural units in 
cornmon, and a homologous series as a series of 
homologous structures that can be theoretically 
derived fiom one basic structural unit. He 
classified homologous series into two 
categories: accretional and variable-fit 
homologous series. The members of the former 
category differ in the sizes of common 
structural building fragment of the parent 
structure, the latter are composed of two kinds 
of alternating mutually non-comrnensurate 
layers (or possibly columns, etc.). These series 
usually include minerals that are similar in 
structure but not always in composition (for 
example, the lillianite homologous series 
includes both Bi-sulfosalts and Sb-sulfosalts, 
synthetic P b h S l 7  is considered as a 
homologue of cosalite Pb2Bi2S5 and so on). 
Hence such homologous series do not 
characterize the composition field of a non- 
stoichiometric compound. 

5 PRINCIPLES OF CLASSIFICATION OF 
SULFOSALTS 

Considerable attention has been given to 
classifications of sulfosalts but up to now this 
problem remains unsolved. Systematics of 
sulfosalts can be divided into chemical, 
structural, and crystal-geochemical ones 
(reviews see Mozgova 1984; Makovicky 
1989). A lot of attention was paid to structural 
classifications of sulfosats on a basis of 
sulforadical. Members of a sulfosalt 
homologous series are ofien devided into 
different units in such classifications. 

The stmctural classification on the basis 
of homologous series was recently elaborated 
by Makovicky (1989). In fact, it is a 
classification of ideal homologous stmctures, 
but not sulfosalt minerals, because chernical 
factors are not given enough consideration and 
a homologous series combines often chemically 
different minerals with the same topology of 
structure. It should be stressed that the 
structural systematics on a basis of 
geometrical arrangements of structural 
fiagments were criticized previously (Berry 
1942; Belov & Pobedimskaja 1966; Kostov 
1980, Kostov & Min eva-Stefanova 1981). 

Such systematics could not be considered as 
mineralogical ones, since chernical approach 
accepted in mineralogy was subordinated in 
them to dimensional. 

Mineralogical systematics should reveal 
natural relationships between minerals and 
have some predicative power. It was shown 
above that such relationships exist in 
isoelemental homologous series of sulfosalts 
with interrelation of composition, structures 
and properties of members of the series. Such 
homologous series can provide the basis for a 
rational classification of sulfosalts. But since 
rninerals are natural chemical compounds, 
sulfosalts are proposed to be devided first of all 
on a chernical basis (at fkst on the basis of 
sulfoanions and then after metals). Homologous 
series with related derivative structures should 
be recognized as a classification unit in 
isoelemental sulfosalt groups. A homologous 
series, containing the same chemical elements, 
was recomrnended to be considered as a 
mineral species and its members as structural 
varieties. According to rational nomenclature, 
individual rnineral name was proposed to be 
given only to homologous series, adding the 
correspondig symbols to names of its 
members. (Mozgova 1984; Mozgova 1985 and 
others) 

Non-stoichiometry of sulfosalts allows to 
define them as a class of ore rninerals 
intermediate between natural alloys and 
sulfides. 
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ABSTRACT. A new occurrence of schwertmannite as a weathering product of ancient iron and 
iron-nickel alloys has been investigated. Schwertmannite, formally Fe16016(o&TOo~)~ *nH20, 
where 16-y=2z, 2 ~ ~ ~ 3 . 5 ,  has hitherto been found exclusively as an extremely fine grained 
alteration product in Acid Mine Drainage (AMD) areas. The common morphology of 
schwertmannite iu AMD occurrences is as needles with a diameter m the range of a few tens of 
nanometres, and a length of a few hundred nanometers, whereas schwertmamite in weathering iron 
may display crystallites up to a few tens of microns m width and a few hundred microns in length, 
sizes approximately 3 orders of magnitude larger than those d e s c n i  hitherto. 

The existence of an iron oxyhydroxysulfate 
with the formula Fe 160 16(OH)y(SOq)z*~20, 
where 16-y=2z and 2 ~ ~ 3 . 5 ,  was first 
suggested by Bigham et aL (1990). Bigham et 
al. (1994) proceeded to name it schwertmannite. 
Schwertmannite as a mineral has exclusively 
been found to occur as a alteration product of 
s m e  mine tailings in the so-called acid mine 
drainage areas, where it may exist metastably in 
the pH range of 2.8 to 4.5 (Bigham et al., 1996). 

Schwertmannite is considered to be largely 
isostructural with akaganéite, which has the B- 
FeOOH structure (Post & Buchwald, 1991). 
Akaganeite has Cl- occupying central cavities in 
the structure, which in schwertmannite are Wed 
by S04-groups. The large size of an S04-group 
relative to a Cf ion dictates that the SWgroup 
must share at least two oxygens with the 
neighboring iron octahedra, in order to be 
accommodated in the central cavities (Bigham 
et ai, 1990). The bonding of the S04-groups 
probably leads to a severe deformation of the 
structure, which may be what causes the 
extremely srnall grain size of both natural and 
synthetic schwertmannite, the morphology of 

which is generally small needles or aggregates 
of needles ("pin-cushions"). The individual 
needles fall in the range of a few tens of 
nanometers in diameter and a few hundred 
nanometers m 1engt.h. 
This abstract reports on the finding of 

schwertmannite as a weathering product in 
ancient iron and iron-nickel alloys. 

2 OBSERVATIONS 

While performing a study on the long-term 
weathering products and processes m b n  
meteorites and archaeological iron, a phase with 
a composition much like that of schwertmannite 
was encountered (table 1). The phase was found 
primarily in an iron meteorite, Ider (found in 
Alabama, U.S.) and in a sample of 
archaeological iron, Sorte Muld fiom Denmark. 

2.1 Ider, Alabama 

Ider, a group IIIA medium octahedrite, has a 
terrestrial age of 3.lf0.4 Ma. The investigated 
samples contain abundant schwertmanuite 
throughout, both as surface alteration products 
and in depth as coiioidal bands in cracks and 
along the widmanstatten pattern, together with 



goethite and hydrous goethite. On the surface it 
rnay take on striking textures, consisting of 
intergrown platelets and needles (fig. 1). In thin 
section it is virtuaily indistinguishable from 
goethite, except for displaying deep red internal 
refiections. 

Another interesthg feature of Ider is the 
absence of akaganéite, otherwise known as the 
main corroding agent of iron meteorites 
(Buchwald & Ciarke, 1989), in the investigated 
sampies. 

Figure 1. Marphdogy d schwertma&te fiom the 
surbce d the Ider, Aiabama irai metdte .  Scale bar = 1 
Cun. 

2.2 Sorte Muld 

Sorte Muki is a sample of a Viking age sword 
from approximately 1300 yrs. BP. It contains 
abundant chlorine-bearing weathering products, 
primarily hibbmgite, a rare Fe@) hydroxy- 
chloride (Saini-Eiducat et aL, 1994). 
Schwertmannite in this setting occurs as a weli 
crystaked phase with a needle- or bundle-iike 
morphology, usuaiiy overgmwmg hibbingite 
into preexisthg cavities m the iron. The size of 
the individual crystaliites may reach up to tcns 
of micrometers in width and hundreds of 
micrometers m length, sizes three orders of 
rnagnih.de larger than those usually observed 
for schwertmannite of the AMD type. 

Table 1. Analyses d schwertmannite. Comparison of 
&ta fiom Ider, Aiabama (IA), Sarte Muld (SM) and a 
theoretical stoichiometric sch-te (schwert.). 

Sample IA SM Schwert. 
No. Anal. 22 14 

FeO 65.66 67.82 74.37 
NiO 5.68 - 
Co0 0.39 - - 
C1 - 1.78 - 

PLOs 0.47 - - 

Kindly note that the main part d the deviation of the 
totais h m  100% is caused by the a n a l ~  being 
perfarmed measuring f a  FeO instead d Fe203. 

3 DISCUSSION 

Work is in progrcss in order to verify the 
stmctwe of the occurring schwertmannite. Due 
to thc scarcity of the material, conventionai 
XRD has not yet been attempted. Electron 
diffraction has however produced promising 
results, whkh wiU be prescnted. Attempts 
towards detenninmg the Raman spectrum of 
schwertmannite have until further been 
mconciusive, as it seems to have essentiaiiy the 
same spectnun as goethite. 

The occurrence of schwertmannite as a 
weathering product of iron has not been 
recognized previously. The scarcity of native 
iron m nature is one explanation for this, 
however the increasing human use of iron and 
iron alloys will no doubt lead to more 
occurrences of this typc. The large variations in 
the size of the e r e n t  types of schwertmannite 
may be hypothesized to be due to slow kinetics 
of formation, giving the slowly formed (1.000- 
3.000.000 yrs.) weathering schwertmamitc a 
chance to grow to much largcr sizes than the 
synthetic and AMD varieties. DBerences in 
the morphology of the weathering 
schwertmannite may be explained in terms of 
the nature of the iron m whkh it formed. The 
slow kinetics of formation may also explain 
why so little schwertmanaite usually f o m  
compared to akaganéite. 
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ABSTRACT. A modem low-vacuum scanning electron rnicroscope (SEM) is being modified to 
allow fuliy-automated grain-countiug in addition to its routine manual use. The manual low- 
vacuum mode of operation is ideal for much mineralogy, as no sample coating is requid. We 
refer to this mode as the "GeoSEMn, and to the programmable mode as the "AutoGeoSEMn. We 
are investigating applications in exploration for mineral sands, diarnonds and oii, and other areas 
where precise heavy-mjneral assemblage iuformation is likely to be usefuL The tcchnique has bccn 
used on polished sections of mineral grains, and on rough g r k  mounted on adhesive tape. Whcn 
the minerals can be readily i d e n W  fiom the energy-dispersive X-ray spectrum, we can identify 
grains at rata of up to two per second. Currently the SEM can accommodate 36 sample mounts, 
each of 25 mm Square, so large numbers of graius can be identified and counted overnight. 
Examples of some of the possibilities and dilliculties of the technique are discussed. 

Low-vacuum SEM (GeoSEM) has proven to be 
very useful in a range of mineralogical tasks 
(Robinson and Nickel 1979, Nickel 1981, 
Robinson, 1998). Experience with manual 
operation on repetitive tasks indicates a 
substantial need for automation. Unattended 
computer control of the SEMIEDX has the 
potentiai of considerably expanding exirting 
uses for the GeoSEM. Some mineralogical 
grain-countiug tasks which are far too labour- 
mtensitive when undertaken manually will 
become practical with the AutoGeoSEM. 

Modern SEMs are now designed for rnanual 
control via computer interfaces. The mouse and 
a graphical user interface have replaced the 
traditional knobs and switches. This provided 
windows of opportunity for CSIRO Exploration 
and Mining to spec* automation capabilities 

when replacing an old GeoSEM. The computer 
interfaces whkh allow the operator to use thc 
mouse and on-screen menus also allow 
straightforward user-written pmgrams to 
control the SEM for unattended opcration. The 
standard EDX spectrometer supplied with the 
SEM also runs under full computer controi, and 
c m  be similarly programmed. The EDX 
spectrometer can not only collcct X-ray spectra 
but it can also control the SEM beam via the 
interfaces normaliy used for X-ray mappmg. 

We make the simpl@hg assumption that the 
target heavy mineral assemblages are composed 
very largely of mono-rnineraliic grains. Where 
the detection and identification of inclusions 
and composite grains is important to the 
outcome, our current technique is inappropriate. 



2 METHODS 

The mineral grain counting strategy we are 
using has a number of simple logical steps. The 
strategy outlined here is designed for uncoated 
or coated polished sections. The sample 
mounts n e 4  to be representative of the bulk 
sample, but poorly polished sections can be 
toierated. Indeed sectioned but unpolished 
sampie mounts have been used. Rough grain 
sample mounts require some slightly diffkrent 
strategies to those outlined here. 
The bask steps used m the AutoGeoSEM are: 
1. The SEM moves to a sample mount and 

c o k t s  and stores an electron image of a field 
of view containing perhaps 100 or more graius 
0%. 1)- 

2. Image analysis (using routmes fiom a 
commrcial package) is used to examine the 
image and to mognise the grains. It can 
distinguish pairs of grains which may be 
touching from cracked or irrcgularly-shaped 
grains with a rtlatively low error rae. 

3. The location of the centroid of each grain 
is calculated by the image anaiysis routines, as 
am 0 t h  pamme$ers such as area, size and 
shape if needed. 

4. The electron beam is placed on the 
centroid of each grain m turn, and the X-ray 
spectrum is coliected for between 0.1 second 
and 1 second, and the spectnim stored (Figs. 2 
and 3). 

5. The x-ray Spectrum is interpreted to 
allocate that graiu mto one of a number of 
groups, based on the relative heights of element 
peaks observed m the spectrum. These groups 
may be predetenniued from a list of expected 
minerals. They may aiso be allocated 
automatically during the run by groupmg 
together observed spectra with similar 
characteristics as they are encountered. A 
combination of both strategies promises to 
prove very useful 

6. Some of the groups can be assigned 
unambiguously to specific minerais. For 
instance, zircon has a simpk unique X-ray 
Spectrum Other groups may cover a number of 
minerals with a broadly sixniiar chemical 
composition (Fig 4.). 

7. Depending on the task requirements, a 
second longer X-ray collection period can be 
used on grallis which f d  into specified groups. 

This will provide data for a semiquantitative or 
quantitative EDX analysis. Thtse analyses can 
be used to resolve important ambiguities in the 
grain 'identifkation. Those ambiguities which 
are not important to the task in hand can be 
ignored rather than devoting extra counting 
time to cokt ing  non-essential &ta. 

8. When X-ray &ta have been coilectcd 
fiom all the grains m the kld of view, the 
program moves thc sampk stage to the next 
fieldsf-view, and those grains are imaged and 
identihi. 

9. This is repeated for all the desired sampie 
mounts that are loaded in the SEM sample 
chamber. Our sample stage is 150 mm square, 
so a considerable number of sample mounts can 
be accommodated and examined before 
opcrator mtervention is req- for a sampie 
change. The arca required on each sampk 
mount wiil depend on thc grain size and the 
number of grains to be examintd. 
The current version of the software allows for 

the optional post-processmg of the mincral 
classifkation step. Data ahady collectcd and 
archivcd can be rt-evaluated if the classifkation 
strategy needs to be refincd. This may occur 
either if minerais not bithily expectcd are 
found, or if one or morc of the iuitial classes 
prove to have been poorly denned. 

The spectrum fiom each grain m a given 
group c m  be displayed easiiy for thc user to 
check for errors m classification. Individual 
grains can be locatcd on the stortd images, and 
the associatcd spectra examiiaed The SEM c m  
aiso retwn to individual gra9is on request to 
allow manual checking. This may be to 
examine closely a discovered grain of a mmcral 
for which one was searching. It can also be 
used to refine procedures and explain appamnt 
emrs. 

It is possible to select a subset of graius by 
nominating the backscattered electron 
reflectance levels to be hcluded in the grain 
count. For instance, low electron-reflectance 
grains like quartz could be ignored or high 
reflectamx grains like zircon could be speci6ed 
to save time in certaiu specific tasks. 

We have some other related programs which 
allow manual sebxtion of the points for X-ray 
collection (Fig. 51, and for semi-quantitative 
EDX analysis. T h e  have considerable 



Figure 1. 0 n e Ä u ~ ~ h l  h e  of a mineral sands Figure 2. Part of a screen snapshot as the computer 
non-magnetic fraction, showing area of Figure 2. puts the electron beam on the centroid of each grain 

in tum. Part d y  of the ihme shown in Figure 1. 
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Rutile 
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Figure 4. Results of m t i n g  3154 grains d a 
m i n d  sands nm-magnetic M m .  

- -1 

Figure 3. X-ray spectra fiom the points on grains 3,5,6 Figure 5. Computer display of manuaiiy selected 
and 16 in Fig 2. 10 evfchannel, 20 KeV wide, 0.1 sec points later used for automatic rapid X-ray collection 
coiiectim time, 30kV, circa 4 nA beam current. on uncoated rough diamond indicator minerals 



potential to improve the efficiency of GeoSEM 
use ui diarnond indicator mineral identification. 

We also have a microprospecting program to 
scarch for and classify rare grains of gold or 
platinum-group minerals down to a size of 0.5 
micrometre. The microprospecting program is 
a commercial gun-shot residue analysis 
program designed initially for forensic science, 
but suitable for other rare-phase searches. 

3 CONCLUSIONS 

One major aim of our AutoGeoSEM design is 
to iuclude a substantial degree of fiexibility and 
programmability so suitable strategks can be 
chosen and optimised for di&rent tasks. 
The project is at an mitial prototypc stage and 

we have been usmg locally available samples 
for htrument testing and development. We are 
setking advicc from mheralogists and potential 
users on the future development of the 
AutoGeoSEM. 

Suggestions of grain identification tasks of 
importancc to exploration and mining 
companies which may be suitable for the 
AutoGeoSEM technique wiil be welcomed. 

In a broad sense the techniques outiined here 
are common to all modem SEMIEDX systems. 
Specific details depend on particular hardware 
codigurations. Ideally there would be much 
greater efficiency and progress if SEM and 
EDX manufacturers would agrec to move 
towards a common set of computer control 
protocols. This would make the transfer of 
programs between different instruments much 
easier. It would also reduce thc costs of 
developmg and usmg application-specifk 
mineralogical programs. 

Our development of the AutoGeoSEM is based 
on the examples of a wide range of previous 
SEM and electron microprobe automation 
projects. The pioneering work of the CSIRO 
QEM*SEM team has been one major 
inspiration. Invaluable assistance has been 
provided by Ken Mason of Eastem Analytical 
Pty Ltd, Grahame Rosolen of CSIRO 
Telecommunications and Industrial Physics and 
Nick Ware, of the Australian National 
University, Research School of Earth Sciences. 

Staff fiom Tiwest Pty Ltd, Peter de Broekert of 
CSIRO Exploration and Mining, and Lynda 
Frewer of Diatech Hcavy Mineral Services havc 
providcd test samples, idea and 
encouragement. 
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The origin of the fine-grained rocks and PGE mineralization in the 
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ABSTRACT. The origin of the fine-grained rocks could be explained by injections of new magma 
portions. Magmas of additional intrusive phases had the chemicai composition close to the primary 
magma and DM isotope-geochemical signatures (md =0.7 - -3.9 for mcks of the layered series, EM 

=+3.0 - +3.9 for he-grained rocks). The chilled crystallization of the fine-grained rock could be 
due to rapid loss of volatiles (decompression effect) and temperatum difference between residual 
and additional melts. At least some portions of new magmas were trapped in the solidificated part 
of the layered mafic intnision and the pressure 9.0-12.0 kbar is related to the shock pressure of a 
new magma injection. The richest Fe-Ni-Cu sulfide and platinum metal mineralization is related to 
the potholes. The secondary mineral composition and zoning of the ore bearing rocks with (Ml) 
assemblages are well reproduced by a model of the diffusive grain interaction. The formation of ore 
bearing (M2) mineral assemblages is described by the model of a metawmatic decompression. 

1 STRUCTURE OF THE INTRUSION 

The Lukkdaisvaani mtrusion is located in the 
east of Paauajärvi r i .  stnrcture. The intrusion 
was dated with U-Pb method at 2442+1 Ma. 
The Lukkulaisvaara intrusion forms an irregular 
ellipse in pian and has been traced along the 
strike not more than 10 km. The width of the 
intnision is up to 4.6 km, gravity surveys have 
shown it to be 1.5 km in depth and with a real 
thickness of about 4.5 km. The strike of 
layering and trachytoid fabric is 0-15' ENE in 
the western and central parts and 40-45' NE in 
the eastern part of the intnision. The angles of 
dip of the layering structures vary within 45-70' 
to the N. Within the layered complex lenticular 
bodies of fine-grained gabbro-norites and 
norites of different thickness oriented along the 
magmatic layering ate identif~ed. The presence 
of these gabbro-norites and norites is a typical 
feature of the intrusion. The primary role of 
crydization differentiation in the process of 

massive formation is confumed by the verticai 
sequence of cumulative paragenesis and can be 
presented as follows: (1) Low marginal zone - 
up to 150 m thick, (2) Ultrabasic zone - up to 
450 m, (3) Norite-1 zon - more than 900 m, (4) 
Gabbro-norite-1 zone - up to 700 m, (5) Norite- 
2 zone - variable thickness with an average of 
160 m, (6) Gabbro-norite-2 zone - up to 1670 
m, (7) Upper marginal zone made up of gabbro- 
norites - up to 620 m. According to the 
chemical data we calculated the mean weighted 
composition of the layered complex: Si@ = 
51.02, T i a  = 0.28, A12Q = 15.35, FeO = 7.82, 
MnO = 0.16, MgO = 12.69, CaO = 9.61, Na20 
= 2.00, K20 = 0.33, P20s 4-03. Comparison of 
mean weighed composition of the intrusion 
with compositionally different magmas points 
to a consistency with magmas of the boninite - 
marianite series (Camerron et al., 1979). 
However, this does not solve the problem 
concerning the composition of parental magma 
because of the possible multiphase stmcture of 



the intnision. The structures are sirnilat in 
morphology with the Merensky Reef strucaires 
known as "potholes" in the Bushveld Complex 
(Kruger and Marsh, 1985; Balihaus and 
Stumpfl, 1986; Baiihaus, 1988) were mapping. 
Many authors (Campbell et al., 1983; Campbell, 
1986; Kruger and Marsh, 1985) relate the origin 
of the potholes to injection of new portion of 
magmas. The chatacter of the structures is 
emphasized by a similar set of the forming 
rocks, namely, spoted anorthosites, gabbro- 
pegmatites, and poikilitic bronzitites and 
norites. The presence of fine-@ed rock is a 
peculiarity of the potholes-like sitnicture. The 
fabric of these rocks suggests rapid 
crystalhtion of new melts. Two main genetic 
types of sulfides and PGE minerals occur with 
largest he-grain rock bodies: a) sulfides and 
PGE minerals of magmatic stage occur in the 
veins bronzitites and gabbm-norites within the 
bodies of he-grained gabbto-norites, b) 
sulfides and PGE m i n d  of a metasomatic 
stage occur along the intemal angular 
unconformity of the pothole-like structures and 
near the contact of fine-grajned lithologies with 
the underlying layers. Sulfides (type a) with 
secondary minerals (talc + anthophylite + 
actinolite) fill the space between magmatic 
minerals or form microveins which crosscut 
both plagioclase and bronzite. Sulfides (type b) 
occur as fine disseminations and form 
segregatiom with secondary minerals (actinolite 
+ hornblende + clinozoisite + chlorite; 
q l i t e ,  K-feldspar, garnet, biotite, quartz, 
albite and muskovite may be present). 
Unaltered or weakly altered rocks make up 
about 30% of the layered series. A high degree 
of alteration is typical for sulfide-bearing rock 
with P G E - m i n a o n .  

2 ORIGIN OF THE FINE-GRAINED ROCKS 

The fine-grained gabbro-norites and norites 
form large and small lenticular bodies. The 
mean weighted composition of the largest 
bodies of fine-@ed rocks are: (a) First body 
(thikness about 100 m) - S i a -  51.88, T i a -  
0.17, A1203- 16.74, FeO- 5.35, MnO- 0.14, 
MgO- 1 1.20, CaO-13.33, Na2O-1.06, K00.09, 
P205- 0.03; (b) Second body ( t h i k s  about 80 
m) - S i a -  50.97, Tia-0.10, A1203- 15.75, 

FeO- 6.81, MnO- 0.14, MgO- 12.32, CaO- 
12.20, Na20-1.54, K& 0.13, P205- 0.04. The 
mean weighed composition of the 
Lukhlahaara intnision is chemically close to 
the mean weighed composition of the large 
lenticular M i e s  of fine-grained rocks. There 
are some diffmces in Cahnten t .  
Concentrations of Cr are above 300 and 800 
ppm in the first and second bodies respectively. 
That is typical for low-evolved mantle melts. 
The TREE concentrations m the he-grained 
rock have the prjmitive chanicter and the 
TREE patterns are s u b h h n t a l  with a slight 
TREE enrichment up to 8 times chondritic. 
Symmetrical distribution of rock-forming 
ele-, Cr, Ni along the profile thtough the 
he-grained rock bodies characterizc the last as 
independent -c formations, 
q d b t i o n  of which took place under 
conditions of closed system. Isotope 
investigatiom also support this conclusim. No 
mixing or only negligiie mixing rate can be 
suggested fiom for 3 msons: (1) the difference 
in physical properties of new and resident 
melts (Sernenov et al, 1996), (2) the h e -  
gmhed rocks are distinctly charactetized by 
positive EN&') h m  +3.04 to +3.94 ( m m  
0.7 - -3.9 for rocks of the layered series), (3) 
primary character of composition and chilled 
structure of the fine-grained rocks). The 
injection of melt into the chamber suggest that 
the melt was under higher pressure - P, 
(including partial pressure of the fluid for wet 
system) dian the pressure m the magmatic 
chamber. That is why the chilled crystakatim 
of the h e  grained rocks could be due to rapid 
loss of volatile (decompression effect) and 
temprature dflmnce. 

3 CONDITIONS OF A NEW MAGMA 
INJECTION 

Garnet-bearing mineral assemblages with 
occusion kyanite and orthoclase were found 
around some large bodies of finagrained rocks. 
Fine-grained garnet (less than 0.01 mm) form 
isometric aggregates up to 0.2 mm across, or 
skeleton qstak enclosing small plagiociase 
grains.Thegarnetalsooccursintheaxialparts 
of hornblende segregations. Garnet was 
discovered in the assemblages with sulfides. In 



the totally recrystallized lithologies, aggregates 
of the garnet-bearing m i n d  assemblages 
replace the primary plagioclase. The 
assemblage homblende + garnet + secondary 
plagioclase under dry conditions was used for 
the P-T estimation. Equlibria were calculated 
with TWEEQU program (Benn811 1988, 1991). 
There is 5 possible equilibrium that can be 
written for the selected end-member phases. 
The results gave P8.5-12.0 kbar, T= 550- 
90O0C for the samples taken near to the contact 
with the body of fine-grained rocks (in the place 
where kyanite, orthoclase and gamet were 
found), and P= 2.6 -7.6 kbar, T=500-750°C for 
the sample taken at some distance h m  the 
body of the he-grained rocks (Fig. 1, c). The 
P-T conditions of metamorphism received h m  
gamet assosiations can be a result (influence) 
of the additional magma injection in case of a 
ftesh rnagma intrusion into the crystallized 
(solidificated) part of the chamber: maximum 
pressure @,,,=12.0 kbar) obtained fiom 
exocontact mne of the fine-grained rock bodies 
has to correspond to conditions of the fiesh 
magma intrusion, but the minimum one (P,=8.0 
- >3.0 kbar) may be connected with the 
distance of the sample fiom the place of new 
magma injection d o r  with the relaxation of 
the P, in the rocks. ~ = 8 0 0 - 9 0 0 ~ ~  reflects the 
temperature condition of the solidificated part 
of layered intrusion at a cooling stage. 

4 ORIGIN OF THE PGE MINERALJZATION 

The results of the study of the Lukkulaisvaara 
ore-bearing rocks are following: a) discovery of 
the relations h e e n  the PGE-rich ore deposits 
and altered rocks of the pothole-like structures. 
We suppose that the potholes play the role of 
''traps" or geochemical b e e r  for highly 
minerahd fluid; b) coexistence of sulfide 
minerals and minerals of precious metals with 
the secondary silicate minerals and calcite in all 
studied cases; c) conditions of the formation of 
ore-bearing mineral associations are: T= 660- 
800°c and P1.5-3.0 kbar (Fig.l,a - talc + 
anthophylite (Ml) assemblages); ~=320-450Oc 
and P=1.5-2.5 kbar @ig.l,b - actinolite + 
homblende + clinomisite + chlorite (M2) 
assemblages); d) the fluid of the ore-bearing 
rocks was enriched with chlorine; e) the Ml 

association developed in the veins of 
pyroxenites and gabbro-norites located in the 
middle part of the large bodies of fine-grained 
rocks and the M2 association developed m 
leucocratic gabbroaorites and anorthosites 
overlaying the h e - p h e d  gabbro-norites of 
norite-II zone. They are characterkd by the 
richest sulfide and platinum mineralization. 
Theoretically, it has been proved that the bodies 
of he-grained rocks should cause deformation 
of the host rocks at the stage of intnision 
cooling. Such a deformation caused local 
decompression, which in turn increased the 
porosity of the rock and might have acted like a 
"pump" for the fluid. The formation of the ore- 
bearing mineral assemblages (M2) near the 
contact of large bodies of fine-grained rocks 
with the underlaying rocks was the resuit of 
local decompression. 

Fig.1. P-T dhgmms for secondary mineral assembiages: 
OrPbearhg mineral associations: (a) talctanthophyllite 
assemblages - T = 660 - 800' C, P = 1.5 - 3.0 kbar; (b) 
clinozoisite + tremolite + chiorite + quartz + biotite 5 
muskovite assemblages - T= 320-450°c, P 1.5-3.0 kbar; 
(c) Metamorphic P-T path for the rocks of the 
Lukkulaisvaani Intrusion: (1) P-T umditions obtained by 
TWEEQU method; (2) P-T mnditions comtmhts on the 
base of the paragenetic analysis; (3) P-T conditions 
coastraiiis on the base of gas-water inclusions 
-on (Semenov et a1.,1998), 4 - number of 
samples, 5 - precision of the P-T m d g .  



The models of ore mineral redeposition 
discussed by Balihaus and Stumpfl(1986), and 
Boudreau and McCallum (1992) deal with the 
high temperature metasomatic fluid alteration 
(about 730°C and >1OOO0C). The source of this 
fluid, as proposed by Boudreau and McCallum 
(1992) could be the intercumulus liquid. Within 
the Lukkulaisvaara massive, the redeposition of 
the precious metals took place at temperature 
660-880°C (Ml) and 320-450~~ (M2). The 
isotope data also show that the age of the 
secondary mineral associations does not differ 
(within the uncertainties) from the age of the 
intnision itself, and that the metasomatic fluid 
wiul s ~ d  =+2.1 (initial 87Sr/86Src0.7028) 
exhibits mantle characteristics (Semenov et al., 
1998). These can be the result of a less degree 
of fluid con -on. Three versions of the 
aiteration processes were studied by means of 
computer modeling using the method of step- 
by-step multiwave reactor with various 
waterlrock ratios (WIR): bimetasomatic 
interaction of Merent minerals; 2) 
metamorphic alteration; 3) metasomatic 
alteration by fluid flow coolhg and 
decompression. The secondary mineral 
composition and mning of the mk with (Ml) 
assemblages are well reproduced by a model of 
the diffusive grain interaction. Minimum W/R 
vdues for starting orthopyroxene substitution 
are by 1.5-2.0 orders of xnagnitude lower than 
for Pl, corresponding to much wider reaction 
rims mund Opx grains in these rock. Na-rich 
amphibole forming after plagioclase is also 
characteristic. Integral W/R is near 0.01 and is 
determined by fluid stock in the remaining melt. 
The formation of (M2) mineral assemblages is 
described by the model of a metasomatic 
decompression pmcess. The development of 
such pmcess is favored by low temperature 
conditions when brittle deformation becomes 
leading to the formation of fluid conduits. 

1. The presence of the fine-grained rock is a 
peculiarity of the potholes-like structure of the 
Lukkdakaara intrusion. The origin of the fme- 
grained rocks could be explained by injections 
of new magma or melts portions because 
magmas of additional intnisive phases had the 

chemical composition close to the primary 
magma and mantle isotope-geochemical 
signatures (wd ~ 0 . 7  - -3.9 for rocks of the 
layered series, s ~ d  3t3.0 - +3.9 for fine-grained 
rock). The chilled crystallization of the fme- 
grained rock could be due to rapid loss of 
volatiles (decompression effect) and 
temperature Merence between residual and 
additional melts. At least some portions of new 
magmas were trapped in the solidificated part of 
the layered mafic intrusion and the W.0-11.5 
kbar is related to the shock y u r e  of a new - 
magma injection. 
2. The richest Fe-Ni-Cu sulfide and platinum 
metal minerabiion is related to the potholes. 
The secondary mineral composition and mning 
of the ore bearing rock with (Ml) assemblages 
are well reproduced by a model of the -ive 
grain interaction. The formation of ore bearing 
(M2) mineral assemblages is described by the 
&del  of a metasomatic decompression prÖcess. 
3. The formation of ore-bearin mineral f associations occurred at T=660-800 C, F1.5- 
3.0 kbar (asmciatiom Ml) and T = 320-450°c, 
P =1.5-3.0 kbar (associations M2). Ore-bearing 
rocks were formed under the influence of highly 
mineralkd reducing hydrothermal solutions 
2442 Ma ago due to reworkhg of the intnisive 
rock and an infiux of a new portion of the 
mantle fluid with sppt2.1 and initial 
*'~r/86~~0.7028. 

This w d  is supported by gnuit RFBR 005-65 168. 
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Environmental mineralogy in the intemational Kola and Barents 
Proj ects 

E.F. Stumpfl, A. FeIfemig, D. Gregurek* 
Institute of Geological Sciences, Universio of Leoben, Austria 
stumpfl@ unileoben. ac. at 
* present address: Naintsch Mineralwerke, Graz, Austria 

ABSTRACT. The intemational Kola Project (Norway-Finland-Russia; miueraiogy: Austria) has 
accumulated a vast amount of analytical data h m  various media to determine quantitatively thc 
environmental impact of the Russian nickel miuing industry in the Kola Peninsula. Mineraiogicai 
mvestigations of snow and soi1 sampies reveal a wide spectnun of geogenic and anthmpogenic 
components, mcluding sulphides, oxides, alloys, silicates and slags. First mineralogical results are 
also presented from the intemational Barents Project, which extends the limits of the Kola Pmject to 
include an area of 1.5 &on lun2 in NW-Russia, Finland and Norway. 

Selected data and information h m  two major 
intemational projects are presented m this note. 
The main aim is to show that mineralogical 
mvestigations in r e k t e d  (and sometimes 
transmitted) light, combined with quantitative 
microprobe analyses shouki form an integral 
part of any project concemed with metal con- 
tamination m the environrnent. It is not only the 
presence of potentially hazardous elements in 
snow, soils and sediments which need to be 
determined and analysed, but aiso the minera- 
logical form and the textural setting in whkh 
these elements occur. The protection of Ni-Co- 
Cu sulphide globules, emitted from smelter 
smoke stacks, by a layer of sikate slag or ox- 
ides may render such grains relatively hannless, 
while sulphides without protective cover can 
easily be attacked by circulating waters in soils 
and sediments (Gregurek et.& 1998). This 
leads to release of Ni, Co and Cu, and contami- 
nation of ground water, streams, rivers and 
plants. It thus depends on the mode of accom- 
modation of potentially hazardous elements in 
the crystal httice of minerals and alloys or on 
adsorption onto organic particles, whether these 
elements are avaiiable for distribution in the 

environment or whether they remain immobi- 
lised. These questions are of crucial importance 
in environmental damage assessment; they can- 
not be answered if chemical data only are con- 
sidered. Mineralogkal mvestigations must be 
included in the respective programmes. 

2 THE PROJECTS 

The intemational Kola project has been planned 
and executed jointly by the Geological Surveys 
of Norway (NGU) and Finland (GTK), and by 
the Kola Geological Expedition, Russia (CGE). 
The considerable amounts of emitted S a  
(300.000 t/year) and metals (severai thousand 
t/year) by the nickel industry in the Kola Penh- 
sula wete at the root of the Kola project. It 
comprised a comprehensive study of the distri- 
bution of 40 elements in an area of 185.000 km2 
m the Russian, Finnish and Norwegian parts of 
the Kola Peninsula, with special emphasis on 
major sources of pollution, Le. the nickel min- 
ing and processing centres of Zapoljarnij, Nikel 
and Monchegorsk (Tommervik et.aL, 1995). A 
large number of media, including snow, rain- 
water, soils, sediments, river and lake waters, 
plants and animals have been investigated 
(Äyräs & Reimann, 1995; Caritat et.aL, 1996% 



b; Reimann et.aL, 1998). Mineralogical studies 
of snow melt water Nter residues and soil sam- 
ples at the Institute of Geosciences, University 
of Leoben, Austria, have been supported by the 
Austrian Research Fund (FWF). 

The international Barents project can, to 
some extent, be considered an extension of the 
Kola project to an area of about 1.5 million km2 
from the Northem Urals to the North Cape, and 
to the area of St. Petersburg in the south. In an 
initial step of this four-year project, soils sam- 
ples from 9 catchments in this vast area have 
been taken during a sampling campaign usmg a 
fixed-wing aircrafi in summer 1999. Minera- 
logical investigation of mineral concentrates 
fiom these samples are presently underway at 
the Institute of Geological Sciences, Leoben. 

3 THE KOLA PROJECT 

Three aspects have been selected for inclusion 
in this report: 

Mberalogy of snow samples; correlation of 
snow mineralogy with chemical analyses of 
snow samples; correlation of snow and soil 
mineralogy 

Snow samples have been taken during the 
1995196 winter in the vicinity of the main emit- 
ters, Zapoljarnij, Nikel and Monchegorsk. They 
were processed at the laboratories of the Geo- 
logical Survey of Finland and meltwater filter 
residues were sent to Leoben for mineralogical 
mvestigation. These snow samples represent 
atmospheric deposition of the 1995196 winter. 

The lilter residues contain grains m the 3 to 
50 pm grain size range. These have been em- 
bedded m araldite resin, and poiished on a 
Rehwald machine fniishing with 0.5 p diamond 
polishing paste. Microprobe analyses and SEM 
itnaging war performed on ARL, respectively 
JEOL instruments at Leoben. 

Reflected light microscopy of Nter residues 
revealed varying proportions of geogenic and 
anthropogenic components depending on the 
location. In Zapoljarnij higher proportions of 
geogenic grains were obsemed, in Monche- 
gorsk anthropogenic grains dominate. 

Geogenic components comprise silicates (oli- 
h e ,  pyroxene, amphibole, plagiociase) as well 
as oxides (magnetite, chromite) and sulphides 
(pyrrhotite, pentlandite, chalcopyrite, pyrite). 
Fragments of ore samples from the operating 
nickel-copper mines near Zapoljarnij (Pechanga 

(Pechanga area ; Abzalov & Both, 1997), with 
typical intergrowths textures, showing networks 
of ino- and phyllosilicates in a sulphide matrix, 
have been well preserved in snow samples. 

The most conspicuous anthropogenic compo- 
nents are well-rounded globules in the 20-60 p 
grain size range, derived from smelters at Nikel 
and Monchegrosk There are both, sulphide and 
slag globules; both may also contain oxides in a 
variety of textural positions. These globules 
cover a wider compositional field in the Cu-(Ni, 
Fe, Co)-S-system. Slag particles are mostly of 
Fe-Mg slicate composition. Ailoys also occw; 
Fe tends to be a major component. PGE alloys 
are extremely rare and have only been observed 
m samples form Monchegorsk. 

Routine analyses of 40 elements were per- 
formed at GTK in Rovaniemi, Finland. The 
analytical spectrum mcluded the platinum group 
elements (PGE). Their distribution pattems re- 
veal distinct differences between samples fiom 
Nikcl, where mostly low-PGE Pechenga (aver- 
age 1 ppm Pd) ores are processed, and samples 
fiom Monchegorsk where Pechenga ores are 
mixed with ores from the PGE rkh (total = 6 
ppm) Norilsk deposits in northem Siberia. 

Soil samples have been taken at all Kola 
localities from exactly the same points (GPS 
monitoriug) from which the snow samples had 
been derived. Soi1 samples represent about 60 
years of industrial input; nkkel mining and 
processing in the Kola peninsula cornmenced m 
the 1930ies (Boyd et.aL, 1997). Mberalogy of 
samples from both media show many simuari- 
ties; the major difference is the advanced stage 
of oxidation obsemed in many sulphides, both 
geogenic and anthropogenic (Gregurek et.ai, 
1999). Unless individual grains are embedded 
in silicates or slag, or covered by a slag or oxide 
rim, alteration to Fe-oxides and hydroxides has 
advanced signiticantly. Frequently sulphates 
and, especially, melanterite (FeS04 . 7H20) has 
been fonned. PGE in soils seem to be rather 
"static"; compared to snow samples PGE in 
soils are significantly higher, ie. 7pg vs 189 pg 
in snow and soil h m  a locality near Monche- 
gorsk. 

4 THE BARENTS PROJECT 

This intemational project may b e considered an 
extension and continuation of the Kola project, 
covering a much larger area and focussing on 



differences between pristine areas without any 
industrial activity and areas contarninated by 
varies industries. Comprehensive geochemical 
analyses (40 elements, ICP-MS) have already 
been performed by the Geological Survey of 
Finland (GTK), Rovaniemi. Representative soil 
samples h m  the O-horizon of the nine catch- 
ments have been processed at Leoben; magnetic 
and non-magnetic mineral fractions have been 
obtained after removal of organic matter by 
H 2 a ;  some samples have been treated by heavy 
liquids (tetrabromethane, p = 2.96)) to obtain 
fractions with D > 3. Polished sections, as weli 
as polished t b  sections, have been prepared 
fiom these concentrates. Pristine areas are char- 
actcrised by opaque mineral associations liniced 
to bed-rock compositions, Le. widespread ori- 
ented ilmenite-hematite and hematite-ilmenite 
intergrowths in areas dominated by gneisses 
and granitoids. A wider Spectrum of primary 
rock components, iucludmg chromite and mag- 
netite, c m  be obsenred in areas dominated by 
river sediments, ie. Narjan Mar. Various an- 
thropogenic components, including slags, coke 
particles, d o y s  and globules have been identi- 
M. Detailed evaluation of the results amis at 
correlatmg mineralogical compositions as re- 
v e d  by r e k t e d  light microscopy with dis- 
tinct types of mdustrial activity, and with the 
results of geochemical analyses. This will facili- 
tate recognition of mineral carriers of poten- 
tiaily hazardous elements. 

5 CONCLUSIONS 

Refiected light microscopy and microprobe 
analyses of geogenic and anthropogenic com- 
ponents m snow nIter residues, soil samples and 
heavy mineral concentratcs obtained fiom soils 
and se!diments have emerged as a powerful tool 
in environmental investigations. Carriers of 
potentiaily hazardous elements c m  be identified 
as, either, unstable (sulphides) or stable (oxides, 
siiicates) m soils and sediments. Distinct min- 
eral and phase associations can be attributed to 
geological environments (rock types, operatmg 
m k s )  or to sources of industrial pollution 
(smelters, thermal power stations, cement plants 
etc.). 
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The Environmental benefits of reprocessing metalliferous spoil 
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Znstitutt for geologi og bergteknikk, NTNU, 7491, Trondheim, Norway 
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ABSTRACT. Wales has had a history of non-ferrous metal mining since the Bronze Age, with the 
major mining period beiug during the Nineteenth Century, the legacy of which are some 1 300 for- 
mer metal mining sites. Of these, 200 have a serious impact on the environment, particularly with 
regard to the contamination of water sowces due to the leaching of residual heavy metals. Reproc- 
essmg of metalliferous spoil attempts to achieve overall reductions m metal content and where pos- 
sibie, conversion of metals to a form less susceptible to removal through leaching. Neither of these 
concems are addressed by the currently used encapsulation and covering techniques, where h 
spoil remains untreated with the possibility that a future event will result m further pollution. Suc- 
cessful reprocessing leads directly to an improvement in the site's conditions. Profits from the sale 
of reprocessed minerals c m  be used to o f k t  the costs of the remediation program. Other end bene- 
fits are improved water quality, prevention of airborne pollution from tailings and mcreased vegeta- 
tion. This leads to greater aesthetic and amenity value and compliance with environmental legisla- 
tion. 

Reclamation of metalliferous spoil associated 
with disused non-ferrous metal mines presents a 
broad spectrum of environmental problems. It 
is particularly relevant to Wales, which has his- 
torically been a major mining area for non- 
ferrous metals, where mining activities ceased 
long before statutory controls on mining were m 
place. However, this topic also has global sig- 
nincance and it's application to sites iu Norway 
is currently under investigation by the author. 

The main period of lead minhg in Wales was 
during the Nieteenth Century and unta 1870 
Wales was one of the world's major lead pro- 
ducers. Inadequate processmg methods were 
responsible for large metal losses and it is esti- 
mated that 1 to 1.6 tons of lead were released to 
the environment for every ton reported in offi- 
cial statistics. 

Approximately 1300 former metal mines 
have been identified iu Wales by the Welsh 

Environmental Protection Agency. Of these, 
some 200 have a serious impact on the envi- 
ronment, in particular from contamination due 
to the leaching of residual heavy metals to the 
aquatic environment and the release of fines. 
In this study, 11 mines were investigated m 
order to represent a typical cross-section of Pb- 
Zn minespoil types. 

Physical, chemical and bacterial mineral 
processmg techniques were utilised m this 
study, together with a range of standard envi- 
ronmental leachiug tests. Reprocessing of met- 
alliferous spoil attempts to achieve overall re- 
ductions in metal content and where possible, 
conversion of metals to a form less susceptible 
to removal through leacbing. Neither of these 
concems are addressed by the currently used 
encapsulation and covering techniques, where 
the spoil remains untreated with the possibility 
that a future event will result in further pollu- 
tion. 



- Assessment of the quality of Pb-Zn spoil in 
a wide range of sites. - Investigation of the potential for metal re- 
movai using mineral processing techniques. - Consideration of environmentai acceptabid. 
ity of raw spoil and processed tailiugs. - Ptoduction of guidelines for decontamina- 
tion applicable to other sites. 

3 CONCLUSIONS 

Successful reproctssmg leads directly to an 
improvement m the site's conditions. Profits 
from the sale of reprocessed minerals can be 
used to offset the costs of the remediation pro- 
gram. Other end benefits are improved water 
quality, prevention of airborne pollution fiom 
tailings and mcreased vegetation. This ieads to 
greater aesthetic and amenity value and com- 
piiance with environmentai iegislation. 

Characterisation has proved that spoil at these 
sitcs is highly heterogeneous in terms of both 
size and metal assay. Signincant reductions 
may be made in spoil heavy metal content and 

rcduction m the volume of the contaminated 
material, reducing the cost of disposal for the 
latter. 

Separation of the h e  material fmm the spoil, 
which would otherwise be a source airborne 
contamhation, is achieved by successfui re- 
processing. Tailings produced by successful 
reprocessing are highly resistant to leaching of 
residual heavy metal to the aquatic environ- 
ment. Gravity separation techniques are prefcr- 
abk. No smgk technique will compietely de- 
contamiaate a site, due to the extreme heteroge- 
neity m rnetal assay and size of such spoil 
This requited that mineral processing tech- 
niques applied to spoil from each site were site 
specitic. 
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Characterization of iron ochre deposits formed by the oxidation 
processes of sulphides in pyrite and stibnite deposits in the 
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ABSTRACT. The iron ochre deposits formed fiom mine waters in the region of pyrite and stibnite 
mines in the Malé Karpaty Mts. in western Slovakia have been investigated. Goethite, opal 
and jarosite occur as crusts and coatings on the dumps and tailings impoundments. Jarosite, poorly 
crystalline schwertmannite, goethite, fenihydrite(?), a mixture of iron arsenates and sulphates, 
hydrated ~ e " '  silicate(?), amorphous Si02 and Alz03 phases precipitate in mine waters and effluents 
fiom dumps and tailings impoundments. 

1 INTRODUCTION 

The pyrite and stibnite deposits in the Malé 
Karpaty Mts. lie in the western part of Slovakia, 
between towns Pezinok and Pernek in a nature 
reserve of the Malé Karpaty Mts. The 
mineralizations are bound to lenses of black 
shales in actinolitic shists and amphibolites and 
are associated with a large tectonized zone. 
Pyrite of the exhalation and sedimentary pyrite- 
pyrrhotite mineralization was rnined (Augustin, 
Michal, Pernek-Kri nica deposits), its 
exploitation flourished between 1850 and 1896. 
The hydrothermal Sb-As-Au mineralization, 
with arsenopyrite, pyrite, stibnite and 
gudrnundite as dominant ore minerals, cuts 
through the pyrite-pyrrhotite one and is 
connected with intense carbonatization process 
as well. Two Sb deposits were exploited: 
Pemek-Kri nica deposit (1790 - 1922) where 
several abandoned dumps remained, and the 

Kolhsky Vrch deposit (1 790 - 1 99 1) where the 
waste afier flotation processing was deposited 
in three tailings impoundments since 1906. All 
mining activities on these deposits have ended 
and the tailings impoundments are now 
inactive. 

The weathering of ore-bearing rocks and the 
production of secondary minerals in the pyrite 
and stibnite deposits in the Malé Karpaty Mts. 
are intensified by mining activities. A wide 
variety of secondary rninerals has been 
reported: allophane, azurite, cervantite, 
chapmanite, destinezite, gypsum, halloysite, 
hematite, jarosite, kaolinite, kermesite, limonite, 
malachite, Mn oxides and hydroxides, opal, Sb 
ochre, schafarzikite, scorodite, senarmontite, 
siderite, stibioconite and valentinite (for 
complete overview of mineral inventory see 
Kod ra ed, 1990 and Uher et al., 2000). 

2 ANALYTICAL TECHNIQUES 



Freshly precipitated iron oxyhydroxides were 
sampled for further processing and water pH 
was measured in mine drainage and effluents 
h m  tailings irnpoundments. Samples of mine 
drainage waters and HCl (1M) extracts of iron 
oxyhydroxides were analysed for Fqot (AAS 
with atomization in air-acetylene flame), Al 
(atomic emission spectroscopy with 
inductively coupled plasma), As, Sb (AAS 
with hydride generation), S04 (gravimetry), 
Cd, Cu, Mn, Pb, Si, Zn, Na and K (AAS) 
(Chemical laboratories of analytic methods of 
the Faculty of Naturai Sciences, Comenius 
University, Bratislava and the Slovak Academy 
of Science, Banskh Bystrica). Oxalate soluble 
Fe (Fe,) was detennined afler dissolution in 
arnmonium oxalate (Schwertmann 1964; van 
Reeuwijk et al. 1995). Minerals have been 
identified and characterized by X-ray powder 
dihct ion (XRD), transmission electron 
micrography (TEM) coupled with analytical 
electron microscopy (AEM), infiared 
spectroscopy (IR), Mössbauer spectroscopy 
(Ms), differential thermal and 
thermogravimetric analyses @TA, TGA). 
Munsell colour chart for colour determination 
of dried samples was used. Identification of 
chemolithotrophic bacteria in mine waters was 
accomplished by isolation tests. Polished 
sections of hard pans of Fe oxide rninerals 
were studied by means of optical microscopy, 
scanning electron microscopy (SEM), 
electronprobe microanalysing and XRD. 

3 RESULTS ANTI DISCUSSION 

Iron oxyhydroxides of the hard pans fkom 
sulphide-containing dump rocks - especially 
actinolitic schists - and from the vadose zones 
and paleosurfaces replace sulphide grains 
(mainly pyrite, arsenopyrite and gudmundite) 
and cement rockforming material. Goethite, 
opal and jarosite occur as main mineral species 
in these cmts and coatings. 

Jarosite was identified in the samples of 
Cesh iron ochre precipitates formed in acid 
conditions (pH = 2.5-3) of mine dump effluents 
in the pyrite deposit at Augustin. The samples 
collected fi-om identical sampling points eight 
months later contained schwertmannite. This 

change is likely to be a consequence of 
temporal depletion of S and a slight increase of 
pH in the mine drainage. However, iron ochre 
precipitates from the pyrite deposit of Augustin 
exhibit a low mole ratio Febt/Smt. Therefore, 
the main component is poorly crystalline 
nonsulphate compound, probably goethite. 
Microbial activity of Thiobacillus 
fmooxidans, Th. thiooxidans and 
Leptospirillum fmooxidans has been 
recognized. 

Schwerhnannite was detected also in fresh 
ochres, precipitated fiom weakly acidic water 
in the opening of an adit at the pyrite - stibnite 
deposit at Pernek-Kri nica. Ferrihydrite could 
be also forrned in these precipitates, however, 
its presence has not been proved reliably. In the 
overlying adit at Zubau goethite is present 
besides other non-specified oxyhydroxides. 
Fresh iron ochre sediments fiom this deposit 
accumulate Si (4.72 - 8.96 wt.%) and Al(1.98 
- 4.70 wt.%), but their speciation is not 
detexmined. Poorly-ordered hydrated ferric 
silicate was identified by IR absorption 
spectroscopy. 
In weakly acidic to neutral mine waters of 

the pyrite deposit at Michal fiesh ochres of 
yellow-brownish colour are formed, with low 
contents of S and high concentrations of Al and 
Si. Their mineral composition is unclear due to 
their amorphous character. Several species of 
bacteria Bacillus were identified in the marsh, 
filled by these young ochres. 

Samples of yellow-red ochre accretions 
produced in tailings effluents of the Sb-Au 
deposit at Kolhky vrch are exceptional 
because of their high contents of As (13.99 
wt.% - 15.73 wt.%) and S (5.00 - 5.32 wt.%). 
Freshly precipitated accumulations are 
extremely poorly crystalline and most likely 
consist of iron arsenate and sulphate 
compounds. Precipitates of sirnilar composition 
have been described by several authors 
(Leblanc et al. 1996; Pichler et al. 1999). 
However, As-S-rich iron ochres fi-om the Malé 
Karpaty Mts. are formed at higher pH (7.45 - 
7.90) than ochres described by these authors. 

Fresh iron ochre deposits formed by the 
oxidation of sulphides in the deposits of the 
Malé Karpaty Mts. accumulate a number of 
toxic elements. Because of their continuing 



production and generally low stability in 
changing conditions the iron oxide and related 
minerals are a potential source of pollution. 
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ABSTRACT. The sediment-hosted massive sea-floor sulfide deposits of southern Gorda Ridge 
(Escanaba trough) have an average gold content of about 1.3 ppm, with a maximum of about 10 
ppm. Elevated gold contents are known to occur in a number of modern sea floor deposits, but in 
many cases the actual mineralogical host for gold has remained enigmatic, as discrete Au grains 
have not been found. Careful scanning electron microscope (SEM) investigations of gold-rich 
samples revealed the presence of minute gold and maldonite grains, ranging in size from c 0.1 pm 
to about 2 pm. They are mostly associated with various Bi-rninerals and, less frequently, with 
sulfarsenides and galena. This represents a new type of gold paragenesis for sea-foor massive 
sulfide deposits, where gold is usually associated with sphalerite, pyrite, and chalcopyrite. 

1 INTRODUCTION 

The first low-temperature sea-floor hot springs 
and associated hydrothermal mounds were 
found from the Galápagos Rift in 1977 (Corliss 
et al. 1979). The first high-temperature vents 
and massive sulfide deposits were discovered 
soon afler, from the East Pacific Rise 
(Francheteau et al. 1979, RISE Project Group 
1980). Since then sulfide deposits have been 
found from numerous locations in the Pacific 
and Atlantic Oceans. Most of these deposits 
occur on sedirnent-starved sea-floor spreading 
centres, but a few sediment-hosted deposits are 
also known, of which the Escanaba trough 
deposit at southern Gorda Ridge is one 
example. 

2 GEOLOGIC SETI'ING 

The 300 km long Gorda Ridge is the southern 
part of the NE Pacific sea-floor spreading 
system. It is located some 250 km offshore of 
the northern California-southern Oregon coast- 
line. Escanaba trough fonns the southern, 
sediment filled part of Gorda Ridge. The ridge 
is comprised of a relatively wide axial valley 
and steep flanking ridges that rise up to 1500 m 

above the valley floor. The sediment fill is 
locally disturbed and uplifted at centres of 
igneous and volcanic activity. 

3 MASSIVE SULFIDE DEPOSITS 

Massive sulfide deposits occur on the flanks of 
small sediment hills, which were uplifted by the 
intrusion of basaltic sills in to the underlying 
sedirnents. The extent of individual mineralized 
areas can measure up to hundreds of meters. 
Massive sulfides occur in the form of mounds, 
flat lying slabs, breccia, and rubble. 

The recovered material can be classified into 
pyrrhotite-rich sulfides, polymetallic sulfides, 
and sulfate-rich samples, based on chemical 
composition and mineralogy. The pyrrhotite- 
rich type is the most common of the three types. 

Sulfate-rich material is mostly made of small 
barite-rich chimneys and thin crusts covering 
massive sulfides. In addition, anhydrite-rich 
sinter occurs at active low-temperature vent 
sites. 

Polymetallic sulfides were recovered from 
one dredging site. 



4 WHOLE-ROCK CHEMISTRY 

The average chemical composition of different 
types of material is presented in table 1. 
Pyrrhotite-rich samples are characterized by 
relatively high Cu (up to 20 %), Co (up to 3000 
ppm), As (up to 1.5 %), Bi (up to 800 ppm),and 
Au (up to 10 ppm) concentrations. Polymetallic 
samples contain lower concentrations of Cu and 
especially Au (4.2 ppm), but are strongly 
enriched in Zn, Pb, As, Sb, Se, Sn, and Ag. 
Sulfate-rich material contain lower average 
concentrations of metals, except for Zn, Pb, Ag, 
and Sb. Some sulfate-rich samples are gold-rich 
with up to 9.1 ppm of Au. 

Compared to other sea-floor sulfide deposits 
the pyrrhotite-rich sulfides from Escanaba 
trough are enriched in As, Bi, Se, Co, and Sb, 
with comparable Au concentrations. In most 
other sea-floor deposits Au correlates with Zn, 
Sb, Ag, As, and Pb, whereas at Escanaba trough 
Au correlates with Cu, Co, Bi, and to lesser 
extent with As. 

Table 1. Average concentrations of selected elements in 
the sulfide-sulfate samples from Escanaba trough. 

Sarnple Pyrrhotite- Polymetallic Sulfate- 
nch nch 

Cu 96 2.4 1 -4 0.16 

5 ORE MINERALOGY 

5.1 Sulwes and sulfosalts 

Pyrrhotite is the most abundant sulfide 
mineral, followed by less abundant isocubanite 
(CuFe2S3) and sphalerite, although sphalerite is 
the dominant sulfide in sulfate-rich and 
polymetallic samples. Pyrite and marcasite are 
fairly scarce and occur mostly in sulfate-rich 
samples and as alteration product of pyrrhotite. 
Galena is minor phase found from ail of the 
sample types, whereas various sulf- and 
diarsenides occur only in the sulfide-rich types. 
Analyzed suifarsenides and diarsenides include 

arsenopyrite, glaucodot, löllingite, and 
safflorite. Other minor or rare phases include 
tetrahedrite, stannite, alabandite, various Pb- 
sulfosalts, Bi-minerals, gold, and maldonite. 

5.2 Bi-minerals 

The occurrence of a number of different Bi 
containing phases is typical for the pyrrhotite- 
rich sulfides of Escanaba trough, and 
distinguish it from other sea-floor sulfide 
deposits. The most common phases are native 
Bi and various Bi-tellurides. The composition 
of Bi-tellurides show an almost complete range 
from about 48 to about 82 at. % Bi. In addition 
some samples contain Bi-sulfides (bismuthinite 
Bi2S3 and possibly ikunolite Bi4S3) and various 
BiTeS-phases (joseite-series) (figure 1). 

Figure 1. Composition of the different Bi-phases analyzed 
from Escanaba trough on a Bi-Te-S teniary diagram. 

Bismuth minerals occur as small, 
micrometer-sized grains on the edges of 
pyrrhotite and isocubanite, and more rarely, as 
inclusions in base metal sulfides (BMS). 
Sphalerite does not host any Bi-minerals, and 
only an a rare occasion do they occur with 
galena. In addition to pyrrhotite and isocubanite 
Bi-minerals, mainly native Bi, occur as very 
small (II p) inclusions-exsolutions in sulf- 
and diarsenides. Textures imply that Bi-phases 
presipitated nearly contemporaneously with 
pyrrhotite and isocubanite, but preceded galena. 



Bismuth minerals and their paragenesis is 
important as gold (and maidonite) occurs almost 
exclusively with these phases. 

5.3 Au-bearing phases 

Altogether, more than 500 grains of gold- 
bearing phases were found from 16 different 
samples. Most of the grains are native gold 
(with variable Ag content), but maldonite 
(Au2Bi) Is important Au-carrier in some 
samples. In addition, two grains of a rare 
AuBi5S4-phase were also found. The 
composition of this mineral is almost identical 
with a AuBi5S4-phase described by Hamasaki et 
al. (1986) and Dobosi and Nagy (1989). 

There are two different modes of gold 
occurrence, based on the chemical composition, 
texture, grain size, and paragenesis. The h t  
and most common group is represented by fine- 
grained (11.0 p )  gold (and maldonite), with 
variable Ag content, associated with Bi-phases 
(and sulf- diarsenides). Gold grains belonging to 
the second group are usually slightly larger, and 
they have porous, colloidal, or flaky textures. 
The Ag content is very low, less than 0.5 wt. 9%. 
Gold grains belonging to the second type occur 
with pyrrhotite, which is totally alteredlreplaced 
by Fe-sulfates and native sulfur. This type of 
gold has been named as secondary gold, 
whereas the fmt type is calied primary gold. 

5.4 Primary gold 

Gold and maldonite belonging to the so- 
called prirnary gold group represent about 78 % 
of all Au-bearing grains found. The average 
grain sizes of gold and maldonite are about 0.4 
p and 0.6 pm, respectively, with 75 % of the 
total population having an average diameter of 
0.5 p or less (figure 2). 

Figure 2. Grain size distribution of gold and maidonite 

As can be seen from table 2, 75 % of gold and 
53 % of maldonite grains are associated with 
Bi-phases. In addition, some of the grains that 
occur with sulf- or diarsenides are also 
associated with a Bi-phase, especially as native 
Bi inclusions are common in sulfrasenides. The 
same applies to the gold-galena association. 

Table 2. Distribution (percentages) of gold, maldonite 
and secondary goid between various host phases 

Host Bi- MeAsS G1 Tetra. Int. or 
phase p h w  MeAs2 (kBi) BMS 
Gold 75 14 7 1 3 
Au2Bi 53 44 3 
Secon- 100 
dary Au 
Gl=galena, Tetra=tetrahedrite, Int.=interstitial 

Native Bi and various Bi-tellurides are the 
most common mineralogical hosts for Au 
grains. Gold usually occurs as small blebs along 
the edges of the Bi-grain. In some cases gold 
occurs as very small grains @.25 jm) scattered 
through the small (1-5 pm sized) Bi-phase 
(figure 3). 

Figure 3. SEM-image (BS) of a small altered native Bi 
grain with several fine grained Au inclusions. 

As seen on table 2, some gold occurs also 
with galena. However, this type of paragenesis 
is fairly rare and occurs only in one sample. 
There is also usually a Bi-phase present, and Au 
grains occur either in the Bi-phase, or located 
between Bi and galena. In the Bi-galena case the 



composition of the gold varies, &pending, at 
least to some extent, of the host. Gold grains 
included in a Bi-phase seem to be fairly pure 
(only semiquantitative SEM-EDS analyses 
were possible due to the very small grain size), 
whereas gold associated with galena is more 
Ag-rich (up to about 30 wt. 96 Ag). 

Maldonite is fairly rare rnineral in the 
Escanaba trough samples but is more abundant 
in one sample, which represents a cross section 
of a narrow, isocubanite lined high-temperatum 
fluid channel. Maldonite occurs mostly with Bi- 
minerals, especially Bi-sulfides and BiTeS- 
minerals (joseite group) but also fairly often 
with sulfarsenides (see table 2). 

Figure 4. Small maidonite grain (iargest white) with 
altered Bi-phase (light gray) in sulfarsenide (medium 
gray). 

5.5 Secondary gold 

Secondary gold fonns a separate group from 
the primary gold-phases. Secondary Au has 
been found from two samples, both showing 
extensive pyrrhotite alteration to Fe-sulfates. 
The average grain size is about 2 p ,  largest 
grains measuring up to about 10 p. Grain 
shapes are variable and rnany grains seem to be 
made of smaller particles down to 0. lpm or less 
in size. Grains are often porous and wafer-like, 
and show strong variation in brightness on 
backscattered electron images, which is 
probably due to variation in thickness. Electron 
microprobe and SEM-EDS analyses resulted in 
low and highly variable totals. Despite the low 
totals EPMA analyses indicate that the Ag 

content of secondary gold is very low ( ~ 0 . 5  
wt.%). 

Figure 5. Secondary electron image of a secondary Au 
grain (FE-SEM). 

5 EPMA AND SEM-EDS ANALYSES 

h e  to the small grain size of gold-bearing 
phases SEM-EDS system was used for analyses, 
except for a few trials with electron microprobe. 
In practise it proved possible to get 

quantitative or semiquantitative SEM-EDS 
analyses of gold and maldonite grains down to 
about 0.8 p.m in size. Altogether 64 analyses 
were made of gold, maldonite, and AuBisS4, of 
which 24 analyses had totals greater than 96 96. 
The Ag content of gold grains varies from 0.78 
to 32.49 wt. %, with an average of 13.7 wt. %. 
No other elements, such as Hg were detected 
within the detection limits of EDS (about 0.3 to 
0.5 wt.%) 

Maldonite is fairly pure AuzBi, some grains 
analyzed contained small amount of Ag. The 
two small grains of the AuBisS4 phase were 
both analyzed and the best result is given in 
table 3, along with some gold and maldonite 
analyses. All the gold and maldonite grains 
found occur in the pyrrhotite-rich sulfides. No 
discrete Au-bearing phases were located from 
the sulfate-type samples although they also can 
be enriched in Au. However, some of these 
samples contain As-rich pyrite, which could 
contain significant amounts of "invisible" or 
refrectory gold (Fleet et al. 1993). 



Table 3. Examples of SEM-EDS analyses of gold, AuAg 
(electrum), maldonite and unnarned AuBi5S4. 

Au AuAg AuzBi AuBi5S4 
Au 92.28 65.24 64.13 14.38 

Ag 7.12 32.49 n.d. n.d. 
Bi n.d. n.d. 35.57 75.44 
S n.d. n.d. n.d. 8.79 
Total 99.40 96.64 99.70 98.61 
Atom. % 

Au 87.65 53.23 65.67 10.31 
Ag 12.35 46.77 n.d. n.d. 
Bi n.d. n.d. 34.33 50.98 
S n.d. n.d. n.d. 38.7 1 

6 CONCLUSIONS 

Careful electron rnicroscopy has revealed the 
presence of discrete gold and maldonite grain in 
the Au-rich samples from Escanaba trough. 
Elevated Au contents are known to occur in a 
number of sea-floor sulfide deposits, but in 
many cases the exact mineralogical location has 
remained enigmatic. Where found, gold grains 
are located in sphalerite, pyrite, chalcopyrite, 
and more rarely in tetrahednte-temantite. The 
Au-Bi association at Escanaba trough is unique, 
among the known deposits, and is more 
resembling of a Au-skam deposits, than 
volcanogenic massive sulfide deposit (Meinert 
1989). 
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Textural aspects of metamorphosed sulphide ores 
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ABSTRACT. Stratabound, often stratiform, sulphide ores of the VHMS and SHMS types arc 
among the most characteristic metalliferous deposits of orogenic or "fold-mountainn belts, such as, 
for example the Caledonian-Applachian belt. Their depositional environments were generated dur- 
ing all the stages of a plate-tectonic cycle, with the possible exception of the nnal collision stage. 
As a result, ores of these types, together with their host rocks, have been affected to greater or lesser 
degrees by metamorphic and deformational episodes during the orogenic cycle. The metamorphic 
effects seen m the ores are generally similat to those seen in the host rocks, though a number of ad- 
ditional features result fkom the ore minerals' special chemical and physical properties. Perhaps the 
most striking results of sulphide-ore metamorphism, ones which have been recognised for many 
years and extensively documented, are the changes in ore textures (GeAige or fabric) resulting h m  
i) recrystallisation and coarsening of component minerals with mcreasmg grade of metamorphism, 
ii) deformation, both ductile and brittle, at various stages with respect to i), and ui) remobilisation 
of ore components, rnamly within the ores, but to some extents extemal to these. 

The term "oren means different things to dBer- 
ent people, mcluding professional geologists. It 
is often used m an economic sense to denote 
accumulations of minerals, generaily metallic 
ones, that are, at least potentially, mineable with 
profit. The term wdl not be used m this sense 
m the following, but wiil denote rocks with high 
contents of metallic minerals, mainly sulphides. 
They may have been formed by processes 
which dBer in many respects fkom those form- 
ing their enclosing lithologies, but like these 
they are subject to modifmcation by subsequent 
processes acting on or within the earth's crust. 

Ores are rather special kinds of rocks iu that 
they are relatively rare phenomena m the earth's 
crust as a whole. Also from the point of view of 
this presentation the rheological properties and 
chemical reactivities may be very difkrent from 
those of their enclosing, or host, rocks. These 
daerences govem their responses to processes, 

act upon them subsequent to their initial deposi- 
tion. 

Ui the followmg, emphasis will be laid ahnost 
exclusively on ores of the stratabound, often 
stratiform, types now occurring m many of the 
orogenic or fold-mountain belts of the earth, m 
variably metamorphosed volcanic, sedimentary 
and mixed lithologies. Present consensus is that 
they are syngenetic in origin, that is, they were 
deposited (pene)contemporaneously with their 
enclosmg, or host rocks. However, during the 
last 20 years or so, some workers have ques- 
tioned the syngenetic, pre-orogenic, nature of a 
number of large, stratabound, base-metal sul- 
phide deposits in metamorphic terranes, espe- 
cially in Australia. Their views do not seem to 
have won wide acceptance m other parts of the 
world, though interested readers may like to 
refer to an exhaustive review of the subject 
which is in Press at the present tirne (Marshall 
& spry, 2 o w .  

such as metamorphism and deformation, which 



2 STRATABOUND SULPHIDE ORES dary component of texture dominate. At a cer- 

The ores are characterised by high contents of 
pyrite andlor pyrrhotite, together with various 
combinations of chalcopyrite, sphalerite, and m 
some types, galena. On the basis of their base- 
metal contents the ores may be classified as Cu- 
, Cu-Zn-, or Zn-Pb-Cu-types, though the major- 
ity fdl mto the Cu-Zn category. The aggrega- 
tion of the ores varies h m  massive, with sul- 
phides often comprismg well over 90% of the 
total ore vohune, through semi-massive, to dis- 
seminated with less than 10 VOL % sulphidcs. 
The massive ores typically represent the strati- 
form, syngenetic elements of the deposits, 
originaily deposited on or close to the contem- 
poraneous sea floor. More disseminated types 
can m some places be recognised as the origi- 
nally epigenetic feeder zone mineralisation be- 
neath thc massive units. Such recognition is de- 
pendent on the metamorphic and deformational 
states of the mdividual ore bodies and their sur- 
roundings. In artas of high deformation, origi- 
nal ore-body morphology is very much modi- 
M, in extremc cases the original, pre- 
orogenic, morphology may not be decipherable. 

3 EFFECTS OF METAMORPI-IISM 

Stratabound sulphide ores may be affected by 
all the forms of metamorphism which affect 
rocks of the earth's crust. However regional 
metamorphism is undoubtedly the most impor- 
tant m this respect, due to thc enonnous artas it 
affects and to the often high-grade conditions of 
temperature and of directed, as weii as of static, 
pressurc that it mvolves. It leads to a wide spec- 
t m  of changes, both in the ores and their en- 
closing rocks; not only is recrystallisation in- 
duced by temperature changes, both prograde 
and retrogradt, but the dynarnic factor leads to 
deformational movements at all scales, addi- 
tionally affecting the fabrics of the ores and 
their host rocks. Superitnposed on the recrystal- 
lisational and deformational textures may be 
observed featwes due to the remobilisation of 
mineral components originatiug w i t h  the ores 
or their close surroundings. 

The rcsultiug textures of metamorphosed sul- 
phide ores are m general combinations of pri- 
mary textures inherited fkom the pre- 
metamorphic ore, and secondary ones imposed 
by the metamorpWdeformational processes. 
The more intensely a deposit has been mcta- 
morphod, the more strongly wili the secon- 

tain grade, dependent on the type of ore and the 
degree of deformation involved, the rnetamor- 
phic component will completely dominate the 
texture. As King (1958) put it, an ore exposed 
to conditions of high rank metamorphism 
"might now have as little resemblance to its 
original condition as a granite gntiss has to a 
sandy mudstone". This obliteration of the pri- 
mary katures of sulphide ores by metamor- 
phism has perhaps contributed more than any- 
thing else to the past, and present, controversies 
conceming the origin of massive sulphide ores 
m high grade terramx. 

Currently with the above, therc occur certain 
changes in mineralogy which can effect the fab- 
ric of a metamorphosed ore. These mclude pyr- 
rhotite-pyritc transformations, recombination of 
trace elemcnts to form new ore minerals, and 
sulphide-silicate reactions leading to the forma- 
tion of ncw gangue minerais. 

4 METAMORPHIC FABRICS 

The processes leadiug to the formation of 
metamorphic texture (fabric) can be discussed 
under the following headiugs (&r Vokes, 
1968,1969). 

1). Recrystallisation processes during pm- 
grade or retrograde metamorphism. (Crys- 
ta110 biastesis). 

2). Deformation, both of brittle and ductik 
nature. 

3). Remobhtion of ore components. 
Thcse may act mdependently of each other, at 

difkrent times andfor in difkrent parts of an 
ore body, or they may comcide in time and 
space. For the purposes of description, the ef- 
fects of each of the processes wiil be considered 
in turn. It must be remembered, however, that 
the resultant effect on the ore texture wiil bc a 
compound one, where each of the processes 
combme in varying proportions to give the final 
result. 

4.1 Crystalloblastic fabrics. 

As with the non-ore, or gangue, minerals, the 
ore minerals of massive sulphide ores undergo 
progressive morphological changes during pro- 
grade regionai metamorphism. These can be 
grouped under two headings. 

Chunges in fonn or shape. The general re- 
sult of mcreasmg grade of metamorphism is to 
produce textures where minerals of high form 
energy, such as arsenopyrite, pyrite, magnetite, 



etc, grow as metacrysts, often as porphyro- 
blasts, in contrast to the surrounding, or matrix, 
minerals of lower form energy, such as galena, 
chalcopyrite, sphalerite and pyrrhotite. These 
latter minerals very seldom develop crystal 
faces and their grain boundary relations are 
governed by s d a c e  tension effects (often ex- 
pressed as "foam" or "triple junction" texture). 

Stanton (e.g., 1972) was was probably the 
first English-language writer to point out that 
textures in metamorphosed sulphide ores are 
not evidence of a paragenetic sequence in which 
"late" matrix sulphides had idlled early- 
formed, sub- to euhedral pyrite grains, but ex- 
pressions of a crystalloblastic series, analagous 
with the classical Becke-Grubemann series for 
non-sulphide minerals. The degree of idiomor- 
phic development of the high f o m  energy min- 
erais is highly matrixdependent; pyrite porphy- 
roblasts, for example, reach their greatest size 
and perfection m a dominantly pyrrhotite ma- 
trix. Research on the Appaiachian Ducktown 
ores indicates that such euhedral pyrite grains 
develop d y  under retrograde conditions 
when they receive S fiom pyrrhotite which be- 
comes increasingly more Fe-rich as the tem- 
perature wanes (Craig & Vokes, 1993). 

Changes in grain size. In general, prograde 
metamorphism leads to an increase in grain size 
of massive sulphide ores unless deformation has 
not caused mechanical reduction of grain size. 
Over the years, studies from various parts of the 
world have illustrated this aspect of sulphide 
ore recrystallisation. For example, Tempel- 
rnann-K1uit (1970) after a statistical evaluation 
of metamorphosed ores fiom several localities 
concluded that "the degree of correlation be- 
tween sulfide grain size (in ore) and metamor- 
phic grade (of host rocks in terms of index min- 
erals) is similar to that between silicate grain 
size in host rocks and metamorphic grade of 
host rocks" . 
ui certain parts of the Scandinavian Caledon- 

ides it is possible to link increase of grain size 
in the stratabound pyritic ores rather closely 
with the increasing metamorphic grade of their 
enclosing rocks (Vokes, 1968). This may be 
illustrated by comparing the h e  grain size 
(100-200pm) of the Ukken ore, lying in chlo- 
rite-grade rocks, with the coarser-grained (c. 
0.2mrn) ores in biotite-grade rocks (e.g., 
Meraker area) and with ores hosted by garnet- 
grade rock (e.g., Reros) where the grain size is 
of the order of 0.5mm or more. 

Variations fiom these general correlations 
do however occur, even within one and the 
same ore body. These have been assigned to: a) 
the so-called matrix effect (see also above) 
whereby high form energy minerals such as py- 
rite show a larger grain size in a matrix of low 
form energy minerals than when they occur as 
monomineralic aggregates. b) localized pressure 
effects in different parts of the same ore body, 
or between different ore bodies in identical 
metamorphic terranes. 

4.2 Defonnational fabrics. 

These are widespread and often very con- 
spicuous in regionally metamorphosed sulphide 
ores. They vary widely in nature, depending on 
the relative ductility of the ore mass at the time 
of defonnation (probably a function of the pre- 
vailing P and T and the amount of mtergranular 
fluids). 

Brittle defomtion unaccompanied by re- 
crystallisation is widespread in low metamor- 
phic areas, leading to the formation of cataclas- 
tic textures which may be m u l t  to differenti- 
ate fiom pre-metamorphic (depositional or post- 
depositional) clastic textures. However, cata- 
clasis of lithified, but unrecrystallised, sulphide 
ores can be demonstrated m many deposits, as 
for example in the low metamorphic, extremcly 
fine-grained syngenetic iron sulphide layers 
known as "vasskis" in the Scandinavian Cale- 
donides. Here, clasts of unrecrystallised pyrite 
"mudstone" are cemented by newdeposited, 
coarser, cleaner, pyrite and gangue minerals 
representing the results of early metamorphic 
recrystallisation. In other instances, highly- 
polished, ofien slickensided, planes cutting fine- 
grained, unrecrystallised ore provide evidence 
of brittle deformation without any subsequent 
metamorphic recrystallisation. 

The most obvious evidence of post- 
recrystallisation brittle deformation are shown 
by the idioblastic ore minerals of high form en- 
ergy - such as pyrite, arsenopyrite and magnet- 
ite - that are hard and brittle compared with the 
enveloping matrix minerals. They are fie- 
quently cataclastically defomed when the ore 
mass is subjected to renewed movements, 
probably under retrograde conditions. Such brit- 
tle deformation textures are exemplified by 
shattered pyrite metablasts, where matrix min- 
eral, especially chalcopyrite, appears to have 
infilled the shatter cracks and surrounded indi- 



vidual pyrite hgments. Such a process implies 
movement of the matrix mineral, if only over 
mimscopic distances. It is an example of the 
modification of ore texture by remobilisation. 
(Sce also below). 

The relatively softer matrix minerals seldom 
show evidence of brittle deformation, either be- 
cause they normally react ductilely to deforma- 
tion (see below) or, because deformational 
(strain) features havc been annealed out during 
a period of continuing bigh temperature follow- 
mg deformation. Occasionally, cataclastically 
deformed or "steel" galena may bc obsewed 
along late movement planes. 

Plastic or ductile defonnation is probably the 
do-t form of deformation m regional dy- 
namo-thermal metamorphism, leading to the 
development of schistosity and other directed 
textures m the ores. 

Even isometric, high form energy, minerals 
such as pyrite can be seen to have developed 
elongated forms, either by distortion of the lat- 
ticc or by new growth m the direction of mini- 
mun strain parallell to thc schistosity. Charac- 
teristically, such elongated pyrite grains show 
strain-shadow tails of softer matrix miaerais 
such as pyrrhotite and chalcopyrite - another 
examplc of smail-scale remobilization. Evi- 
dencc of h r a l  growth during deformation is 
afforded by the spiral fabric often shown by py- 
r i t ~  mttacrysts. Such fabrics at Ducktown, Ten- 
nessee, have been attributed by Craig et aL 
(1991) to rotation during metamorphic growth. 

Minerais of lower form energy m regionaiiy 
metamorphosed sulphide ores often show, un- 
der the microscope, what may be described as 
gneissose textms, with undulaiing extinction 
being shown by anisotropic minerals such as 
pyrrhotite. Glide or translationai twinning is 
almost universal in metamorphic sphalerite, 
wlde curved or otherwise distorted cleavages 
are well shown by galena. Perhaps more 
immediately obvious evidence of the ductile 
deformation of sulphide ores is afforded by the 
macro- to mega-scale aspects of fabric. Initial 
deformation of the ores and their their wail- 
rocks is shown by the presence of folds varying 
from more or less Open to tight or isoclinal In 
ores with sikate- and sulphide-rich interbauds, 
difkrences of competency during mcreased in- 
tensity of folding - and probably increased 
temperatwe of metamorphism - often lead to 
distinctive deformational fabrics, both at the 
macro- and micro-scales. Schist bands in the 

ores may develop detached foM cores, around 
which the relatively plastic sulphides appear to 
flow, isolating them in the form of boudii. 
With continuing deformation these schist 
boudins, together with clasts of metamorphic 
"vein" quartz, become rotated in the sulphide 
rnass and take on generally rounded forms. The 
process may be d e s c r i i  as a thorough rota- 
tionai "kneading" of the whole ore mass, to 
which the term "Durchbewegung" has been ap- 
plied. (Vokes, 1973; Marshall & Gilligan, 
1989). The non-sulphide clasts m such a "dur- 
chbewegt" mass take on a strong rcsemblance 
to water-rounded pebbks and acquire a highly 
polished outer surface due to a thh fihn or 
"mirror" of sulphide. In one special example of 
such a fabric, shown for example by some of 
the Sulitjeima ores, the "clasts" are highly 
rounded and polished pyrite porphyroblasts de- 
veloped prior to the defonnational event. 

4.3 Fabrics due to remobilisation 

The role of remobilisation m modiijing 
metamorphic ore textures has already been 
touched upon m this text. Regional metamor- 
phic remobilisation is a widtspread and power- 
fid process which can fundamentally a c c t  the 
texture (fhbric) as well as the p s s  structure 
(morphology) and the gradc distriIution of 
massive sulphide deposits. 

A comprehensive review of the e k t s  of re- 
mobilisation is outside the scope of the p-nt 
abstract. Interested readers are referred to fuller 
treatments of the subject elsewhere (e.g., Mar- 
shall and Gillgan, 1987; Marshall et aL 1999; 
Marshall et aL, 2000). Consensus seems to be 
that, while solid-state, liquid-state and mixed- 
state processes are possibk for the transkr of 
components during mobiiisation, fluids play a 
greater role than previously recognised m the 
modincation of the textures of metamorphosed 
sulphide ores. 

In a study of a small deposit in the central 
Scandinavian Caledonides, Vokes & Craig 
(1993) documented the veining, and partial re- 
placement, by matrix sulphides, of cataclastic 
pyrite grains and of partially deformed "foam- 
textured" pyrite, that had developed m the ore 
during an earlier phase of metablastesis. In ad- 
dition, parts of the ore showed patchy quartz 
grains with replacive relations to both the pyrite 
and thc matrix sulphides. It was concluded that 
that fluid phase mobilisation of the base-metal 
sulphides and of the quartz must have played a 



dominant role in producing the observed tex- 
tures. The copper and zinc sulphides were most 
likely derived fkom within the ore mass itself; 
an extemai sowce for the quartz seemed most 
likely. 
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