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This study deciphers the genesis of a PGE-Cu-Ni sulphide-
mineralized layer referred to as the Rometölväs Reef of the 
2440 Ma old Koillismaa Intrusion. 

The author concludes that the origin of the mineralization of 
the Rometölväs Reef was triggered by emplacement of dykes 
of a new magma pulse into partially consolidated cumulates 
of the Koillismaa Intrusion. These dykes are presently rep-
resented by the noncumulus-textured gabbronorite bodies of 
the reef. 
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Karinen, T. 2010. The Koillismaa Intrusion, northeastern Finland – evidence 
for PGE reef forming processes in the layered series. Geological Survey of Fin-
land, Bulletin 404, 176 pages, 90 figures, 22 tables and data CD as an appendix. 

The 2440 Ma old Koillismaa Intrusion, located in northeastern Finland, forms 
the westernmost part of the Koillismaa-Näränkävaara Layered Igneous Com-
plex. The intrusion originally formed an extensive sheet-like body that has been 
later tectonically dismembered into several blocks. The cumulate stratigraphy of 
the intrusion is divided into Marginal Series and Layered Series. The Marginal 
Series is up to 200 m thick and consists of gabbroic cumulates at the base that 
are overlain by progressively more magnesian rocks including pyroxenites and 
peridotites. The Layered Series is composed mostly of gabbroic cumulates. Its 
stratigraphic thickness in different intrusive blocks ranges from 1000 to 3000 m. 

The Marginal Series includes contact-type base metal sulphide- and platinum 
group element mineralization, which contains up to 0.9 wt. % Cu, 1.1 wt. % 
Ni and 4.3 ppm Au+Pd+Pt. Palladium contents are significantly higher than Pt 
contents, resulting in a Pd/Pt ratio of 2.8. The average Cu/Ni ratio in the sulphide 
fraction of the Marginal Series is 1.3. 

At present, only one PGE-Cu-Ni sulphide mineralized layer that is referred to 
as the Rometölväs Reef is known from the Layered Series. In the stratigraphic 
sequence of the Koillismaa Intrusion, this layer is marked by the appearance of 
cumulus clinopyroxene and inverted pigeonite and the disappearance of cumu-
lus bronzite. The reef shows a close spatial relationship with small, 1-6 m thick, 
noncumulus-textured gabbronorite bodies. These bodies can be considered as 
essential part of the reef, because the highest PGE grades (up to 0.3 wt. % Cu 
and 0.3 wt. % Ni and 1 ppm of Au+Pd+Pt) are found in sulphide-bearing por-
tion of one noncumulus-textured gabbronorite body. The mineralized cumulates 
surrounding these bodies typically have a mottled appearance due to small, up 
to 3 cm sized clusters of sulphide and low-temperature minerals that host a sig-
nificant portion of the mineralization. The mottled cumulates of the reef contain 
up to 0.9 wt. % Cu, 0.3 wt. % Ni and 0.6 ppm of Au+Pd+Pt. The Pd/Pt ratios 
in both cumulates and noncumulate bodies are close to 1.0. The average Cu/Ni 
ratio in the sulphide fraction of the mottled cumulates is 4.1. 

It is concluded that the origin of the mineralization of the Rometölväs Reef 
was triggered by emplacement of dykes of a new magma pulse into partially 
consolidated cumulates of the Koillismaa Intrusion. These dykes are presently 
represented by the noncumulus-textured gabbronorite bodies of the reef. The 
stratigraphic level of the Koillismaa Intrusion at which bronzite gave way to 
inverted pigeonite and augite was the most favorable place for these dykes. The 
intruding magma was more primitive than that of the parental magma of the 
Koillismaa Intrusion and was saturated with ore-bearing fluid phase escaped 
from the magma upon emplacement in the form of late magmatic fluids, intro-
ducing PGE-Cu-Ni into host cumulates and recrystallizing them into mottled 
varieties. Sudden loss of volatiles from the intruding magma resulted in its su-
persaturation and related rapid crystallization to form the noncumulus-textured 
gabbronorite bodies. 
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1 INTRODUCTION

of approximately twenty early Palaeoprotero-
zoic mafic-ultramafic layered intrusions (Fig. 
1.1). The Koillismaa-Näränkävaara Complex 
was dated by the U-Pb method on zircon to 
be 2436±5 Ma old (Alapieti 1982), which is 
close to the average age of all Fennoscandi-
an early Palaeoproterozoic layered intrusions 
(2440 Ma, Alapieti & Lahtinen 2002). Appen-
dices 1 and 2 include age data of these intru-
sions. According to Amelin et al. (1995) their 
magmatism occurred in two short episodes at 
2505–2501 Ma and at 2449–2441 Ma.

The Koillismaa-Näränkävaara Complex 
comprises the Näränkävaara Intrusion, the 
Koillismaa Intrusion and a strong positive 
gravity anomaly, which connects these distant 
eastern and western parts of the complex (Fig. 
1.2). The Näränkävaara Intrusion is surround-
ed by Archaean rocks. According to Alapie-
ti (1982) the exposed Layered Series of the 
intrusion is ca. 1000 m thick, comprising an 
ultramafic lower and a mafic upper part. The 
margin of the intrusion is exposed in its north-
western part where the rocks are composed 
of heterogeneous and altered gabbros. The 
strong positive gravity anomaly, which in this 
study is referred to as the connecting gravity 
anomaly zone or simply the connecting zone, 
is traceable on surface level by a narrow bre-
ccia zone. The anomaly has been interpret-
ed to reflect the location of a dyke or layered 
intrusion that acted as a feeder zone for the 
Koillismaa Intrusion magmas (Piirainen et al. 
1978; Alapieti 1982; Iljina 2004). Alternative-
ly, it could reflect the presence of mafic rocks 
belonging to the Archaean greenstone belt  
(T. Halkoaho, personal communication).

The early Palaeoproterozoic (2500–2400 
Ma) was a time of worldwide igneous activ-
ity, resulting in the formation of layered intru-
sions, mafic dyke swarms and volcanic forma-
tions on the cratonic areas of the Earth. These 
include the Jimberlana Intrusion (McClay 
& Campbell 1976) and the Widgiemooltha 
Dyke Suite (Compston & Arriens 1968; Glik-
son 1996) of the Yilgarn Block, the Hearst-
Matachewan Dyke Swarm (Heaman 1988) 
and the East Bull Lake suite intrusions and 
supracrustal formations (Krogh et al. 1984) in 
the Superior Province of the Canadian Shield, 
the Scourie Mafic Dykes (Heaman & Tarney 
1989) in Scotland, the dykes of the Dharwar 
Craton of the Indian Shield (Ikramuddin & 
Steuber 1976; Halls et al. 2007) and the ma-
fic dyke swarms in the Vestfold Block and 
the Napier Complex of the East Antarctic 
Shield (Collerson & Sheraton 1986; Sheraton 
& Black 1981). The same igneous activity is 
also recorded in the Fennoscandian Shield, in 
the form of several layered intrusions, dykes 
and volcanic formations of different compo-
sition (Bogdanova & Bibikova 1993; Vuollo 
1994; Amelin et al. 1995; Buiko et al. 1995; 
Puchtel et al. 1996, 1997; Balagansky et al. 
1998, 2001; Manninen et al. 2001; Alapieti & 
Lahtinen 2002; Lauri & Mänttäri 2002; Iljina 
& Hanski 2005). 

This thesis deals with the early Palaeoproter-
ozoic Koillismaa Intrusion of the Koillismaa-
Näränkävaara Layered Igneous Complex, 
which is located in northeastern Finland, ca. 
150 km northeast of the city of Oulu. The com-
plex, which is referred to as the Koillismaa-
Näränkävaara Complex, belongs to a group 
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Fig. 1.1. Generalized geological map of the northeastern part of the Fennoscandian Shield, showing the locations 
of early Palaeoproterozoic mafic-ultramafic intrusions (modified from Alapieti et al. 1990 and Alapieti & Lahtinen 
2002). 
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The Koillismaa Intrusion consists of sepa-
rate bodies, which originally were considered 
to be the youngest rocks of the area and were 
envisaged to form separate sills (Enkovaara 
et al. 1953; Väyrynen 1954). However, Ohe-
noja (1968) suggested that the bodies repre-
sent blocks of a single, sheet-like layered in-
trusion. Piirainen et al. (1974, 1978) proposed 
that the magma that formed this sheet-like in-
trusion was emplaced between the Archaean 
basement and supracrustal rocks. 

The basement immediately below the Koil-
lismaa Intrusion appears to have been partial-
ly melted and metasomatically altered to form 
a greyish coloured albite-quartz rock, which 
can be traced along the basal contact of all the 
segments of the intrusion. The rocks above 
the intrusion were considered by Piirainen et 
al. (1974, 1978), Juopperi (1976), Kerkkonen 
(1976) and Alapieti et al. (1979) to represent 

mainly acid lavas below which the Koillismaa 
Intrusion crystallized. Due to their textural 
similarities to the granophyres of the Skaer-
gaard intrusion and the Sudbury Complex, 
Alapieti (1982) renamed these rocks grano-
phyre and included them into the Koillismaa-
Näränkävaara Complex as a unique part of 
the complex. In some segments of the intru-
sion the granophyre is overlain by supracrus-
tal rocks that may be correlated with the low-
ermost formations of the Kuusamo Schist Belt 
(Karinen 1998). 

The Koillismaa Intrusion is divided into a 
Marginal Series and a Layered Series. The 
former is up to 200 m thick and contains base 
metal sulphide- and platinum-group element 
(PGE) mineralization. It displays a distinct 
basal reversal in that the cumulates grade up-
wards in the stratigraphy from gabbroic to ul-
tramafic rocks. The Layered Series compris-

Fig. 1.2. Generalized geological map of the Koillismaa-Näränkävaara Complex (modified from Piirainen et al. 
1978 and Alapieti 1982).
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es mainly gabbroic cumulates and is between 
1000 and 3000 m thick. In the upper part of 
the Layered Series, there is a layer of magnet-
ite gabbro representing the only ore deposit 
that has been mined to date in the Koillismaa 
Intrusion (Mustavaara Vanadium Mine) (Ala-
pieti 1982; Juopperi 1977). 

The Layered Series has generally not been 
regarded as a potential target for significant 
PGE-Cu-Ni mineralization. Therefore, it has 
never been drilled completely, although ex-
tensive grab sampling was performed. Start-
ing from the late 1960s, irregularly distrib-
uted sulphide- and PGE-enriched rocks were 
found in the middle part of the Layered Se-
ries in two blocks of the intrusion. A typical 
feature of these mineralized areas is the oc-

currence of a meter-sized noncumulus-tex-
tured, mostly fine-grained gabbronoritic bod-
ies hosted by sulphide-bearing pegmatitic or 
mottled gabbronorite. The noncumulus-tex-
tured bodies have been interpreted as dykes 
(Isohanni 1976; Piispanen & Tarkian 1984) or 
as xenoliths (Mutanen 1997; Iljina et al. 2001; 
Iljina & Hanski 2005). 

The aim of the present thesis is to decipher 
the genesis of the aforementioned mineraliza-
tion of the Koillismaa Intrusion. As the sul-
phide- and PGE-enriched cumulates are asso-
ciated with noncumulus-textured bodies and 
are located in the middle part of the Layered 
Series, special attention is paid to the chemi-
cal and lithological stratigraphy of the Koil-
lismaa Intrusion. 

2 REVIEW OF PGE MINERALIZATION MODELS IN LAYERED INTRUSIONS

The models explaining the formation of 
PGE-enriched occurrences in layered intru-
sions, and especially the models of the reef-
type deposits, generally fall into two main 
categories: orthomagmatic and metasomat-
ic. The principal argument for an orthomag-
matic origin of these occurrences is that the 
PGE reefs are typically associated with sul-
phides or oxides in thin, kilometer-long ho-
rizons or layers that define major petrologi-
cal changes in the layered sequence and that 
show laterally broadly constant grades despite 
being underlain by footwall rocks of varia-
ble thickness (Crocket et al. 1976; Kruger & 
Marsh 1982, 1985; Todd et al. 1982; Camp-
bell et al. 1983; Sharpe 1985; Naldrett et al. 
1986). The orthomagmatic model involves 
primary magmatic immiscible sulphide liquid 
separation or chromite precipitation related to 
mixing of compositionally distinct magmas or 
contamination of magma. The most favoura-
ble situation for the formation of a PGE-rich 
reef is when the dense immiscible sulphide 

melt or chromite grains can equilibrate with 
large amounts of silicate magma to effectively 
scavenge noble metals from the magma. This 
process is favoured by very high sulphide 
melt/silicate melt and chromite/silicate melt 
partition coefficients for the PGEs. 

Several features of the PGE reefs have led 
some researchers to propose that the PGE 
were concentrated by metasomatic process-
es. These include the close association of 
pegmatitic textures, Cl-rich hydrous minerals 
and graphite with some reefs. Another indi-
cation of metasomatic origin is that the noble 
metal phases are rarely located within sul-
phide or oxide grains or at their boundaries, 
but are located mostly around the sulphides, 
e.g. in hydrous Cl-rich silicates. (Stumpfl 
1974; Ballhaus & Stumpfl 1986; Stumpfl & 
Ballhaus 1986; Boudreau et al. 1986; Volborth 
et al. 1986; Ballhaus et al. 1988; Boudreau 
1988; Boudreau & McCallum 1989; Hanley 
et al. 2005). The metasomatic model is con-
sistent with several experimental studies that 
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found elevated solubility of Pt and Pd in hy-
drothermal fluids, e.g. by Mountain & Wood 

(1988), Wood et al. (1989) and Gammons et 
al. (1992). 

2.1 Orthomagmatic models 

Campbell et al. (1983) developed a model in 
which PGE enrichment in layered intrusions 
is related to turbulent mixing between resi-
dent magma in the chamber and replenishing 
magmas. Depending on the density differenc-
es between the magmas and the momentum of 
the injection, new magma may spread out and 
hybridize with resident magma at any strati-
graphic level in the magma chamber. The hy-
brid magma becomes supersaturated in an im-
miscible sulphide liquid and in chromite and 
the dense sulphide and chromite accumulate 
on top of the cumulate pile. The most advanta-
geous scenario is one whereby the new pulse 
is lighter than the resident magma, or when 
the new pulse enters with sufficient momen-
tum to form a magma fountain in the overly-
ing lighter magma. 

Several authors have suggested that two 
compositionally different parental magma 
types were involved in the genesis of the PGE 
reefs of the Stillwater and Bushveld Complex-
es (Irvine & Sharpe 1982; Kruger & Marsh 
1982; Todd et al. 1982; Lambert & Simmons 
1983; Longhi et al. 1983; Sharpe & Hulbert 
1985; Lambert et al. 1989). The first magma 
type was a relatively PGE-enriched, but S-
poor orthopyroxene-normative siliceous high-
magnesian basalt and closely resembled mod-
ern boninites, while the second type was a less 
PGE-enriched, but S-saturated olivine-nor-
mative tholeiite. The two magma types have 
been termed U-type (ultramafic) and A-type 
(anorthositic) magma, respectively. Hamlyn 
et al. (1985) and Hamlyn & Keays (1986) sug-
gested that boninites have less than 54 ppm 
sulphur but as much as 15 ppb Pd (for com-
parison, the averages of MORB are 800 ppm 
S and 0.83 ppb Pd). According to Hamlyn & 

Keays (1986) magmas generated by low to 
moderate degrees of partial melting of fertile 
mantle cannot dissolve all the sulphide in the 
mantle and therefore leave a small amount of 
sulphide melt in the melting residue. Due to 
the high partition coefficients of noble metals 
into sulphide liquid, the residue is relatively 
PGE-rich. Second-stage magmas derived by 
further partial melting of the depleted mantle 
can dissolve the PGE-rich residual sulphides 
and therefore may be PGE-enriched yet S-
undersatured. Upon final emplacement of the 
magma sulphide saturation is triggered by 
mixing of the U- and A-type magmas. 

In the case of the Bushveld Complex, Sharpe 
(1985) suggested that  sulphide saturation was 
triggered by a large injection of relatively  hot 
A-type magma into density-stratified mag-
ma chamber of U-type  magma, which result-
ed in mixing of these two types of magma to 
form  the Main Zone of the complex. Hatton 
(1989) suggested that the  replenishing A-type 
magma was cooler and denser than the U-
type  magma in the chamber. This caused the 
U-type magma to become  displaced towards 
the top of the magma chamber where a hybrid 
layer  was generated. A further large pulse of 
A-type magma responsible for  the Main Zone 
cooled the overlying hybrid magma and in-
duced  saturation in an immiscible sulphide. 
Sulphide liquid droplets and  orthopyroxene 
crystals formed slurries that sank through the  
underlying magma to the top of the cumulate 
pile where they formed  the Merensky Reef.

Maier et al. (2003) described magnetite-
hosted PGE reefs in the Stella layered intru-
sion, South Africa. According to Maier et al. 
(2003), sulphide saturation in the Stella in-
trusion was reached in response to magnetite 
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crystallization that lowered the Fe2+ activity in 
the residual magma. The Stella intrusion reefs 
are poor in sulphur, which Maier et al. (2003) 
explained by late-magmatic reaction of FeS 
and Fe2O3 to form magnetite and gaseous 
sulphur, or alternatively by sulphide resorp-
tion by late-magmatic fluids. The formation 
of Stella-type PGE reefs requires a PGE-rich 
and sulphide-undersaturated parental magma, 
a lack of contamination that would lead into 
early sulphide saturation, and a tholeiitic Fen-
ner-type crystallization trend. 

The models of Scoon & Teigler (1994) and 
Kruger et al. (2002) emphasize the role of chr-
omite in the genesis of the PGE mineraliza-
tion of the UG-2 and Merensky Reef of the 
Bushveld Complex. In these models, the mag-
ma becomes saturated in platinum-group min-
erals which are collected by and incorporat-
ed into chromite grains in hybrid zones of the 
magma chamber. Scoon & Teigler (1994) sug-
gested that chromite saturation in the Bush-
veld magma chamber was achieved by lat-
eral mixing of replenishing A-type magma 
with residual U-type magma. According to 
the model of Kruger et al. (2002), the pulses 
of the new magma were fountains of A-type 
magma that interacted with the granophyric 
roof rocks of the magma chamber. The mag-
ma fountains became contaminated with sil-
ica which caused precipitation of chromite. 
When the contaminated magma fountain col-
lapsed a hybrid zone of U- and A-type mag-
ma was formed on top of the cumulate pile. 
Small grains of platinum-group minerals were 
collected by and incorporated into chromite in 
the hybrid zone. 

Following the idea of two-phase convec-
tion originally suggested by Grout (1918) 
and later significantly reintroduced to petrol-
ogy by Morse (1986a, b, 1988) and Brandeis 
& Jaupart (1986), Mutanen (1997) and Rice 
(2002) proposed a model of PGE enrichment 
by roof contamination in a single-pulse mag-

ma chamber. Rice (2002) explained the iso-
topic features of the Bushveld Complex with 
the effect of two-phase convection that served 
to split the magma chamber into a number of 
density-stratified layers. When crystal-bearing 
liquid packets slumped as density flows to the 
bottom part of the magma chamber, the hot 
residual liquid was forced upwards to replen-
ish the heat flux to the roof zone. Therefore, 
in the initial stage of convection in the mag-
ma chamber, there was relatively insignificant 
contamination, but as the roof was continu-
ously heated by residual magma, roof assimi-
lation became more significant. Later, due to 
the cooling of the residual magma and prob-
ably because the roof had stripped off its low-
melting components, the effect of assimilation 
deceased. Eventually, the lowermost parts of 
the magma chamber became compositionally 
closest to the parental magma, the middle ones 
became most significantly contaminated and 
the uppermost ones to posses a contamina-
tion level between that of the lower and inter-
mediate areas of the intrusion. Contamination 
accounted for chromite and sulphide precipi-
tation in the upper part of the magma cham-
ber, below which the sulphide liquid and chr-
omite grains collected PGEs from the magma 
to form the Merensky Reef on the cumulate 
pile. The model of Mutanen (1997) is simi-
lar to that of Rice (2002), but at least in the 
Keivitsa intrusion case he emphasized the role 
of Cl-bearing minerals in the genesis of PGE 
enrichments. Mutanen (1997) proposed that 
halogens derived from roof sediments of the 
magma chamber can form melt-soluble com-
plexes with PGE, and when the complexes 
become unstable, PGEs can be liberated and 
associate with sulphide or oxide grains. Mu-
tanen (1997) emphasized that the enrichment 
of PGEs is a mechanical rather than a chemi-
cal process, because PGE grains tend to be lo-
cated at the grain boundaries of sulphides. 
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2.2 Orthomagmatic-metasomatic models 

Vermaak (1976) and Von Gruenevaldt 
(1979) proposed a model for the genesis of 
the Merensky Reef, in which intercumulus 
liquids enriched in PGE were expelled during 
cumulate compaction and precipitated PGE 
on pre-existing magmatic sulphides at the reef 
horizon. Page et al. (1982) suggested that stra-
tiform sulphides in the J-M Reef of the Still-
water Complex were orthomagmatic in ori-
gin, but that the sulphide liquid collected PGE 
from fluid-enriched intercumulus liquid that 
percolated upwards through cumulate pile 
during the compaction and adcumulus growth 
of the postcumulus phases. 

Iljina (1994) proposed a genetic model for 
the PGE deposits of the Portimo Complex, 
suggesting that PGE-enriched sulphide liq-
uid formed as an immiscible melt close to the 
margins of the intrusion but was later partially 
or totally dissolved in a Cl-bearing fluid to be-
come precipitated some distance away from 
the site of the first sulphide segregation. 

According to Halkoaho et al. (1990a, 2005) 
and Halkoaho (1993) the source of the PGEs 
of the SJ Reef of the Penikat Intrusion was the 
volatile- and fluid-enriched portion of resid-
ual liquid derived from Cr-rich magmas with 
a boninitic affinity (Megacyclic Units I-III of 
the intrusion). This residual liquid mixed with 
younger Cr-poorer magma pulses (Megacy-
clic Units IV-V of the intrusion), which were 
of tholeiitic lineage. The mixing occurred in 
a hybrid zone between these compositional-
ly different magmas. Willmore et al. (2000) 
suggested an analogous model for the the Me-
rensky Reef of the Bushveld Complex. Ac-
cording to this model, sulphur-, volatile-, and 
Pt-Pd-enriched fluids escaped from the solidi-
fying and compacting cumulate pile. The up-
ward migrating fluids mixed with fluid-under-
saturated intercumulus magma higher up in 
the cumulate pile. The fluids were dissolved 
in the magma and PGE precipitated. The sul-

phides were upgraded by successive waves of 
S-undersaturated fluids. 

Latypov et al. (2008a, b) developed a con-
cept of gravity-independent mineralization 
process to explain the Cu-Ni-PGE mineraliza-
tion associated with the sill-like, fine-grained 
gabbronorite bodies in the central part of the 
Lukkulaisvaara intrusion, Russia. In this de-
posit, the ore components occur predomi-
nantly in association with anorthosite along 
the margins of the bodies and in pegmatitic 
segregations within the bodies. Latypov et al. 
(2008a, b) proposed that the sill-like bodies 
represent conduits in semi-consolidated mag-
ma chamber through which a large volume 
of magma passed through towards the over-
lying resident magma. The mineralization 
formed in response to local sulphide satura-
tion along the conduit margins as a result of 
a flux of ore-bearing fluids from the conduit 
interior towards the margins. The transfer of 
ore-bearing fluids was attributed to a combi-
nation of a high internal volatile pressure and 
thermodiffusion forcing the fluids to move 
outwards from the interior of the conduit. The 
important point in the model is that initially 
the sulphides at the conduit borders were poor 
in PGEs, but became PGE-rich due to interac-
tion with a large volume of magma and ore-
bearing fluids passing through the conduits. 

The model of Latypov et al. (2008a, b) 
shows some similarities to the hypothesis of 
Isohanni (1976) explaining the origin of the 
PGE mineralized occurrence in the Koillis-
maa Intrusion. Isohanni (1976) interpreted the 
noncumulus-textured gabbronorite bodies as 
dykes, and assumed that their magma was rel-
atively rich in volatile components when it in-
truded into the partially consolidated magma 
chamber of the Koillismaa Intrusion. During 
intrusion, the volatile phase escaped from the 
dykes to the surrounding cumulates. This re-
sulted in local increase in oxygen fugacity of 
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the intercumulus melt causing crystallization 
of titanomagnetite. The resulting decrease 
in the iron content in the intercumulus melt 
caused local sulphide saturation in the cumu-

lates and along the dyke contacts. Isohanni 
(1976) assumed that the ore components in the 
mineralized occurrence were derived from the 
layered intrusion rather than from the dykes.

3 MATERIALS AND METHODS

3.1 Mapping and sampling 

2.3 Metasomatic models

Perhaps the first to propose a purely metaso-
matic origin for PGE reefs was Lauder (1970) 
who suggested that an impervious layer may 
trap hydrothermal solutions at a late stage of 
crystallization. This could, for example, ac-
count for the pegmatitic nature of the Mer-
ensky Reef. Schiffries (1982) and Stumpfl & 
Rucklidge (1982) elaborated this idea further 
and interpreted the highly mineralized dunitic 
pipes (Driekop, Mooihoek and Onverwacht) 
of the Bushveld Complex as conduits of late-
stage, upward percolating hydrothermal so-
lutions, which became trapped by an imper-
vious layer to form the Merensky Reef. Both 
Schiffries (1982) and Stumpfl & Rucklidge 
(1982) supposed that the PGEs deposited in 
these pipes were leached from the basal cu-
mulates by hydrothermal solutions, but the 
former supposed that these solutions were de-
rived from the country rocks, while the latter 
suggested them to be derived by the separa-
tion of an aqueous phase from the magma. 

Boudreau & McCallum (1986) used the idea 
of Lauder (1970) to explain the genesis of the 
Picket-Pin deposit, which is located in the 

Anorthosite Subzone II, the upper part of the 
Middle Banded Series of the Stillwater Com-
plex. Boudreau & McCallum (1986) suggest-
ed that the monomineralic, medium-grained 
anorthosite member in the subzone acted as an 
impermeable zone trapping migrating HCl-,  
HF- and PGE-bearing fluids at its lower con-
tact. The model of Mathez (1995) and Mathez 
et al. (1997) is similar to that of Boudreau & 
McCallum (1986), but with the exception that 
the principal PGE transporting medium is as-
sumed to be upward percolating hydrous and 
incompatible element-enriched interstitial liq-
uids rather than hydrothermal solutions. 

Following the idea of Lauder (1970), 
Boudreau & McCallum (1992) proposed that 
chlorine-bearing hydrothermal solutions, ex-
solved from the underlying cumulate pile, 
could leach and transport upward minor 
amounts of sulphur and PGE present in cu-
mulates of the intrusion. The noble metals can 
then precipitate at any stratigraphic physico-
chemical discontinuity such as changes in the 
fluid saturation temperature of the intercumu-
lus liquid. 

Most of the samples for this thesis were col-
lected during 1999–2003 in the course of the 
Geological Survey of Finland (GTK) project 
“Layered Igneous Complexes in Northern 

Finland”. During the field work, several pro-
files were mapped and sampled in different 
blocks of the intrusion to compare their ig-
neous stratigraphy. The profile in one of the 
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3.2 Analytical techniques 

3.2.1 Mineral analyses 

Petrographic studies were carried out using 
ca. 800 polished thin sections, of which ca. 
250 were chosen for mineral analyses. 

Altogether 2401 quantitative wavelength 
dispersive spectrometer (WDS) analyses on 
minerals were carried out using an electron 
microprobe. Of these 2357 were made at the 
Institute of Electron Optics, University of 
Oulu, with electron microprobes JEOL JCXA 
733 and JEOL-8200. The standards used were 
jadeite for Na, orthoclase for K, BaF2 for Ba 
and F, MgO for Mg, wollastonite and SiO2 for 
Si, wollastonite for Ca, Al2O3 for Al, tugtu-
pite for Cl, P-apatite for P, pyrite for S, SrF2 
for Sr, LaF2 for La, CeF3 for Ce, rare earth el-
ement (REE) -glass for U and Th, synthetic 
InAs for As and pure metallic standards for 
the other elements. The remaining 44 analy-
ses were made with a CAMECA SX50 elec-
tron microprobe at the Outotec Research Oy, 
Pori. The standards used were andradite for 
Si, Ca and Fe, manganese titanium oxide for 
Ti and Mn, chromite for Cr, MgO for Mg, va-
nadinite for V, NiO for Ni, sphalerite for Zn, 
Al2O3 for Al, ClAl2 for Cl, LaB6 for La, UO2 
for U, ThO2 for Th and pure elements for Hf 
and Zr. In both the Oulu and Pori laboratories, 

the conversion of X-ray intensities to concen-
trations was made using the ZAF-correction. 
The number of mineral compositions deter- number of mineral compositions deter-number of mineral compositions deter-
mined with the electron microprobe is list-
ed in Table 3.1. Appendices 3–21 include se-. Appendices 3–21 include se-–21 include se-21 include se-
lected electron microprobe analyses from the 
study area. Furthermore, all analyses are com-
piled in the appended CD-ROM.

During the electron microprobe analyses, 
the accelerating voltage was set at 15, 20 or 
25 kV. The beam current was usually 15 nA, 
but when analysing plagioclase it was low-
ered to 12 nA. Most analyses were made with 
a spot size of 1.5 or 10 μm, but sometimes a 
spot size of 20 μm was used to analyse pla-μm was used to analyse pla-m was used to analyse pla-
gioclase. The Fe2O3-FeO ratio in minerals was 
calculated using the methods described by 
Carmichael (1967), Droop (1987) and Bowles 
(1988), whereas the amounts of H2O or CO3 
were calculated on the basis of structural min-
eral formulae.

In total, 541 semi-quantitative identifica-
tions of PGE-, gold- and silver-bearing miner-
als were made with a JEOL JSM-6400 scan-
ning electron microscope (SEM) equipped 
with a Link eXL energy dispersive spectrom-
eter (EDS) at the Institute of Electron Optics, 
University of Oulu. During the identifications 
of these phases the nature of their host phases 

central blocks of the intrusion is used in this 
research to establish the general stratigraph-
ic sequence of the Koillismaa Intrusion. The 
profile also offered a comparison with the 
studies of Mäkelä (1975) and Alapieti (1982) 
who both used samples of the same area. 
When constructing the stratigraphic column 
of the intrusion, the dip of the layering and 
some fault zones were taken into account. 
Furthermore, distinct lower and upper contact 
zones of the intrusion were mapped in order 
to locate possible chilled margins. A further 

mapping and sampling target were the noncu-
mulus-textured gabbronorite bodies and relat-
ed sulphide- and PGE-mineralized occurrenc-
es in the Layered Series. The area was mainly 
studied using outcrops. In addition, two drill 
cores of the “Koillismaa Research Project” 
(1971–1976) of the University of Oulu were 
re-logged and sampled in detail. In these cores 
the sampling interval for cumulates was ca. 1 
m, but for one relatively large noncumulate-
textured gabbronorite body, the sampling in-
terval was smaller, ca. 20 cm. 
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were recorded. Due to their extremely small 
size, only 238 precise analyses were carried 
out using EDS. In addition, 78 other analyses, 
mostly of grains of galena-clausthalite solid 
solution were performed using EDS. When 
performing the analysis the accelerating volt-
age was set at 15 kV and the beam current was 

usually 1.2 nA. Natural minerals and synthet-
ic oxides or sulphides were used as standards. 
Appendix 22 includes selected EDS analyses 
of the PGE-, gold- and silver-bearing minerals 
from the study area. All analyses are compiled 
in the appended CD-ROM.

Group Mineral University  
of Oulu

Outotec  
Research Oy

Silicates, n = 1871 Olivine 11
Clinopyroxene 267
Orthopyroxene 214
Feldspars (plagioclase and orthoclase) 1123
Amphibole group minerals 81
Epidote group minerals 40
Scapolite group minerals 21
Phlogopite-biotite 31
Chlorite 51
Garnet 26
Zircon 6

Oxides, n = 212 Spinel group minerals 54
Ilmenite 56
Loveringite 39 44
Rutile 4
Pseudobrookite 1
Baddeleyite 14

Phosphates, n = 122 Apatite 122
Sulphides, n = 186 Chalcopyrite 57

Pyrrhotite 35
Pentlandite 40
Pyrite 17
Violarite 6
Sphalerite 7
Bornite 8
Millerite 7
Cobaltite 5
Geerite 4

Others, n = 10 Undefined mineral 10

Table 3.1. Number of mineral compositions determined using the electron microprobe. 
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3.2.2 Major and trace element analyses 

Powders for geochemical analyses were 
prepared by crushing rock samples with a 
Mn steel jaw crusher and then pulverizing the 
samples with a carbon steel ring mill (GTK) 
or a tungsten carbide ring mill (Department 
of Geosciences, University of Oulu). The 
number of analyses made using different an-
alytical methods and the laboratories regard-
ing the 971 samples used in whole-rock geo-
chemical investigations is listed in Table 3.2. 
The analytical raw data are compiled in the 
appended CD-ROM. Appendices 23–26 in-
clude average rock compositions of the study 
area. Detection limits for different methods 
are collected in Appendix 27 (detection limits 
for electron microprobe analyses are shown in 
the same appendix). 

The concentrations of the major elements 
and selected trace elements were determined 
by X-ray fluorescence spectrometry (XRF) 
of pressed powder pellets at the geochemical 
laboratory of the GTK, Espoo, and at the In-
stitute of Electron Optics, University of Oulu. 
Because it is not possible to determine the 
FeO/Fe2O3 with the XRF technique, the ratio 
was determined titrimetrically in some sam-

Method University  
of Oulu

Geological Survey  
of Finland

XRF (major and trace elements) 218 578 (175X)*
TITRIMETRIC Fe2O3/FeO 136 5 (301T)*
ICP-MS (REE and other trace elements) 23 198 (308M)*
ICP-MS (Au, Ir, Os, Pd, Pt, Rh, Re, Ru) 62 (714M)*
FAAS (Au, Pd, Pt) 142
GFAAS (Au, Pd, Pt) 143 (704U and 705U)*

148 (521U)*
ICP-AES (Au, Pd, Pt) 412 (704P and 705P)*
FAAS (Fe, Cu, Ni) 39
ICP-AES (Fe, Cu, Ni, Co, S) 338 (511P)*
* Analytical code of the GTK, see detailed descriptions of the methods from Rasilainen et al. (2007). 

Table 3.2. Analytical methods, laboratories and number of analyses used during whole-rock analysis. 

ples, using HF-H2SO4 digestion as a pre-treat-
ment (same pre-treatment in both laborato-
ries). For the rest of the samples the oxidation 
state of iron was estimated using the method 
proposed by Le Maitre (1976) who estimated 
the oxidation ratio for plutonic rock, using the 
following equation:

Oxidation ratio =  
0.88–0.0016×SiO2–0.27×(Na2O+K2O).    (1)

The oxidation ratio (OX) is used to estimate 
FeO (wt. %) in a sample: 

FeO = (OX×Fe2O3
TOT)/(1–OX+OX×MFe2O3

/(2×MFeO))       (2)

where M refers to the molecular mass of the 
subscribed oxide. The concentration of ferric 
iron as Fe2O3 (wt. %) in a sample is estimated 
in the following way: 

Fe2O3 = Fe2O3
TOT–FeO×(MFe2O3

)/(2×MFeO).   

The analyses descibed in the text and used 
in diagrams are presented on the basis of nor-
malization to 100 wt. % on a volatile-free ba-
sis. The normalized components are SiO2, 
TiO2, Al2O3, Fe2O3, FeO, MnO, MgO, CaO, 
Na2O, K2O and P2O5.

(3)
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Trace elements including rare earth ele-
ments were analysed with inductively coupled 
plasma mass spectrometry (ICP-MS) at the 
geochemical laboratory of the GTK or at the 
Department of Chemistry, University of Oulu. 
In both laboratories the decomposition pre-
treatment method was HF-HClO4-digestion. 

The base metal content of samples with vis-
ible sulphide minerals was determined us-
ing flame atomic absorption spectrometric 
(FAAS) analysis at the Department of Geosci-
ences, University of Oulu, or with inductively 
coupled plasma atomic emission spectrometry 
(ICP-AES) at the geochemical laboratory of 
the GTK. The pre-treatment in both laborato-
ries was aqua regia digestion. 

For analysing Au, Pd and Pt, the lead fire as-
say method combined with atomic absorption 
spectrometric analysis with flame atomisation 
(FAAS) was used at the Department of Geo-
sciences of the University of Oulu. The lead 
fire assay preconcentration procedure was 
also adapted at the geochemical laboratory 
of the GTK, but the analysis was done using 
electrothermal atomisation (GFAAS) (704U 
and 705U in Table 3.2) or ICP-AES (704P 
and 705P in Table 3.2). In the early phase of 
the GTK project “Layered Igneous Complex-
es in Northern Finland” the pre-treatment in 
GFAAS method was aqua regia digestion fol-
lowed by co-precipitation using Hg (521U in 
Table 3.2), but this was soon replaced by the 
lead fire assay. 

Inductively coupled plasma mass spectrom-
etry (ICP-MS) of the geochemical laborato-
ry of the GTK was used for determining Au, 
Pd, Pt, Rh, Ir, Os, Re and Ru. The pre-treat-
ment consisted of nickel sulphide fire assay 
with tellurium co-precipitation. For details of 
the methods used in the precious metal analy-
ses, the reader is referred to Hoffman & Dunn 
(2002) and references therein. 

As a useful approximation of mineral modes, 
the sample compositions in Appendices 23–
26 are presented using molecular catanorms 
of Barth (1955, 1962) (“Barth-Niggli norm” 

by Chayes & Métais 1964), whereas the com-
position of each normative mineral was calcu-
lated by CIPW norm (Cross, Iddings, Pirsson 
& Washington 1902, calculation rules given 
by Kelsey 1965). The molecular norm is ex-
pressed using cation percentages but the CIPW 
norm is presented on the basis of percentages 
by weight. Therefore the CIPW norm is actu-
ally a weight rather than a volume estimate of 
phases. Nevertheless, the correlation between 
individual parameters in the weight and mo-
lecular norms is usually very high. The modi-
fied differentiation index (MDI) and modified 
crystallization index (MCI) used as differen-
tiation parameters were obtained by means of 
CIPW norms, following the method described 
by Von Gruenewaldt (1973). 

Both the molecular catanorm and CIPW 
norm calculations contain potential errors 
since in the calculation procedure, the MgO/
FeO of all coexisting mafic silicates is tak-
en from the ratio in the whole-rock analysis. 
Generally the ratio in coexisting mafic phases 
varies slightly. For instance the ratio is high-
est in augite and lowest in olivine. In addi-
tion, norms slightly overestimate the amount 
of free silica. Fenner (1929) commented on 
the norm calculation: “In the calculation, all 
of the Fe2O3 present is attributed to magne-
tite, and an equal molecular amount of FeO 
is assigned to it. As a matter of fact, however, 
much of the Fe2O3 seems to be dissolved in py-
roxene crystals as an independent substance, 
and the equivalent FeO is actually combined 
with SiO2”. 

3.2.3 Sm-Nd isotope analyses 

Isotope geochemical analyses were per-
formed using whole-rocks and mineral frac-
tions. Mineral fractions were collected from 
crushed whole-rock powders produced with 
an electric pulse disaggregator (EPD) at the 
GTK’s Northern Finland Office, Rovanie-
mi. The sample was crushed using high-volt-
age electric pulses developed by a Marx cir-
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cuit. The crushed rock samples were then 
sieved and the mineral fractions were col-
lected with magnetic and heavy liquid separa-
tion. Fractions of plagioclase, clinopyroxene 
and orthopyroxene were collected. The sam-
ple preparation was continued at the isotope 
laboratory of the GTK, where the orthopy-
roxene fractions were further wind-abraded 
to obtain pure samples. Prior to final powder-
ing with an iron pan of a swing-mill, all sam-
ples were cleaned ultrasonically. The whole-
rock and mineral fraction powders (200–300 
mg) were spiked with 149Sm-150Nd tracers. The 
spiked powders were dissolved in HF-HNO3 
solution in teflon beakers (Savillex screw cap) 
on a hot plate. The evaporation was repeated 
with HNO3 and HCl until clear solutions were 
obtained. The elements Nd and Sm were sep-
arated from the same dissolved samples using 
standard ion exchange columns. 

The isotopic ratios were measured with a 
VG SECTOR 54 mass spectrometer at the 
isotope laboratory of the GTK. Altogether 35 
analyses were performed: Dr. Tapani Rämö 
performed 18 whole-rock analyses and the re-
maining 4 whole-rock and 12 mineral analy-
ses were performed by Dr. Hannu Huhma and 
the author. For a detailed description of the 
Sm-Nd isotope analytical preparation at the 
GTK, the reader is referred to Hanski et al. 
(2001a). 

In addition, 12 whole-rock samples were 
analysed for Sm-Nd isotopic compositions 

using TRITON TI (thermal ionization multi-
collector mass-spectrometry) at the Center of 
Isotopic Research of the VSEGEI, St. Peters-
burg. The samples were prepared at the De-
partment of Geosciences of the University of 
Oulu by crushing them with a Mn steel jaw 
crusher and pulverizing with a tungsten car-
bide ring mill. 

The best-fitting line used in the Sm-Nd dat-
ing was determined with the method of Wil-
liamson (1968), which accounts for the ana-
lytical uncertainties in both 147Sm/144Nd and 
143Nd/144Nd. In comparison to the “least-
squares cubic” procedure of York (1969), 
which is mostly used in geological age deter-
minations, the Williamson method produces 
similar results but involves a simpler calcula-
tion procedure. All measured and calculated 
errors are reported at 2s-level (i.e. ~ 95 % of 
the values are within two standard deviations). 
The quality of the best-fitting line was esti-
mated with mean squared weighted deviation 
(MSWD) as defined by Brooks et al. (1972). 
The 143Nd/144Nd ratio relative to the Chon-
dritic Uniform Reservoir (CHUR) at time T 
in geological history (εNd) was defined by the 
Equation of DePaolo & Wasserburg (1976). 
The depleted mantle model age (TDM), which 
is the time at which the sample separated from 
a postulated light rare earth element (LREE) 
-depleted upper mantle source, was calculated 
iteratively assuming mantle evolution trend, 
using the Equation of DePaolo (1981). 

3.3 Grain size and modal abundance of rock-forming minerals

The grain size of minerals was determined 
after verifying crystal outlines with a polariz-
ing microscope or by SEM, by tracing manu-
ally the maximum intersection lengths of each 
grain on scanned thin section images or back-
scattered electron images (BEI, BE-image) 
with a standard vector graphics program. The 
digital images were enlarged 10 times for eas-

ing the image analysis. The resolution used 
for thin section images was set at 4800 dpi 
(188.98 pixels/mm). The following grain size 
divisions were used: fine-grained (< 1 mm), 
small-grained (1–2 mm), medium-grained 
(2–5 mm), coarse-grained (5–10 mm), and 
pegmatitic (> 10 mm). 
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The mode of the major rock-forming phas-
es was obtained by point-counting ca. 1000 
points per thin section. In most samples al-
teration products were grouped together with 
their primary phases to yield an approxima-

tion of the original, pre-alteration mode. How-
ever, in the case of the sulphide- and PGE-
mineralized occurrences studied in this work, 
the low-temperature minerals were included 
in the mode. 

3.4 Nomenclature 

In this study the terminology for layered in-
trusions follows the nomenclature and classi-
fication proposed by Wager et al. 1960, Wager 
& Brown (1967) and Irvine (1982, 1987). 
Alongside the cumulus terminology, the con-
ventional rock names are used in accordance 
with the classification of Streckeisen (1976). 

According to Irvine (1982, 1987), cumulate 
is defined as an igneous rock that is charac-
terized by a cumulus framework of touching 
mineral crystals or grains that were evident-
ly formed and concentrated through fraction-
al crystallization. The fractionated crystals are 
called cumulus crystals and are normally ce-
mented together by a texturally later genera-
tion of postcumulus material which crystal-
lized from intercumulus liquid. Cumulates are 
divided into ortho-, meso-, and adcumulates 
according to the abundance of postcumulus 
material, which consist of intercumulus min-
erals. Orthocumulates are characterized by id-
iomorphic cumulus crystals and abundant in-
tercumulus minerals, which make up 25–50 
vol. % of the rock. Mesocumulates contain 
7–25 vol. % of intercumulus minerals with 
the cumulus minerals adjoining partly along 
mutual grain boundaries. Adcumulates con-
tain 0–7 vol. % of intercumulus minerals, 
and mutual interference boundaries are the 
norm for the cumulus phases. The intercumu-
lus minerals may occur as large optically uni-
form crystals enclosing several cumulus crys-
tals. In such cases these intercumulus crystals 
are called oikocrysts and the texture is called 
poikilitic; the rock can be described as poikil-
itic ortho-, meso- or adcumulate depending on 

the abundance of intercumulus phases. Irvine 
(1982, 1987) did not give any specific name 
for the smaller crystals distributed as inclu-
sions in oikocrysts, but Mathison (1987) and 
Tegner & Wilson (1995) described them as 
chadacrysts. Another term not defined by Ir-
vine (1982, 1987) is megacryst, which is here 
used for significantly larger, pegmatitic crys-
tals. 

According to the current pyroxene nomen-
clature (Subcommittee on pyroxenes 1989) 
the mineral names “bronzite” and “hyper-
sthene“ should be replaced by the name “en-
statite”. However, these obsolete names were 
retained in this study because they are still 
more readily understood by the intended audi-
ence of this work. Enstatite is magnesium-rich 
orthopyroxene with the Mg2+ partly replaced 
by small amounts of Fe2+ (up to 12 mol. % 
Fe2SiO6). In bronzite, the Fe2SiO6 ranges from 
12 to 30 mol. %, and with still more iron there 
is a passage to hypersthene (30–50 mol. % 
Fe2SiO6). 

In this study the cumulus nomenclature and 
abbreviations are adopted from Irvine (1982) 
where the cumulus minerals are listed and ab-
breviated in order of decreasing modal abun-
dance. An exception to Irvine’s classification 
is that intercumulus minerals are also includ-
ed so that, for example, a bronzite-plagioclase 
cumulate with intercumulus augite is denot-
ed by bpCa, and if the intercumulus mineral 
occurs as poikilitic, it is indicated by an as-
terisk. Thus, the rock would be called poikil-
itic bronzite-plagioclase cumulate with inter-
cumulus augite, whose abbreviation would be 
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denoted by bpCa*. The rocks that are char-
acterized by igneous textures that cannot be 
described using the cumulus terminology are 
referred to as noncumulates. Crescumulates 
(“harrisitic textures”), ophitic texture and 
equigranular fine- to small-grained textures in 
chilled margins are well-known examples of 
these. 

According to Irvine (1982, 1987) and Mc-
Birney & Noyes (1979), igneous layering 
is an overall planar feature of cumulates, as 
manifested through a combination of laminae, 
lamination and layers. A lamina is a thin lay-
er (1–3 cm), whereas lamination is character-
ized by minor planar features in the cumulate 
on the scale of its grain size, but which do not 
themselves define any distinctive planes. Ig-
neous lamination may occur as planar lami-
nation where the platy alignment of tabular 
minerals parallels cumulate layers. In lineate 
lamination minerals have lineation in the lay-
ering plane. Other examples of igneous lam-
ination are imbricate, grain size, modal and 
textural laminations. A layer is a sheet-like 
cumulate unit that is a distinctive entity in its 
composition and/or textural features. It may 
be characterized as graded in terms of grain-
size or texture, modal, uniform, schlieren 
or cryptic. A layer may be referred to by its 
thickness as being thin (< 5 cm), medium-
thick (5 cm-1 m) and thick (1–3 m). A mac-
rolayer is a layer which is 3–10 m thick and a 
megalayer is even thicker. Rhythmic layering 
is characterized by a systematic recurrence of 
distinctive layers or sequences of similar lay-
ers. On the basis of layer thickness, rhythmic 
layering may be called microrhythmic (inch-
scale layering) or macrorythmic. Intermittent 
layering is a special type of rhythmic layering, 
which comprises thin, modally graded layers 
alternating with layers of a uniform rock of 

varying thickness. Cryptic layering refers to 
changes in the mineral compositions and is 
therefore not recognized with a naked eye. 

Series refers to structural divisions compris-
ing major stratigraphic cumulate successions. 
Zones and subzones are the first and second 
rank stratigraphic subdivisions of series. The 
basis for choosing zones and subzones de-
pends on the target of investigation but are 
mostly defined by major cumulus minerals 
in the stratigraphic range of the intrusion. A 
unit is a specific and distinct feature that can 
be singled out, numbered or named for spe-
cific reference. It may be a part of anything 
in the layered intrusion, thus covering parts 
of zones, or even parts of many series. On 
textural basis, a unit may be called rhythmic 
unit. In contrast to the term rhythmic, which 
is descriptive, the term cyclic is genetic, and 
therefore a unit may be called cyclic unit only 
when there is evidence for repeated additions 
of fresh magma to the intrusion while it was 
solidifying. By layer thickness, cyclic and 
rhythmic units may also be further defined as 
micro-, macro- or megacyclic. A member is 
an outstanding single unit, whereas a group 
is a prominent combination of several similar 
units. (Irvine 1982). 

In this study the prefix meta is general-
ly omitted, although most of the rocks in the 
study area have undergone regional meta-
morphism. The typical metamorphic min-
eral assemblage of chlorite, albite, epidote, 
tremolite-actinolite and quartz in the mafic-ul-
tramafic rocks of the study area implies con-
ditions of greenschist or lower amphibolite 
facies. In the study area the original cumulus 
textures of plutonic rocks are usually well pre-
served as pseudomorphs thus enabling identi-
fication of original cumulus and intercumulus 
phases. 
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4 GEOLOGICAL SETTING AND STRUCTURE 
 OF THE KOILLISMAA INTRUSION

It is observable in the central parts of the Koil-
lismaa Intrusion, in the Porttivaara block area, 
where the cumulate sequence includes strati-
graphically lower LS members than those of 
other blocks. The depression structure is lo-
cated in the Kuusijärvi and Lipeävaara block 
area where the stratigraphically uppermost 
cumulate layers are thin or lacking. This in-
dicates a syn-intrusive roof collapse or an ir-
regular roof contact of the magma chamber of 
the Koillismaa Intrusion. 

Two stress field scenarios can be used to ex-
plain the break-up of the Koillismaa Intrusion, 
one tensional and the other compressional 
(Figs 4.2.A and B). Both would have resulted 
in a broadly similar pattern of fragmentation 
on surface, but with differently dipping faults 
separating the intrusion blocks. The compres-
sional stress field is favoured in the present 
study, because it would account for 1) the re-
activation of older rift-related normal faults 
related to the emplacement of the intrusion, 
2) the uplift of the intrusive blocks above ero-
sion level and 3) the folding of the supracrus-
tal rocks in the depression structure. 

It is suggested that a compressional stress 
field with a N-S oriented maximum principal 
stress axis (σ1) and vertical minimum princi-
pal stress axis (σ3) caused simultaneous tilt-
ing and structural duplication of the intrusive 
blocks and folding of the supracrustal forma-
tions above the intrusion, as lithologies of dif-
ferent competences would have undergone 
different deformation in a stress field. The 
supracrustal formations may be correlated 
with the lowermost formations of the Kuusa-
mo Schist Belt, which itself is younger than 
2405±6 Ma as indicated by zircon dating of 
quartz porphyry boulders in basal conglomer-
ates of the schist belt (Silvennoinen 1991). 

The individual blocks of the Koillismaa In-
trusion are referred, from north to south, to as 
Murtolampi, Kaukua, Lipeävaara, Tilsa, Kuu-
sijärvi, Porttivaara, Syöte, Pirivaara and Pin-
tamo blocks (Fig. 4.1). They form a synformal 
structure where the block margins towards the 
E-W trending synform axis are faulted against 
the country rocks that mostly belong to the 
Archaean basement (Fig. 4.2). The Pintamo, 
Pirivaara, Syöte, Porttivaara, Tilsa and Kuusi- 
järvi blocks dip towards the north or north-
west whereas the Lipeävaara, Kaukua and 
Murtolampi blocks dip towards the south or 
southwest. In this structure the observed dip 
is steepest in the central part, amounting to 
35-50° in the Porttivaara, Kuusijärvi and Li-
peävaara blocks. In the Pintamo, Pirivaara, 
Syöte, Kaukua and Murtolampi blocks the 
dips are gentler, at ca. 10–30°. The Syöte 
block has a relatively large areal extent due 
to gently dipping igneous layering and fault-
ing along the strike of the layering, which has 
led structural repetition of the Layered Series 
of the block. On the basis of gravimetric data, 
the Pirivaara and Syöte blocks extend to 1100 
m below the present erosion level, whereas 
the Porttivaara, Kuusijärvi and Lipeävaara 
blocks extend deeper, to 2000–2500 m (Savi-
aro 1976; Ruotsalainen 1977; Piirainen et al. 
1978). 

The cross section in the upper part of Fig. 
4.2 illustrates the sheet-like Koillismaa Intru-
sion in its original shape in which the present 
erosion level is marked and also indicated by 
the block names. The cross section reveals an 
angular discordance between the Layered and 
Marginal Series and a depression structure in 
the roof contact of the intrusion – features de-
scribed earlier by Alapieti (1982). The angu-
lar discordance seems to be due to an inclined 
basal contact of the original magma chamber. 
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Fig. 4.1. Geological map of the Koillismaa Intrusion. Revised and redrawn partially after the maps compiled by 
Piirainen et al. (1978), Alapieti et al. (1979), Honkamo (1979), Lahti & Honkamo (1980), Alapieti (1982), Karinen 
(1998), Landén (1999) and Räsänen et al. (2003). Abbreviations: UZ = Upper Zone, MZ = Middle Zone, LZ = 
Lower Zone. 
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Fig. 4.2. Cross section of the original sheet-like Koillismaa Intrusion with current erosion levels of the blocks and 
two possible scenarios explaining the present intrusion structure: tensional (A) and compressional (B). Modified 
from Alapieti & Lahtinen (1984) and Karinen (1998). Abbreviations: LS = Layered Series, MS = Marginal Series.
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The tilting may have taken place with-
in the same stress fields, which has been at-
tributed to the two major shear zones of the 
Koillismaa-Näränkävaara Complex area. Of 
these two shear zones the one that follows the 
western contact of the Kuusamo Schist Belt 
is dextral and is known as Hirvaskoski Shear 
Zone (HSZ in Fig. 4.3). The eastern, Oulu-
järvi Shear Zone (OSZ in Fig. 4.3), cuts the 
HSZ and is kinetically sinistral. By dating zir-
cons of granitoids that tectonically predate the 
shear zones Kärki (1995) suggested that the 
maximum age of both the HSZ and OZS is 
1860 Ma. However, the paleomagnetic tests 
of Mertanen et al. (1989) provide strong evi-
dence that the tilting occurred during the cool-
ing of the intrusions. Therefore, it is conclud-
ed at this point that most probably the HSZ 
formed along an Archaean weakness zone (cf. 
Airo 1999), and the tilting of the Koillismaa 
Intrusion was a long-lasting event. 

Karinen & Iljina (2009) divided the struc-
tural evolution of the  intrusion into four main 
episodes (Fig. 4.4): 
1. Initial rifting (2500–2450 Ma): the ear-

ly stage of the rifting was characterized 
mainly by volcanism and formation of a 
graben structure above the feeder of the 
later magma chamber of the intrusion. 

2. Main rifting (2450 Ma): volcanic activ-
ity was followed by intrusion of magma 

below the volcanic pile resulting in the 
formation of the sheet-like intrusion. The 
granophyre originated from melting of 
the supracrustal rocks in the roof of the 
chamber, or by felsic magma injection 
below the supracrustal rocks.  The depres-
sion in the hangingwall is the result of 
pre-intrusive graben faulting. 

3. Continuation in the tensional regime re-
sulted in the collapse of the central part of 
the intrusion, forming a basin, into which 
younger supracrustal material was depos-
ited. 

4. Compressional period (< 2450–? Ma): 
the tensional stress field changed to a 
compressional one, which caused reac-
tivation and reverse motion along older 
rift-related normal faults. These reverse 
movements were strong enough to raise 
large segments of the Archaean basement 
which are presently separating the intru-
sion blocks, and to duplicate layers of 
the Syöte block. The N-S oriented stress 
field did not cause significant rotation or 
tilting of the Näränkävaara Intrusion be-
cause of its funnel-shaped structure, and 
therefore the intrusion retained its origi-
nal position. 

Fig. 4.3. Model of the tectonic evolution of the Koillismaa area. Abbreviations: HSZ = Hirvaskoski Shear Zone, 
OSZ = Oulujärvi Shear Zone.
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Fig. 4.4. Schematic diagram showing structural evolution of the Koillismaa Complex (modified from Karinen 
1998, Iljina et al. 2001 and Karinen & Salmirinne 2001). See text for further explanation.
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5 STRATIGRAPHY AND PETROGRAPHY

• Lower Zone of the MS (LZMS) 
• Lower Zone b of the Marginal Series  
 (LZMSb)
• Lower Zone a of the Marginal Series  
 (LZMSa)

• Lower chilled margin 

• Basal rocks (mainly Archaean felsic  
 gneisses)

In addition to the modal mineral variation 
in the stratigraphy of the Koillismaa Intru-
sion, the grain size of plagioclase distinguish-
es most of the subzones (Fig. 5.2). 

Many layered intrusions show marginal re-
versals in their lower portions. The Koillis-
maa Intrusion is one of the first in which this 
feature has been described Alapieti (1982). 
Latypov (2003a, b) called the boundary be-
tween the marginal reversal and the overlying 
cumulates a “compositional crossover maxi-
mum”, since above that boundary, the modal 
and cryptic layering show normal trends of 
differentiation. In the Koillismaa Intrusion the 
border is located in the centre of the peridot-
itic subzone (UZMSb) of the MS. However, 
in this study the entire ultramafic portion is 
grouped to the MS, because the LS rests un-
conformably on the MS. 

5.1 Stratigraphic subdivision of the Koillismaa Intrusion 

The stratigraphic subdivision is based on 
the appearance of major cumulus minerals 
in the Koillismaa Intrusion. On the basis of 
the profile across the Porttivaara block, where 
the stratigraphic section is most complete and 
2500 m thick, the intrusion is subdivided into 
two series, five zones and twelve subzones. 
One subzone is further divided into three 
units. (Fig. 5.1). From the roof to the base of 
the intrusion these are named as follows: 

• Roof rocks (supracrustal rocks) 

• Granophyre 

• Upper chilled margin 

• Layered Series (LS) 
• Upper Zone (UZ) 

• Upper Zone c (UZc) 
• Upper Zone b (UZb) 
• Upper Zone a (UZa) 

• Middle Zone (MZ) 
• Middle Zone c (MZc) 
• Middle Zone b (MZb) 
• Middle Zone a (MZa) 

• Lower zone (LZ) 
• Lower Zone b (LZb) 
• Lower Zone a (LZa) 

• Olivine gabbronorite unit II 
• Gabbronorite unit 
• Olivine gabbronorite unit I 

• Marginal Series (MS) 
• Upper Zone of the MS (UZMS) 

• Upper Zone b of the Marginal Series  
 (UZMSb)
• Upper Zone a of the Marginal Series  
 (UZMSa)



30 Geological Survey of Finland, Bulletin 404
Tuomo Karinen

Fig. 5.1. Stratigraphic section and cumulus stratigraphy in the profile across the Porttivaara block (the profile is 
marked in Fig. 4.1). In the sequence thick vertical lines indicate cumulus minerals and thin vertical lines indicate 
intercumulus minerals. 
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Fig. 5.2. Stratigraphic section and plagioclase grain size variation in the profile across the Porttivaara block (the 
profile is marked in Fig. 4.1).
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5.2 Lotanvaara mafic rock unit 

block is ca. 400 m, which is the maximum 
thickness of the unit. In the western part of 
the Lotanvaara area, the rock is penetrated by 
cumulus-textured gabbronoritic dykes that re-
semble in terms of their mode and rock tex-
ture to the MZc of the Koillismaa Intrusion. 
Photographs of these dykes are presented by 
Juopperi (1976) and Karinen (1998). 

The rocks of the Lotanvaara unit are usu-
ally highly altered, but in some outcrops un-
altered material has been found (Fig. 5.3). In 
these outcrops plagioclase occurs either in 
the form of idiomorphic, tiny chadacrysts, or 
as anhedral and larger crystals (~ 0.3 mm) in 
the matrix of bronzite and augite oikocrysts. 
Orthopyroxene oikocrysts are euhedral and 
show the same grain size as plagioclase in 
the matrix. Augite oikocrysts are larger (~ 3 
mm) and typically also enclose small bronzite 
chadacrysts that tend to become larger (up to 
0.1 mm) towards the edges of the oikocrysts. 
A small amount of fine-grained chromite is 
common in the rock. 

Close to the basal contact of the Koillis-
maa Intrusion blocks occur several small in-
trusions and other mafic rocks (Fig. 4.1). The 
most prominent of them is the Soukeli Intru-
sion near the southern contact of the Portti-
vaara block. Alapieti (1982) determined an 
Archaean age (2699±46 Ma by the U-Pb 
method on zircon) for the Soukeli Intrusion. 
Another mafic rocks close to the basal con-
tact locates in the eastern part of the Kuusi-
järvi and Porttivaara blocks, in the Lotanvaara 
and Valkealehto areas. 

In this study only the rocks of the Lotan-
vaara area were investigated, since they have 
noncumulus textures and may therefore repre-
sent chilled margins. They may also provide 
a clue to the gabbronoritic noncumulate bod-
ies within the LS (described in Chapter 5.7). 
Since the eastern part of the Kuusijärvi block 
shows no distinct layering, it is difficult to es-
timate the true stratigraphic thickness of the 
Lotanvaara unit. The distance between ex-
posed contacts of the Archaean basement 
granitoids and cumulates of the Kuusijärvi 

Fig. 5.3. Photomicrographs of texture of unaltered noncumulus-textured gabbronorite of the Lotanvaara rock unit 
(72-TTK-99, A with parallel nicols and B with crossed nicols). Abbreviations: plag = plagioclase, cpx = clinopy-
roxene, opx = orthopyroxene.
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5.3 Chilled margins 

tre of the Porttivaara block (“Portinloma” in 
Fig. 4.1), the same contact zone includes a 
breccia with angular 5 to 10 cm-sized mafic 
fragments of fine-grained (< 0.3 mm) ophitic 
gabbronorite (5.4.B) in a granophyric or chlo-
rite schist groundmass. In the eastern part of 
the Porttivaara block (“Kuusi-Pyhitys” in Fig. 
4.1), a greenish and homogenous rock over-
lies the intrusion. Microscopically, the rock 
is a fine-grained (< 0.3 mm) and equigranu-
lar gabbronorite (Fig. 5.4.C). The layering 
is horizontal in the underlying LS cumulates 
and in many outcrops the rock is penetrated 
by gabbroic dykes, presumably from the in-
trusion (Fig. 5.4.D). Thus, the rock in the Ku-
usi-Pyhitys area forms a thin, sheet-like relict. 
In the Pintamo block area (“Pintamo” in Fig. 
4.1) the upper chilled margin is well exposed. 
Within a few meters away from the intrusion, 
the fine-grained and greenish chilled rock be-
comes progressively coarser and resembles a 
cumulus-textured. 

The lower chilled margin (“U0144I” in Fig. 
4.1), which Juopperi (1976) described from 
the Kuusijärvi block is texturally identical 
to that found during the present study in the 
Porttivaara block (“259-TTK-00” in Fig. 4.1). 
In both areas the rock is characterized by an 
equigranular gabbronorite with grain sizes be-
tween 0.2 to 0.5 mm (Fig. 5.4.A). 

In a few places along the exposed con-
tact between the cumulates and the overly-
ing granophyre, there occurs a greenish rock, 
which Juopperi (1976) and Piirainen et al. 
(1978) interpreted as being of volcanic nature. 
In the present work the rock is interpreted to 
represent the upper chilled margin. In the Ku-
usijärvi block, the upper chilled margin may 
be exposed on an island in the western part 
of Lake Kuusijärvi (“Kuusijärvi” in Fig. 4.1) 
(see also Saini-Eidukat et al. 1997). Howev-
er, due to the high degree of alteration and re-
crystallization, petrographic identification of 
the original texture is impossible. In the cen-

5.4 Marginal Series and related PGE-mineralized layers 

The Marginal Series (MS) of the Koillis-
maa Intrusion is estimated to be 60 m thick 
in the stratigraphic section of the Porttivaara 
block (Fig. 5.1). Kerkkonen (1976) has noted 
that the basement topography is reflected in 
the shape of the basal contact of the intrusion. 
This is most distinctly visible in the south-
ern Porttivaara block area where the strike of 
the MS and the layering in the Layered Series 
(LS) follows the depression shape as shown 
in Fig. 5.5. 

The MS is divided into two zones, the gab-
bronoritic Lower (LZMS) and the ultramaf-
ic Upper Zone (UZMS). In the lowermost 
LZMS the rock contains albite-quartz veins 
and inclusions of silica-rich basement rocks 
that occasionally contain traces of gneissic fo-

liation. The abundance of inclusions and veins 
decreases upwards through the zone, with the 
rock becoming more monotonous. Thus, the 
LZMS is further divided into a relatively het-
erogenous LZMSa subzone and a more mo-
notonous LZMSb subzone. Both subzones 
consist of a plagioclase-bronzite cumulate 
with intercumulus augite (pbCa). The UZMS 
grades from pyroxenite (UZMSa) at the base 
to peridotite (UZMSb) at the top. The rocks 
in both subzones are typically highly altered 
but igneous textures are normally preserved. 
The pyroxenite is a medium-grained poikilitic 
bronzite orthocumulate (bCa*) and the over-
lying peridotite is a medium-grained poikilitic 
olivine orthocumulate. 
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The sulphide- and PGE-minerals of the MS 
are mostly concentrated in the upper part of 
the LZMS and less in the lower part of the 
UZMS. The mineralized area is typically 15–
40 m thick and has gradational lower and up-
per contacts. Sulphides comprise 1–5 vol. % 
of the rock and occur mostly as fine dissemi-
nation in the interstices of silicate grains. The 

principal sulphide minerals are pyrrhotite, 
chalcopyrite, pentlandite and, in places, py-
rite. They form composite grains, but pentlan-
dite typically occurs with pyrrhotite within up 
to 2 cm-sized sulphide blebs, whereas chal-
copyrite predominantly forms fine dissemina-
tions. Pyrite occurs in two textural varieties: 
as idiomorphic and as anhedral crystals. 

Fig. 5.4. Photomicrographs and outcrop photo of textures in the chilled margins. A. Partly altered small-grained 
equigranular gabbronorite at the lower contact of the Porttivaara block (259-TTK-00, parallel nicols). B. Partly 
altered fine-grained and ophitic gabbronoritic fragment in a breccia of the upper contact of the Porttivaara block 
(103.3-TTK-99, parallel nicols). C. Partly altered fine-grained equigranular gabbronorite representing the upper 
chilled margin in the Kuusi-Pyhitys area (10.2-TTK-98, parallel nicols). D. Fine-grained gabbronorite penetrated 
by coarse-grained gabbroic dykes in the Kuusi-Pyhitys area (10.2-TTK-98, the diameter of the coin is ca. 2.5 cm). 
Abbreviations: plag = plagioclase, cpx = clinopyroxene, opx = orthopyroxene. 
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5.5 Layered Series 

contrast to the lowermost unit, it shows dis-
tinct microrhythmic layering caused by var-
iations in modal mineral proportions (Fig. 
5.6.C). Detailed field mapping in the south-
ern part of the Porttivaara block area (Fig. 5.5) 
where the LZa is best exposed revealed sev-
eral elongate bodies of noncumulus-textured 
gabbronorite (described in Chapter 5.7). 

The LZb is 600 m thick. It comprises mostly 
poikilitic gabbronorites (pbCa*), where augite 
is oikocrystic and which typically show inter-
stitial granophyric intergrowth of quartz and 
albite (Fig. 5.6.D). It is likely that the subzone 
is more complex than evident in the Portti-
vaara section since ca. 300 m east of the map-
ping profile, at a stratigraphic level of about 
350 m above the base of the intrusion, there 
occur outcrops of fresh olivine gabbronorite 
(poCb*a*). In the mapping profile, this lev-
el is marked by a distinct increase in the pla-
gioclase grain size (Fig. 5.2). Alapieti (1982) 
has also observed that the LZb includes cumu-
lus olivine in places. 

5.5.1 Lower Zone 

The Lower Zone (LZ) is 620 m thick in the 
Porttivaara stratigraphic section and is divid-
ed into two subzones (Fig. 5.1). 

The LZa is best exposed in the southern part 
of the Porttivaara block where it is only ca. 20 
m thick (Fig. 5.5). The subzone is divided into 
three units. The stratigraphically lowermost 
unit is a monotonous olivine gabbronorite 
(Olivine gabbronorite unit I) consisting of a 
poikilitic plagioclase-olivine orthocumulate 
(poCb*a*) with oikocrystic bronzite and au-
gite (Fig. 5.6.A) and which includes garnet 
and brown igneous mica as typical accesso-
ry minerals. The central unit (Gabbronorite 
unit) is a microrhythmically layered poikilitic 
plagioclase-bronzite orthocumulate where au-
gite is oikocrystic (pbCa*) (Fig. 5.6.B). The 
uppermost unit (Olivine gabbronorite unit II) 
is a poikilitic plagioclase-olivine-bronzite or-
thocumulate with oikocrystic augite (pobCa*) 
and accessory brown mica and garnet, but in 
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Fig. 5.5. Outcrop map of the southern Porttivaara block showing the Marginal Series and the lower part of the 
Layered Series. 
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5.5.2 Middle Zone 

The 450 m thick Middle Zone (MZ) (Fig. 
5.1) is divided into three subzones that show 
monotonous layering and weak plagioclase 
lamination. 

The MZa is ca. 50 m thick and represents 
the uppermost olivine-bearing subzone of the 
Koillismaa Intrusion. The subzone is com-
posed of a poikilitic plagioclase-olivine-
bronzite mesocumulate with oikocrystic au-
gite (pobCa*) (Fig. 5.7.A). Similarly to the 
LZa olivine gabbronorites, garnet and brown 

igneous mica are typical accessory phases in 
the MZa. 

Using conventional classification, subzones 
MZb and MZc are gabbronorites, but on the 
basis of the cumulus classification, the MZb is 
small to medium-grained plagioclase-bronzite 
mesocumulate (pbCa) containing interstitial 
granophyric intergrowths of albite and quartz 
(Fig. 5.7.B) whereas the MZc is a medium-
grained plagioclase-hypersthene augite ad-
cumulate (phaC) (Fig. 5.7.C). The boundary 
between MZb and MZc is marked by the dis-
appearance of cumulus bronzite and the si-

Fig. 5.6. Photomicrographs of textures in the Lower Zone. A. Partly altered poikilitic plagioclase-olivine mesocu-
mulate (poCb*a*) of the LZa (23-TTK-01, crossed nicols). B. Microrhythmic layering in partly altered bronzite-
plagioclase mesocumulate (bpCa) of the LZa (20-TTK-01, parallel nicols. Note the symbol indicating northwards-
downwards directions in the photomicrograph). C. Unaltered poikilitic olivine-plagioclase-bronzite orthocumulate 
(opbCa*) of the LZa (24-TTK-01, crossed nicols). D. Partly altered poikilitic plagioclase-bronzite mesocumulate 
(pbCa*) of the LZb (284-TTK-00, crossed nicols). Abbreviations: plag = plagioclase, oliv = olivine, cpx = clinopy-
roxene, opx = orthopyroxene, magn = magnetite, q+ab = granophyric intergrowth of quartz and albite.
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multaneous appearance of cumulus augite and 
pigeonite, now inverted to hypersthene. The 
change in the nature of cumulus phases at the 
boundary between the two subzones is reflect-
ed in an increase in plagioclase grain size in 
MZc (Fig. 5.2). In addition, the boundary is 
characterized by an occurrence of noncumu-
lus-textured gabbronorite bodies (described in 
detail in Chapter 5.7). In the stratigraphic sec-
tion of Fig. 5.1, the boundary is located at 850 
m in the Porttivaara block. 

5.5.3 Upper Zone 

The 1250 m thick Upper Zone (UZ) ac-
counts for about half of the entire thickness of 
the LS (Fig. 5.1). In the contact zone between 
the MZ and the UZ, the amount of inverted pi-
geonite diminishes gradually and gives way to 
cumulus plagioclase and augite. 

The rocks of the ca. 170 m thick UZa are 
usually highly altered gabbros and leucogab-
bros (Fig. 5.7.D). These rocks are plagioclase 
adcumulates (paC) whose intercumulus ma-
terial consists of granophyric intergrowths 
of quartz and albite. Locally these rocks also 
contain cumulus ilmenomagnetite. 

In the following 240 m thick UZb plagi-
oclase and augite crystallized with titanif-
erous magnetite as cumulus phases (pamC) 
(Fig. 5.7.E). The rock of the UZb is magnet-
ite gabbro adcumulate that is characterized 
by its metallic lustre caused by grains of il-
menomagnetite. 

The 840 m thick UZc is a massive and al-
tered anorthosite, consisting of cumulus pla-
gioclase with intercumulus augite (pCa) (Fig. 
5.7.F). Other interstitial phases consist of 
granophyric intergrowth of quartz and albite. 

5.6 Granophyre

The main minerals of the granophyre are 
plagioclase, quartz and biotite. The texture of 
the rock is typically medium-grained showing 
phenocrysts of unzoned albite in a matrix con-
sisting of biotite and granophyric intergrowths 
of quartz and albite. The granophyre is textur-
ally and mineralogically extremely uniform. 

Only in the stratigraphically uppermost out-
crops, the granophyric texture disappears and 
the grain size decreases towards the top of the 
granophyre layer (Karinen 1998). In the Port-
tivaara block, the granophyre forms a layer up 
to 1000 m in thickness. 

5.7 Noncumulus-textured gabbronorite bodies 

In several parts of the Koillismaa Intrusion 
there occur lenticular noncumulus-textured 
gabbronorite bodies that are conformable to 
the igneous layering of the intrusion. The bod-
ies are found in LZa (see Fig. 5.5), LZb and 
also, as noted by Kerkkonen (1976), in MS. 
However, most of these bodies can be found 
at the level where MZb gives way to MZc. No 
bodies have so far been found at higher strati-
graphic levels. Partly due to lack of exposure, 

the dimensions of the bodies cannot be reli-
ably measured. However, the largest bodies, 
measuring up to 6 m in thickness, are found 
near the boundary between the MZb and 
MZc, whereas bodies located in stratigraphi-
cally lower subzones are generally less than 
1 m thick. The locations of the noncumulate 
bodies are shown by star symbols in the geo-
logical map of Fig. 5.8.
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Fig. 5.7. Photomicrographs of textures in the Middle and Upper Zones. A. Unaltered poikilitic plagioclase-olivine-
bronzite mesocumulate (pobCa*) of the MZa (14-TTK-01, crossed nicols). B. Unaltered poikilitic plagioclase-
bronzite mesocumulate (pbCa*) of the MZb (311-TTK-00, crossed nicols). C. Unaltered plagioclase-hypersthene-
augite adcumulate (phaC) of the MZc (6-TTK-03, crossed nicols). D. Highly altered plagioclase-augite adcumulate 
(paC) of the UZa (327-TTK-00, parallel nicols). E. Partly altered plagioclase-augite-magnetite adcumulate (pamC) 
of the UZb (335-TTK-00, crossed nicols). F. Coarse-grained and partly altered plagioclase mesocumulate (pCa) of 
the UZc (345-TTK-00, crossed nicols). Abbreviations: plag = plagioclase, cpx = clinopyroxene, opx = orthopyrox-
ene, pig = inverted pigeonite, q+ab = granophyric intergrowth of quartz and albite, ilmenomagn = magnetite with 
ilmenite exolutions.
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The contact between the noncumulate bod-
ies and their host cumulates are common-
ly sharp but lacking distinct chilled margins 
(Fig. 5.9.A). A typical microtexture of a small 
gabbronoritic noncumulate body is shown in 
Fig. 5.9.B. In terms of their textures and phase 
distributions most of these bodies are identical 
to the rocks of Lotanvaara unit (compare Fig 

5.3.B and 5.9.B). However, exceptions do oc-
cur. For example, one small body in the Baa-
belinälkky area consists of cumulus-textured 
serpentinite. Some of the largest noncumulus-
textured gabbronorite bodies include pockets 
of coarser bronzite segregations that host apa-
tite and brown igneous mica (Figs 5.9.C and 
D). 

Fig. 5.8. Geological map showing the locations of the noncumulus-textured gabbronorite bodies of the Koillismaa 
Intrusion. 
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The petrographic investigation of a 6 m 
thick noncumulate body in drill core B7 from 
the Rometölväs area revealed a systemat-
ic textural change from the body margins to-
wards the interior. The analytical intervals 
and thin sections collected from the body are 
shown in Fig. 5.10, which also displays tex-
tures and modes of the principal rock-forming 
minerals in the section of the body. 

The 6 m thick body is mostly unaltered; 
only pyroxenes at the margins of the body 
show alteration. The upper alteration zone is 
ca. 1 m thick and the lower one is less than 0.5 
m thick. As shown in Fig. 5.10, both the upper 

and lower margins belong to the “Quenched 
area” where the rock shows an equigranular 
and fine-grained assemblage of plagioclase, 
augite and bronzite. Towards the interior of 
the body, the rock developes a poikilitic tex-
ture of augite and bronzite oikocrysts up to  
5 mm in size. These oikocrysts are sieved, en-
closing numerous small (< 0.2 mm), euhedral 
plagioclase chadacrysts that occassionally 
show increasing grain size from the oikocryst 
cores to the margins. The matrix to the oikoc-
rysts is mosaic-textured, comprising coarser 
(0.2–0.5 mm) plagioclase grains which show 
120° triple junctions between the grains. (Fig. 

Fig. 5.9. Outcrop photo and photomicrographs of noncumulus-textured gabbronorite bodies. A. Contact of a noncu-
mulus-textured body and gabbronorite of the MZ (81-TTK-00, length of the compass is 10 cm). B. Microtexture of 
an unaltered and fine-grained body (15.2-TTK-00, crossed nicols). C. Bronzite segregations in a body (15-TTK-03, 
parallel nicols). D. Bronzite segregation in a body (10-TTK-03, parallel nicols). Abbreviations: plag = plagioclase, 
cpx = clinopyroxene, opx = orthopyroxene. 
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Fig. 5.10. Section through the noncumulus-textured gabbronorite body at 9.85-15.65 m in drill core B7, showing 
from left to right: analytical intervals, thin section sampling locations, schematic illustration of rock textures, tex-
tural subdivision and modal distribution of plagioclase (plag), clinopyroxene (cpx), orthopyroxene (opx), sulphide 
minerals (sulp) and amphibole+epidote+orthoclase+apatite+quartz (rest). Colours: brown = orthopyroxene, bluish 
green = clinopyroxene, white = plagioclase, yellow = sulphides, black = amphibole+epidote+orthoclase+apatite+ 
quartz. 
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5.11.A). Due to the oikocrysts, the rock has 
a spotted appearance and therefore this por-
tion of the body is termed the “Spotted area“. 
The interior of the noncumulate body is char-
acterized by megacrystic bronzite that lacks 
exsolution lamellae and encloses numerous 
small (< 0.2 mm) euhedral plagioclase cha-
dacrysts. This type of texture has been termed 
the “Megacrystic area”. In this part of the 
body, most of the augites appear as up to 5 
mm long, skeletal and embayed hopper crys-

tals, which are also free of exsolution lamellae 
(Fig. 5.11.B). The mosaic-textured plagiocla-
se surrounding the megacrysts mostly forms 
a similar mosaic-textured tortuous framework 
as that in the “Spotted area” (Fig. 5.11.C.). 
In the very middle part of the “Megacrystic 
area”, between 12.24 and 13.45 m depth in the 
drill core, exolution-free bronzite megacrysts 
are tightly stacked and plagioclase exhibits ra-
diating bunches of crystals (Fig. 5.11.D). 

Fig. 5.11. Photomicrographs of textures in the noncumulate body of drill core B7. A. Oikocrystic bronzite and 
augite enclosing small plagioclase. Matrix plagioclase displays 120° triple junctions between crystals (B7 15.50, 
crossed nicols). B. Embayed and skeletal crystals of augite in megacrystic bronzite and a netted framework pla-
gioclase (B7 13.00, crossed nicols). C. Megacrystic bronzite and mosaic-textured framework of plagioclase (B7 
14.99, crossed nicols). D. Radiating plagioclase enclosed by oikocrystic orthopyroxene (B7 12.40, crossed nicols). 
Abbreviations: plag = plagioclase, cpx = clinopyroxene, opx = orthopyroxene. 
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Sulphides are located in the upper-central 
portion of the body (Fig. 5.10). The sulphides 
consist of chalcopyrite, pyrrhotite and pent-
landite, and occur together with plagioclase, 
ortho- and clinopyroxene, greenish amphib-
ole, chlorite, talc, quartz, orthoclase and apa-
tite in cm-sized pockets or segregations that 
display a coarser grain size than their sur-
roundings. In these pockets, the pyroxenes are 
mostly non-oikocrystic in contrast to the py-
roxenes in the surrounding rocks. The pock-
ets are also characterized by the presence of 
loveringite and brown igneous mica. How-
ever, the most sulphide-rich interval, around 
11.50 m in the core, is free of loveringite. The 

texture in the most sulphide-rich interval in 
the body is shown in the photomicrographs of 
Fig. 5.12. 

In the lower part of the body occur two dis-
tinct, mm- to cm-wide layers of fine-grained 
gabbro. The upper one of the layers is a few 
cm thick and is located at the depth of 14.50 m 
in the drill core. The clinopyroxene in this lay-
er is optically zoned, exsolution-free and oc-
curs mostly as anhedral grains 2–4 mm in size, 
but also as drop-like up to 0.2 mm chadacrysts 
in oikocrystic plagioclase (Fig. 5.13.A). The 
lower layer is ~5 mm thick and is located at 
depth 15.25 m in the drill core. It has a granu-
lar texture (Fig. 5.13.B).

Fig. 5.12. Photomicrographs of a sulphide-rich area in the noncumulate body of drill core B7 (B7 11.65, A with 
parallel nicols and B with crossed nicols). Abbreviations: sulp = sulphides, amp = amphibole, plag = plagioclase, 
cpx = clinopyroxene, opx = orthopyroxene. 
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Fig. 5.13. Photomicrographs of textures in the noncumulate body of drill core B7. A. Unaltered gabbro layer con-
taining anhedral clinopyroxene and oikocrystic plagioclase enclosing small drop-like diopside crystals (B7 14.50, 
crossed nicols). B. Granular layer in “Spotted-textured” section of the body (B7 15.25, parallel nicols). Abbrevia-
tions: plag = plagioclase, cpx = clinopyroxene. 
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5.8 Rometölväs Reef 

ters or mottles with relatively low-temperature 
minerals such as amphibole, clinozoisite-epi-
dote, calcite, chlorite, biotite, quartz, apatite 
and scapolite. 

Due to the clusters the mineralized rocks 
show a mottled appearance. Therefore, the 
Cu-Ni-PGE-mineralized rocks are subdivid-
ed into three types: weakly mottled, moder-
ately mottled and highly mottled. In the weak-
ly mottled type the mottles make up less than 
10 vol. % of the rock. The moderately mottled 
type contains 10–30 vol. % mottles, whereas 
the highly mottled type contains more than 30 
vol. % mottles. 

The mottles have clearly replaced the inter-
cumulus phases of cumulates. The central do-
mains of the mottles include scapolite, pent-
landite and pyrrhotite, whereas the margins 
contain fine-grained clinozoisite-epidote and 
chalcopyrite. Quartz is associated with chlo-
rite and, in small fissures, with calcite and 
scapolite. Adjacent to sulphides in the mot-
tles, the amphiboles display zonation from 
light-coloured central domains to darker col-
oured margins. Figure 5.14 shows a typical 
microtexture of a mottle.

As described in the previous chapter, the 
boundary between subzones MZb and MZc 
constitutes the stratigraphically highest and 
principal occurrence of the noncumulus-tex-
tured gabbronorite bodies. In many cases, 
this boundary is also Cu-Ni-PGE-enriched. 
The mineralization has been studied in the 
Rometölväs sampling site of the Syöte block 
and in the Baabelinälkky, Lanttioja, Välivaara 
and Mustavaara sampling areas of the Port-
tivaara block. The same mineralized layer is 
also exposed in a few outcrops in the Pikku-
Syöte and Aurinkokallio areas of the Syöte 
block (not investigated in detail) and has been 
intersected by drilling in the Kuusijoki area of 
the Kuusijärvi block. The locations of these 
areas are shown in Fig. 5.8. 

The abovementioned sites can be regard-
ed as representatives of the Cu-Ni-PGE-min-
eralized zone in the LS of the Koillismaa In-
trusion, which is hereafter referred to as the 
Rometölväs Reef (RT Reef). All occurrences 
share a close association with the MZb-MZc 
border, the occurrence of noncumulate bodies 
and the association of pyrrhotite, chalcopyrite 
and pentlandite in cm-sized pockets of clus-

Fig. 5.14. Photomicrograph of a mottle: A is taken with parallel nicols and B is taken with reflected light and 
parallel nicols (B7 9.83, Rometölväs). Abbreviations: plag = plagioclase, scap = scapolite, epid = epidote, amp = 
amphibole, q = quartz, cp = chalcopyrite, pn = pentlandite, po = pyrrhotite. 
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5.8.1 Rometölväs

The Rometölväs area is located near the 
southern margin of the Syöte block. In the cu-
mulates of the area, primary textures reveal 
as a weak plagioclase lamination, which is 
gently northwards dipping (30º) in the south-
ern parts of the area, but in some northern-
most outcrops, it dips with an angle of 65º to-
wards the north. These cumulates belong to 
the MZc, since already in the stratigraphically 
lowermost outcrops of the area, augite is a cu-
mulus phase. The Rometölväs contains a large 
number of discrete noncumulus-textured gab-
bronorite bodies. 

Figure 5.15 shows a section of drill core B7. 
The most intensively mottled and most sul-
phide-enriched cumulates are located in the 
upper part of the drill core, in a 20 m thick 
interval that is overlain by adcumulates. 
These highly mottled rocks are gabbros and 
anorthosites and can be classified as poikil-
itic plagioclase orthocumulates (with oikoc-
rystic augite) and plagioclase mesocumulates, 
in which the intercumulus material is mostly 
quartz. A distinct feature of the most inten-
sively mottled cumulates is that they show 
more grain size variation in plagioclase than 
the other rocks. The highly mottled interval in 
the drill core includes the 6 m thick sulphide-
bearing noncumulate body described in detail 
in Chapter 5.7. 

5.8.2 Baabelinälkky

The Baabelinälkky area comprises various-
ly mottled cumulates and a few noncumulus-
textured gabbronorite bodies. As shown in 
Fig. 5.16, drilling has confirmed that the sul-

phide-bearing interval in the area is up to 20 m 
in thickness with a relatively gentle dip (35–
40º NNW). 

A section drill core B1 is shows in Fig. 5.17. 
The upper part of the drill core is composed 
of unaltered, weakly mottled gabbronorit-
ic adcumulate (pahC) belonging to the MZc, 
This rock hosts a noncumulate-textured gab-
bronorite body, at depth 2.40–2.70 m in the 
drill core. The highly mottled, Cu-Ni-PGE-
enriched cumulates are anorthosites asso-
ciated with the noncumulus-textured gab-
bronorite body located at depth 18.74–19.56 m  
in the drill core. The highly mottled cumu-
late surrounding the noncumulate body is 
anorthosites. The most intensively mottled cu-
mulate can be found below the noncumulate 
body, where the rock is apatite-rich plagiocla-
se cumulate (pC).

5.8.3 Lanttioja

The Lanttioja area comprises small gab-
bronorite and gabbro outcrops, which dis-
play a subtle and low-angle (40–45º NW) 
plagioclase lamination (Fig. 5.18). The strati-
graphically lowest outcrops (135.1, 2, 3-TTK-
99) consist of weakly mottled gabbronorite 
(pabC). The presence of cumulus augite sug-
gests that the rock belongs to the MZc. In 
the Cu-Ni-PGE-enriched, more intensively 
mottled areas, such as represented by sam-
ples 135.4, 6, 7, 8, 10, 11, 12, 13 and 135.14-
TTK-99, augite is usually oikocrystic. The 
sampling sites shown in the outcrop map of 
Fig. 5.18 do not contain noncumulate bodies, 
but one small noncumulate body was located  
30 m to the west of the area. 
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Fig. 5.15. Section of drill core B7 (Rometölväs) showing rocks, cumulus classification and grain size variation of 
major cumulus phases in the drill core. Pyroxene grain sizes are estimated from pseudomorphs. The error in the 
grain size is given as the standard error of mean (s ⁄ √ n). 
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Fig. 5.16. Outcrop map of the Baabelinälkky area with drill hole cross sections. Modified from the map of Isohanni 
(1976). 
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Fig. 5.17. Section of drill core B1 (Baabelinälkky) showing rocks, cumulus classification and grain size variation of 
major cumulus phases in the drill core. Pyroxene grain sizes are estimated from pseudomorphs. The error in grain 
size is given as the standard error of mean (s ⁄ √ n). 
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Fig. 5.18. Outcrop map of the Lanttioja area showing the distribution of mottled cumulates.
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5.8.4 Välivaara and Mustavaara

The Välivaara area forms part of the Port-
tivaara mapping profile, whilst the Mus-
tavaara area is located a few hundred meters 
to the northeast of the profile. In the Välivaara 
area, the reef occurs exactly at the MZb-MZc 
boundary, ca. 850 m above the base of the in-
trusion, since the Cu-Ni-PGE-mineralized 
sample (314-TTK-00) is the first to contain 
cumulus augite. In the Mustavaara area the 
mineralization is situated within the MZc cu-
mulates. Both the Välivaara and Mustavaara 
areas contain noncumulate bodies. 

5.8.5 Distribution of variably mottled   
         cumulates in the sampling sites

Although the RT Reef appears to be most-
ly situated close to the boundary between the 
MZb and MZc, detailed examination of the 
sampling areas reveals that the boundary does 
not strictly constrains the localization of the 

mineralization. The sulphide-bearing mottles 
occur in several types of cumulates - gabbros, 
gabbronorites and anorthosites, in which the 
distribution of the mottles is controlled by the 
amount of intercumulus material and also by 
the location of the noncumulus-textured gab-
bronorite bodies. 

Figure 5.19 illustrates mineral distributions 
in mineralized, variously mottled cumulates 
of the Rometölväs, Baabelinälkky, Lanttioja, 
Välivaara and Mustavaara sampling sites. Re-
gardless of the appearance of the mottled tex-
ture pyroxenes are usually altered. It is there-
fore difficult to determine the original modal 
proportions in the mottles. Nevertheless, 
when considering the three types (weakly, 
moderately and highly mottled), it is obvious 
that there is a positive correlation between the 
degree of alteration, the amount of sulphide 
minerals, and the abundance of scapolite, epi-
dote and quartz+apatite+carbonate. The pro-
portion of oxides and biotite+chlorite does not 
change distinctly between alteration types. 

5.9 Summary 

The 2500 m thick Koillismaa Intrusion is di-
vided into two series, five zones and twelve 
subzones. The Marginal Series (MS), which 
hosts two subzones, is characterized by a re-
verse trend of differentiation where the rocks 
grade upwards from gabbronorites through 
pyroxenites to peridotites. The rocks are sul-
phide-mineralized, with the sulphides being 
mostly concentrated in the upper part of the 
gabbronorites and the lower part of the py-
roxenites. The Layered Series (LS) comprises 
three subzones. The Lower Zone (LZ) is com-
posed of olivine gabbronorite in its lower part 
and gabbronorite in its upper part. The Middle 
Zone (MZ) begins with a thin layer of oliv-
ine gabbronorite, which is overlain by a thick 
package of gabbronorite. The middle part of 
the gabbronorite is marked by the first appear-
ance of cumulus augite and inverted cumulus 

pigeonite. This level is defined as the bounda-
ry between subzones MZb and MZc. The Up-
per Zone (UZ) is characterized by magnet-
ite gabbro sandwiched with anorthosites and 
leucogabbros. The lower and upper chilled 
margins of the intrusion are locally exposed, 
with the latter separating the cumulates from 
a thick and homogenous layer of granophyre.

The cumulates along the boundary be-
tween subzones MZb and MZc of the Mid-
dle Zone are marked by an enrichment of sul-
phide- and PGE-mineralization referred to as 
the Rometölväs Reef. The reef forms a diffuse 
and laterally inconsistent zone up to 20 m in 
thickness. On the basis of alteration, the cu-
mulates of the reef are subdivided into weak-
ly, moderately and highly mottled-textured 
types. This subdivision correlates positively 
with the abundance of sulphides. Commonly, 
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Fig. 5.19. Distribution of minerals in variously altered cumulates of the Rometölväs Reef sampling sites. 
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the most sulphide-rich and intensively mot-
tled-textured cumulates are orthocumulates, 
whereas the less mottled cumulates are ad- to 
mesocumulates. A characteristic feature of the 
reef is the occurrence of lenticular, broadly 
concordant, meter-sized noncumulus-textured 
gabbronorite bodies that tend to be located 
within the altered, mottled, and mineralized 
zone. Some of the bodies are mineralized. 

The Rometölväs Reef is the principal and 
uppermost level at which the noncumulate 
bodies have been found. They also occur at 
lower stratigraphic levels in the intrusion, but 
in these cases there are no sulphides associat-
ed with the bodies. Most of the noncumulus-
textured bodies are texturally identical to the 
rocks of the Lotanvaara unit, which occurs at 
the base of the Koillismaa Intrusion. 

6  MINERALS AND MINERAL CHEMISTRY

Mineral chemical investigations were fo-
cused on 1) cumulus, intercumulus and non-
cumulus phases across the Koillismaa In-
trusion, 2) minerals in the RT Reef and 3) 
sulphides and platinum-group minerals of the 
RT Reef and the MS. The principal aim of 
analysing cumulus, intercumulus and noncu-
mulus phases was to study the composition-
al relations between minerals in the noncu-
mulus-textured gabbronorite bodies and those 

in the cumulates of the Koillismaa Intrusion, 
and accordingly their relations to the RT Reef. 
Therefore, the focus was placed on primary 
magmatic phases. Secondary phases were an-
alysed when investigating the RT Reef, since 
the PGE mineralization occurs in the orthocu-
mulate mottles. In the case of sulphides and 
precious metal phases, the purpose was to 
document and compare the mineral paragen-
eses in the RT Reef and the MS. 

6.1 Silicates 

6.1.1 Olivine 

Electron microprobe analyses were usually 
conducted on the central parts of olivine crys-
tals. Due to the general optical homogene-
ity of olivine, no traverses across individual 
grains were performed. The Fo mol. % in the 
olivine crystals ranges from 66.1-77.1, which 
corresponds to the results of Alapieti (1982) 
from the Porttivaara block. The most Fo-rich 
grains were found in olivine gabbronorite unit 
I of the LZa (22B-TTK-01), whereas the MZa 
hosts olivine crystals with the lowest Fo con-
tent (14-TTK-01). The NiO content in olivine 
ranges from 0.16 to 0.44 wt. % and correlates 
positively with Fo mol. %. All olivine analy-
ses are given in Appendix 3. 

6.1.2 Pyroxenes 

The pyroxenes of the study area consist of 
two types of Ca-poor phases; bronzite and 
inverted pigeonite, and two types of Ca-rich 
phases; augite and diopside. When analysing 
Ca-poor pyroxenes containing fine exsolution 
lamellae of augite parallel to {100} plane, a 
defocused beam on the plane {010} was used 
to obtain bulk composition of the original 
phase. The augites and inverted pigeonites 
which have coarse exsolution lamellae of or-
thopyroxene parallel to the {100} or {001} 
planes were analyzed using a focused beam 
on the {010} plane of the host phase, and as 
a consequence, only subsolidus compositions 
were obtained. In some cases, lamellae were 
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broad enough so that the composition of a sin-
gle lamella could be determined using a fo-
cused beam. Selected pyroxene analyses are 
compiled in Appendices 4 and 5. 

6.1.2.1 Noncumulate rocks 

In Fig. 6.1.A pyroxenes from noncumulates 
are plotted into the En-Fs-Wo quadrilateral. 
Pyroxenes from the chilled margins are usually 
pervasively altered, but it was possible to an-
alyse augite from two samples (10.2-TTK-98 
and 38-TTK-00) of the upper chilled margin 
in the eastern Porttivaara block (“Kuusi-Pyh-
itys” in Fig. 4.1). In these samples, the com-
position of augite ranges from Wo40.5En45.5Fs14 
to Wo40En41Fs19. The augite and bronzite 
in the Lotanvaara mafic rock unit (“Lotan-
vaara” in Fig. 4.1) average Wo43En45Fs12 and 
Wo3En74Fs23, respectively. In the noncumu-
lus-textured gabbronorite bodies the augite 
compositions range from Wo43En47Fs10 to 
Wo41En38Fs21 and the bronzite compositions 
from Wo4En78Fs18 to Wo3En67Fs30. The noncu-
mulate bodies of the Pirivaara block host the 
most Fe-rich pyroxenes, whereas the bodies 
of the Porttivaara and Kuusijärvi blocks host 
the most Mg-rich pyroxenes. 

The clinopyroxene from the noncumulate 
body at 14.50 m in drill core B7 (Fig. 5.13.A, 
analysis 1 in Appendix 4) is of diopsidic com-
position in Morimoto’s (1988) classification. 
A microprobe traverse through a large (1350 
μm across), optically zoned and lamellae-free 
grain revealed reverse zoning: the composi-
tion varies smoothly from the border (36.5–
37.6 mol. % En, 20.9–21.2 wt. % CaO, 0.3–
0.5 wt. % TiO2 and 1.2–1.3 wt. % Al2O3) to 
the core (35.2–35.4 mol. % En, 22.5–23.9 wt. 
% CaO, 0.2–0.3 wt. % TiO2 and 1.8-1.9 wt. 
% Al2O3). 

An electron microprobe traverse was also 
made across a large (600 μm across) or-
thopyroxene grain within a pocket of coarse 
bronzite of sample 10-TTK-03 (Fig. 5.9.D) 
and across a small (32 μm across) and opti-

cally zoned bronzite grain in the matrix of the 
pocket. The former is unzoned, whereas the 
latter shows normal zoning: 67 mol. % En 
component at the margin and 75 mol. % in 
the core. The skeletal augites in drill core B7 
are unzoned when analysed with line travers-
es perpendicular to their elongation. Analysis 
2 in Appendix 4 represents a composition of 
such augite. 

Figures 6.2 and 6.3 depict pyroxene compo-
sitions across the noncumulus-textured body 
in drill core B7. The bronzites have Mg-num-
bers of 69.3–77.2, 0.2 wt. % Cr2O3, 0.1 wt. 
% NiO, 0.2 wt. % TiO2, 0.8 wt. % Al2O3 and 
0.3 wt. % MnO. The augites have Mg-num-
bers of 74.4–83.3, 0.4 wt. % Cr2O3, ≤ 0.1 wt. 
% NiO, 0.3 wt. % TiO2, 1.4 wt. % Al2O3, 0.2 
wt. % MnO and 0.2 wt. % Na2O. As a result 
of zonation, the diopside grains at 14.50 m in 
the core show a large compositional variation, 
but otherwise, neither ortho- nor clinopyrox-
ene grains show internal zonation or signifi-
cant variations across the body. 

6.1.2.2 Cumulate rocks 

The composition of Ca-poor pyroxenes 
in the cumulates of the Koillismaa Intrusion 
ranges from Wo5En77Fs18 to Wo4En58Fs38 (Fig. 
6.1.B). The grains of Ca-poor pyroxene in the 
cumulates have Mg-numbers of 62.5–81.3 
and contain up to 0.6 wt. % Cr2O3, 0.1 wt. % 
NiO, 0.6 wt. % TiO2, 0.8–2.0 wt. % Al2O3 and 
0.1–0.6 wt. % MnO. 

The orthopyroxene in the lower part of the 
intrusion have fine exolution lamellae paral-
lel to the {100} plane, whereas in the MZc 
the orthopyroxene also contain coarser lamel-
lae approximately parallel to the {001} plane 
(Fig. 6.4). This implies that orthopyroxene of 
the MZc originally crystallized as pigeonite 
above the orthorhombic-monoclinic inversion 
temperature and inverted to the orthorhombic 
form upon cooling. Hess (1960) named such 
orthopyroxenes the “Stillwater type”, and 
those orthopyroxenes that contains only fine 
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lamellae parallel to {100} plane he named the 
“Bushveld type”. In this research, the phas-
es are referred to as primary orthopyroxene 
(Bushveld type) and inverted pigeonite (Still-
water type). 

According to Hess (1941, 1960), Brown 
(1957) and Deer et al. (1995), the inverted pi-
geonite is stable at compositions more ferric 
than ca. En70Fs30. In primary orthopyroxenes 
the fine lamellae exsolve parallel to the {100} 
plane and crystallize as diopside, whereas the 
coarse lamellae in pigeonites are composed of 
augite, which exsolve on the {001} plane of 
pigeonite prior to inversion. After passing the 
monoclinic-orthorhombic inversion temper-

ature, pigeonite inverts to orthorhombic hy-
persthene, which itself exsolves a set of fine 
lamellae parallel to the {100} plane in a simi-
lar way as primary orthopyroxene does. Since 
these lamellae are extremely narrow (a few 
nanometers), their composition cannot be ana-
lysed accurately with an electron microprobe, 
but can be identified with the single crystal X-
ray diffraction method or by optical determi-
nations. In contrast, the coarse augite exsolu-
tions parallel to the {001} plane of inverted 
pigeonite of the MZc are large enough to be 
analysed by microprobe (Fig. 6.4 and Analy-
sis 9 in Appendix 4). 

Fig. 6.1. Pyroxene compositions of noncumulates (A) and cumulates (B) in En-Wo-Fs quadrilaterals (mol. %). The 
symbols represent average compositions in a sample. The number of analysed samples are shown in parentheses. 
Pyroxene pairs are connected with tie lines. The red area in the quadrilateral of noncumulates represents clinopy-
roxene in a sample collected at a the depth of 14.50 m in drill core B7 (see Figs 5.10 and 5.13.A). 



G
eological Survey of Finland, B

ulletin 404
The K

oillism
aa Intrusion, northeastern Finland – evidence for PG

E reef form
ing processes in the layered series

57

Fig. 6.2. Mg-number (100Mg/(Mg+Fe2++Fe3++Mn)) and concentrations of Cr2O3, NiO, TiO2, Al2O3 and MnO in Ca-poor pyroxene of the noncumulate sec-
tion in drill core B7. Mineral colours: brown = orthopyroxene, green = clinopyroxene, white = plagioclase, yellow = sulphides, black = amphibole+epidote+
orthoclase+apatite+quartz. For textural description of the noncumulate, see Chapter 5.7.
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Fig. 6.3. Mg-number (100Mg/(Mg+Fe2++Fe3++Mn)) and concentrations of Cr2O3, NiO, TiO2, Al2O3, MnO and Na2O in Ca-rich pyroxene of the noncumulate 
section in drill core B7. Mineral colours: brown = orthopyroxene, green = clinopyroxene, white = plagioclase, yellow = sulphides, black = amphibole+epidote
+orthoclase+apatite+quartz. For textural description of the noncumulate, see Chapter 5.7.
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The composition of Ca-rich pyroxene in the 
cumulates of the Koillismaa Intrusion rang-
es from Wo44En45Fs11 to Wo43En38Fs19 (Fig. 
6.1.B). The clinopyroxene grains in the cumu-
lates have Mg-numbers of 65.1–81.5 and con-
tain up to 0.8 wt. % Cr2O3, 0.1 wt. % NiO, 
0.2–1.2 wt. % TiO2, 1.4–2.6 wt. % Al2O3, 0.1–
0.4 wt. % MnO and 0.2–0.5 wt. % Na2O. 

The augites in the lower part of the intru-
sion have distinct lamellae oriented parallel to 
the {100} plane, but augites in the MZc, the 
UZa, and the UZb have lamellae oriented par-
allel to the {001} plane, indicating that these 
phases crystallized at temperatures above the 
pigeonite-orthopyroxene inversion curve. Ac-
cording to Hess (1960) and Deer et al. (1995) 
the augites that crystallize below the inver-
sion temperature and coexist with primary or-
thopyroxene are commonly less Fe-rich than 
Wo41En44Fs15. Lamellae in such augites ex-
solve parallel to the {100} plane and are of en-
statitic or bronzitic composition. Upon cross-
ing the inversion temperature, lamellae begin 
to exsolve approximately parallel to the {001} 
plane in augite and such lamellae crystallize 
as pigeonite. Since this pigeonite inverts to 
the orthorhombic form, a second set of lamel-
lae in the host augites is formed. These lamel-

lae are composed of orthopyroxene and ex-
solve parallel to the {100} plane in augite, in 
a similar way as in Mg-bearing augite coexist-
ing with primary orthopyroxene. 

The cryptic variation in ortho- and clinopy-
roxene along the Porttivaara block profile is 
illustrated in Figs 6.5 and 6.6. Because of al-
teration, orthopyroxene compositions could 
only be determined in stratigraphic levels be-
low the lower parts of the MZc, where com-
positional variation seems to be insignificant. 
Above the LZb the Mg-number and the Cr2O3, 
Al2O3 and MnO contents of orthopyroxene 
decrease. (Fig. 6.5) Clinopyroxene shows 
similar compositional variation with height as 
the Ca-poor pyroxene, but sample coverage 
is better. As seen in Fig. 6.6, the Mg-number 
of clinopyroxene decreases with height in the 
lower part of the intrusion but increases with 
height above the level of the upper LZb, at a 
stratigraphic height of ca. 500 m. In the cen-
tre of the MZb, at a stratigraphic height of ca. 
750 m, the Mg-number of Ca-rich pyroxene 
begins to fall with height. Concentrations of 
Cr2O3, NiO, and Na2O vary in a similar way as 
Mg-number but are decoupled from the trends 
of TiO2 and Al2O3 content. 

Fig. 6.4. Photomicrographs of exsolution textures in inverted pigeonite of the MZc. Figure A represents the {010} 
plane of the pigeonite which displays coarse augite lamellae parallel to the {001} plane and fine diopside lamellae 
parallel to the {100} plane in the pigeonite (6.1-TTK-03, crossed nicols). Figure B shows the {100} plane of the 
pigeonite where only the coarse lamellae are visible (9-TTK-03, crossed nicols).
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Fig. 6.5. Mg-number (100Mg/(Mg+Fe2++Fe3++Mn)) and concentrations of Cr2O3, NiO, TiO2, Al2O3 and MnO in Ca-poor pyroxene across the stratigraphic se-
quence of the Porttivaara block (no lamellae compositions plotted, dots represent cumulus and circles represent intercumulus minerals). 
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Fig. 6.6. Mg-number (100Mg/(Mg+Fe2++Fe3++Mn)) and concentrations of Cr2O3, NiO, TiO2, Al2O3, MnO and Na2O in Ca-rich pyroxene across the stratigraphic 
sequence of the Porttivaara block (no lamellae compositions plotted, dots represent cumulus and circles represent intercumulus minerals). 
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6.1.2.3 Solidus compositions of the pyroxenes      
            in cumulate rocks

The solidus compositions of augite and in-
verted pigeonite of the Koillismaa Intrusion 
were obtained using weighted average com-
positions of exolutions and their hosts. The 
relative proportions of lamellae and host were 
estimated using digital BE-images showing a 
typical unaltered lamellae texture. In the case 
of primary orthopyroxene grains, the micro-
probe analyses on {010} planes were taken 
as solidus compositions. The analytical data 
used in the estimation of solidus compositions 
is compiled in Table 6.1.

The quadrilateral of Fig. 6.7 illustrates the 
compositions of host and exsolution phases 
identified by sample numbers. There appears 
to be correlation between the lamellae and co-
existing host compositions, which implies that 
the exsolution process began immediately be-
low the solidus temperature. A noticeable fea-

Fig. 6.7. The solidus trend of Koillismaa Intrusion (K) pyroxenes plotted in the En-Wo-Fs quadrilateral (mol. %). 
The solidus trends of the pyroxenes of the Bushveld Complex (B, data from Atkins 1969), the Skaergaard Intrusion 
(S, data from Brown & Vincent 1963) and the Jimberlana Intrusion (J, data from Campbell & Borley 1974) are also 
shown in the quadrilateral. 

ture in the quadrilateral is that the Ca-poor la-
mellae exsolved from augites have lower Wo 
contents, but are richer in Fs component than 
the coexisting cumulus orthopyroxene. 

In the Koillismaa Intrusion, the orthopyrox-
ene-pigeonite transition took place at an or-
thopyroxene composition of En65Fs35, which 
compares closely to the estimate from the 
Bushveld Complex (Atkins 1969). The au-
gite grains that crystallized above the inver-
sion curve and coexisted with pigeonite were 
originally more Fe-rich than Wo35En44Fs21. 
Following exsolution these augites are rich-
er in iron than Wo42En40Fs18, which compares 
well to the estimate given by Hess (1960) 
and Deer et al. (1995). The solidus trend of 
the Koillismaa Intrusion pyroxenes is shown 
in the quadrilateral of Fig. 6.7, where it is la-
belled as “K”. This trend is short in compari-
son with the trends of the Bushveld Complex, 
the Skaergaard Intrusion and the Jimberlana 
Intrusion. 
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Sample Phase Phase description Analytical key
24-TTK-01 
(LZa)

Ca-rich Exsolution host,
85.1 vol. % of the grain, intercumulus. SILI 08.04/17, 18, 19

Lamellae || {100} plane of the host,
14.9 vol. % of the grain. SILI 08.04/13, 14, 15, 16

Ca-poor Cumulus. SILI 08.04/20, 21, 22
305-TTK-00 
(MZa)

Ca-rich Exsolution host,
85.8 vol. % of the grain, intercumulus. SILI 04.04.03/15, 35, 36, 42, 43

Lamellae || {100} plane of the host,
14.2 vol. % of the grain. SILI 04.04.03/32, 33, 34, 40, 41

Ca-poor Cumulus. SILI 04.04.03/37, 38, 39
309-TTK-00 
(MZb)

Ca-rich Exsolution host,
82.7 vol. % of the grain, intercumulus. SILI 08.04.03/5, 7

Lamellae || {100} plane of the host,
17.3 vol. % of the grain. SILI 08.04.03/1, 3, 4

Ca-poor Cumulus. SILI 08.04.03/8, 9, 10
311-TTK-00 
(MZb)

Ca-rich Exsolution host,
82.0 vol. % of the grain, intercumulus. SILI 04.04.03/18, 25, 26, 27, 28

Lamellae || {100} plane of the host,
18.0 vol. % of the grain. SILI 04.04.03/20, 21, 22, 23, 24

Ca-poor Cumulus. SILI 04.04.03/29, 30, 31
5-TTK-03 
(MZc)

Ca-rich Exsolution host,
81.2 vol. % of the grain, cumulus. SILI 03.09.03/3, 5

Lamellae || {100} plane of the host,
18.8 vol. % of the grain. SILI 03.09.03/4

Ca-poor Exsolution host,
84.0 vol. % of the grain, cumulus. SILI 03.09.03/6

Lamellae || {001} plane of the host,
16.0 vol. % of the grain. SILI 03.09.03/7

6.1-TTK-03 
(MZc)

Ca-rich Exsolution host,
81.0 vol. % of the grain, cumulus. SILI 06.10.03/6

Lamellae || {001} plane of the host,
19.0 vol. % of the grain. SILI 06.10.032/5

Ca-poor Exsolution host,
84.5 vol. % of the grain, cumulus.

SILI 03.09.03/19 &
SILI 06.10.03/1

Exsolution || {001} plane in the host,
14.5 vol. % of the grain.

SILI 03.09.03/18 & SILI 
06.10.03/2

Table 6.1. Information on the grains used in the determination of solidus compositions and the fractionation trend 
of the pyroxenes of the Koillismaa Intrusion.
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6.1.2.4 Compositional differences between  
            the pyroxenes in the noncumulate and  
            cumulate rocks

The Mg/(Mg+Fe2+) value of pyroxene is 
used here as a measure of the degree of dif-
ferentiation (Fig. 6.8), but since clinopyrox-
ene commonly has greater Mg/Fe2+ than coex-
isting orthopyroxene and the analyses mostly 
represent subsolidus compositions, only gen-
eral trends are described. The major emphasis 
is put on the comparison of pyroxene chem-
istry between cumulates and noncumulates, 
as this may provide insight to the relationship 
between these rocks. 

In both cumulates and noncumulates, there 
is a trend towards lower Al (= AlIV+AlVI), 
Cr and Fe3+ contents in both pyroxene phas-
es with decreasing value of Mg/(Mg+Fe2+). 
In both rock types Ti contents are higher in 
clino- than in orthopyroxenes. The mode of 
occurrence of the pyroxenes in the cumulates, 
whether they occur as noncumulus, cumulus 
or intercumulus crystals, has generally no ef-
fect on the trends. The only exception is cu-
mulus clinopyroxene which shows somewhat 
lower Si and higher Fe3+ contents at a given 
Mg/(Mg+Fe2+) than intercumulus grains. 

The pyroxenes in the noncumulates gen-
erally have higher Si contents and lower Al 
contents than the pyroxenes in the cumulates. 
Clinopyroxenes of noncumulates are deplet-
ed in Ti but enriched in Cr at a given Mg/
(Mg+Fe2+) relative to clinopyroxenes in cu-
mulates. The pyroxenes in the Lotanvaara ma-
fic rock unit and in the noncumulus-textured 
gabbronoritic bodies have identical composi-
tions. 

6.1.3 Feldspars 

In the case of optically zoned feldspar 
grains, a minimum of three spots from the un-
zoned inner portion of a grain were analyzed 
to determine composition. Appendix 6 in-
cludes selected feldspar analyses. 

6.1.3.1 Noncumulate rocks 

The analyses of nine samples from the up-
per chilled margin in the eastern part of the 
Porttivaara block (“Kuusi-Pyhitys” in Fig. 
4.1) show considerable variation in anorthite 
content, from An57 to An47. The lower chilled 
margin (“259-TTK-00” in Fig. 4.1), whose 
plagioclase composition was determined from 
one sample yielded a more calcic composition 
(An64-60) than the upper chilled margin. 

Plagioclase compositions of the noncumu-
late bodies are given in columns 3 and 4 of 
Appendix 6. In the Lotanvaara mafic rock 
unit (“Lotanvaara” in Fig. 4.1) the plagiocla-
se compositions range from An68 to An62, as 
determined from chadacrystic grains in two 
samples (Fig. 6.9.A). Among the noncumu-
late bodies, there is no significant variation 
between the different blocks of the intrusion 
(Fig. 6.9.B). The overall variation of the pla-
gioclase composition in the noncumulate bod-
ies is very wide, from An90 to An41. The most 
calcic plagioclase (An90-82) is located in drill 
core B7 at Rometölväs (at a depth of 14.50 m),  
where plagioclase mostly forms oikocrysts 
that enclose diopside. These plagioclase 
grains are labeled in Fig. 6.9.B as “B7 14.50”. 
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Fig. 6.8. Pyroxene compositions in the cumulus- and noncumulus-textured igneous rocks shown as a function of 
Mg/(Mg+Fe2+) in pyroxene formula. Pyroxene chemistry in the diagrams is expressed as atoms per formula unit. 
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Due to the large compositional variation in 
major components of plagioclase in the noncu-
mulate bodies, altogether 20 plagioclase crys-
tals were analysed with line traverses. Zonation 
in most of the crystals revealed to be normal. 

Figure 6.10 illustrates the cryptic variation 
in plagioclase composition across the noncu-
mulate section of drill core B7. Plagioclase in 
the upper part of the section mostly have ca. 
An75, but towards the base of the body, there 
is a distinct decrease in the An content, from 
An70 to An65. The FeO content in plagioclase 
in the noncumulate body is relatively homog-
enous and averages 0.4 wt. %. The maximum 
An content of placioclase is similar in coex-
isting, morphologically different grains (ra-
diating, chadacrystic, mosaic-textured or in 
sulphide-bearing pockets). Chadacrysts have 
An78-59 and mosaic-textured grains surround-
ing pyroxene oikocrysts have An77-53. Plagi-
oclase within the sulphide-bearing pockets 
represent the Ab-rich end of the composition-
al range, at An79 to An41. 

6.1.3.2 Cumulate rocks 

The quadrilaterals in Fig. 6.11 illustrate the 
composition of plagioclase in the cumulate 
and granophyre samples. Analyses 5–8 in Ap-
pendix 6 represent cumulus plagioclase com-
positions and analysis 9 represent a plagiocla-
se in granophyre. Three electron microprobe 
traverses through cumulus grains, one from 
each of the LZb, MZb and MZc, were per-
formed to quantify the optically determined 
zonation in plagioclase crystals. 

The reverse differentiation trend in the MS 
is reflected in the plagioclase compositions in 
the gabbronoritic subzones (LZMSa and LZ-
MSb, Fig. 6.11.D). Here plagioclase composi-
tions cover a range from An73 to An45 and the 
most calcic grains occur in the stratigraphical-
ly uppermost subzone. 

The variation of An and FeO contents in 
plagioclase of the Porttivaara block is shown 
in Fig. 6.12. The compositions of the most 
calcic phases cover a range from An77 to An52, 

Fig. 6.9. Plagioclase compositions in the noncumulus-textured rocks plotted in the An-Or-Ab quadrilateral  
(mol. %). The number of analysed samples are shown in parentheses. The red striped area in the lower quadrilateral 
represents the plagioclase analyses of thin section B7 14.50 (drill core B7, Rometölväs). 
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whereas FeO ranges mostly between 0.25 and 
0.75 wt. %. In the lower part of the LS there is 
a steady decrease in An content in plagioclase 
with height, from An77 to An64, but this trend 
turns reversed in the upper part of the LZb, at 
stratigraphic height of ca. 500 m. From there 
on the An content increases with height. In the 
MZa and the lower half of MZb (620–750 m 
stratigraphic height), it reaches values compa-
rable to those in the lower portion of the in-

trusion (An75). Above this level, the An con-
tent decreases with height, upwards from the 
MZb and downwards from the middle part of 
the UZc to reach the lowest values (An52) at 
height of ca. 1500, in the UZb. Plagioclase in 
the upper part of the UZc (above height ca. 
1900 m) displays a very uniform composition 
(ca. An66). In the granophyre, the An content 
of plagioclases is typically less than 10 mol. 
% (Fig. 6.11). 

Fig. 6.10. Variation of An (mol. %) and FeO (wt. %) of plagioclase in a noncumulus-textured gabbronorite body in 
drill core B7. All analysed compositions shown in the diagram. For textural description of the noncumulate body, 
see Chapter 5.7. 
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6.1.4 Other silicate minerals 

6.1.4.1 Amphibole group 

According to the classification of Leake 
(1978) and Leake et al. (1997), all amphiboles 
analysed in this study can be defined as cal-
cic amphiboles. They display significant with-
in-grain compositional variation that is most 

distinct in the grains of the mottled RT Reef 
cumulate samples (Fig. 6.13). The amphibole 
compositions analysed from the mottled cu-
mulates cover the following ranges: 2.7–17.2 
wt. % MgO, 8.5–25.4 wt. % FeOTOT and 35.6–
54.7 SiO2. The pale green cores of amphiboles 
within mottles and pseudomorphic amphib-
ole grains after clinopyroxene located adja-
cent to the mottles have the most Si- and Mg-

Fig. 6.11. Plagioclase compositions in the cumulate and granophyre samples of the study area in An-Or-Ab quadri-
lateral (mol. %). Only the most An-bearing composition in each sample is shown. The number of analysed samples 
is shown in parentheses.
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rich compositions. Such phases can be defined 
as actinolites and hornblendes, whereas the 
darker green margins of amphibole within the 
mottles have the highest Fe, Na and K concen-
trations and can be defined as pargasites. 

Actinolites and hornblendes contain less 
than 0.5 wt. % Na2O and K2O, but in par-
gasites, alkalic metal concentrations are high-
er, up to 2.2 wt. % Na2O and 2.8 wt. % K2O. 
Pargasites have also the highest concentra-
tions of Cl (up to 4.1 wt. %) and Al2O3 (up to 
16.9 wt. %), whereas actinolites are the most 
water-bearing (0.8–2.1 wt. % H2O). Other-
wise the amphiboles from mottled cumulates 
are compositionally similar: they have rough-
ly constant CaO contents, 11.6-12.8 wt. % in 
actinolites and 11.2–12.0 wt. % in pargasites, 
and contain up to 0.6 wt. % Ti2O, 0.7 wt. % 
NiO and 0.6 wt. % MnO. 

The amphibole grains in the sulphide-min-
eralized part of the noncumulate section in 

drill core B7 (see Figs 5.10 and 5.12) consist 
of actinolites and hornblendes. The grains are 
richer in Mg than amphibole in the mottled 
cumulates but have otherwise similar com-
positions (Fig. 6.13). The grains in the non-
cumulate body contain 9.7–18.3 wt. % MgO, 
9.4–15.2 wt. % FeOTOT, 41.9–54.1 wt. % SiO2, 
11.1–12.0 wt. % CaO, 3.0–16.3 wt. % Al2O3 
and 0.8–2.1 wt. % H2O. They also contain up 
to 0.3 wt. % Cl, 0.3 wt. % TiO2, 0.5 wt. % NiO 
and 0.6 wt. % MnO. 

The amphibole grains of the MS are actin-
olites. They contain 17.5–18.6 wt. % MgO, 
9.2–10.9 wt. % FeOTOT, 54.7–55.3 wt. % SiO2, 
0.9–1.6 wt. % Al2O3, 01.8–2.1 wt. % H2O and 
12.9 wt. % CaO. 

6.1.4.2 Epidote group 

By means of optical determinations the 
crystals of the epidote group were classified 

Fig. 6.12. Variation of An (mol. %) and FeO (wt. %) in plagioclase with height in the Porttivaara block. Red dots 
show the FeO in the most An-bearing plagioclase of individual thin sections. 
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as members of the clinozoisite-epidote sol-
id solution. According to Deer et al. (1995), 
the change from clinozoisite to epidote takes 
place at the pistacite (the name for the epidote 
end-member) molecule amount of 10 mol. 
%, which corresponds to ca. 6 wt. % Fe2O3 
in the mineral. The analysed phases contain 
22.2–24.8 wt. % CaO, 23.1–31.9 wt. % Al2O3, 

36.4–41.0 wt. % SiO2 and 2.1–14.4 wt. % 
Fe2O3

TOT. The pistacite molecule amount in 
the analysed phases varies from 4.0 to 28.5 
mol. %. Only one large grain appeared to con-
tain a sufficient low pistacite component to be 
defined as clinozoisite. Ten selected analyses 
of epidote group minerals are shown in Ap-
pendix 8. 

Fig. 6.13. Composition of amphibole in the Koillismaa Intrusion plotted in the classification for calcic amphiboles 
(Leake 1978; Leake et al. 1997). Mineral formulae are calculated on the basis of 23 oxygens (H2O, Cl, F, S and 
P excluded) and Fe2O3/FeO is calculated using the method of Droop (1987). Ten selected analyses of amphibole 
group minerals are listed in Appendix 7. 
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6.1.4.3 Scapolite group 

All the scapolite group mineral analyses 
were performed on RT Reef cumulates and 
mostly from one drill core. According to the 
Commission on New Minerals and Miner-
al names of the International Mineralogical 
Association, the name of scapolite should 
be retained as a group name and the marial-
ite-meionite series should be used as miner-
al names (Bayliss 1987). Based on the clas-
sification of Teertstra & Sherriff (1997), the 
analysed scapolite group minerals contain 
51.3–68.7 mol. % marialite and are defined as 
calcian marialites (85 > Ma > 50). They con-
tain 50.5–58.5 wt. % SiO2, 22.5–25.4 wt. % 
Al2O3, 6.8–11.5 wt. % CaO, 4.4–9.4 wt. % 
Na2O, 0.2–0.5 wt. % K2O, 2.1–3.3 wt. % Cl, 
1.3–3.4 wt. % CO3 and low SO4 concentra-
tions (< 0.8 wt. %). The scapolite group min-
erals do not display a significant composition-
al variation across the RT Reef. Appendix 9 
shows ten selected analyses of the scapolite 
group minerals. 

6.1.4.4 Phlogopite-biotite 

Mica is present in two types: 1) biotite 
forms an alteration product in the mottled 
RT Reef cumulates and 2) primary magmatic 
phlogopite-biotite occurs as flakes in the oliv-
ine gabbronorites or adjacent to loveringite in 
the noncumulus-textured body studied in de-
tail (see Chapter 5.7). Ten representative mica 
analyses are presented in Appendix 10. 

According to Deer et al. (1995), the dif-
ference in chemistry of the solid solution se-

ries end-members phologopite and biotite is 
not clearly defined. Phlogopite is the Mg-rich 
end-member whose octahedral site does not 
contain significant aluminium, whereas in bi-
otite there is an appreciable degree of substi-
tution of Al for octahedrally coordinated Mg 
and Fe. According to Bailey (1984), biotite 
compositions ideally are K(Mg0.6-1.8Fe1.2-2.4)
(Si3Al)O10(OH,F)2, and on the basis of the 
most Mg-rich composition, the phlogopite-bi-
otite boundary in this study is set at Mg/Fe = 
1.5. 

The analysed alteration biotites contain 35–
36.5 wt. % SiO2, 16.1–17.9 wt. % Al2O3, 6.8–
8.6 wt. % K2O, 8.4–11.5 wt. % MgO, 19.0–
24.8 wt. % FeOTOT and 0.2–1.8 wt. % TiO2. 
They have a sufficient amount of aluminium 
in octahedrally coordinated sites (AlVI = 0.5–
0.8) and Mg/Fe values close to 1.0. 

Most of the igneous micas are phlogopites 
that contain 32.9–39.2 wt. % SiO2, 12.5–15.0 
wt. % Al2O3, 6.1–9.0 wt. % K2O, 13.2–16.9 
wt. % MgO, 12.0–17.0 wt. % FeOTOT and 2.4–
6.8 wt. % TiO2. The Al substitution in the oc-
tahedrally coordinated cation sites is small 
(AlVI < 0.4) and Mg/Fe is mostly close to 2.0. 

6.1.4.5 Chlorite 

The analysed chlorite grains contain 24.8-
28.3 wt. % SiO2, 16.9–22.0 wt. % Al2O3, 19.2–
34.3 wt. % FeOTOT, 8.2–19.9 wt. % MgO, 0.1–
1.1 wt. % MnO and 11.1–11.9 wt. % H2O. 
They contain also up to 1.3 wt. % NiO, 0.6 wt. 
% Cl and 2.1 wt. % SO3. Ten selected chlorite 
analyses are presented in Appendix 11. 
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6.2 Oxides 

6Fe2TiO4    +   O2    =  2Fe3O4  +  6FeTiO3.
ulvöspinel    oxygen    magnetite     ilmenite 
    

Therefore, titanium (Ti4+) in spinels is large-
ly controlled by subsolidus exsolution phe-
nomena. This leaves Al3+, Cr3+, Fe3+, Fe2+, 
Mg2+, Mn2+, Ni2+ and Zn2+ as the principal ele-
ments in the analyses representing the exolu-
tion hosts, and of these elements the trivalent 
ones have formed the basis of spinel subdivi-
sion into a chromite series (Cr3+), a magnet-
ite series (Fe3+) and a spinel series (Al3+). The 
subdivision used here is a modification of the 
classification of Stevens (1944), which is il-
lustrated in Fig. 6.15 and exemplified numeri-
cally in Appendix 13. 

The spinels of the MS and LS differ mark-
edly in their compositions. The spinels of the 
MS plot in the fields of ferrian and aluminian 
chromites, whereas the spinels of the LS are 
magnetites. In terms of the major components, 
the analysed MS spinels average 5.0 mol. % 
ulvöspinel, 24.4 mol. % inverted spinel, 46.6 
mol. % Cr-spinel and 24.0 mol. % Al-spinel. 
These spinels contain on average 1.0 wt. % 
V2O3, 0.2 wt. % MgO, 0.1 wt. % NiO, 1.8 wt. 
% ZnO and 0.4 wt. % MnO. The LS spinels 
average 2.7 mol. % ulvöspinel, 90.8 mol. % 
inverted spinel, 4.2 mol. % Cr-spinel and 2.3 
mol. % Al-spinel and contain up to 1.6 wt. % 
V2O3, 3.2 wt. % MgO, 0.6 wt. % NiO, 0.5 wt. 
% ZnO and 1.1 wt. % MnO. The most Cr-en-
riched spinel was found from the olivine cu-
mulate body of Baabelinälkky (M-208B-71 in 
Fig. 6.15) with a composition of 2.6 mol. % 
ulvöspinel, 5.6 mol. % inverted spinel, 63.4 
mol. % Cr-spinel and 28.4 mol. % Al-spinel 
and contains 0.5 wt. % V2O3, 1.3 wt. % MgO, 
1.7 wt. % ZnO and 0.6 wt. % MnO. Ni was 
not detected in the phase. 

The spinels of the Lotanvaara mafic rock 
unit cover a range from ferrian chromite to 

6.2.1 Spinel group 

The Fe2O3/FeO in the spinel minerals was 
calculated on the ulvöspinel and ilmenite ba-
sis as presented by Carmichael (1967) and 
on the stoichiometric basis as presented by 
Droop (1987). The stoichiometric Fe2O3/FeO 
was further used in mineral formulae calcula-
tions. Appendix 12 includes ten selected spi-
nel analyses.

Selected oxide grains of the Koillismaa In-
trusion are shown in Fig. 6.14. Chromite grains 
typically have alteration margins of magnetite 
(Fig. 6.14.A). To obtain the composition of 
the least altered part of the crystal microprobe 
analyses were performed on the central do-
mains of grains. Spinels from the MS are la-
mellae-free, whereas ilmenomagnetites of the 
LS - and especially in the UZb - have variable 
textures of lamellae as shown in Fig. 6.14.B. 
Juopperi (1977) described three ilmenite la-
mellae generations of UZb ilmenomagnet-
ites, 1) a coarse type exhibiting homogenous 
and granular lamellae, 2) long, thin lamellae 
occurring parallel to the {111} plane and 3) 
small splinter-like lamellae parallel to {111} 
which occur between the lamellae of the sec-
ond type, but do not touch them. In noncumu-
lates the spinels mostly have lamellae paral-
lel to the {111} plane (Fig. 6.14.C), but these 
rocks contain also oxide grains that are free of 
lamellae or in which faint lamellae are con-
fined to the centers of the grains (Fig. 6.14.D). 

The exolutions form when titanomagnetite, 
which refers to any composition lying on the 
magnetite and ulvöspinel solid solution, un-
dergoes subsolidus oxidation. The oxidation 
concerns the ulvöspinel component of the 
solid solution that reacts to magnetite and il-
menite, which begins to exsolve. Buddington 
& Lindsley (1964) expressed the exsolution 
with the following reaction:  

(4)
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chromian magnetite (Fig. 6.15). These spinels 
contain 1.0–14.9 mol. % ulvöspinel, 22.8–
61.6 mol. % inverted spinel, 28.1–45.4 mol. 
% Cr-spinel and 4.8–20.4 mol. % Al-spinel, 
and 0.8–1.9 wt. % V2O3, 0.5–2.1 wt. % ZnO, 
0.6–1.7 wt. % MnO, and up to 0.2 wt. % MgO 
and 0.3 wt. % NiO. 

The spinels in noncumulate bodies show 
significant variation from ferrian chromite 
through chromian magnetite to magnetite. 
Due to the small number of analyses per intru-
sion block, the compositions illustrated in Fig. 
6.15 are divided into two groups according to 
the body size rather than their locations. Thus, 

the first group comprises the analyses from 
small bodies, whereas the second group rep-
resent spinel grains in the large noncumulate 
body in drill core B7. The spinels in the large 
noncumulate body are richer in Fe than those 
in small bodies. In terms of major components 
the analysed grains in the noncumulate bodies 
have from 0.3–22.4 mol. % ulvöspinel, 11.5–
97.5 mol. % inverted spinel, 2.2–61.4 mol. 
% Cr-spinel and up to 28.8 mol. % Al-spinel. 
These phases contain 0.4–4.0 wt. % V2O3, and 
up to 2.1 wt. % MgO, 0.3 wt. % NiO, 3.1 wt. 
% ZnO and 2.2 wt. % MnO. 

Fig. 6.14. Oxide minerals of the study area. A. Chromite in a cumulus-textured serpentinite body of Baabelinälkky 
area (M-208B-71, reflected light and crossed nicols), B. Ilmenomagnetite in magnetite gabbro (335-TTK-00, re-
flected light), C. Chromian magnetite with distinct lamellae in a rock of the Lotanvaara unit (72-TTK-99, BEI), D. 
Chromian magnetite with weak lamellae in a noncumulate body (10-TTK-03, BEI). 
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6.2.2 Ilmenite 

Two textural varieties of ilmenite can be 
distinguished: 1) discrete grains that occur in-
dependently from spinels and exhibit mostly 
elongate crystal forms and 2) exsolution prod-
ucts of the ulvöspinel-magnetite solid solu-
tion. Mathison (1975) called the first type pri-
mary ilmenite and the second type secondary 
ilmenite. Smith (1970) and Mathison (1975) 
noticed that the two types of ilmenite can be 
distinguished chemically, but the ilmenite 
grains analysed here were not systematically 
studied with regard to this question. Neverthe-
less, on a textural basis 17 analyses represent 
primary and 33 analyses represent secondary 
phases. Where grains are closely associated 
with spinels (Fig. 6.14.B), however, it is dif-

ficult to determine whether they are primary 
coprecipitates or the result of granular exsolu-
tion of earlier titanomagnetite. 

The Fe2O3/FeO ratio in ilmenite was calcu-
lated on the ilmenite (Carmichael 1967) and 
stoichiometric basis (Droop 1987) and the ra-
tio of the latter procedure was further used in 
mineral formulae calculations. Ten represent-
ative ilmenite analyses are listed in Appen-
dix 14. Most of the analysed ilmenites can be 
defined as ferrian ilmenites, which according 
to Buddington et al. (1963), Anderson (1968) 
and Himmelberg & Ford (1977) is an optically 
homogenous rhombohedral Fe-Ti phase hav-
ing an oxide stoichiometry of close to R2O3 
and Fe2O3 less than 50 mol. %. However, the 
ilmenite occurring as rims around lovering-
ite grains is called manganoan ilmenite in ac-

Fig. 6.15. Chromite-spinel-magnetite diagram illustrating spinel compositions in the study area. Number of ana-
lysed samples is shown in parentheses. Diagram is modified after Stevens (1944). See Appendix 13 for classifica-
tion parameters. 
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cordance with Tarkian & Mutanen (1987) and 
is described in Chapter 6.3.2. 

The ferrian ilmenites in the cumulate rocks 
are mostly secondary phases. They con-
tain 44.8–54.0 wt. % TiO2, 40.5–51.4 wt. % 
FeOTOT, 1.1–4.3 wt. % MnO and up to 0.5 wt. 
% MgO. Analyses 1 and 2 in Appendix 14 
represent compositions of granular lamellae 
in the UZb ilmenomagnetite grains, and anal-
yses 3 and 4 are compositions of thin lamellae 
in these ilmenomagnetite grains, conformable 
to their {111} planes. The highest Fe2O3 con-

tent, ca. 14 wt. %, is observed in a primary il-
menite (analysis 5 of Appendix 14). 

In noncumulates, ferrian ilmenite con-
tains 45.3–55.5 wt. % TiO2, 40.2–45.0 wt. % 
FeOTOT, 1.2–3.4 wt. % MnO and up to 0.6 wt. 
% MgO. In Appendix 14 analysis 6 represents 
the composition of a {111} oriented lamel-
la in spinel (the chromian magnetite of Fig. 
6.14.C), and analysis 7 represents the compo-
sition of a primary ilmenite. Analogous to il-
menite in cumulates, the highest Fe2O3 con-
tent, ca. 6 wt. %, occurs in primary ilmenite. 

6.3 Accessory silicates and oxides 

6.3.1 Garnet 

Small grains of garnet mostly occur as in-
clusions in plagioclase in the olivine gab-
bronorite subzones of the Koillismaa Intru-

sion. The garnet grains are typically sieved 
with talc-rich inclusions and display composi-
tional zonation (Fig. 6.16). Ten selected anal-
yses are presented in Appendix 15.

Fig. 6.16. A. BE-image of garnet in the LZa (24-TTK-01). B-F. X-ray scanning images illustrating the elements 
distribution of various elements in the grain: Al (B), Ca (C), Mn (D), Mg (E) and Fe (F).



76 Geological Survey of Finland, Bulletin 404
Tuomo Karinen

The analysed garnets contain 8.4–26.5 wt. %  
FeO, up to 6.4 wt. % Fe2O3, up to 2.5 wt. % 
MgO, 8.1–23.9 wt. % CaO, 35.6–37.8 wt. % 
SiO2, 20.2–22.3 wt. % Al2O3 and 1.8–6.9 wt. 
% MnO. They contain 18.7–60.7 mol. % al-
mandine, 4.1–15.7 mol. % spessartine, 0.1–
10.2 mol. % pyrope, 13.1–60.6 mol. % gros-
sular and less than 0.2 mol. % uvarovite. The 
high manganese concentrations are probably 
due to the Mn-Fe diadochy, as these elements 
display a negative correlation in the analysed 
samples. 

Mäkelä (1975) noted that the garnets of 
the Koillismaa Intrusion lie compositional-
ly within the miscibility gap between pyrals-
pites and ugrandite and proposed that the gar-
nets formed as a result of olivine alteration. In 
accordance with Miller (1974) it is suggested 
here that the genesis of the garnets can be re-
lated to the following reaction: 

CaAl2Si2O8  +  (Mg,Fe)2SiO4  =
anorthite            olivine       (5)

Ca(Mg,fe)2Al2Si3O12.
garnet 

    
where the garnet is composed of 2/3 of py-

rope-almandine component and 1/3 of grossu-
lar component. The compositional zoning in 
the Koillismaa Intrusion garnets is related to 
these end-members with grain margins being 
pyrope- and almandine-enriched, and cores 
being grossular-rich. 

6.3.2 Loveringite 

Loveringite, first found and described by 
Gatehouse et al. (1978) and Campbell & Kel-
ly (1978) in the Jimberlana Intrusion and by 
Cameron (1978) in the Bushveld Complex 
is a relatively rare phase belonging to the 
crichtonite group with the general formula 
AM21O38; A = large cations (Ca, REE, Y, Th, 
U, Pb) and M = small cations (Ti, Fe, Cr, Mg, 

Zr, Al, V, Mn). At the time of its definition and 
description, Alapieti (1982) found lovering-
ite in the Näränkävaara Intrusion during the 
microanalyses of spinel group minerals. As 
mentioned in Chapter 5.7, in the present study 
loveringite was found in the noncumulus-tex-
tured gabbronorite body in drill core B7. The 
electron microprobe analyses were carried 
out on four thin sections that cover the 2 m 
thick loveringite-bearing interval in the non-
cumulate body, at a depth of 10.60-13.00 m in 
the drill core. Traverses were analysed across 
three grains to evaluate potential zoning. The 
Fe2O3/FeO in loveringite was calculated on 
the stoichiometric basis (Droop 1987). Ten 
representative analyses of loveringite are list-
ed in Appendix 16. 

The loveringite grains in the drill core are 
closely associated with phlogopite, orthocla-
se and apatite and form discrete grains up 
to 100×150 μm in size (Fig. 6.17.A). In one 
case loveringite occurs in a composite ilmen-
ite-rutile-chromite-loveringite grain, which is 
100×100 μm by size (Fig. 6.17.B). The dis-
crete grains are typically mantled by manga-
noan ilmenite, which coat even the smallest 
fissures and holes (Fig. 6.17.A). Semi-quan-
titative X-ray scans (Fig. 6.18) revealed that 
such ilmenite in turn is associated with zircon, 
which occurs as a thin veneer over the ilmen-
ite in a similar way as Koitelainen loverin-
gite (Tarkian & Mutanen 1987). The ilmen-
ite mantles commonly appear to be relatively 
thick when adjacent to quartz, and in such 
cases, there occurs a magnesium- and silica-
rich phase between the quartz and the ilmenite 
(“talc?” in Fig. 6.18.B). 

In addition to mafic-ultramafic intrusions, 
loveringite has been found in mantle xenoliths 
(Jones et al. 1982; Wang et al. 1999; Kalfoun 
et al. 2002; Săbău & Alberico 2003). The bi-
variate plots of Fig. 6.19 illustrate chemical 
differences between loveringites of these dif-
ferent geological environments. 
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Gatehouse et al. (1978) showed that lover-
ingite has two types of isomorphous replace-
ments, which include Fe-Cr and Ca-REE 
exchanges. The first type is distinct in the lov-
eringites of this study: the most Cr-depleted 
and Fe-enriched grains occur in the sulphide-
bearing area of the noncumulate body, at 
10.60 m in the drill core, and the most Cr-en-
riched and Fe-depleted grains occur at 13.00 
m, which is located furthest from the sul-
phides. The correlation between Ca and oth-
er large cations in the analysed loveringites is 
not so clear. (Fig. 6.19). However, the most 
distinctive feature in the compositional var-
iation of loveringite of this research was re-

vealed in the line traverses: the phases have 
Mg-, Ti- and Ca-bearing cores and Cr- and 
Fe2+-bearing margins (Fig. 6.18A). 

The loveringite grains are rimmed by 
manganoan ilmenite (Figs 6.17.A and 6.18), 
which contain 49.7–50.9 wt. % TiO2, 28.3–
33.3 wt. % FeOTOT, 14.8–16.6 wt. % MnO and 
up to 1.5 wt. % MgO. Full compositions of two 
such ilmenites are given in Appendix 14 (anal-
yses 9 and 10). The ilmenite in the compos-
ite ilmenite-rutile-chromite-loveringite grain  
(Fig. 6.17.B) contains 54.0 wt. % TiO2, 44.2 
wt. % FeOTOT, 1.2 wt. % MnO and 0.6 wt. % 
MgO (analysis 8 in Appendix 14). 

Fig. 6.17. A. Loveringite in a noncumulate body (B7 11.80, reflected light and parallel nicols), B. composite 
ilmenite-rutile-chromite-loveringite grain in a noncumulate body (B7 13.00, reflected light and parallel nicols). 
Analysis points are shown with crosses and identified by analytical keys. 
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Fig. 6.18. A. BE-image of a loveringite grain (B7 11.80) showing the X-ray scanning area, line traverse location 
and selected compositions along the traverse: MgO, Fe2O3, FeO, TiO2, Cr2O3 and CaO. B. BE-image and X-ray 
scanning images illustrating the distribution of phases and Cr, Fe, Mg, Mn, Si and Zr in the margin of the grain. 
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Fig. 6.19. The analysed loveringites (coloured dots) compared with loveringite analyses from mafic-ultramafic 
intrusions [black circles: the Jimberlana (Gatehouse et al. 1978; Campbell & Kelly 1978; Kelly et al. 1979), the 
Bushveld Complex (Cameron 1978), the Näränkävaara (Alapieti 1982), the Koitelainen (Tarkian & Mutanen 1987) 
the Western Laouni Layered Complex (Lorand et al. 1987), the Penikat (Halkoaho 1993), the Burakovski (Barkov 
et al. 1994), the Fedorova-Pana Tundra Complex (Barkov et al. 1996), the Akanvaara (Mutanen 1997) and the 
Bracco ophiolite Complex (Cabella et al. 1997)] and mantle xenoliths [starts: Bultfontein (Jones et al. 1982), the 
Garnet Ridge (Wang et al. 1999), the Barthatny (Kalfoun et al. 2002) and the Foltea ultramafic body (Săbău & 
Alberico 2003)]. Loveringite chemistry in the diagrams is expressed as atoms per formula unit. 
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6.3.3 Rutile, pseudobrookite, zircon and  
         baddeleyite 

Rutile was found in the noncumulus-tex-
tured gabbronorite of drill core B7 (Fig. 5.10) 
where it is closely associated with lovering-
ite and apatite. Two grains were analysed. The 
first grain is 100×300 μm in size and contains 
lamellae that have a composition of pseu-
dobrookite (Fe2TiO5-FeTi2O5-Fe2MgTi3O10) 
(Bowles 1988). The second rutile analysis was 
carried out on a composite ilmenite-rutile-chr-
omite-loveringite grain shown in Fig. 6.17.B. 
This rutile crystal equally contains thin lamel-
lae, but their composition was not determined. 
The composition of the first grain and its la-

mella are given as analyses 1, 2 and 4 of Ap-
pendix 17, whereas analysis 3 of the appendix 
represents rutile in the composite grain. 

Most of the zirconium-rich phases were 
found during scanning of PGE-, gold- and 
silver-bearing phases, and therefore they are 
either from the MS or RT Reef. Some of the 
zircons occur as discrete grains, but more com-
monly zircon mantles anhedral up to 20×30 
μm large baddeleyite grains (Fig. 6.20.A). 
Baddeleyite is present as anhedral composite 
grains mantled by zircon and as euhedral crys-
tals up to 50×100 μm wide (Fig. 6.20.B). Ap-
pendix 17 includes selected zircon and badde-
leyite analyses. 

Fig. 6.20. Zircon and baddeleyite of the study area. A. Anhedral baddeleyite mantled by zircon in highly mottled 
gabbronorite (B4 14.70, BEI), B. Euhedral baddeleyite in olivine gabbronorite (25-TTK-01, BEI). Electron micro-
probe analysis points are shown with crosses and identified by analytical keys. 
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6.4 Phosphates 

wt. % P2O5, up to 5.2 wt. % Cl, 1.7 wt. % F 
and 1.1 wt. % H2O. The most Cl-rich apatite 
grains found in the bronzite segregations of 
noncumulate sample 10-TTK-03 (Figs 5.9.C 
and D). These grains are identified as “apa-
tite in bronzite segregations“ in Fig. 6.21. The 
remainder of the apatites from noncumulates 
represent grains in the sulphide-bearing pock-
ets of drill core B7. One grain is from the Lo-
tanvaara mafic rock unit. 

Figure 6.22 presents apatite compositions 
across the Porttivaara block stratigraphy. The 
most notable feature is a clear transition from 
Cl-rich to F-rich compositions in the RT Reef 
area. 

6.4.1 Apatite 

Most of the apatite analyses were carried out 
on cumulates where the phase occurs as an in-
tercumulus mineral together with granophyric 
intergrowths of quartz and albite. Individual 
grains are not compositionally zoned. Appen-
dix 18 includes ten selected apatite analyses. 
The apatite compositions of the study area are 
presented in Fig. 6.21.

The apatites in the cumulate rocks are fluor- 
and hydroxy-apatites (Fig. 6.21). They con-
tain 52.9–58.6 wt. % CaO, 40.1–44.1 wt. %  
P2O5, up to 3.1 wt. % Cl, 6.4 wt. % F and 
1.7 wt. % H2O. The apatites from noncumu-
lates contain 53.2–55.3 wt. % CaO, 40.1–43.7 

Fig. 6.21. Apatite compositions of the study area plotted in the fluor-, chlor- and hydroxyapatite triangle (mol. %). 
Number of analysed samples is shown in parentheses. 
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6.5 Sulphides 

The accessory sulphides in the MS found 
during this research are millerite, members of 
the galena-clausthalite series, sphalerite and a 
blue mineral which is mantling chalcopyrite 
grains or occurs as tiny grains close to chal-
copyrite. The blue mineral has a composition 
similar to geerite (Cu8S5) (column 7 of Appen-
dix 20). Millerite (analysis 1 of Appendix 20) 
was found to be present in one LZMSa sam-
ple. The analysed galena-clausthalites have S/
(S+Se) values in the range of 0.4–1.0, which 
implies that most of the grains are galenas. 

The appearance of sulphides in the noncu-
mulate bodies and their host cumulates in the 
RT Reef are described in Chapters 5.7 and 
5.8. Since the sulphide assemblages in both 
rocks are similar, their sulphide minerals are 
treated here together. In most of the reef sam-
pling sites the typical sulphides are pyrrhotite, 
chalcopyrite and pentlandite. However, in one 

Fig. 6.22. Plot of the Cl/(Cl+F) and concentrations of Cl and F in apatite grains of the Porttivaara block. Black dots 
represent cores of crystals and circles represent crystal margins. 

As mentioned in Chapter 5.4, the principal 
sulphide minerals of the MS comprise pyrrho-
tite, chalcopyrite, pentlandite, and in places 
pyrite. The analysed pyrrhotites (Fe1-xS) are 
relatively Ni-rich (up to 0.9 wt. %). Accord-
ing to Ramdohr (1980) the limit in composi-
tion between hexagonal and monoclinic form 
of pyrrhotite is reached when the iron deficit 
(x) in the phase increases above 0.10. The an-
alysed pyrrhotite grains are monoclinic on the 
basis of their iron deficit values (0.16-0.17). 
The pentlandites, or more precisely, the pent-
landite-mackinawite series have Fe/Ni values 
in the range of 0.77-0.88. Idiomorphic pyrite 
contains up to 3.7 wt. % Co, whereas anhedral 
pyrite has a very low cobalt content. The ana-
lysed chalcopyrite compositions are close to 
stoichiometric. The compositions of pyrrho-
tite, chalcopyrite, pentlandite and pyrite are 
given in Appendix 19. 
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Baabelinälkky cumulate sample bornite and 
millerite additionally occurs. Similar to the 
MS, the pyrrhotite of the noncumulate bod-
ies and their host cumulates has a monoclinic 
structure: the iron deficits range from 0.12 to 
0.20. These pyrhotites are also relatively rich 
in Ni (up to 0.8 wt. %). The chalcopyrite com-
positions are close to stoichiometric and the 
pentlandites have Fe/Ni values of 0.78–0.91. 
Bornite was found to be closely associated 
with chalcopyrite, and in one sample it occurs 
with millerite, which in turn contains chalcop-
yrite lamellae. An analysis of millerite from 
the RT Reef is given in column 2 and bornite 
compositions are given in columns 3 and 4 of 
Appendix 20. 

The accessory sulphides of the RT Reef 
comprise pyrite, sphalerite, galena-clausthal-
ite, violarite, cobaltite and covellite. The py-
rite grains show similar characteristics as in 
the MS, in that euhedral grains contain more 

cobalt (up to 2.6 wt. % Co) than the anhedral 
ones. Sphalerite contain 2.8–9.5 wt. % Fe and 
up to 4.3 wt. % Cd. Most of the members of the 
galena-clausthalite series are galenas with up 
to 15.7 wt. % S, although some grains are pure 
clausthalites and contain up to 24.7 wt. % Se. 
Violarite is an alteration product of pentland-
ite and was found to be present in two samples 
collected from outcrops where the analysed 
violarite compositions display Fe/Ni values of 
0.86–1.10. Two euhedral cobaltite grains were 
found in thin sections representing depths of 
20.45 m and 29.40 m in drill core B7 from 
Rometölväs. The cobaltite of sample B7 20.45 
m contains more cobalt than that in sample B7 
29.40. The average formula of cobaltite in the 
former sample, as calculated on the basis of  
1 S, is Co0.64Ni0.31Fe0.18As0.97S1.00 and in the lat-
ter sample Co0.50Ni0.40Fe0.18As1.00S1.00. The co-
baltite composition in sample B7 20.45 m is 
given in column 6 of Appendix 20. 

6.6 Altaite, tellurobismutite and undefined Ni-Te-S mineral 

Altaite (PbTe) and tellurobismuthite (Bi2Te3) 
compositions were determined with EDS 
from the reef samples. Most of the analysed 
altaite grains are located at sulphide margins 
and are compositionally almost stoichiomet-
ric. However, some altaites contain up to 1.8 
wt. % Se and 7.0 wt. % Ag. The grains of tel-
lurobismuthite occur mostly at sulphide mar-
gins and contain up to 3.6 wt. % Fe, 1.6 wt. 
% Se and 1.7 % Ag. Appendix 21 includes se-
lected altaite and tellurobismuthite analyses. 

Ten grains of an undefined Ni-Te-S miner-
al were found in three thin sections collected 
from RT Reef cumulates at 20.85 m, 21.20 m 
and 21.65 m in drill core B1 from the Baabe-

linälkky area. Two selected analyses are given 
in columns 5 and 6 of Appendix 21. Most of 
the grains are discrete grains up to 150 μm2 in 
size, located within sulphides. 

The undefined mineral contains Ni, Te, and 
S as major constituents, and has at least three 
ubiquitous minor constituents, Co, Fe, Cu. 
Some of the grains also contain small amounts 
of Pd and Sb. An empirical formula for the 
mineral can be calculated on the basis of 2 
atoms per formula unit. This is exemplified 
using the analysis given in column 5 of Ap-
pendix 21 for which the calculated formula is  
(Ni0.81Co0.10Fe0.07Cu0.02)1.00(Te0.53S0.47)1.00. 
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6.7 PGE-, gold- and silver-bearing minerals 

Sb (< 2.5 wt. %) and can be defined as kotul-
skites that have 10-20 mol. % of sobolevskite 
component. Michnerite grains in both the MS 
and the RT Reef are somewhat richer in Te 
than the stoichiometric phase. Within the me-
renskyite-moncheite-melonite solid solution, 
the grains of the MS appear to contain more 
Bi (10.0 wt. % in average), than the ones from 
the RT Reef (2.6 wt. % in average). Composi-
tions of the merenskyite-moncheite-melonite 
solid solution are further plotted in Fig. 6.27 
where most of the MS grains are Pd-bearing 
and can be defined as merenskyites, while 
most of the RT Reef grains are Ni-bearing 
melonites. 

The sperrylite grains of both the MS and the 
RT Reef are close to stoichiometric. They in-
clude also small amounts of Rh (up to 2.3 wt. 
%), Pd (up to 1.8 wt. %) and Fe (up to 1.3 wt. 
%). 

Most of the Au-Ag alloys in the MS contain 
ca. 80 wt. % Au, but some of the grains are 
composed of almost pure gold. On the basis of 
three analyses the RT Reef Au-Ag alloys con-
tain more Ag than Au and could be defined as 
aurian silver. Hessite both in the MS and the 
reef contains small amounts of thallium. 

The identified PGE-, gold- and silver-bear-
ing phases have similar compositions to those 
reported by Piirainen et al. (1977), Alapi-
eti & Piirainen (1984), Piispanen & Tarkian 
(1984), Lahtinen (1985) and Kojonen & Il-
jina (2001). According to Kojonen & Iljina 
(2001), the PGE minerals in the MS are most-
ly melonite group phases, whereas the present 
study shows that the kotulskite-sobolevskite-
sudburyite series phases are as abundant as 
the melonite group phases. Kojonen & Ilji-
na (2001) collected their 60 samples from the 
Haukiaho area, but in this work only two sam-
ples represent that area and the remaining ten 
samples are from the Soukeli area of the Port-
tivaara block. Ten representative analyses of 
noble metal- and silver-bearing phases are 
shown in Appendix 22. 

The PGE-, gold- and silver-bearing minerals 
of the MS can be subdivided into six groups. 
In decreasing order of abundance, these are 1) 
phases of the kotulskite-sobolevskite-sudbur-
yite solid solution series (Fig. 6.23.A), 2) phas-
es of the merenskyite-melonite-moncheite 
solid solution series (Fig. 6.23.B), 3) Au-
Ag alloys (Fig. 6.23.C), 4) sperrylite (Fig. 
6.23.D), 5) michenerite (Fig. 6.23.E) and 6) 
hessite. The three most abundant groups each 
make up 25–30 % of the total population. Ap-
proximately 90 % of the minerals are single-
phase grains that occur in silicates, mostly as 
satellites around sulphides or at sulphide-sili-
cate grain boundaries. (Table 6.2). The grain 
size distribution of the identified MS phases 
is shown in Fig. 6.24, which reveals that the 
smallest grains typically belong to the kotul-
skite-sobolevskite-sudburyite solid solution 
series, whereas sperrylite does not occur as 
grains smaller than ca. 1 μm2. 

Similarly to the MS, the precious metal- 
and silver-bearing minerals of the RT Reef 
are mostly tellurides (Table 6.3), which can 
be classified into six groups: 1) members of 
the merenskyite-moncheite-melonite solid 
solution series (Fig. 6.23.F), 2) hessite (Figs 
6.23.G and H), 3) sperrylite (Fig. 6.23.I), 4) 
volynskite (Fig. 6.23.J), 5) michenerite (Fig. 
6.23.K) and 6) Au-Ag alloys (Fig. 6.23.L). 
Approximately 80 % of the grains are single-
phase grains of which 50 % occur within sili-
cates and the rest within sulphides or silicate-
sulphide borders. The grain size distribution 
of the identified precious metal- and silver-
bearing minerals of the reef is shown in Fig. 
6.25. In contrast to the MS, the grains of the 
RT Reef are usually much larger in size. 

Compositions of the kotulskite-sudburyite-
sobolevskite series, michenerite and the me-
renskyite-moncheite-melonite series are il-
lustrated in the Bi-PGE+Ni+Sb-Te diagram 
of Fig. 6.26. The grains of the kotulskite-sud-
buryite-sobolevskite series which were found 
only in the MS contain very low amounts of 
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Fig. 6.23. PGE-, gold- and silver-bearing minerals of the study area. A. Kotulskite in silicate (R359 180.18, BEI), 
B. Merenskyite (me) at margin of pyrrhotite (po) (R359 180.18, BEI), C. Au-Ag alloy at margin of secondary 
pyrite (py) (264-TTK-00, reflected light and one nicol), D. Sperrylite in silicate (16-TTK-01, BEI), E. Composite 
grain of michenerite (mi) and merenskyite (me) at margin of pyrrhotite (400-TTK-00, BEI), F. Melonite in silicate 
(B4 14.70, BEI), G. Composite grain of hessite (h), michenerite (mi) and altaite (a) in pyrrhotite (po) (B7 11.65, 
BEI), H. Composite grain of sperrylite (sp), moncheite (mo), hessite (h), and undefined Ni-Te-S mineral (un) at 
margin of sulphide. Sulphide grain is composed of millerite (mill), chalcopyrite (cp) and covellite (co) (B1 21.65B, 
reflected light and one nicol), I. Composite grain of sperrylite (sp) and melonite (me) in silicate (20.95, BEI), J. 
Composite grain of altaite (a), melonite (me) and volynskite (v) at sulphide margin (B7 28.70, BEI), K. Composite 
grain of michenerite (mi) and hessite (h) at margin of chalcopyrite (cp) (B1 21.65, BEI), L. Au-Ag alloy in silicate 
(135.8B-TTK-99, BEI). 
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PGE-, gold- and silver-bearing minerals (n = 251 from 12 samples):
Kotulskite-sobolevskite-sudburyite (PdTe-PdBi-PdSb) 32.70 %
Merenskyite-moncheite-melonite (PdTe2-PtTe2-NiTe2) 29.80 %
Electrum (AuAg) 26.20 %
Sperrylite (PtAs2) 5.70 %
Michenerite (PdBiTe) 5.20 %
Hessite (Ag2Te) 0.40 %

Host phases:
Composite grains (n = 16):
Silicate 4.40 %
Sulphide 0.00 %
Silicate-sulphide border 2.00 %

Single grains (n = 235):
Silicate 78.10 %
Sulphide 9.10 %
Silicate-sulphide border 6.40 %

Table 6.3. Relative proportions and mode of occurrence of the PGE-, gold- and silver- 
bearing mineral grains of the Rometölväs Reef. 

Table 6.2. Relative proportions and mode of occurrence of the PGE-, gold- and silver-
bearing mineral grains of the Marginal Series.

PGE-, gold- and silver-bearing minerals (n = 290 from 31 samples):
Merenskyite-moncheite-melonite (PdTe2-PtTe2-NiTe2) 51.80%
Hessite (Ag2Te) 34.20%
Sperrylite (PtAs2) 7.50%
Volynskite (AgBiTe2) 2.90%
Michenerite (PdBiTe) 2.50%
Electrum (AuAg) 1.10%

Host phases:
Composite grains (n = 69):
Silicate 3.10%
Sulphide 14.80%
Silicate-sulphide border 4.10%

Single grains (n = 221):
Silicate 44.50%
Sulphide 22.80%
Silicate-sulphide border 10.70%
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Fig. 6.24. A. Grain size distribution of the PGE-, gold- and silver-bearing grains of the Marginal Series. Md 
denotes the median of the grain size. B and C. Maximum intersection length vs. grain area -diagrams showing cor-
relation between measured maximum intersection lengths (μm) and areas (μm2) of the grains. Upper limit of grain 
areas in B and C is described by the function A(r)=πr2. 
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Fig. 6.25. A. Grain size distribution of the PGE-, gold- and silver-bearing grains of the Rometölväs Reef. Md 
denotes the median of the grain size. B and C. Maximum intersection length vs. grain area -diagrams showing cor-
relation between measured maximum intersection lengths (μm) and areas (μm2) of the grains. Upper limit of grain 
areas in B and C is described by the function A(r)=πr2. 
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Fig. 6.26. PGE-Ni-Te-Bi-Sb phases of the study area plotted in Bi-PGE+Ni+Sb-Te space. Black circles denote the 
compositions of kotulskite, sobolevskite, michenerite and melonite-moncheite-merenskyite group. The ticked line 
denotes intermediate members in the sobolveskite-kotulskite solid solution series. Red stars represent grains from 
the Rometölväs Reef grains and blue circles grains from the Marginal Series. 

Fig. 6.27. Analysed grains of the merenskyite-melonite-moncheite series (PdTe2-NiTe2-PtTe2). Red stars represent 
grains from the Rometölväs Reef and blue circles grains from the Marginal Series. 
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6.8 Summary

the secondary phases in the sulphide-bearing 
mottles do not show compositional variation 
either across the reef or along the strike of the 
reef. 

The sulphide mineral assemblages of the 
Marginal Series and the Rometölväs Reef are 
similar. In both environments, the principal 
sulphide minerals are chalcopyrite, pyrrhotite 
and pentlandite and the precious metal- and 
silver-bearing phases are usually tellurides. 
However, the PGE-, Au- and Ag-bearing 
phases in the reef display significantly smaller 
grain sizes than those in the Marginal Series. 

Amongst the noncumulus-textured bodies, 
the Pirivaara bodies host the most Fe-rich py-
roxenes whereas the Porttivaara and Kuusi-
järvi bodies host the most Mg-rich pyroxenes. 
The pyroxene compositions in the noncumu-
lus-textured bodies and Lotanvaara rock unit 
are similar, and different from those in the cu-
mulates of the Koillismaa Intrusion. 

The Koillismaa Intrusion shows only sub-
dued variation in terms of silicate mineral 
compositions. The Marginal Series displays a 
reverse trend of differentiation, which is most 
evident in the composition of plagioclase. In 
most of the Layered Series the Mg-number 
and Cr2O3 content of Ca-rich pyroxene and 
the An content of plagioclase decrease with 
height, i.e. they display a normal differentia-
tion trend. However, in the upper part of the 
LZb and the lower part of the MZ, a further re-
versal towards more primitive values occurs. 
The most evolved, Ab-rich plagioclase in the 
Koillismaa Intrusion occurs in UZb. The pla-
gioclase in the upper part of the UZc display 
very uniform compositions that are distinctly 
more primitive than those in the lower part of 
the subzone. 

The Rometölväs Reef is not marked by a 
significant break in the compositions of sili-
cate minerals, but apatite becomes relatively 
chlorine-poor above the reef. Within the reef, 

7 WHOLE-ROCK CHEMISTRY

7.1 Major and trace elements

7.1.1 Chilled margins and the weighted  
         average composition of the    
         Koillismaa Intrusion

The compositions of the lower and upper 
chilled margins and the weighted average of 
the Koillismaa Intrusion are compared in Ta-
ble 7.1. According to the classification of Le 
Maitre et al. (2002) most of the Koillismaa 
Intrusion chilled margins can be classified as 
boninite-like, since they tend to be charac-
terized by SiO2 > 52 wt. %, MgO > 8 wt. % 
and TiO2 <  0.5 wt. %. The lower chilled mar-
gin appears to be more primitive than upper 

chilled margin as the former has higher Mg-
numbers than the latter. In view of the Mg-
numbers in the lower and upper chilled mar-
gins, the chromium and nickel contents are 
suprisingly high in the upper chilled margin. 

The lower and upper chilled margins of the 
Koillismaa Intrusion plot in the field of sub-
alkaline basaltic andesite within the TAS dia-
gram (Fig. 7.1.A). In the AFM diagram, the 
chilled margin analyses plot in an area cver-
ing the boundary between tholeiitic and calc-
alkalic fields. In Jensen’s cation plot, howev-
er, they define a weak trend from the field of 
basaltic komatiite to that of high-Mg tholei-
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itic basalts. (Figs 7.1.B and C). The weighted 
average composition of the intrusion was cal-
culated using cumulate analyses of the Portti-
vaara block profile. This composition is basal-
tic (Figs 7.1.A and C) and is characterized by 
high Al2O3 (18.6 wt. %), moderate TiO2 (0.8 
wt. %) and relatively low MgO (6.3 wt. %). 

The compositions of the chilled margins 
and the weighted average are plotted in [TiO2] 
vs. [Al2O3] diagram (Fig. 7.2.A, Hanski et al. 

2001b) and in ternary Al2O3-10TiO2-100Cr 
plot (Fig. 7.2.B). These diagrams are used for 
classifying rocks derived from compositional-
ly different primary magmas. It is noteworthy 
from Fig 7.2.B that in contrast to relatively 
primitive liquids which tend to have constant 
Al2O3/TiO2 ratios, the more evolved magmas, 
such as tholeiitic basalts, tend to plot close 
to along the Al2O3-TiO2 side of the diagram. 
This is obviously due to the nature of crys-

Fig. 7.1. TAS diagram (A) (Le Bas et al. 1986), AFM diagram (B) (Irvine & Baragar 1971) and Jensen’s cation 
plot (C) (Jensen 1976) compiled for the Koillismaa Intrusion chilled margin analyses and the weighted average 
composition. 
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tallizing phases; in rocks derived from mag-
mas of komatiitic, boninitic or other primitive 
lineage, the chemical difference in rock com-
positions is related to crystallization of oliv-
ine, pyroxene and chromite, whilst in the case 
of more evolved magmas the chemical dif-
ference of rocks is likely due to plagioclase-
dominating crystallization. 

In Fig. 7.2.A, the analyses of the chilled 
margins plot in the fields of boninites and Al-
depleted komatiites and the weighted aver-
age plot in the field of Al-depleted komatiites. 
However, since many of the compositions of 
the chilled margins and the composition of the 
weighted average plot in the field of tholeiit-
ic and calc-alkalic basalts of Fig. 7.2.B, they 

Fig. 7.2. [TiO2] versus [Al2O3] diagram (A) (Hanski et al. 2001b) and ternary Al2O3-10TiO2-100Cr (B) compiled for 
the Koillismaa Intrusion chilled margin analyses and the weighted average composition. The boundaries between 
the separate fields in B were drawn on the basis of 272 analyses of boninitic rocks, 544 analyses of komatiitic 
rocks, 39 analyses of picrites, 20 analyses of meimechites, 154 analyses of tholeiitic basalts and 52 analyses of 
calc-alkaline basalts (list of literature reference available from author upon request). 
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can be regarded as representatives of evolved 
rather than primitive magma. 

Two samples from the lower chilled mar-
gin, 259-TTK-00 and U0144I-72 have similar 
chondrite- (Ch) and primitive mantle- (PM) 
normalized trace element patterns (A in Figs 
7.3 and 7.4). Sample 259-TTK-00 has 3.5–
17.8 × Ch of light rare earth elements (LREE: 
La-Sm), 1.8–3.0 × Ch of heavy rare earth el-
ements (HREE: Gd-Lu) and the Ch-normal-
ized composition shows a positive Eu-anoma-
ly (Eu/Eu* = 1.7). The sample has (La/Sm)Ch 
of 5.2 and (Gd/Lu)Ch of 2.3. Sample 259-
TTK-00 has (La/Gd)PM of 6.2 and (Gd/Yb)PM 
of 1.6, which results in a concave up pat-
tern in the mantle-normalized diagram. In av-
erage, the upper chilled margin is richer in 

REE, and particularly in HREE, than the low-
er chilled margin. The samples from different 
locations of the upper chilled margin (“Kuusi- 
Pyhitys”, “Portinloma” and “Kuusijärvi”, Fig. 
4.1) form a coherent group in terms of their 
trace element compositions (B in Figs 7.3 and 
7.4). The upper chilled margin analyses have 
(La/Sm)Ch values of 2.4–3.9, (Gd/Lu)Ch values 
of 1.4 to 2.5 and in the Ch-normalized diagram 
they show positive Eu-anomalies (Eu/Eu* = 
0.8–1.4). In the PM-normalized diagram the 
patterns display distinct positive Sr and nega-
tive P anomalies. The values of (La/Gd)PM and 
(Gd/Yb)PM in the upper chilled margin analy-
ses range from 2.8 to 4.9 and from 1.4 to 1.9, 
respectively. 

Fig. 7.3. Chondrite-normalized REE abundances of the chilled margins of the Koillismaa Intrusion. Normalizing 
values from Taylor & McLennan (1985). All elements analysed with ICP-MS. 

Fig. 7.4. Primitive Mantle-normalized trace element patterns of the Koillismaa Intrusion chilled margins. Normal-
izing values from Sun & McDonough (1989). Th, U, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Y, Er, Tm, Yb and 
Lu analysed with ICP-MS. Sr, P, Zr and Ti analysed with XRF. 
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Sample 1 2 3 4 5 6 7
wt. %
SiO2 53.57 53.96 55.77 54.05 53.72 54.96 50.74
TiO2 0.28 0.23 0.42 0.34 0.46 0.69 0.78
Al2O3 16.61 16.54 16.76 14.42 12.19 12.26 18.64
Fe2O3 2.06 1.91 1.32 2.56 2.92 3.48 3.46
FeO 5.25 5.03 4.85 6.56 8.07 6.89 6.54
MnO 0.13 0.12 0.12 0.18 0.21 0.18 0.14
MgO 9.16 9.72 8.21 9.67 11.63 9.46 6.36
CaO 9.82 10.05 8.16 9.11 8.17 6.95 10.03
Na2O 2.55 2.44 3.90 2.54 1.77 5.00 2.85
K2O 0.54 0.10 0.50 0.54 0.82 0.05 0.41
P2O5 0.02 0.02 0.00 0.04 0.05 0.10 0.05

ppm
Cr 464 310 - 582 936 376 144
Ni 218 160 200 176 291 163 192
V 102 98 10 150 177 211 323
Zr 24 39 - 38 47 96 37

Mg-number 75.7 77.5 75.1 72.3 72.0 70.9 63.4

1 = Lower chilled margin, 259-TTK-00 (Porttivaara block).
2 = Lower chilled margin, U0144I-72 (Kuusijärvi block, the composition is given by Juopperi 1976,  
      Alapieti 1982 and Saini-Eidukat et al. 1997).
3 = Lower chilled margin, R0355-72 (Pirivaara block, the composition is given by Kerkkonen 1976).
4 = Upper chilled margin (Kuusi-Pyhitys, average composition of 10 samples).
5 = Upper chilled margin (Lake Kuusijärvi, average composition of 2 samples).
6 = Upper chilled margin (Portinloma, average composition of 2 samples).
7 = Weighted average of the Porttivaara block profile.

Table 7.1. Compositions of the chilled margins of the Koillismaa Intrusion (1–6) and the weighted average of the 
Porttivaara block (7) (full compositions of these rocks are given in Appendices 23 and 26). 
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7.1.2 Lotanvaara mafic rock unit and  
         noncumulus-textured gabbronorite  
         bodies 

The noncumulates of the Lotanvaara mafic 
rock unit and the noncumulate bodies can also 
be considered boninite-like according to the 
classification of Le Maitre et al. (2002). The 
compositions of the Lotanvaara rocks and the 
noncumulus-textured bodies are compared in 
Table 7.2. 

In the TAS diagram, the analyses of the Lo-
tanvaara mafic rock unit and the noncumulus-
textured gabbronorite bodies display subal-
kaline compositions and plot in the fields of 
basalts and basaltic andesites (Fig. 7.5.A). 
In Jensen’s cation plot (Fig. 7.5.C) the anal-
yses project along a trend lying in the field 
of komatiites. The rocks of the Lotanvaara 
area are richest in MgO, whilst the noncumu-
lus-textured bodies from the Pirivaara block 
record the most MgO-depleted compositions. 
The rock compositions are futher illustrat-
ed with the FeOTOT/Al2O3 vs. MgO diagram 
of Fig. 7.6 and Mg-number vs. Ni diagram of 
Fig. 7.7. 

The compositions of the Lotanvaara rocks 
and the noncumulus-textured bodies are plot-
ted in [TiO2] vs. [Al2O3] diagram (Fig. 7.8.A) 
and in ternary Al2O3-10TiO2-100Cr plot (Fig. 
7.8.B). In both diagrams, most of the analy-
ses plot along a wide trend in the field of bon-
inites. It is also obvious from the Fig 7.8.B 
that the rocks of Lotanvaara mafic unit record 
the most primitive compositions and the non-
cumulate bodies of the Pirivaara block are the 
most evolved. 

The Ch-normalized trace element composi-
tions of the samples collected from the Lotan-
vaara unit show slightly sloping LREE and flat 

HREE patterns with subtle positive Eu-anom-
alies (Eu/Eu* ~ 1.2) (Fig. 7.9.A). The LREE 
concentrations in the rock range from 0.7 to 
7.7 × Ch and HREE concentrations between 
0.7 and 3.3 × Ch. The rock has (La/Sm)Ch 
values of 0.7–4.4 and (Gd/Lu)Ch values of 
0.6–2.5. The REE patterns of noncumulus-
textured gabbronorite bodies in different in-
trusion blocks are shown in Figs 7.9.B, C and 
D. The noncumulate bodies have (La/Sm)Ch 
values of 1.2–7.1 and (Gd/Lu)Ch values of 
0.4–3.0. They have similar HREE concentra-
tions as the rocks of the Lotanvaara unit, but 
contain more LREE (1–19 × Ch), which re-
sults in steeper patterns in the diagrams. The 
Ch-normalized compositions of the noncumu-
late bodies have distinct positive Eu-anoma-
lies (Eu/Eu* ~ 1.6) in the diagrams. The trace 
element concentrations of the Lotanvaara unit 
and the noncumulate bodies are very low, ap-
proaching the level of primitive mantle (Fig. 
7.10). Both are characterized by distinct posi-
tive Sr anomalies in the PM-normalized dia-
gram. 

The variation in chemical components 
across the noncumulus-textured gabbronorite 
body at 9.85–15.64 m in drill core B7 was 
studied by continuous sampling, using ap-
proximately 30 cm long half-split core sam-
ples. The variation in the composition of ma-
jor and selected trace elements is illustrated 
in Fig. 7.11. The body becomes progressive-
ly more evolved towards its interior as re-
corded eg. in the variation of Mg-number and 
the concentrations of incompatible elements 
TiO2, K2O, P2O5, Zr and Y. The most S-, Cu-, 
Ni-, Au-, Pd- and Pt- enriched samples are 
also the evolved ones. The weighted average 
concentration of the noncumulate body is list-
ed in Appendix 23 (column 10). 



96 Geological Survey of Finland, Bulletin 404
Tuomo Karinen

Fig. 7.5. TAS diagram (A) (Le Bas et al. 1986), AFM diagram (B) (Irvine & Baragar 1971) and Jensen’s cation plot 
(C) (Jensen 1976) compiled for the Lotanvaara mafic rock unit and the noncumulus-textured gabbronorite bodies. 
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Fig. 7.6. FeOTOT/Al2O3 versus MgO diagram of the Lotanvaara mafic rock unit and the noncumulus-textured bod-
ies. The compositions of the Koillismaa Intrusion cumulates are shown for comparison (these compositions are also 
shown in Fig. 7.13). 

Fig. 7.7. Mg-number versus Ni diagram of the Lotanvaara mafic rock unit and the noncumulus-textured bodies. 
The compositions of the Koillismaa Intrusion cumulates are shown for comparison (these compositions are also 
shown in Fig. 7.14). 
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Fig. 7.8. [TiO2] versus [Al2O3] diagram (A) (Hanski et al. 2001b) and ternary Al2O3-10TiO2-100Cr (B) compiled 
for the Lotanvaara mafic rock unit and the noncumulus-textured bodies. The cumulate compositions of the Koil-
lismaa Intrusion are shown for comparison. The boundaries between the separate fields in B were drawn on the 
basis of 272 analyses of boninitic rocks, 544 analyses of komatiitic rocks, 39 analyses of picrites, 20 analyses of 
meimechites, 154 analyses of tholeiitic basalts and 52 analyses of calc-alkaline basalts (list of literature reference 
available from author upon request). 
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Fig. 7.9. Chondrite-normalized REE abundances of the Lotanvaara mafic rock unit and noncumulus-textured gab-
bronorite bodies. Normalizing values are from Taylor & McLennan (1985). All elements analysed with ICP-MS. 
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Fig. 7.10. Primitive Mantle-normalized trace element patterns of the Lotanvaara mafic rock unit and noncumulus-
textured gabbronorite bodies. Normalizing values are from Sun & McDonough (1989). Th, U, La, Ce, Pr, Nd, Sm, 
Eu, Gd, Tb, Dy, Ho, Y, Er, Tm, Yb and Lu were analysed with ICP-MS. Sr, P, Zr and Ti analysed with XRF. 
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Fig. 7.11. Variation in the major and trace elements in the noncumulate of drill core B7, Rometölväs area. Major elements and the trace ele-
ments Cr, Cl and S analysed with XRF. Trace elements V, Zr and Y analysed with ICP-MS (10.20-10.60 m not analysed). Cu, Ni, Au, Pd and 
Pt analysed with FAAS and ICP-AES (9.85-10.60 m not analysed). For textural description of the noncumulate, see Chapter 5.7. Note that the 
noncumulate is also shown in Fig. 7.16. 
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Fig. 7.11. Continued. 

Sample 1 2 3 4
wt. %
SiO2 52.39 52.34 52.75 51.82
TiO2 0.27 0.19 0.19 0.24
Al2O3 8.37 11.94 12.05 15.48
Fe2O3 2.15 2.13 2.24 2.26
FeO 8.47 7.83 7.21 6.64
MnO 0.21 0.19 0.19 0.17
MgO 19.48 16.37 15.57 12.49
CaO 7.60 7.59 8.49 8.65
Na2O 0.67 1.20 0.98 1.93
K2O 0.34 0.22 0.32 0.31
P2O5 0.03 0.01 0.01 0.02

ppm
Cr 2072 1318 1229 752
Ni 488 405 396 244
V 129 105 139 119
Zr 26 10 19 12

Mg-number 80.1 78.8 79.4 77.0
1 = Lotanvaara mafic rock unit (average composition of 36 samples).
2 = Noncumulus-textured bodies of the Porttivaara block (average composition of 45 samples).
3 = Noncumulus-textured bodies of the Syöte block (average composition of 47 samples).
4 = Noncumulus-textured bodies of the Pirivaara block (average composition of 6 samples).

Table 7.2. Compositions of the Lotanvaara mafic rock unit and the noncumulus-textured gabbronorite bodies (full 
compositions of these rocks are given in Appendix 23). 
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7.1.3 Marginal Series, Layered Series and  
         granophyre

Chemical (average and range) and norma-
tive rock compositions of the different Koil-
lismaa Intrusion zones, subzones and units are 
presented in Appendices 24–26. The variation 
in major and selected trace element compo-
sitions across the intrusion height is present-
ed in Fig. 7.12 on the basis of the data from 
the Porttivaara block profile and is considered 
briefly below. 

SiO2: The pyroxenites and peridotites of the 
upper part of the MS and both olivine gab-
bronorite units of the LZa contain relative-
ly low SiO2, but above them, in the section 
from the LZb to the upper part of UZa, the 
SiO2 content increases progressively with 
height. The oxide-rich bottom part of the UZb 
includes the least silica-bearing cumulates 
with 38.7 wt. % SiO2, but above this level, 
the concentration increases with height. The 
UZa and UZc, where the rocks typically are 
anorthosites and leucogabbros, have the high-
est SiO2 concentrations. Granophyre contains 
ca. 70.0 wt. % SiO2. 

TiO2: Most of the cumulates contain less 
than 1.0 wt. % TiO2. The pyroxenites and peri-
dotites of the MS are most depleted in TiO2, 
as they contain less than 0.2 wt. % TiO2. The 
highest titanium concentration is reached in 
the lower part of the UZb (3.8 wt. % TiO2), in 
oxide-rich cumulates, from where the concen-
tration smoothly decreases as a function of the 
intrusion height. 

Al2O3: The lowest Al2O3 contents are 
reached in the MS pyroxenites and peridot-

ites and in the LZa olivine gabbronorites. The 
oxide-rich cumulates of the UZb are depleted 
in aluminium in comparison to adjacent sub-
zones. The UZc rocks contain more than 20.0 
wt. % Al2O3 and have a sharp composition-
al boundary with the granophyre, which con-
tains less than 13.0 wt. % Al2O3. 

Fe2O3 and FeO: The highest Fe2O3 concen-
tration of the profile, 17.4 wt. %, is found in 
the oxide-rich rocks in the basal part of the 
UZb from where the concentration smoothly 
decreases as a function of the intrusion height. 
In contrast to Fe2O3, FeO in the UZb does not 
differ much from the values in the surround-
ing subzones. 

MnO: The cumulates contain typically 0.1–
0.2 wt. % MnO. The highest MnO concentra-
tion is reached in the lower part of the profile, 
in the peridotites of the MS. The MZa and the 
whole UZb have a slightly elevated MnO con-
tents. The granophyre layer contains less than 
0.1 wt. % MnO. 

MgO: The rocks below the RT Reef are 
more MgO-bearing than the rocks above it. 
With the exceptions of higher MgO contents 
in the MS, LZa and MZa, the cumulates be-
low the reef contain typically ca. 10 wt. % 
MgO whereas the cumulates above the reef 
contain on average 6.0 wt. % MgO. 

CaO: Most of the cumulates have relative-
ly uniform CaO concentrations oscillating 
around 10 wt. %. In the ultramafic part of the 
MS and in the olivine-bearing cumulates of 
the LZa, the CaO content is lower. The CaO 
content of the granophyre is low (< 2.0 wt. 
%). 
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Na2O and K2O: The alkalic metal oxides 
show the lowest concentrations in the ultra-
mafic cumulates of the MS. Between the LZa 
and UZa, Na2O content increases with height. 
The most Na2O-bearing cumulates belong to 
the plagioclase-rich subzones UZa and UZc, 
where the rocks contain up to 4.0 wt. % Na2O. 
In comparison to these values, the lower part 
of the UZb is depleted in Na2O. The K2O con-
tent of the profile oscillates around 0.5 wt. % 
whereas the granophyre contains 4.0–5.0 wt. 
% Na2O and 1.0–2.0 wt. % K2O. 

P2O5: The cumulates contain typically less 
than 0.1 wt. % P2O5, but in the granophyre the 
content is significantly higher, at ca. 0.3 wt. %. 
 Cr: The key observation is the dramatic 
change in Cr content at about the level of the 
RT Reef, from relatively high values (ca. 100–
1000 ppm) below the reef to very low values 
above the reef; there Cr content is mostly be-the reef; there Cr content is mostly be-
low the detection limit of XRF technique (30 
ppm). The variation of the Cr content in the 
lower part of the intrusion is characterized by 
two maximas. The lower one is located in the 
lower part of the intrusion, where the MS py-
roxenites and the lower part of the LZb con-
tain almost 0.1 wt. % Cr. The upper maximum 
is found in the lower part of the MZb, at ca. 
700 m of the stratigraphic sequence of Fig. 
7.12, which includes the most Cr-rich cumu-
lates of the profile (0.1 wt. % Cr). 

Cl: As in the case of Cr, the most notable 
change occurs at the level of the RT Reef 
where Cl values decrease significantly. In 
many places below the reef, the rocks contain 
up to 0.4 wt. % Cl, whereas above the reef 
most of the rocks contain less than 0.2 wt. % 
Cl. 

V: The variation of vanadium in the profile 
is similar to that of TiO2. Thus the highest V 
content, ca. 0.2 wt. %, is reached in the oxide-
rich rocks of the lower part of the UZb. 

Zn, Sr and Zr: These trace elements do not 
show significant variations. The cumulates 
typically contain 50–100 ppm Zn, 200–300 
ppm Sr and less than 75 ppm Zr. The grano-
phyre has lower Zn and Sr contents than the 
cumulates but significantly higher Zr contens 
(up to 300 ppm). 

Chalcophile elements (S, Cu, Ni and 
Au+Pd+Pt): The MS contains up to 1.9 wt. 
% S, 0.8 wt. % Cu and 0.5 wt. % Ni and the 
RT Reef contains up to 1.0 wt. % S, 0.6 wt. % 
Cu and 0.2 wt. % Ni. The MS contains up to 
1.3 ppm Au+Pd+Pt, while in the reef the cor-
responding value is distinctly lower, 0.2 ppm. 
The chalcophile element chemistry of both 
mineralized occurrences is dealt with in detail 
in Chapter 7.2. 

Modified differentiation index (MDI), mod-
ified crystallization index (MCI) and Mg-
number: The MDI, MCI and Mg-number re-
main roughly constant below the RT Reef 
where MDI is usually ~ 30, MCI is ~ 50 and 
Mg-number is ~ 75. Above the reef, these 
differentiation indexes have a trend towards 
evolved values as a function of the intrusion 
height: MDI increases up to 40, MCI decreas-
es down to 40 and Mg-number falls below 60. 

In the LS sequence the most distinct fea-
ture is the difference between the composi-
tions of the cumulates below and above the 
RT Reef. This feature is further illustrat-
ed with the diagrams of Fig. 7.13 where the  
FeOTOT/Al2O3 with a given MgO is usually 
higher in the rocks above the reef than in those 
below it. The samples collected from the reef 
define two trends indicating that the reef can 
be located in cumulates from both zones. The 
rock compositions are also shown with the 
Mg-number vs. Ni diagram of Fig. 7.14, but 
in this representation the samples do not de-
fine as distinct separate compositional trends 
as seen in Fig. 7.13. 
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Fig. 7.12. Variation of the major and trace element compositions, MDI, MCI and Mg-number along the Porttivaara block stratigraphic sequence. All ele-
ments except precious metals were analysed by XRF. Au, Pd and Pt were analysed by ICP-AES and GFAAS. The location of the Rometölväs Reef in the 
stratigraphy is indicated by an arrow and a dotted line.
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Fig. 7.12. Continued (Note logarithmic scales in the concentrations of S, Cu, Ni and Au+Pd+Pt). 
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Fig. 7.13. A and B. FeOTOT/Al2O3 versus MgO diagram illustrating the compositions of the cumulates that are 
located below and above the Rometölväs Reef. 
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As seen in the chemical profiles of Fig. 
7.12 and the diagrams of Figs 7.13 and 7.14 
the level of the Rometölväs Reef is marked 
by a significant change in Mg-number,  
FeOTOT/Al2O3 and MgO, Cl, Ni and Cr con-
tents of cumulates. Detailed compositional 
profiles across the reef in drill cores B1 of the 
Baabelinälkky and B7 of the Rometölväs are 
illustrated in Figs 7.15 and 7.16. It becomes 
apparent that the texture rather than the dis-
tribution of cumulates controls the concentra-
tions of the ore components. It is obvious that 
alteration types, from weakly to highly mot-
tled-textured cumulates, show a close rela-
tionship with chalcophile element enrichment. 

As shown in Figs 7.15 and 7.16, the highly 
mottled cumulates have higher concentrations 

of SiO2, Al2O3, FeO, Na2O, K2O, S, Cu, Ni, 
Sr, Zr, Au, Pd and Pt and lower concentrations 
of MgO, MnO, Cr and V than the less altered 
types. In drill core B7, the highly mottled cu-
mulates are richer in chlorine than the less al-
tered types, but in drill core B1, there is no 
variation in chlorine. In both drill cores, TiO2, 
Fe2O3, CaO, P2O5 and Zn appear to vary more 
in the highly mottled cumulates than in less 
altered types. Furthermore, in both drill cores, 
the noncumulate bodies hosted by the high-
ly mottled cumulates are more enriched in ore 
components than the bodies that are associat-
ed with the less altered cumulates. 

Fig. 7.14. Mg-number versus Ni diagram illustrating the compositions of the cumulates that are located below and 
above the Rometölväs Reef. 
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Fig. 7.15. Variation in the major and trace element compositions in drill core B1 (Baabelinälkky). All elements except precious metals were analysed by XRF. 
Au, Pd and Pt analysed by FAAS. 
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Fig. 7.15. Continued.
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Fig. 7.16. Variation in the major and trace element concentrations in drill core B7 (Rometölväs). All elements except precious metals were analysed by XRF. 
Au, Pd and Pt were analysed by FAAS. Note that the noncumulate section between 9.85 and 15.64 m in the drill core is also shown in Fig. 7.11. 
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Fig. 7.16. Continued.
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7.2 Chalcophile elements 

rocks, which contain up to 3.9 wt. % S, 0.9 wt. 
% Cu, 1.1 wt. % Ni, 790 ppb Au, 2650 ppb Pd 
and 846 ppb Pt. The diagrams of Fig. 7.18 il-
lustrate chalcophile element contents and ra-
tios in the different rock types of the MS. 

The average Cu/Ni ratio in the sulphide 
fraction of the MS is 1.3 (Fig. 7.18.A). The 
concentrations of PGE and sulphur in the MS 
show a positive correlation (Table 7.3). The 
PGE geochemistry of the MS is characterized 
by the predominance of Pd over Pt with an av-
erage Pd/Pt value of 2.8 (Fig. 7.18.C). Table 
7.4 includes average precious metal ratios for 
separate MS sites, including Soukeli (Fig. 5.5) 
of the Porttivaara block and Haukiaho of the 
Kuusijärvi block. The average Pd/Pt values 
range from 2.3 to 2.8 and, on the basis of the 
samples collected from Soukeli, the MS has 
Pd/Ir of 37.0 and (Pt+Pd)/(Os+Ir+Ru) of 11.3. 

7.2.2 Rometölväs Reef 

The concentrations of the chalcophile met-
als in the RT Reef show a distinct relation-
ship with textures of the cumulates in that the 
highly mottled rocks display the highest metal 
grades (Fig. 7.19). There appears to be no sys-
tematic variation in metal contents between 
different sampling sites (Fig. 7.20). The mot-
tled cumulates contain up to 2.2 wt. % S, 0.9 
wt. % Cu and 0.3 wt. % Ni, whereas their PGE 
grades are usually low, reaching 103 ppb Au, 
241 ppb Pd and 263 ppb Pt. The highest PGE 
grades are found in the sulphide-bearing por-
tion of the noncumulate of drill core B7. This 
rock contains up to 1 ppm Au+Pd+Pt (155 ppb 
Au, 355 ppb Pd and 480 ppb Pt) and up to 0.6 
wt. % S, 0.3 wt. % Cu and 0.3 wt. % Ni (Figs 
7.11 and 7.16). The sulphur and chalcophile 
element concentrations and ratios in the non-
cumulus-textured bodies are shown in Fig. 
7.21. Metal concentrations are lowest in sam-
ples distally located relative to the reef, and 
in this respect, the noncumulate body in drill 

The compositions of the MS and the RT 
Reef are illustrated within the molar ternary 
Cu-S-Ni diagrams of Fig. 7.17 where the sam-
ples are grouped on the basis of sulphur con-
centration (Fig. 7.17.A) and rock type (Fig. 
7.17.B). The diagram illustrates the effect of 
silicate and sulphide hosted base metals (Ni 
and Cu) on the rock compositions, and is used 
for the determination of the sulphide fraction 
in both the MS and RT Reef. 

On the basis of the observed sulphide min-
eral assemblages, the bulk compositions of 
the sulphide fraction in both the MS and the 
RT Reef should plot within the triangle out-
lined by the tie lines between chalcopyrite, 
pentlandite and pyrrhotite. The stoichiometric 
compositions of common sulphide minerals 
and the electron microprobe data of sulphides 
analysed during this research are shown in 
Fig. 7.17.A. Assuming that most sulphur in 
the samples is bonded to sulphide minerals, 
the effect of Cu and Ni hosted in silicates 
becomes more dominating with decreasing 
amounts of sulphide minerals. 

In both the MS and the RT Reef the effect 
is related to Ni in silicates, since the samples 
with low sulphur concentration (S < 500 ppm) 
tend to plot outside the field of sulphide miner-
al assemblages towards the Ni apex of the dia-
gram. In the MS the effect of Ni hosted in sil-
icates is more dominating, because the rocks 
of the RT Reef are typically plagioclase-rich 
cumulates while in the MS they include more 
Ni-bearing mafic silicates, such as olivine and 
pyroxene. Therefore, to produce a reliable es-
timate of the sulphide fraction composition of 
the MS and RT Reef, Cu/Ni of both mineral-
ized occurrences is determined using the anal-
yses containing more than 500 ppm S. 

7.2.1 Marginal Series

In the MS, sulphur and chalcophile elements 
are typically concentrated in the gabbronoritic 
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core B7 is exceptional among the analysed 
noncumulate bodies. 

The average Cu/Ni ratio in the sulphide frac-
tion of the mottled cumulates of the RT Reef 
is 4.1 (Fig. 7.19.A). For the noncumulates, the 
average ratio cannot be defined precisely due 

to significant compositional variation (Fig. 
7.21.A). The best estimate is that Cu/Ni is is 
less than 3.0. The effect of silicate Ni appears 
to be less obvious in the cumulates than in the 
noncumulates, as seen in the Cu/Ni vs. S dia-
gram (Figs 7.19.B, 7.20.B and 7.21.B). 

Fig. 7.17. Ternary Cu-S-Ni (in mole proportions) illustrating the effect of silicate and sulphide hosted copper and 
nickel on the whole-rock compositions of the Marginal Series and the Rometölväs Reef. 
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Analogous to the MS, the correlations list-
ed in Table 7.3 suggest a positive correlation 
between precious metal concentrations and 
abundance of sulphides. The average Pd/Pt 
in both cumulates and noncumulates is close 
to 1.0, and this value is generally independ-
ent of the analytical method used (Table 7.5, 

Figs 7.19.C, 7.20.C and 7.21.C). The Pd/
Ir and (Pt+Pd)/(Os+Ir+Ru) ratios in the reef 
cumulates are 17.9–27.8 and 15.0–23.0, re-
spectively. In the noncumulates located close 
to the reef, Pd/Ir averages 8.7 and (Pt+Pd)/
(Os+Ir+Ru) 16.3. 

Fig. 7.18. Chalcophile element abundances in the rocks of the Marginal Series. The copper-nickel ratio was deter-
mined using best fitting linear correlation of analyses that contain more than 500 ppm sulphur. The palladium-plati-
num ratio was determined using detected concentrations. Concentrations below the detection limit are set to half of 
the detection limit in order to illustrate their low values (see Appendix 27 for detection limits).
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Marginal Series, n = 180
S Cu Ni Co Pd Pt Au

Cu 0.887 1.000
Ni 0.956 0.855 1.000
Co 0.868 0.689 0.915 1.000
Pd 0.842 0.800 0.914 0.755 1.000
Pt 0.803 0.851 0.879 0.758 0.968 1.000
Au 0.463 0.547 0.380 0.279 0.443 0.379 1.000
Rometölväs Reef cumulates, n = 296

S Cu Ni Co Pd Pt Au
Cu 0.959 1.000
Ni 0.929 0.853 1.000
Co 0.912 0.825 0.953 1.000
Pd 0.800 0.707 0.746 0.810 1.000
Pt 0.833 0.731 0.759 0.816 0.833 1.000
Au 0.903 0.781 0.717 0.794 0.699 0.668 1.000
Noncumulus-textured gabbronorite bodies, n = 84

S Cu Ni Co Pd Pt Au
Cu 0.995 1.000
Ni 0.853 0.564 1.000
Co 0.691 0.357 0.764 1.000
Pd 0.370 0.939 0.664 0.425 1.000
Pt 0.520 0.847 0.770 0.416 0.847 1.000
Au 0.561 0.899 0.754 0.129 0.919 0.982 1.000

Table 7.3. Correlation matrix (Pearson’s correlation coefficient) for base metals and precious metals in the Marginal 
Series, mottled cumulates of the Rometölväs Reef and noncumulus-textured gabbronorite bodies. Sulphur, Cu and 
Ni were analysed by ICP-AES and FAAS (no XRF sulphur used in calculation). In cases where precious metal 
concentrations in a sample were determined using several methods, a priority order of ICP-MS → ICP-AES and 
GFAAS (GTK methods 704U/705U and 704P/705P over 521) → FAAS was used. 

Pd/Pt Pd/Pt Pd/Pt Pd/Pt Pd/Ir (Pt+Pd)/
(Os+Ir+Ru)

FAAS GFAAS 
(521U)*

ICP-AES & GFAAS ICP-MS 
(714M)*

ICP-MS ICP-MS
(704P/U & 705P/U)* (714M)* (714M)*

A 2.3 2.8 2.43 36.95 11.26
1 B (2.0–2.5) (2.0–4.2) (1.92–2.98) (16.96–51.01) (5.14–13.68)

C 0.72
n 2 15 5 5 5
A 2.5 2.8

2 B (1.3–5.6) (1.7–4.0)
C 0.74 0.35
n 38 64

1 = Porttivaara block: Soukeli, 2 = Kuusijärvi block: Haukiaho. 
*Analytical code of the GTK, see detailed description of the methods from Rasilainen et al. (2007).

Table 7.4. Average (A), limits of variation (B) and standard deviation (C) of precious metal ratios of the Marginal 
Series samples calculated for different analytical methods. Cu/Ni calculated using samples containing more than 
500 ppm sulphur. Standard deviation is not shown for prospects whose sample number (n) is less than 10. 
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Fig. 7.19. Chalcophile element abundances in the cumulates of the Rometölväs Reef subdivided on the basis of 
alteration type (nonmottled, moderately mottled and highly mottled). The copper-nickel ratio was determined using 
best fitting linear correlation of analyses that contain more than 500 ppm sulphur. The palladium-platinum ratio 
was determined using detected concentrations. Concentrations below the detection limit are set to half of the detec-
tion limit in order to illustrate their low values (see Appendix 27 for detection limits). 
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Fig. 7.20. Chalcophile element abundances in the cumulates of the Rometölväs Reef subdivided on the basis of 
sampling site (Rometölväs, Lanttioja, Baabelinälkky and Välivaara-Mustavaara). The copper-nickel ratio was 
determined using best fitting linear correlation of analyses that contain more than 500 ppm sulphur. The palladium-
platinum ratio was determined using detected concentrations. Concentrations below the detection limit are set to 
half of the detection limit in order to illustrate their low values (see Appendix 27 for detection limits). 
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Fig. 7.21. Chalcophile element abundances in the noncumulus-textured gabbronorite bodies subdivided on the basis 
of their location in the intrusion (close to the RT Reef and in other areas). The copper-nickel ratio was determined 
using best fitting linear correlation of analyses that contain more than 500 ppm sulphur. The palladium-platinum 
ratio was determined using detected concentrations. Concentrations below the detection limit are set to half of the 
detection limit in order to illustrate their low values (see Appendix 27 for detection limits). 
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Table 7.5. Average (A), limits of variation (B) and standard deviation (C) of precious metal ratios in the 
Rometölväs Reef samples calculated for different analytical methods. Cu/Ni was calculated using samples contain-
ing more than 500 ppm sulphur. Standard deviation is not shown for prospects where sample number (n) is less 
than 10. (*Analytical code of the GTK, see Table 3.1. for explanation). 

Pd/Pt Pd/Pt Pd/Pt Pd/Pt Pd/Ir (Pt+Pd)/
(Os+Ir+Ru)

FAAS GFAAS ICP-AES/GFAAS ICP-MS ICP-MS ICP-MS

(521U) (704P/U or 705P/U) (714M) (714M) (714M)
Mottled cumulates of the Rometölväs Reef:

A 1 1.7 0.9 26.38 16.99
1 B (0.1–5.1) (0.3–6.8) (0.44–1.99) (11.51–38.44) (12.21–22.82)

C 0.91 1.79 0.43 7.48
n 59 13 13 12 5
A 0.62 22.04 17.6

2 B (0.42–0.82) (19.59–24.49) (13.95–21.24)
n 2 2 2
A 1 1,1 0.5 26.6 22.95

3 B (0.2–3.0) (0.1–3.6) (0.30–0.72) (16.77–38.14) (15.68–33.52)
C 0.64 0.99
n 25 16 4 4 4
A 0.65 17.85 16.22
B (0.41–0.95) (8.62–24.95) (14.57–17.55)

4 C 0.16 5.48
n 15 15 5
A 1 1.11 27.82 15.03

5 B (0.9–1.0) (1.03–1.17) (23.92–32.72) (13.42–17.30)
n 3 5 5 5

Noncumulus-textured gabbronorite bodies of the Rometölväs Reef:
A 1.4 1.3 1.02 8.68 16.33

6 B (0.1–5.5) (0.2–4.9) (0.07–1.69) (0.87–16.86) (5.42–32.49)
C 1.42 1.14
n 19 27 5 5 5

1 = Syöte block: Rometölväs, 
2 = Syöte block: Pikku-Syöte & Aurinkokallio, 
3 = Porttivaara block: Baabelinälkky, 
4 = Porttivaara block: Lanttioja, 
5 = Porttivaara block: Välivaara & Mustavaara. 
6 = All the noncumulus-textured gabbronorite bodies of the RT Reef. 
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7.2.3 Compositions of the sulphide  
         fractions of the Marginal Series and  
         the Rometölväs Reef

The concentrations of sulphur, base metals 
and noble metals in selected samples of the 
MS and RT Reef samples (row A) and their 
values when recalculated to 100 % sulphides 
(rows B and C) are presented in Tables 7.6, 
7.7 and 7.8. The recalculation to 100 % sul-
phide, i.e. the estimate of the composition of 
the sulphide fraction was made by assuming 
37.0 wt. % sulphur in the sulphide fraction 
(row B in the tables) and using the method of 
Hoffman et al. (1979) and Wilson (1988) (row 
C in the tables). According to these methods, 
the proportion of sulphide minerals in the sul-
phide fraction is adjusted by the relative pro-
portions of Ni, Cu and S in analysis. Chalcop-
yrite, pentlandite and pyrrhotite were assumed 
to be the sulphide phases in both the MS and 
RT Reef, and the phase compositions were 
taken from the average electron microprobe 
analyses of the sulphides in the prospects. The 
proportions of the phases in the sulphide frac-
tion were calculated by converting analysed 
Cu to chalcopyrite, Ni to pentlandite and the 
remaining sulphur to pyrrhotite. 

The data presented in Table 7.6 for the sul-
phide fraction of the MS averages 36.0 wt. % 
S, 10.9 wt. % Cu, 9.5 wt. % Ni, 0.4 wt. % Co, 
0.5 ppm Os, 0.4 ppm Ir, 1.1 ppm Ru, 0.3 ppm 
Rh, 19.1 ppm Pd, 7.3 ppm Pt, 5.4 ppm Au and 
0.4 ppm Re. The average values for Cu/Ni and 
Pd/Pt are 1.1 and 2.6, respectively. 

In the mottled cumulates of the RT Reef 
(Table 7.7), the average sulphide fraction has 
36.3 wt. % S, 17.8 wt. % Cu, 5.2 wt. % Ni, 0.3 
wt. % Co, 0.1 ppm Os, 0.1 ppm Ir, 0.2 ppm 
Ru, 0.3 ppm Rh, 2.7 ppm Pd, 4.1 ppm Pt, 1.8 
ppm Au and 2.1 ppm Re. The average val-
ues of Cu/Ni and Pd/Pt for the compositions 
shown in Table 7.7 are 4.0 and 0.7, respec-

tively. The second composition in Table 7.8 
displays the sulphide fraction of the sulphide-
rich interval in the noncumulus-textured gab-
bronorite body in drill core B7 (see Fig. 5.10). 

There are no published estimates for the 
sulphide fraction contents of the RT Reef, 
but for the MS several estimates have been 
published. On the basis of the data given by 
Lahtinen (1985) for drill cores in the Kuusi-
järvi and Porttivaara blocks, the mineralized 
layer in the MS averages Cu/Ni of 1.8 and Pd/
Pt of 2.7. Alapieti & Piirainen (1984) estimat-
ed that in the ore-bearing interval of the MS in 
the Kuusijärvi block, the sulphide fraction av-
erages are 17.7 wt. % Cu, 8.9 wt. % Ni, 10.7 
ppm Pt, 24.4 ppm Pd and 7.1 ppm Au, and 
that the Cu/Ni and Pd/Pt are 2.0 and 2.3, re-
spectively. Iljina (2004) used the average of 
290 analyses to calculate an sulphide fraction 
of the MS, at Cu/Ni and Pd/Pt values of 1.7 
and 2.5, respectively. A metallurgical test with 
a 50 kg sample taken by North Atlantic Natu-
ral Resources from the Haukiaho area result-
ed in a sulphide fraction composition of 9.7 
wt. % Cu and 5.0 wt. % Ni with recoveries of 
89 % and 64 %, respectively, and a bulk rock 
composition of 0.31 ppm Au, 0.23 ppm Pt and 
0.57 ppm Pd (Posey 2001, Iljina et al. 2005). 
When the recoveries are converted to 100 % 
to obtain the in situ sulphide fraction compo-
sition of the MS, the Cu and Ni contents of 
10.9 wt. % and 7.8 wt. % are obtained, respec-
tively, and Cu/Ni and Pd/Pt of the MS are 1.4 
and 2.5, respectively. These values are very 
close to the ones estimated in this study

Barnes et al. (1988) showed that primary 
mantle derived magmas show a trend of in-
creasing Pd/Ir and Cu/Ni at progressively 
lower degrees of partial melting (Fig. 7.22). 
The Koillismaa data plot close to the field of 
flood basalts, consistent with their relatively 
Cu- and Pd-rich nature. 
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Fig. 7.22. Metal ratio diagram of Pd/Ir versus Ni/Cu (Barnes et al. 1988) for the Marginal Series and the 
Rometölväs Reef. The data of the Koillismaa Intrusion are from Tables 7.6, 7.7 and 7.8. 

S Cu Ni Co Os Ir Ru Rh Pd Pt Au Re
wt. % wt. % wt. % wt. % ppb ppb ppb ppb ppb ppb ppb ppb

A 1.072 0.318 0.268 0.012 n.a. n.a. n.a. n.a. 420 166 200 n.a.
1 B 37.00 10.98 9.25 0.41 14496 5729 6903

C 35.99 10.68 9.00 0.40 14101 5573 6715
A 1.680 0.494 0.414 0.015 24.7 20.5 50.2 15.5 674.5 265.3 204.7 22.5

2 B 37.00 10.88 9.12 0.33 544 451 1106 341 14855 5843 4508 496
C 36.66 10.78 9.03 0.33 539 447 1095 338 14719 5789 4467 491
A 0.887 0.283 0.264 0.009 n.a. n.a. n.a. n.a. 714 268 130 n.a.

3 B 37.00 11.80 11.01 0.38 29784 11179 5423
C 35.25 11.25 10.49 0.36 28375 10651 5166

1 = Soukeli, Porttivaara block: average of 11-TTK-00, 53-TTK-00, 261-TTK-00, 400-TTK-00  
      and 401-TTK-00. S, Cu and Ni analysed with ICP-AES, Au+PGE with ICP-AES and GFAAS.
2 = Soukeli, Porttivaara block: average of 257-TTK-00, 402-TTK-00, 16-TTK-01 and 33-TTK-01. S,  
      Cu and Ni analysed with ICP-AES, Au+PGE with ICP-MS.
3 = Haukiaho, Kuusijärvi block: average of 8 drill core samples from 3543/98R359 (179.06-182.71 =   
      3.65 m of the MS). S, Cu and Ni analysed with ICP-AES, Au+PGE with GFAAS.

Table 7.6. Chalcophile element concentrations in representative samples from the Marginal Series. A = whole-rock 
content, B = composition of the sulphide fraction, assuming 37.0 wt. % S and C = composition of the sulphide 
fraction estimated by the method of Hoffman et al. (1979) and Wilson (1988). Where the analysed concentration is 
below the detection limit, a value of 50 % of the detection limit was used as concentration in the calculation of the 
average (n.a. = not analysed, see Appendix 27 for detection limits). 
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S Cu Ni Co Os Ir Ru Rh Pd Pt Au Re
wt. % wt. % wt. % wt. % ppb ppb ppb ppb ppb ppb ppb ppb

A 0.542 0.385 0.056 0.003 1.2 1.2 2.6 n.d. 29.2 46.6 31.6 31.6
1 B 37.00 26.28 3.82 0.20 82 82 177 1993 3181 2157 2157

C 35.48 25.20 3.67 0.20 79 79 170 1911 3050 2069 2069
A 0.555 0.360 0.097 n.a. 1.7 3.1 3.9 4.7 76.0 123.0 17.2 n.a.

2 B 37.00 24.00 6.47 113 207 313 316 5067 8200 1147
C 35.21 22.84 6.15 108 198 298 301 4822 7803 1091
A 0.822 0.232 0.148 n.a. n.a. n.a. n.a. n.a. 26.0 81.0 11.0 n.a.

3 B 37.00 10.44 6.66 1170 3646 495
C 37.17 10.49 6.69 1176 3663 497
A 1.540 0.567 0.077 0.004 3.5 2.9 5.4 14.5 111.0 160.0 103.0 n.a.

4 B 37.00 13.62 1.84 0.10 84 70 129 348 2667 3844 2475
C 37.71 13.88 1.88 0.10 85 71 131 355 2718 3918 2522
A 0.401 0.289 0.105 0.004 1.4 1.5 3.0 2.5 38.5 53.7 26.7 n.d. 

5 B 37.00 26.67 9.69 0.35 130 138 274 232 3552 4955 2464
C 34.16 24.62 8.94 0.32 120 128 253 214 3280 4574 2774
A 0.104 0.033 0.010 0.002 n.a. n.a. n.a. n.a. 6.0 10.0 7.0 n.a.

6 B 37.00 11.74 3.56 0.71 2135 3558 2490
C 37.55 11.91 3.61 0.72 2166 3611 2527
A 0.847 0.377 0.123 0.006 1.6 2.1 3.3 6.2 47.8 71.5 42 n.a. 

7 B 37.00 16.47 5.37 0.26 70 92 144 271 2088 3123 1835
C 36.54 16.26 5.31 0.26 69 90 142 267 2062 3085 1812
A 1.440 0.677 0.212 0.007 4.0 4.8 7.6 16.3 126.7 112.1 53.9 n.d. 

8 B 37.00 17.40 5.45 0.18 103 123 195 419 3255 2880 1385
C 36.72 17.26 5.41 0.18 102 122 194 416 3231 2859 1374

1 = Rometölväs, Syöte block: average of 74.1-TTK-00, 77.1-TTK-00, 77.2-TTK-00 and B6 28.51-31.23.  
      S, Cu and Ni analysed with ICP-AES, Au+PGE with ICP-MS.
2 = Rometölväs, Syöte block: B7 20.57-20.87. S, Cu and Ni analysed with FAAS, Au+PGE  
      with ICP-MS.
3 = Rometölväs, Syöte block: average of B7 19.07-19.37, B7 19.67-19.97 and B7 19.97-20.27.  
      All elements analysed with FAAS.
4 = Baabelinälkky, Porttivaara block: 80-TTK-99. S, Cu and Ni analysed with ICP-AES,  
      Au+PGE with ICP-MS.
5 = Baabelinälkky, Porttivaara block: B4 13.90-18.46. S, Cu and Ni analysed with ICP-AES,  
      Au+PGE with ICP-MS.
6 = Baabelinälkky, Porttivaara block: average of B2 11.66-12.36 and B2 12.36-13.36. S, Cu  
      and Ni analysed with ICP-AES, Au+PGE with ICP-AES.
7 = Lanttioja, Porttivaara block: average of 4B, 6, 8A, 8B, 10, 11, 12, 13 and 14 of 135-TTK-99.  
      S, Cu and Ni analysed with ICP-AES, Au+PGE with ICP-MS.
8 = Välivaara, Porttivaara block: average of 137.1-TTK-99, 314-TTK-00 and 320.1-TTK-00. S,  
      Cu and Ni analysed with ICP-AES, Au+PGE with ICP-MS.

Table 7.7. Chalcophile element concentrations in representative samples from the Rometölväs Reef cumulates. A = 
whole-rock content, B = composition of the sulphide fraction, assuming 37.0 wt. % S and C = composition of the 
sulphide fraction estimated by the method of Hoffman et al. (1979) and Wilson (1988). Where the analysed concen-
tration is below the detection limit, a value of 50 % of the detection limit was used as concentration in the calcula-
tion of the average (n.a. = not analysed, n.d. = not detected, see Appendix 27 for detection limits). 
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7.2.4 Chondrite- and mantle-normalized  
         multi element patterns of the  
         sulphide fraction of the Marginal  
         Series and the Rometölväs Reef

Both the MS and the RT Reef have fraction-
ated chondrite-normalized PGE patterns (Fig. 
7.23), but the slopes of the MS are more grad-
ual than those of the RT Reef. In general, the 
patterns are flat from Os to Ru, but while the 
MS shows a progressive increase from Ir to 
Au, the RT Reef shows a sharp increase from 
Ru to Rh, followed by a more gentle increase 
from Rh to Au. The patterns of the base metal-
enriched noncumulate bodies resemble those 
of the MS. The legend in the diagram for the 
RT Reef includes estimates of the distance of 

the sampling sites from the basal contact of 
the Koillismaa Intrusion. The reef appears to 
be coherent in its chalcophile element con-
tents along the strike of layering of the Koil-
lismaa Intrusion. 

Mantle-normalized diagrams are used to 
compare the compositions of the MS and the 
RT Reef with domestic and foreign PGE de-
posits hosted by mafic-ultramafic intrusions 
(Fig. 7.24). Naldrett (2004) classified PGE 
deposits on the basis of morphology and min-
eralized occurrences into 1) stratiform-strat-
abound, 2) stratabound and 3) discordant to 
strata. 

The Merensky Reef and UG-2 chromitite 
of the Bushveld (Cawthorn et al. 2002) and 
the J-M Reef of the Stillwater Complex (Todd 

S Cu Ni Co Os Ir Ru Rh Pd Pt Au Re
wt. % wt. % wt. % wt. % ppb ppb ppb ppb ppb ppb ppb ppb

A 0.097 0.068 0.043 0.004 n.d. 1.5 3.0 n.d. 15.1 9.0 5.9 10.2
1 B 37.00 25.94 16.40 1.53 572 1144 5760 3433 2251 3891

C 32.83 23.01 14.55 1.35 508 1016 5111 3046 1997 3452
A 0.337 0.177 0.186 n.a. n.a. n.a. n.a. n.a. 260 322 107 n.a.

2 B 37.00 19.43 20.42 28546 35353 11748
C 30.73 16.14 16.96 23709 29362 9757

1 = Rometölväs, Syöte block: 74.2-TTK-00. S, Cu and Ni analysed with ICP-AES, Au+PGE  
      with ICP-MS.
2 = Rometölväs, Syöte block: average of B7 10.60–10.90, B7 10.90–11.20, B7 11.20–11.56.  
      Sulphur analysed with XRF, rest of the elements with FAAS.

Table 7.8. Chalcophile element concentrations in representative samples from the noncumulus-textured gabbronorite 
bodies associated with the Rometölväs Reef. A = whole-rock content, B = composition of the sulphide fraction, as-
suming 37.0 wt. % S and C = composition of the sulphide fraction estimated by the method of Hoffman et al. (1979) 
and Wilson (1988). Where the analysed concentration is below the detection limit, a value of 50 % of the detection 
limit was used as concentration in the calculation of the average. (n.a. = not analysed, n.d. = not detected, see Ap-
pendix 27 for detection limits). 
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et al. 1982; Zientek et al. 2002) are the best-
known deposits of the stratiform-stratabound 
type. In the Fennoscandian Shield, similar 
deposits include the Sompujärvi (SJ), Paa-
sivaara (PV) and Ala-Penikka (AP) Reefs of 
the Penikat Intrusion (Alapieti & Lahtinen 
1986, 2002; Halkoaho et al. 1989a, b, 1990a, 
b, 2005; Huhtelin et al. 1989a, 1990; Halko-
aho 1993) and the Siika-Kämä (SK) Reef of 
the Portimo Complex (Huhtelin et al. 1989b, 
1990; Alapieti & Lahtinen 2002; Iljina 2005). 
The patterns of these deposits, denoted here as 
the reef-type, are shown in Figs 7.24.B and C. 

Peck et al. (2001) proposed the term “con-
tact-type” to describe the stratabound depos-
its, since in layered intrusions most of these 
deposits are located within a couple of hun-

dreds of meters of the basal contact of the in-
trusions, as accumulations of magmatic sul-
phides. The patterns of this type of deposits, 
from Finland and elsewhere, are shown in 
Figs 7.24.B and D. Examples of such depos-
its are the PGE-Cu-Ni occurrences in the low-
er part of the East Bull Lake intrusion (Peck 
et al. 2001; James et al. 2002) and the Two 
Duck Lake intrusion (Watkinson & Ohnen-
stetter 1992; Barrie et al. 2002), the Dunka 
Road deposits of the Partridge River intrusion 
of the Duluth Complex (Thériault & Barnes 
1998; Thériault et al. 2000) and the Platreef 
(Cawthorn et al. 2002). In the Fennoscandian 
Shield similar deposits include the basal dis-
seminated ores of the Monchegorsk pluton 
(Dedeev et al. 2002) and the basal PGE miner-

Fig. 7.23. Chondrite-normalized metal patterns of the sulphide fractions of the Marginal Series and the Rometölväs 
Reef presented in Tables 7.6, 7.7 and 7.8. The legend of the Rometölväs Reef includes the distances from the basal 
part of the Koillismaa Intrusion to the sampling sites, measured perpendicular to the igneous layering without dip 
correction. Normalizing values are from Barnes & Maier (1999). 
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Fig. 7.24. Mantle-normalized patterns of the sulphide fractions of the Marginal Series and the Rometölväs Reef 
(A) compared to PGE deposits in other mafic-ultramafic intrusions: reef- and contact-type deposits in Finland (B), 
reefs and discordant to strata-type deposits (C) and contact-type deposits (D). The Koillismaa Intrusion patterns are 
drawn on the basis of the compositions presented in Tables 7.6, 7.7 and 7.8. Data source of the compared miner-
alizations is compiled in Appendix 28. Conversion to 100 % sulphides is made on the basis 37 wt. % S in sulphide 
fraction. Mantle-normalizing values are from Barnes & Maier (1999). 
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alizations in the Fedorova-Pana Tundra intru-
sion (Schissel et al. 2002) and the Suhanko-
Konttijärvi intrusion of the Portimo Complex 
(Alapieti et al. 1989). By morphology the de-
posits of Jinchuan (Chai & Naldrett 1992a, b) 
Sudbury (Naldrett 2004) and Uitkomst Intru-
sion (Maier et al. 2004) belong to the contact-
type, although they are principally exploited 
for Ni and Cu. 

Examples of the deposits that are discord-
ant to strata include the Rathbun Lake deposit 
of the Wanapitei intrusion (Rowell & Edgar 
1986), the Roby Zone of the Lac des Iles in-
trusion (Hinchey et al. 2005) and the PGE-rich 
dunite pipes of the Bushveld Complex (Schif-
fries 1982; Stumpf & Rudlicke 1982). Shown 
in Fig. 7.24.C are the mantle-normalized pat-
terns of the two first mentioned examples.

The PGE mineralization of the MS of the 
Koillismaa Intrusion is of the contact-type. 

The mantle-normalized composition of the 
sulphide fraction of the MS is similar to that 
of the other contact-type deposits. The man-
tle-normalized pattern of the sulphide fraction 
of the RT Reef is also comparable to those of 
other contact-type deposits, even thought it 
does not structurally belong to the type. (Fig. 
7.24.A). 

The compositions of the noncumulus-tex-
tured gabbronorite bodies and their host cu-
mulates of the RT Reef are compared with 
the Lukkulaisvaara PGE mineralization of the 
Oulanka Complex, Russia (Fig. 7.25), as the 
latter is hosted by sill-like gabbronorite bod-
ies that resemble the noncumulus-textured 
bodies of the Koillismaa Intrusion. 

The patterns shown in Fig. 7.25 repre-
sent whole-rock compositions instead of 
the sulphide fractions, because the available 
Lukkulaisvaara data (Semenov et al. 1998) do 

Fig. 7.25. Mantle-normalized whole-rock patterns of the noncumulate bodies and cumulates of the Marginal Series 
and the Rometölväs Reef (shaded) compared to the PGE occurrence associated with sill-like bodies (microgab-
bronorites) of the Lukkulaisvaara intrusion. The Koillismaa Intrusion patterns are drawn on the basis of the data 
presented in Tables 7.6, 7.7 and 7.8. Data source of the Lukkulaisvaara is compiled in Appendix 28. 
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not include the concentrations of sulphur. Re-
cently Latypov et al. (2008b) published new 
analyses from Lukkulaisvaara that include 
concentrations of sulphur, but not those of Os, 
Ir, Ru and Rh. As shown in Fig. 7.25, the metal 

patterns of the Koillismaa Intrusion noncumu-
lus-textured bodies are different from those of 
the sill-like bodies of the Lukkulaisvaara in-
trusion. The Lukkulaisvaara bodies have pat-
terns similar to those of reef-type deposits. 

7.3 Summary

The upper chilled margins of the Koillismaa 
Intrusion are compositionally systematically 
more evolved than the lower chilled margins. 
The compositions of the chilled margins re-
semble bonites by their major element com-
positions. The chilled margins are more prim-
itive than the weighted average composition 
of the Koillismaa Intrusion, which is basaltic 
and is characterized by relatively high Al2O3, 
moderate TiO2 and low MgO. 

Among the noncumulate bodies, those from 
the Pirivaara display the most evolved com-
positions and those from the Porttivaara dis-
play the most primitive compositions. The 
noncumulate body in drill core B7 shows 
evidence of internal chemical fractionation: 
the body margins display the most primitive 
composition and towards the upper sulphide-
bearing third of the body, the composition be-
comes more evolved. The rocks of the Lotan-
vaara unit resemble the noncumulate bodies, 
but they are richer in MgO and Cr contents 
and poorer in Al2O3 content than the noncu-
mulate bodies. 

The stratigraphic position of the Rometölväs 
Reef is marked by changes in major element 
chemistry of rocks. The cumulates below the 
reef are distinctly richer in chlorine, nickel, 
chromium and in MgO compared to the cu-
mulates above the reef. The cumulates below 
and above the reef define separate and distinct 
compositional trends in FeOTOT/Al2O3 versus 

MgO space. The samples collected from the 
reef define two trends implying that the reef 
rocks contain components from cumulates be-
low and above the reef. However, at a smaller 
scale, such as individual drill cores and out-
crops, the chalcophile element concentra-
tions of the reef are controlled by rock tex-
ture: highly mottled rocks display the highest 
grades of ore components. 

The gabbronorites of the Marginal Series 
contain up to 3.9 wt. % S, 0.9 wt. % Cu, 1.1 
wt. % Ni, 790 ppb Au, 2650 ppb Pd and 846 
ppb Pt, whilst the mottled cumulates of the 
reef contain up to 2.2 wt. % S, 0.9 wt. % Cu, 
0.3 wt. % Ni and up to 103 ppb Au, 241 ppb 
Pd and 263 ppb Pt. The richest portion of the 
Rometölväs Reef consist of sulphide-bearing 
rock in the noncumulus-textured gabbronorite 
body in drill core B7. This rock contains up to 
1 ppm Au+Pd+Pt and up to 0.6 wt. % S, 0.3 
wt. % Cu and 0.3 wt. % Ni. The average val-
ues of Cu/Ni and Pd/Pt of the Marginal Series 
are 1.3 and 2.8, respectively, and in the miner-
alized cumulates of the Rometölväs Reef the 
corresponding values are 4.1 and 1.0 respec-
tively. The Pd/Pt value in the mineralized non-
cumulate bodies is similar to that in the reef 
cumulates. 

The sulphide fraction of both the Marginal 
Series and the Rometölväs Reef display com-
positions similar to those observed in contact-
type deposits elsewhere. 
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8 Sm-Nd ISOTOPE CHEMISTRY 

8.1 General features of the Sm-Nd isotopic systematics

Sm-Nd isotopes were measured for a grano-
dioritic sample from the Archaean basement, 
a sample representing Lotanvaara mafic rock 
unit, four upper chilled margin samples, 19 cu-
mulate samples and five samples from noncu-
mulate bodies. The isotopic data are presented 
in Tables 8.1 and 8.2, including the εNd values 
calculated assuming an age of 2440 Ma.

The εNd values and 143Nd/144Nd evolution 
lines of the whole-rock samples are shown in 
Fig. 8.1, which also includes the evolution en-
velope of Archaean samples close to the Koil-
lismaa Intrusion. The 143Nd/144Nd evolution 
line of the granodioritic basement sample (29-
TTK-99) is shown in Fig. 8.1.C. This line cor-
responds to the other Archaean samples from 
the area. The granodiorite is also similar in its 
Sm (1.43 ppm) and Nd (9.24 ppm) concen-
trations to the Archaean granitoid composi-
tions given by Lauri et al. (2006). On the ba-
sis of the envelope, the Archaean upper crust 
at the time of the magmatism of the Koillis-
maa Complex, had εNd values in the range of 
-8.5 to -5.0. 

Data from the noncumulus-textured igne-
ous rocks are plotted in Fig. 8.1.A. The upper 
chilled margin samples have the lowest initial 
143Nd/144Nd values. Their εNd(2440 Ma) val-
ues range from -2.8 to -4.0 and their evolution 
lines intersect with the line of depleted mantle 
at a model age of 2925–3400 Ma. The isotop-
ic compositions of the sample (79-TTK-99) 
at 2440 Ma is questionable, since its evolu-
tion line does not intersect the line of deplet-
ed mantle. Therefore the isotopic composition 
was probably disturbed in a post-crystalli-
zation stage. In the noncumulate bodies the 
εNd(2440 Ma) values range from -0.9 to -3.3 
and TDM ages from 2845 to 3130 Ma. The Lo-
tanvaara mafic rock unit displays the εNd(2440 
Ma) value of -3.0 and TDM age of 3085 Ma. 

The upper chilled margin samples have less 
radiogenic initial Nd compositions than the 

cumulates (Fig. 8.2). This may imply local 
contamination of the magma that formed the 
upper chilled margin, but the components of 
assimilation could not have been derived from 
the granophyre above the chilled margin, be-
cause the granophyre has similar initial 143Nd-
144Nd ratios as the cumulates. 

The isotopic data on cumulate samples col-
lected from the Porttivaara block profile are 
shown in Fig. 8.1.B. The samples are rela-
tively uniform in their compositions, having 
eNd(2440 Ma) in the range of -0.8 to -2.1 and 
TDM ages from 2805 to 3020. 

As shown in Fig. 8.1.C, the variability of the 
initial 143Nd-144Nd ratio in cumulates of drill 
core B7 is larger than in the Porttivaara pro-
file. Even though this feature may partly be 
due to the fact that these analyses were con-
ducted in different laboratories, the data sug-
gest that the reef cumulates were not contami-
nated in situ by Archaean upper crust during 
their crystallization. 

This conclusion is based on the fact that the 
degree of alteration in cumulates does not cor-
relate with isotope compositions. On the ba-
sis of the available data, the mottled, sulphide-
bearing cumulates record somewhat larger 
variation in their eNd(2440 Ma) values than the 
nonmottled cumulates but do not show any 
trend towards more depleted or more enriched 
isotope compositions. The samples from drill 
core B7 have eNd(2440 Ma) values in the 
range of -1.8 to 1.8 and model ages of 2520–
2870 Ma. Four out of the ten whole-rock sam-
ples analysed from the drill core turned out to 
be more radiogenic than the contemporaneous 
CHUR and also show the youngest TDM ages. 

Further indication of that the Koillismaa In-
trusion was not substantially contaminated in 
situ by Archaean upper crust after emplace-
ment is the isotopical homogeneity of the cu-
mulate samples across the LS. 



130
G

eological Survey of Finland, B
ulletin 404

Tuom
o K

arinen
Table 8.1. Sm-Nd isotopic data for noncumulus-textured igneous rocks and Archaean basement.

TDM (Ma)
Upper chilled margin

2925
3400
3125
2925

Lotanvaara mafic rock unit
3085

Noncumulus-textured gabbronorite bodies
3065
3120

-
2845
2995
3130
3000
3115

Archaean basement 
2975

A) Analysed by VSEGEI.
147Sm/144Nd determined to a precision of 0.4 % at the 2s level. 
143Nd/144Nd normalized to 146Nd/144Nd = 0.7219. Errors are 2s in last significant unit. 
Average 143Nd/144Nd value for LaJolla standard was 0.511851±11. 
TDM calculated according to DePaolo (1981).
Abbreviations: wr = whole-rock, opx = orthopyroxene, cpx = clinopyroxene, plag = plagioclase.

εNd(2440 Ma)

-2.9±0.2
-3.7±0.4
-4.0±0.4
-3.1±0.3

-3.0±0.6
-0.4±0.4
-3.9±0.5
-1.6±1.2

-2.2±0.4
-3.3±0.5
-2.6±0.4
-3.7±0.5
-3.3±0.4
-5.4±0.6
-2.7±0.4
-0.9±0.4
-2.1±0.4
-1.3±0.4
-1.1±0.9

-5.4±0.2

143Nd/144Nd

0.511289±4
0.511831±8
0.511435±11
0.511222±9

0.511608±22
0.510486±15
0.511950±16
0.512266±50

0.511776±11
0.511589±17
0.510317±17
0.511783±14
0.511935±10
0.512517±15
0.511077±14
0.512013±12
0.511878±12
0.511907±11
0.512090±34

0.510709±4

147Sm/144Nd

0.1217
0.1579
0.1344
0.1183

0.1419
0.0639
0.1659
0.1784

0.1498
0.1417
0.0604
0.1550
0.1633
0.2062
0.1080
0.1604
0.1559
0.1551
0.1660

0.0937

Nd (ppm)

12.55
3.36
8.65

12.43

3.10
2.44
8.19
1.69

2.19
3.46
2.25

10.44
2.50
1.14
4.86
2.11
3.32
2.54
1.25

9.24

Sm (ppm)

2.53
0.88
1.92
2.43

0.72
0.26
2.25
0.50

0.54
0.81
0.23
2.68
0.67
0.39
0.87
0.56
0.86
0.65
0.34

1.43

Rock, area

Gabbronorite Kuusijärvi.
Gabbronorite, Kuusi-Pyhitys.
Gabbronorite, Kuusi-Pyhitys.
Gabbronorite, Portinloma.

Noncumulus-textured gabbronorite, Lotanvaara.
—”—
—”—
—”—

Noncumulus-textured gabbronorite, Porttivaara.
—”—
—”—
—”—
—”—
Noncumulus-textured gabbronorite, Baabelinälkky.
Noncumulus-textured gabbronorite, Rometölväs.
Noncumulus-textured gabbronorite, Lanttioja.
Noncumulus-textured gabbronorite, Pirivaara.
—”—
Noncumulus-textured gabbronorite, Porttivaara.

Granodiorite gneiss

Sample 

391-TTK-00, wr A)

10.1-TTK-98, wr 
31-TTK-99, wr 
103.3-TTK-99, wr 

72-TTK-99, wr
72-TTK-99, plag
72-TTK-99, cpx
72-TTK-99, opx (2)

70-HAP-99, wr (1)
70-HAP-99, wr (2)
70-HAP-99, plag 
70-HAP-99, cpx 
70-HAP-99, opx 
79-TTK-99, wr 
87-TTK-99, wr 
138-TTK-99, wr 
159-TTK-99, wr (1) 
159-TTK-99, wr (2)
262.2-TTK-00, wr 

29-TTK-99, wr A)
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Table 8.2. Sm-Nd isotopic data for cumulates.

TDM (Ma)
2810

2855
2885
2880
2805

2925
2830
2955
2900
3020
2850
2525
2720
2850
2720
2520
2800
2870
2635
2730

A) Analysed by VSEGEI.
147Sm/144Nd determined to a precision of 0.4 % at the 2s level. 
143Nd/144Nd normalized to 146Nd/144Nd = 0.7219. Errors are 2s in last significant unit. 
Average 143Nd/144Nd value for LaJolla standard was 0.511851±11. 
TDM calculated according to DePaolo (1981).
Abbreviations: wr = whole-rock, opx = orthopyroxene, cpx = clinopyroxene, plag = plagioclase. 

εNd(2440 Ma)
-1.3±0.4
-0.8±0.4
-2.2±0.5
-1.8±0.4
-1.5±0.5
-2.1±0.3
-2.0±0.3
-1.3±0.4
-2.4±1.1
-1.8±0.4
-1.9±1.0
-1.8±0.3
-1.4±0.4
-2.0±0.4
-1.5±0.4
-0.8±0.4
-1.8±0.4
+1.7±0.3
+0.2±0.4
-1.3±0.3
-0.5±0.3
+1.8±0.3
-1.0±0.3
-1.3±0.3
+0.7±0.2
-0.3±0.4

143Nd/144Nd
0.511474±10
0.510828±15
0.512407±13
0.512459±10
0.511514±16
0.511419±9
0.511423±9
0.511464±10
0.510752±50
0.512288±10
0.512433±41
0.511630±8
0.511502±12
0.511629±11
0.511652±9
0.512063±10
0.511420±12
0.511528±9
0.511776±10
0.511579±8
0.511404±7
0.511679±9
0.511545±6
0.511629±4
0.511666±4
0.511595±11

147Sm/144Nd
0.1281
0.0865
0.1890
0.1910
0.1315
0.1273
0.1274
0.1275
0.0867
0.1803
0.1896
0.1394
0.1302
0.1401
0.1400
0.1633
0.1265
0.1221
0.1422
0.1348
0.1215
0.1311
0.1317
0.1380
0.1337
0.1324

Nd (ppm)
3.12
1.43
2.24
2.20
2.46

11.10
10.38

4.30
2.52

12.61
4.93
2.85
5.46
7.13
7.07
3.19
8.46
6.28
6.98
6.27
9.17
7.00
7.25
6.32
6.72
7.57

Sm (ppm)
0.66
0.20
0.70
0.70
0.54
2.34
2.19
0.91
0.36
3.76
1.55
0.66
1.18
1.65
1.64
0.86
1.77
1.27
1.64
1.40
1.84
1.52
1.58
1.44
1.49
1.66

Rock, area, subzone, structural height
Olivine gabbronorite, Porttivaara, LZa, ~ 60 m.
—”—
—”—
—”—
Olivine gabbronorite, Porttivaara, LZa, ~ 70.
Gabbronorite, Porttivaara, LZb, ~ 80 m.
Gabbronorite, Porttivaara, LZb, ~ 540 m.
Olivine gabbronorite Porttivaara, MZa, ~ 670 m.
—”—
—”—
—”—
—”—
Gabbronorite, Porttivaara, MZb, ~ 740 m.
Gabbronorite, Porttivaara, MZb/MZc, ~ 850 m.
—”—
Magnetite gabbro, Porttivaara, UZb, ~ 1520 m.
Gabbro (highly mottled), Rometölväs, MZb/MZc.
Gabbro (highly mottled), —”—, —”—.
Gabbronorite (moderately mottled), —”—,—”—.
Gabbronorite (moderately mottled), —”—, —”—.
Gabbro (highly mottled), —”—,—”—.
Gabbro (highly mottled), —”—, —”—.
Gabbro (nonmottled), —”—, —”—.
Gabbro (nonmottled), —”—, —”—.
Gabbronorite (nonmottled), —”—, —”—.
Gabbronorite (nonmottled), —”—, —”—.

Sample 
22B-TTK-01, wr
22B-TTK-01, plag
22B-TTK-01, opx (1)
22B-TTK-01, opx (2)
265-TTK-00, wr
277-TTK-00, wr
300-TTK-00, wr
59-W-73, wr
59-W-73, plag
59-W-73, cpx
59-W-73, opx
14-TTK-01, wr
309-TTK-00, wr
320.1-TTK-00, wr (1)
320.1-TTK-00, wr (2)
335-TTK-00, wr
B7 8.26-8.55,wr A)

B7 23.60-24.10,wr A)

B7 27.10-27.60,wr A)

B7 28.10-28.60,wr A)

B7 30.10-30.60,wr A)

B7 34.10-34.58,wr A)

B7 35.60-36.60,wr A)

B7 38.60-39.60,wr A)

B7 53.60-56.32,wr A)

B7 67.55-70.73,wr A)
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Fig. 8.1. εNd-age diagrams for whole-rock isotopic compositions of Tables 8.1 and 8.2. DM is the evolution of the 
depleted mantle by DePaolo (1981) and CHUR denotes the chondritic uniform reservoir (DePaolo & Wasserburg 
1976). The grey shaded area shows the evolution of the Archaean samples of the Koillismaa area on the basis of the 
data from Lauri et al. (2006).
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8.2 Age determinations 

tivaara block. The cumulate rocks are repre-
sented by fresh olivine gabbronorite samples 
from the LZa (22B-TTK-01) and MZa (59-W-
73 and 14-TTK-01). The whole-rock data of 
sample 14-TTK-01 are combined with those 
of sample 59-W-73, since the distance be-
tween their sampling sites in the field is only 
ca. 10 m. 

Fig. 8.2. Variation of εNd(2440 Ma) values in whole-rock samples along the stratigraphic sequence of the Portti-
vaara block. Red symbols in the figure are εNd values and bars indicate error estimates. The gray shaded area shows 
the range of ƐNd(2440 Ma) values in granophyre (data from Lauri et al. 2006). 

The Sm-Nd isotope data for minerals and 
their host rocks are plotted in 143Nd/144Nd-
147Sm/144Nd diagrams of Figs 8.3 and 8.4. 
Mineral fractions were analysed from two 
fresh noncumulate samples, one from the Lo-
tanvaara rock (72-TTK-99) and the other from 
a large noncumulate body (70-HAP-00) that is 
located at the MZa-MZb boundary in the Port-
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Fig. 8.3. 143Nd/144Nd-147Sm/144Nd diagrams for mineral fractions and whole-rocks of noncumulate body (70-HAP-
99) and Lotanvaara mafic rock unit (72-TK-99). The 2440 Ma reference line is derived from the initial 143Nd/144Nd 
values determined from the samples. 
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Fig. 8.4. 143Nd/144Nd-147Sm/144Nd diagrams for mineral fractions and whole-rocks of LZa (22B-TTK-01) and MZa 
(59-W-73 & 14-TTK-01) olivine gabbronorites. The 2440 Ma reference line is derived from the initial 143Nd/144Nd 
values determined from the samples. 
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Even though both of the noncumulate sam-
ples display a fairly wide spread in their 147Sm-
144Nd ratios, neither of them defines isochrons 
since their values of mean squared weighted 
deviation (MSWD) are higher than 2.5 (Fig. 
8.3). Nevertheless, the Sm-Nd data for plagi-
oclase, pyroxenes and two whole-rock analy-
ses of 70-HAP-99 from the noncumulate body 
yield an errorchron age of 2398±30 Ma, which 
is close to the U-Pb age of the Koillismaa 
Complex (2436±5 Ma, Alapieti 1982). If the 
more radiogenic whole-rock analysis (wr 1) 
is excluded, the subpopulation defines an iso-
chron (MSWD = 2.0, n = 4) age of 2374±31 
Ma (initial 143Nd/144Nd = 0.509371±29, eNd 
= -3.8±0.6). The plagioclase, pyroxenes and 
whole-rock analyses of sample 72-TTK-99 
representing the Lotanvaara mafic rock yield 
an errorchron age of 2189±34 Ma. 

The 143Nd/144Nd-147Sm/144Nd isotope data 
for cumulates and their minerals are shown in 
Fig. 8.4 where the sample 22B-TTK-01 from 
the LZa yields an isochron age of 2354±27 
Ma (Fig. 8.4.A). The mineral fractions and 

whole-rocks from the MZa (59-W-73 & 14-
TTK-01) define an errorchron age of 2408±48 
Ma (Fig. 8.4.B). The result is the same even 
if the 14-TTK-01 whole-rock analysis is 
omitted: 2398±49 Ma, initial 143Nd/144Nd = 
0.509442±50, eNd = -1.8±1.0, MSWD = 3.6. 

Although these Sm-Nd ages are somewhat 
younger than the U-Pb ages from the Koillis-
maa Complex, the Sm-Nd isotopic results are 
compatible with those from other coeval lay-
ered intrusions and mafic dykes in the Fen-
noscandian Shield whose initial eNd values are 
slightly below zero (Appendices 1 and 2). The 
narrow spread of the slightly negative initial 
eNd values of the early Palaeoproterozoic lay-
ered intrusions, coeval mafic dykes and vol-
canic rocks in the Fennoscandian Shield has 
been attributed to a primary LREE-enriched 
mantle source and/or assimilation by crus-
tal material during magma ascent (Balashov 
et al. 1990a; Turchenko 1992; Balashov et al. 
1993; Amelin & Semenov 1996; Puchtel et al. 
1996, 1997; Hanski et al. 2001a; Alapieti &  
Lahtinen 2002). 

8.3 Summary

The noncumulus-textured gabbronorite bod-
ies, the Lotanvaara mafic rock unit and cumu-
lates of the Koillismaa Intrusion have similar 
initial Nd isotope compositions. In these rocks 
the eNd(2440 Ma) values are negative, ranging 
from ca. -1 to -3. The upper chilled margin 
shows somewhat less radiogenic initial Nd 
isotope compositions, since the analysed sam-
ples collected from different locations of the 
upper chilled margin have the eNd(2440 Ma) 
values in the range of ca. -3 to -4. The Archae-
an upper crust at the time of the magmatism of 

the Koillismaa Complex had the least radio-
genic Nd isotope composition, at εNd approxi-
mately -5 to -8.5. 

The Koillismaa Intrusion magma chamber 
did not assimilate the Archaean country rock 
material after emplacement, because the cu-
mulate samples have relatively uniform Nd 
isotope compositions. It is therefore more 
likely that the initial Nd isotope compositions 
reflect the composition of the parental magma 
of the Koillismaa Intrusion. 
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9 CONDITIONS OF CRYSTALLIZATION IN THE KOILLISMAA INTRUSION

of the reef is related to the magma dynamics 
in the intrusion. Therefore, it is of importance 
to examine the conditions of the crystalliza-
tion of the Koillismaa Intrusion.

Because the stratigraphic position of the 
Rometölväs Reef in the Koillismaa Intrusion 
is marked by changes in major element chem-
istry of the rocks, it is possible that the genesis 

9.1 Pyroxene thermometer 

A successful application of the pyroxene 
thermometer requires knowledge of the com-
position of a primary phase, i.e. the composi-
tion prior to exsolution. The primary pyrox-
ene compositions of the Koillismaa Intrusion 
have been estimated in Chapter 6.1.2.3 (Table 
6.1). For the use of two-pyroxene thermom-
eters of Wood & Banno (1973) and Wells 
(1977), another requirement is that the coex-
isting ortho- and clinopyroxene should have 
crystallized contemporaneously. Generally it 
is thought that the requirement is met when 
both of the phases exhibit similar textural sta-
tus, for instance as cumulus crystals. There-
fore, some of the pyroxene pairs do not meet 
the second requirement, as their augite grains 
show an intercumulus habit whereas coexist-
ing orthopyroxene is a cumulus phase. 

The small variation in equilibrium tem-
peratures of coexisting pyroxene phases re-
flects the variation in chemical fractionation 
of the Koillismaa Intrusion. The thermometer 
of Wood & Banno (1973) gives solidus tem-
peratures in the range of 1056 to 1092 ºC for 
six pyroxene pairs in cumulus-textured rocks 
of the Koillismaa Intrusion, whereas the ther-
mometer of Wells (1977) yields tempera-
tures of 1110–1176 ºC (Table 9.1). The tem-

peratures determined for the MZc where both 
ortho- and clinopyroxene occur as cumulus 
crystals provide the most reliable estimates of 
solidus temperatures. 

Several pyroxene pairs of the gabbronoritic 
noncumulate bodies were used to determine 
their crystallization temperatures and one of 
these estimates, ca. 985 ºC with both calibra-
tions, is given in Table 9.1. The temperature 
is obviously too low to represent the tempera-
ture of crystallization of pyroxenes in the non-
cumulate bodies. 

The subsolidus temperatures were deter-
mined using mostly exsolution lamellae in au-
gites of the LZa, MZa and MZb. However, for 
the MZc temperatures were also estimated us-
ing granular lamellae of inverted pigeonite. 
Depending on the thermometric calibration, 
the estimation of the temperature of lamellar 
exsolution is 930–970 ºC (using the thermom-
eter of Wood & Banno 1973) or 970–1020 ºC 
(using the thermometer of Wells 1977). The 
granular lamellae in inverted pigeonite appear 
to have formed a few tens of degrees lower 
than the fine lamellae of augite. For the inver-
sion temperature the model of Wood & Ban-
no (1973) gives ca. 930 ºC and the model of 
Wells (1977) ca. 980 ºC. 
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Sample Description WB-73: W-77:
24-TTK-01 (LZa) Solidus temperature 1083 1110

Exsolution of Ca-poor phase from augite 935 969
305-TTK-00 (MZa) Solidus temperature 1061 1127

Exsolution of Ca-poor phase from augite 962 998
309-TTK-00 (MZb) Solidus temperature 1092 1156

Exsolution of Ca-poor phase from augite 970 996
311-TTK-00 (MZb) Solidus temperature 1056 1153

Exsolution of Ca-poor phase from augite 945 994
5-TTK-03 (MZc) Solidus temperature 1057 1172

Exsolution of Ca-poor phase from augite 931 995
Exsolution of Ca-rich phase from pigeonite 929 975
= inversion temperature

6.1-TTK-03(MZc) Solidus temperature 1056 1176
Exsolution of Ca-poor phase from augite 943 1021
Exsolution of Ca-rich phase from pigeonite 930 980
= inversion temperature

B7 13.00 (Noncumulate) Skeletal augite and megacrystic host 985 984

Table 9.1. Calculated equilibrium temperatures (ºC) of coexisting ortho- and clinopyroxenes of the Koillismaa 
Intrusion. WB-73 = calculated using the method of Wood & Banno (1973), W-77 = calculated using the method of 
Wells (1977). 

Table 9.2. Information on the oxide grains used for determination of the T-ƒO2-relations of the magnetite gabbro of 
the Koillismaa Intrusion. 

Sample Phase Phase description Analytical key
335-TTK-00 
(UZb) Spinel Exsolution host, SILI 22.04.03/8 and

72.3 vol. % of oxide grains SILI 10.10.03/10

Ilmenite Lamellae ||{111} plane SILI 10.10.03/7, 8, 9
19.4 vol. % of oxide grains

Ilmenite
Granular exsolution

SILI 10.10.03/4, 5, 68.3 vol. % of oxide grains
(Granular lamellae contain 1.9 vol. %  
of hematite exsolutions)

Ilmenite Separate crystal, SILI 10.10.03/1, 2
see Fig. 6.14.B: “Primary ilmenite?”

337-TTK-00 
(UZb) Spinel Exsolution host SILI 03.03.03/21, 22

70.4 vol. % of oxide grains

Ilmenite Lamellae ||{111} plane SILI 03.03.03/20, 23, 25
19.7 vol. % of oxide grains

Ilmenite
Granular exsolution

SILI 03.03.03/18, 199.9 vol. % of oxide grains
(Granular lamellae contain 2.0 vol. %  
of hematite exsolutions)
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9.2 Magnetite-ilmenite equilibrium 

has been used in estimatation of the subsolidus 
conditions of exsolution in single titanomag-
netite grains (Himmelberg & Ford 1977; 
Pang et al. 2008). According to Buddington 
& Lindsley (1964) the increasing degrees of 
diffusion and oxidation result in a systemat-
ic range from single, homogenous titanomag-
netite grains through ferrian ilmenite lamellae 
in magnetite. It is likely that diffusion de-
creases as cooling proceeds and therefore, the 
coarse segregations of ilmenite forming com-
posite grains with ilmenomagnetites probably 
exsolve at higher temperature than the long 
and thin lamellae conformable to {111} plane 
of the host oxide grains. Hence, the existing 
iron-titanium oxides in the magnetite gabbro 
of the Koillismaa Intrusion are interpreted to 
be a result of a minimum of three stages of 
crystallization: crystallization of primary ox-
ides (stage A), exsolution of granular lamellae 
(stage B) and exsolution of fine lamellae ori-
ented parallel to the {111} plane oriented la-
mellae (stage C). 

The composition of primary titanomagnet-
ite, i.e. the composition prior to the devel-
opment of exsolution lamellae, was recon-
structed from analytical and modal data of 
ilmenomagnetite grains from two magnetite 
gabbro (UZb) samples (335-TTK-00 and 337-
TTK-00). The modal proportions of host and 
lamellae were estimated using digital BE-im-
ages or photomicrographs showing typical la-
mellar texture in these samples. The primary 
oxide compositions of these samples were es-
timated using the method of Bowles (1977). 
The information on phase relations and anal-
yses of the samples is compiled in Table 9.2, 
whilst Tables 9.3 and 9.4 show the analysed 
and calculated compositions. 

Magnetite-ilmenite equilibrium permits de-agnetite-ilmenite equilibrium permits de-
termination of the oxygen fugacity and tem-
perature of formation of coexisting oxides if 
they crystallized in equilibrium and retained 
their original compositions. If these require-
ments were maintained since the crystalliza-
tion, it is possible to estimate the conditions 
at which the phases formed, using the T-fO2-
composition relationship described by Bud-
dington and Lindsley (1964). 

The oxidation of ulvöspinel component in 
reaction 4 (see Chapter 6.2.1) is dependent on 
the partial pressure of oxygen. Another per-
tinent reaction is the one between coexisting 
ilmenite-hematite and magnetite-ulvöspinel 
solid solution, where the cation exchange is 
dependent on temperature so that at high tem-
peratures both ulvöspinel and ilmenite are the 
dominant phases (Buddington & Lindsley 
1964):

FeTiO3   +   Fe3O4   =   Fe2O3   +   Fe2TiO4.

ilmenite   magnetite  hematite   ulvöspinel 
 

Two model redox reactions in magmatic 
systems that involve oxygen in equilibrium 
with the silicate melt include the oxidation of 
magnetite to hematite (HM buffer) and fay-
alite to magnetite and quartz (QFM buffer). 
Depending on the conditions along the buff-
er line in the T-fO2 -space, the buffer balances 
the magnetite production or consumption ac-
cording to reactions 4 and 6. The T-fO2 -rela-
tion can be established by the components of 
coexisting cubic and rhombohedral phases. 

Although the technique of Buddington & 
Lindsley (1964) has originally been restrict-
ed to magmas that have precipitated separate 
ilmenite-hematite and magnetite-ulvöspinel 
solid solutions during cooling, the approach 

(6)
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Sample 335-TTK-00 Vol. % Average
Ilmenomagnetite components (stage C): Titanomagnetite prior to exsolution 

||{111} plane (stage B):
Mt67.4Usp32.6

Exsolution Host: Mt96.4Usp3.6 78.8
Lamellae ||{111} plane: Ilm98.3Hem1.7 21.2

Granular ilmenite components (stage C): Granular ilmenite prior to exsolution of 
hematite (stage B):
Ilm97.2Hem2.8

Exsolution host: Ilm98.9Hem1.1 98.1
Hematite lamellae: Hem100.0* 1.9

Titanomagnetite components (stage B): Titanomagnetite prior to granular  
exolution (stage A):
Mt58.4Usp41.6

Exsolution host: Mt67.4Usp32.6 91.7
Granular exsolution: Ilm97.2Hem2.8 8.3

Separate ilmenite grain components (stage C): Separate ilmenite grain prior to  
exolutions (stage A):
Ilm92.6Hem7.4

Exsolution host: Ilm99.0Hem1.0 93.8
Hematite lamellae: Hem100.0* 6.2

*composition assumed.

Table 9.3. Compositions and modal data used in the calculation of primary oxide compositions (stage A) and the 
conditions during lamellae formation (stage B and C) of sample 335-TTK-00. 

Table 9.4. Compositions and modal data used in the calculation of the primary oxide compositions (stage A) and 
the conditions during lamellae formation (stage B and C) of sample 337-TTK-00. 

Sample 337-TTK-00 Vol. % Weighted average
Ilmenomagnetite components (stage C): Titanomagnetite prior to exsolution  

||{111} plane (stage B):
Mt66.4Usp33.6 

Exsolution host: Mt96.7Usp3.3 78.1
Lamellae ||{111} plane: Ilm98.8Hem1.2 21.9

Granular ilmenite components (stage C): Granular ilmenite prior to exsolution of  
hematite (stage B):
Ilm95.8Hem4.2

Exsolution host: Ilm97.8Hem2.2 98.0
Hematite lamellae: Hem100.0* 2.0
Titanomagnetite components (stage B): Titanomagnetite prior to granular  

exolution (stage A):
Mt56.0Usp44.0

Exsolution host: Mt66.4Usp33.6 90.1
Granular exsolution: Ilm95.8Hem4.2 9.9

*composition assumed.
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Fig. 9.1. T-ƒO2 conditions indicated by the compositions of iron titanium oxide minerals from two magnetite 
gabbro samples of the Koillismaa Intrusion: A = conditions for primary oxides (ulvöspinel-magnetite and ilmenite-
hematite solid solutions) B = conditions for granular exsolution and C = conditions for thin lamellae oriented paral-
lel to the {111} plane. Conditions were estimated with calibrations of Spencer & Lindsley (1981) and Andersen 
& Lindsley (1985). Buffer lines are from Myers & Eugster (1983). The triangle illustrates the TiO2-FeO-Fe2O3 
system, in which the compositions are plotted and identified by the stages A, B and C. 
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The calculated solid solution composition 
of the primary oxides in the samples is 56 and 
58 mol. % Fe3O4 (stage A in Tables 9.3 and 
9.4), whereas the average composition of the 
oxide phases after granular exsolution is ap-
proximately 67 mol. % of Fe3O4 (stage B in 
Tables 9.3 and 9.4). The latter composition 
corresponds very closely to the estimation of 
Juopperi (1977) for the highest possible mag-
netite amount in the solid solution of the pri-
mary titanomagnetite of the UZb. The esti-
mate was made using the Fe and Ti contents 
of the magnetic concentrate of the Mustavaara 
Vanadium Mine. This indicates that during the 
production of the magnetic concentrate, the 
fine ilmenite lamellae oriented parallel to the 
{111} plane were not succeeded to collect to 
the non-magnetic fraction. 

The compositions shown in Tables 9.3 and 
9.4 were used to estimate the temperatures 
and oxygen fugacities during the cessation 
of granular and {111} plane oriented lamel-
lae. In addition, for sample 335-TTK-00, the 
separate ilmenite grain shown in Fig. 6.14.B 
was used to estimate the conditions of forma-
tion of primary phases in ilmenite-hematite 
and magnetite-ulvöspinel solid solutions. The 
conditions were estimated with calibrations of 
Spencer & Lindsley (1981) and Andersen & 

Lindsley (1985). The calculated temperature 
and oxygen fugacity values are shown in Ta-
ble 9.5. 

The temperature and oxygen fugacity val-
ues during the crystallization of primary ti-
tanomagnetite are 790 °C and 10-15 bar, re-
spectively. These values are obtained from 
sample 335-TTK-00. The values are obvious-
ly too low to represent the crystallization con-
ditions of primary titanomagnetite. Therefore, 
it is likely that the separate ilmenite used in 
the calculation does not actually represent a 
separate phase of ilmenite-hematite solid so-
lution, but is a product of granular exsolutions 
of titanomagnetite. In both samples, the cal-
ibrations yield temperatures and oxygen fu-
gacities ranging from 580 to 670 °C and from 
10-19 to 10-23 bar for the granular exsolution. 
The conditions for the formation of {111} 
plane-oriented lamellae (stage C) are 450–
485°C and 10-27–10-30 bar of oxygen pressure. 
(Table 9.5). 

The temperature and oxygen fugacity val-
ues determined for crystallization (stage A), 
formation of the granule exsolution (stage B) 
and {111} plane oriented lamellae (stage C) 
are plotted in the fO2-T grid of Fig. 9.1. The 
figure shows also the lines for QFM (quartz-
fayalite-magnetite), HM (hematite-magnetite) 

Sample Description SL-81: AL-85:
T log ƒO2 T log ƒO2 

335-TTK-00 (UZb) Solidus temperature* 785 -14.8 794 -14.7
Exosolution of granular lamellae 576 -22.6 606 -21.8
Exsolution of {111} plane oriented  
lamellae

485 -27.1 485 -27

337-TTK-00 (UZb) Exosolution of granular lamellae 642 -19.5 670 -18.8
Exsolution of {111} plane oriented  
lamellae

456 -29.6 452 -29.7

* too low to represent conditions of the crystallization of primary titanomagnetite.

Table 9.5. Calculated equilibrium temperatures (ºC) and oxygen fugacities (bar) of coexisting oxides. SL-81 = 
calculated using the method of Spencer & Lindsley (1981), AL-85 = calculated using the method of Andersen & 
Lindsley (1985). 
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and IW (iron-wüstite) buffers. The calculated 
values fall near the QFM buffer. At magmatic 
temperatures (> 1000 °C) along the isopleth, 
one can thereby obtain an fO2 of ca. QFM+1 
log units. In these redox conditions the spi-
nel solid solution composition, as represent-

ed by Buddington & Lindsley (1964), Spencer 
& Lindsley (1981) and Andersen & Lindsley 
(1985) is Mt60Usp40. This composition is very 
similar to the estimated primary ulvöspinel-
magnetite solid solution composition of the 
UZb of the Koillismaa Intrusion. 

9.3 Summary 
Pyroxene equilibrium has been used to es-

timate the crystallization temperatures of the 
cumulates of the Koillismaa Intrusion. The es-
timated temperatures do not variate along the 
stratigraphic section of the intrusion and give 
1050–1175 °C for the solidus temperatures of 
pyroxenes in the LS. 

Magnetite-ilmenite equilibrium has been 
used to estimate the redox conditions during 
crystallization in the magma chamber of the 
Koillismaa Intrusion. In T-fO2 space, the ox-
idation state of the magma can be character-
ized by conditions of one log unit above the 
QFM buffer. 

10 PARENTAL MAGMA OF THE KOILLISMAA INTRUSION 

responds to the parental magma, forms when 
heat conduction from the magma towards the 
wall rocks exceeds the conduction from the 
wall rocks towards the magma. As the thermal 
convection commences in the magma cham-
ber, the heat flux from the magma toward 
wall rocks begins to increase. Consequently, 
the initial chilled margins may be complete-
ly melted. When the thermal convection in 
the chamber wanes and heat conduction from 
the magma to the wall rocks decreases, a sec-
ondary chilled margin develops. If the melt 
composition has changed prior to secondary 
chilling, for instance by reactions with coun-
try rocks, thermodiffusion or compositional 
convection in the magma, the chilled margin 
composition will not correspond to the paren-
tal magma composition. 

Another approach in defining parental mag-
ma composition is based on the stratigraph-

10.1 Methods to estimate parental magma composition

Many past studies have used chilled mar-
gins of intrusions to estimate the composi-
tion of their parental magmas because the 
chilled margins are assumed to represent liq-
uid quenched against cold wall rocks. Similar 
approaches include estimation of the compo-
sitions of extrusive equivalents of the intru-
sive rocks or dykes associated with the intru-
sions. (Hess 1960; Wager 1960; Wadsworth 
1961; Wager & Brown 1967; Donaldson 
1974; McBirney & Noyes 1979; Page 1979; 
Irvine 1982; Wilson 1982; Naslund 1984; No-
lan & Morse 1986; Emeleus 1987; Hoover 
1989; Prendergast & Keays 1989; Emeleus et 
al. 1996).

However, Huppert & Sparks (1989) have 
shown that the compositions of chilled mar-
gins to intrusions may not represent that of 
the primary parental magma. An initial chilled 
margin, i.e. the chill whose composition cor-
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ic summation of chemical analyses of the 
rocks of the intrusive body. This is made on 
the assumption of closed system crystalliza-
tion without magma addition or eruption. The 
major potential error involved in this method 
arises from the choice of the sampling pro-
file to provide involvement of all correct lay-
ers in their right relative volume proportions 
into the calculation. Another problem is that 
if some parts of the intrusion have been erod-
ed the bulk composition of the intrusion can 
obviously not be determined. The approach 
works well with vertical sections for tabular 
intrusions, but for intrusions with more com-
plex geometries, these calculations do not 
provide reliable estimations. 

A further method to estimate the composi-
tion of parental magma of an intrusion is ge-
ochemical thermometry, which is based on 
experimentally determined mineral-melt par-
tition data for phase equilibria (Frenkel et al. 
1988; Ariskin 1999; Ariskin & Barmina 2004). 
This approach is independent of the composi-
tions of chilled margin or weighted averages, 
because it makes use of the chemical compo-
sition of cumulus-textured rocks near the con-
tact of intrusions that have been crystallized in 
the early stages of the intrusion. Two principal 
assumptions underlie this approach. The most 
important is that the original liquid and crys-
tals are assumed to be in chemical equilibri-

um. The second assumption is that the sam-
ples have different compositions as a result 
of the modal proportions of cumulus minerals 
only. If both of these assumptions are valid, 
one can state that during equilibrium melting 
of cumulate samples having the same liquid-
us temperature, the modelled composition of 
residual liquid will converge with increasing 
temperature and intersect at a point in the tem-
perature-composition space that represents 
the conditions under which the cumulate as-
semblage was formed. Because equilibrium 
melting is reversible with respect to equilibri-
um crystallization, the constructed “melting” 
lines can be understood as crystallization tra-
jectories for starting compositions to those of 
the cumulates under consideration. 

The benefit of the geochemical thermome-
try is that it provides an independent estimate 
of the parental magma composition, which 
can be used to test the validity of the other es-
timates, such as the compositions of chilled 
margins and weighted average compositions. 
Moreover, the technique generates additional 
petrological information by providing an esti-
mate of the liquidus temperature of the mag-
ma. Thus, the method can be used to test the 
validity of other temperature estimates, such 
as pyroxene thermometry. The potential draw-
backs of the method are the same as in the 
method of chilled margin compositions. 

10.2 Estimation of the Koillismaa Intrusion parental magma composition 

As shown in Chapter 7.1, the compositions 
of the chilled margins differ from that of the 
weighted average. The method of geochem-
ical thermometry is used to test the validity 
of these compositionally different estimates 
for the parental magma. In geochemical ther-
mometry, cumulus-textured rocks are treated 
as liquids. Their compositions are used to de-
fine the liquidus minerals (cumulus crystals) 
and evolution lines of residual liquid com-

position (liquid lines of descent) as function 
of temperature. With two or more chemical-
ly contrasting rock compositions with differ-
ences caused by variations in proportions of 
cumulus crystals, the trajectories of the liq-
uid lines of descents will result in composi-
tional lines intersecting in the T-X spacing. 
The intersections provide the temperature 
(T) and composition (X) of the magma dur-
ing initial crystallization. With a single sam-
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ple, if the temperature of the equilibrium was 
known independently, it is possible to define 
the trapped liquid composition as a function 
of the temperature. The locations of the cu-
mulate samples used for the test are shown in 
Fig. 5.5. These samples belong to the subzone 
LZa, which is located less than 100 m from 
the basal contact of the intrusion. The sam-
ples are unaltered and provide composition-
ally constrasting compositions as shown in  
Table 10.1.

The geochemical thermometry was per-
formed with the COMAGMAT computer pro-
gram, which according to Ariskin (1999) and 
Ariskin & Barmina (2004) works best for 
tholeiitic systems with an accuracy of mod-
elled crystallization temperatures of 10–15 °C 
and major element compositions of modelled 
minerals and liquids within a range of 0.5 to  
1 wt. %. 

The supposed physical parameters were an 
oxygen buffer of QFM+1 log units and a pres-

sure of 0.5 Kbar. These initial conditions were 
determined by the assumed emplacement 
depth of the Koillismaa Intrusion (~ 1.5 km) 
and by the magnetite-ilmenite equilibria of 
Chapter 9.2. Judging from the absence of ig-
neous amphibole and mica in the cumulus as-
semblage, the magma of the intrusion was un-
dersaturated with respect to H2O. Therefore, 
the modellings were conducted in anhydrous 
conditions. 

The trajectories of liquid lines of descent 
of SiO2, TiO2, Al2O3, FeOTOT, MnO and MgO 
simulated for the compositions of the select-
ed samples during equilibrium crystallization 
are depicted in Fig. 10.1. The trajectories in-
tersect at 1200±25 °C, which suggest a com-
mon trapped liquid for the samples. The mod-
el composition of trapped liquid defined near 
1200 °C for the samples is compiled in Ta-
ble 10.2 (“Average of 1–6”). The liquid line 
of descent calculated for equilibrium crystal-
lization of the model composition is shown by 

Sample 1 2 3 4 5 6
SiO2 48.30 47.62 51.74 52.48 51.09 47.82
TiO2     0.16   0.15   0.28   0.24   0.29 0.21
Al2O3 12.20 14.63 20.65 16.78 15.89 10.96
FeOTOT   11.99 10.38   5.35   7.71 9.19 12.38
MnO   0.20   0.15 0.10   0.15 0.15 0.18
MgO   19.19 17.09   7.27 10.94 13.20 22.08
CaO     6.86   8.55 11.36   9.41 8.15 5.46
Na2O     0.72   0.89   2.77   2.03 1.66 0.66
K2O     0.37   0.52   0.44   0.23 0.32 0.22
P2O5     0.02   0.02   0.03   0.03 0.06 0.03

Compositions are presented on the basis of normalization to 100 wt. % on a volatile-free basis.
1 = 16-TTK-01, olivine gabbronorite/poCb*a*, LZa (lowermost unit). 
2 = 23-TTK-01, olivine gabbronorite/poCb*a*, LZa (lowermost unit).
3 = 17.1-TTK-00, gabbronorite/pbCa*, LZa (middlemost unit).
4 = KOILI12/3, gabbronorite/pbCa*, LZa (middlemost unit).
5 = KOILI12/21, gabbronorite/pbCa*, LZa (middlemost unit).
6 = 24-TTK-01, olivine gabbronorite/pboCa*, LZa (uppermost unit).  

Table 10.1. Compositions of cumulus-textured rocks of the Koillismaa Intrusion (1–6) used in geochemical ther-
mometry. 
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a thick red line in Fig. 10.1. It is noteworthy 
that the magma of this composition begins to 
crystallize at a temperature of 1200°C, infer-
ring that the estimated liquidus temperature is 
correct. 

The compositions of the chilled margins of 
the Koillismaa Intrusion and the weighted av-
erage of the Porttivaara block profile are pre-
sented in Table 7.1. The model composition 
resembles that of the chilled margins in terms 
of its SiO2 and TiO2 contents, but is more sim-
ilar to the weighted average in terms of its  
FeOTOT contents. The Al2O3 and MgO con-
tents of the model composition are between 
those of the chilled margins and the weighted 
average. 

Fractional crystallization of the compo-
sitions of the lower chilled margin sample 
259-TTK-00 (column 1 in Table 7.1) and the 

weighted average (column 7 in Table 7.1) 
were modelled with the COMAGMAT assum-
ing the same conditions as described above 
(oxygen buffer of QFM+1 and pressure of 0.5 
Kbar). The crystallization sequences of these 
compositions using COMAGMAT are shown 
in Fig. 10.2. 

According to the COMAGMAT, fractional 
crystallization of a melt of the composition of 
the lower chilled margin produces a crystal-
lization sequence similar to that in the Koil-
lismaa Intrusion. Olivine is the first phase to 
crystallize with a liquidus temperature of 1245 
°C. At 1212 °C and after only 2 % crystalliza-
tion plagioclase appears on the liquidus. Oli-
vine and plagioclase crystallize together un-
til orthopyroxene appears on the liquidus and 
replaces olivine at a temperature of 1174 °C. 
Clinopyroxene begins to crystallize at 1155 °C,  

Table 10.2. Compositions of trapped liquid defined near 1200 °C for the Koillismaa Intrusion cumulates by means 
of geochemical thermometry. 

Sample 1 2 3 4 5 6 Average of 
1–6

T °C 1197 °C 1201 °C 1200 °C 1200 °C 1201 °C 1200 °C 1200 °C
SiO2 51.87 51.34 53.82 54.69 53.70 52.54 52.99±0.52
TiO2 0.23 0.25 0.44 0.31 0.38 0.34 0.32±0.03
Al2O3 17.35 16.77 16.43 16.61 17.35 17.53 17.01±0.19
FeOTOT 10.94 10.93 7.52 8.20 9.22 11.13 9.66±0.64
MnO 0.19 0.16 0.14 0.16 0.16 0.17 0.16±0.01
MgO 8.08 8.16 7.62 7.77 7.78 8.11 7.92±0.09
CaO 9.76 10.32 10.36 9.68 8.96 8.73 9.64±0.28
Na2O 1.03 1.21 2.96 2.25 1.97 1.06 1.75±0.32
K2O 0.53 0.83 0.65 0.29 0.41 0.35 0.51±0.08
P2O5 0.03 0.03 0.05 0.04 0.08 0.05 0.05±0.01

Compositions are presented on the basis of normalization to 100 wt. % on a volatile-free basis.
The error in the average given as the standard error of mean (s ⁄ √ n).
1 = 16-TTK-01, olivine gabbronorite/poCb*a*, LZa (lowermost unit). 
2 = 23-TTK-01, olivine gabbronorite/poCb*a*, LZa (lowermost unit).
3 = 17.1-TTK-00, gabbronorite/pbCa*, LZa (middlemost unit).
4 = KOILI12/3, gabbronorite/pbCa*, LZa (middlemost unit).
5 = KOILI12/21, gabbronorite/pbCa*, LZa (middlemost unit).
6 = 24-TTK-01, olivine gabbronorite/pboCa*, LZa (uppermost unit). 
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and soon thereafter, at 1127 °C, magnetite ap-
pears on the liquidus and orthopyroxene crys-
tallization diminishes. Magnetite is the last 
phase to crystallize together with augite and 
plagioclase. The modelled crystallization was 
calculated to end at a temperature of 921 °C 
with a F. % value of 13. (Fig. 10.2.A). 

The modelled crystallization sequence of 
the weighted average composition begins 
with crystallization of plagioclase at the tem-
perature of 1253 °C. After 13 % crystalliza-
tion, olivine appears on the liquidus at a tem-
perature of 1193 °C. At 1150 °C, olivine is 
replaced by orthopyroxene and magnetite. At 
1131 °C clinopyroxene appears on the liquid-
us. Plagioclase, magnetite and clinopyroxene 
are the last phases to crystallize. The modelled 
solidus temperature produced by a melt com-
position of the weighted average is 995 °C at 
a F. % value of 12. (Fig. 10.2.B). 

Using the composition of the lower chilled 
margin, COMAGMAT predicts a crystalliza-
tion sequence similar to that observed in the 
Koillismaa Intrusion: ol+plag → plag+opx → 
plag+opx+cpx → plag+cpx+magn. In this re-
pect, the chilled margin composition appears 
to be a better candidate for the parental mag-
ma than the weighted average. 

COMAGMAT predicts similar liquidus 
temperatures of ortho- and clinopyroxene for 
both the lower chilled margin and the weight-
ed average compositions as obtained by py-
roxene thermometry described in Chapter 9.1. 
The liquidus temperatures for both the com-
positions of the lower chilled margin and the 
weighted average are 40–50 °C higher than 
that obtained by geochemical thermometry. 
The possible reason for this may be the small 
amount of cotectic phases (olivine and plagi-
oclase) suspended in the parental magma. 

For a liquid representing the lower chilled 
margin composition and assuming redox con-
ditions between QFM+0 and QFM+2, 2.5 
Kbar can be taken as the maximum pressure 
of crystallization. This is because at pressures 
higher than 2.5 Kbar, the crystallization se-
quence predicted by COMAGMAT diverg-
es significantly from that of the Koillismaa 
Intrusion. The precipitation of spinel group 
phases in the lower part of the LS (see Chapter 
6.2.1) indicates that already at an early stage 
the partial pressure of oxygen in the Koillis-
maa magma was similar or slightly more oxi-
dizing than conditions indicated by the QFM 
buffer in T-fO2 space. 

10.3 Summary 

The COMAGMAT computer program was 
used to determine the composition of the 
Koillismaa Intrusion parental magma and its 
crystallization sequence. The model magma 

has a similar crystallization sequence as the 
lower chilled margin of the intrusion, indicat-
ing that it represents a suitable approximation 
of the parental magma of the intrusion. 
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Fig. 10.1. Liquid lines of descent of SiO2, TiO2, Al2O3, FeOTOT, MnO and MgO during equilibrium crystallization 
simulated for the cumulus-textured rocks of the LZa of the Koillismaa Intrusion. The rock compositions used in 
the simulation are given in table 10.1. The thick red line shows the liquid line of descent of the model composition 
given in in the last column of Table 10.2. Simulations were conducted with the COMAGMAT program, assuming 
anhydrous magma at 0.5 Kbar and oxygen buffer QFM+1 log units. 
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Fig. 10.2. Mineral crystallization sequences produced by fractional crystallization of the lower chilled margin (A) 
and the weighted average of the Porttivaara block of the Koillismaa Intrusion (B). Simulations were conducted 
with the COMAGMAT program, assuming anhydrous magma at 0.5 Kbar and oxygen buffer QFM+1 log units. 
Abbreviations: F. % = Fractionation index, Fo = forsterite content, An = Anorthite content, En = Enstatite content, 
Usp = ulvöspinel content, Ol = olivine, Plag = plagioclase, Cpx = clinopyroxene, Opx = orthopyroxene, Mt = 
Magnetite. 
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11 DISCUSSION AND CONCLUSIONS 

due to the crystallization in the lower part of 
the magma chamber that became replenished 
by a denser undifferentiated parental magma. 

In the middle part of the UZ (Fig. 6.12: be-
tween 1600 and 1900 m in the stratigraphy of 
the Porttivaara block), the plagioclase grains 
show reverse trend to what would be expect-
ed in cumulate layers produced by fractional 
crystallization. Above this level, the plagiocla-
se grains show relatively uniform composi-
tions being distinctly An-richer than the grains 
in the lower part of the subzone. The magnet-
ite gabbro (UZb), which is located below the 
UZc, hosts the most evolved, i.e. the most Ab-
rich plagioclase grains. This compositional 
variation in plagioclase indicates that the UZc 
crystallized prior to the magnetite gabbro, ei-
ther by roof crystallization or by plagioclase 
flotation. This is in accordance with the idea 
of Juopperi (1977) who concluded from the 
fragments of anorthosite in the upper part of 
the magnetite gabbro that at time of its crys-
tallization, the UZb was already overlain by 
cumulates that underwent episodes of col-
lapse. Therefore, the magnetite gabbro is in-
terpreted to be the sandwich layer of the Koil-
lismaa Intrusion. 

The COMAGMAT modelling shows that 
the chilled margin is a better candidate for the 
parental magma of the Koillismaa Intrusion 
than the weighted average. The compositions 
of the chilled margins can be attributed to the 
Cr-poor parental magma type suggested to the 
Fennoscandian early Palaeoproterozoic lay-
ered intrusions (Lahtinen et al. 1989; Hanski 
et al. 2001b; Alapieti & Lahtinen 2002). 

11.1 Differentiation in the Koillismaa Intrusion

Alapieti (1982) was the first to note that 
the lower portion of the Koillismaa Intrusion 
shows only subdued chemical fractionation. 
He attributed the feature to periodic replenish-
ing and magma mixing and went on to argue 
that the magma chamber had been filled pri-
or to complete consolidation of the lower part 
of it. He designated this period the Integration 
Stage of the Koillismaa Intrusion in accord-
ance with the terminology of Wager & Brown 
(1967). 

The Integration Stage of the Koillismaa In-
trusion correlates to the stratigraphic sequence 
below the Rometölväs Reef. These rocks in-
clude at least two distinct compositional re-
versals which may be interpreted to reflect re-
plenishments of the chamber with primitive 
magma. The lower reversal is located in the 
LZb, ca. 500 m above the base of the intrusion 
where clinopyroxene becomes more magne-
sian and plagioclase more calcic (Figs 6.6 
and 6.12). The upper reversal is located in the 
MZa, which is an olivine-rich subzone 620-
670 m above the base of the intrusion. This 
subzone contains Cr-poor pyroxene and plagi-
oclase that show almost as primitive composi-
tions as the rocks in the lowermost parts of the 
intrusion, and it overlies LZb which is mostly 
lacking olivine. 

The level of the RT Reef marks a signifi-
cant change in e.g. Cr, Ni and MgO content of 
the cumulates. Therefore, the rocks above the 
RT Reef are interpreted to have formed from 
relatively differentiated residual magma in the 
chamber. It is likely that the more evolved and 
therefore lighter magma convected upwards 
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11.2.1 Review of the origin of  
           noncumulus-textured igneous rocks 

Noncumulus-textured igneous rocks are tra-
ditionally viewed as products of a rapid in-
crease in the degree of supersaturation caused 
by a sudden change in physicochemical con-
ditions (composition, T, P) of the magma. 

The margins of magma chambers are the 
most suitable places for the development of 
noncumulus textures, because at these sites, 
the magma may quench against cooler coun-
try rocks. Supercooling has been proposed to 
explain noncumulus textures in intraplutonic 
zones, layers or bodies (Berg 1980; Chapman 
& Rhodes 1992; Tegner et al. 1993; Wiebe & 
Snyder 1993; Tegner & Wilson 1995), but in 
many of these cases the textures can alterna-
tively be attributed to degassing or devolati-
zation (Grokhovskaya et al. 1992; Barkov et 
al. 1995; Semenov et al. 1998, 2000; Kazanov 
& Zaytseva 1999; Glebovitsky et al. 2001; 
Latypov & Chistyakova 2001; Kazanov et al. 
2005; Latypov et al. 2008a, b) i.e. a sudden re-
duction in volatile pressure of a magma caus-
ing an increase in liquidus and solidus tem-
peratures. 

Textures and minerals identical to those of 
noncumulus-textured igneous rocks are also 
characteristic of hornfelses. For instance, in 
the Fongen-Hyllingen Complex, Norway, the 
raft-like, fine-grained and granoblastic ma-
fic bodies that can be more than 100 m thick 
and nearly 1500 m long have been interpret-
ed to represent country rock inclusions (Wil-
son & Larsen 1985; Habekost & Wilson 1989; 
Wilson & Sørensen 1996). A similar model 
has been proposed by Matthess & Schubert 
(1971) for the “beerbachites” of the Odenwald 
area in Germany, which are fine- to medium-
grained mafic bodies within gabbroic intru-
sions. Dokuchaeva & Yakovlev (1994) and 
Dedeev et al. (2002) reported numerous plagi-

oclase-hypersthene (and spinel-cordierite-hy-
persthene) hornfels fragments in the sulphide- 
and PGE-enriched “Critical Horizon” of the 
Monchegorsk Pluton. They suggested that 
the fragments represent assimilated xenoliths 
from the host gneisses. A purely sedimenta-
ry source for fragments showing textures and 
minerals similar to those of noncumulus-tex-
tured igneous rocks has been proposed for the 
granular and banded xenoliths of the Skjæker-
dal Intrusion in Norway (Carstens 1958). 

11.2.2 The origin of noncumulus-textured  
           bodies of the Koillismaa Intrusion 

There are two main mechanisms to produce 
noncumulus-textured igneous rocks: (1) rapid 
supersaturation of magma and (2) thermally 
induced recrystallization. Futhermore, these 
rocks can also be subdivided based on wheth-
er they are internally and externally derived 
with respect to their host intrusion. The vari-
ous models are schematically shown in Fig. 
11.1. 

Hypotheses A-C consider the bodies as 
small intrusions of supersaturated magma. 
Under these circumstances, the bodies can be 
products of interstitial liquid of the cumulates 
(Fig. 11.1.A), of residual magma derived from 
the supernatant liquid column and intruded 
into partially consolidated cumulates (Fig. 
11.1.B) or of magma derived from a different 
magma chamber (Fig. 11.1.C). Alternatively, 
the noncumulus-textured bodies could repre-
sent metamorphosed mafic fragments, derived 
either from within the intrusion (in which case 
they are autholiths, Fig. 11.1.D) or from the 
country rocks (in which case they are xeno-
liths, Fig. 11.1.E). 

The most important argument against a co-
genetic source of the noncumulus-textured 
bodies and the Koillismaa Intrusion are their 

11.2 Noncumulus-textured bodies of the Koillismaa Intrusion 
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different compositions. The pyroxene compo-
sitions of noncumulus-textured bodies are dif-
ferent from those in chilled margins and cumu-
lus-textured rocks (Fig. 6.8). By their major 
and trace element compositions the noncumu-noncumu-
lus-textured bodies are usually different be-
ing more primitive than most of the cumulates 
and the chilled margins of the Koillismaa In-
trusion (compare [TiO2] vs. [Al2O3] diagrams 
and ternary Al2O3-10TiO2-100Cr plots of Figs 
7.2 and 7.8, TAS and AFM diagrams and Jen-
sen’s cation plots of Figs 7.1 and 7.5, FeOTOT

/Al2O3 vs. MgO diagrams of Figs 7.6 and 
7.13, Mg-number vs. Ni diagrams of Figs 7.7 
and 7.14, Ch-normalized patterns of Figs 7.3 
and 7.9, and PM-normalized patterns of Figs 
7.4 and 7.10). 

This leaves two models to consider, i.e. the 
bodies could represent the crystallized prod-
ucts of externally derived magmas intruding 
into the cumulates of the Koillismaa Intrusion 
(Fig. 11.1.C) or they could be mafic xenoliths 
(Fig. 11.1.E). Of these alternatives the former 
one is the more plausible to explain the origin 
of the noncumulus-textured bodies, because: 

1) The Sm-Nd isotope compositions of the 
variably altered, mottled-textured rocks of the 
Rometölväs Reef do not indicate in situ con-
tamination during the crystallization of the 
Koillismaa Intrusion. If the noncumulate bod-
ies were fragments derived from country rock, 
i.e. from the Lotanvaara unit, then it is like-
ly that a great amount of fragments would be 
derived from the Archaean basement, which 
represents the most typical country rock of 
Koillismaa Intrusion area. In this case, the 
basement fragments could have assimilated 
into the magma to become vague remnants 
represented by the altered cumulates of the 
reef. This would be marked in the Sm-Nd iso-
tope compositions of the reef cumulates, be-
cause in the Archaean basement the εNd(2440 
Ma) differ significantly from the correspond-

ing values determined from the rocks of the 
intrusion. (Fig. 8.1). 

2) The inward-directed chemical trend in 
the noncumulate body studied in detail is sim-
ilar to the compositional variation in intrusive 
bodies (cf. Jaupart & Tait 1995). In the body, 
the whole-rock compositions show increase in 
incompatible elements (TiO2, K2O, P2O5, Zr 
and Y) from the margins to the middle of the 
upper third of the body, where the rock con-
tains sulphide-rich pockets (Fig. 7.11). This 
trend is also consistent with the chemical var-
iation of loveringite grains in the body, since 
the most Fe-rich grains are located closest to 
the areas of the most incompatible element-
rich whole-rock compositions of the body 
(Fig. 6.19). Also, the compositional variation 
in plagioclase grains of the body reflects dif-
ferentiation, in that the most sodic plagioclas-
es occur in the centre of the body, associated 
with the sulphide-rich pockets. 

The textural and compositional similarities 
of the noncumulate bodies and the Lotanvaara 
mafic rock unit suggest that these rocks rep-
resent the same magma where the Lotanvaara 
unit represents the most primitive end, whilst 
the noncumulate bodies found in the Pirivaara 
block represent the most evolved end-mem-
bers of this magma (compare textures shown 
in photomicrographs of Figs 5.3B and 5.9B, 
pyroxene compositions shown in Figs 6.1 and 
6.8, whole-rock compositions shown in Figs 
7.5, 7.6, 7.7, 7.8, 7.9 and 7.10). 

3) The gradation from the quenched margins 
to the poikilitic center of the noncumulus-tex-
tured body studied in detail (Fig. 5.10) can be 
explained by crystal nucleation and growth in 
a small intrusion or dyke where the margins 
represent the places of the most intense su-
persaturation. This is illustrated in Fig. 11.2, 
which schematically shows the textural de-
velopment of a rock in response to variable 
growth and nucleation rates of two phases. 
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Fig. 11.1. Sketch diagram summarizing hypotheses for the origin of noncumulus-textured bodies in the Koillismaa 
Intrusion. Process-based and source-based models may be distinguished. A, B and C assume magma supersatura-
tion where the source of the magma can be the interstitial liquid of the cumulates (A), residual magma from the 
main reservoir (B) or new magma (C). D and E assume that the bodies are chilled autoliths (D) or xenoliths (E). 
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According to Campbell (1987), nucleation 
and growth of crystals in silicate melt are con-
temporaneous processes under most condi-
tions, and when shown as function of super-
saturation, their rates have bell-shaped curves 
as illustrated schematically for two phases in 
Fig. 11.2.A. Importantly, the maximum rate in 
the growth of a phase occurs at a lower degree 
of supersaturation than its maximum nuclea-
tion rate. Furthermore, before nucleation of a 
phase can begin, the system has to be slight-
ly supersaturated, which is indicated by δT 
in the figure. Thus, there is a window where 
only crystal growth is possible, but on the oth-
er hand, crystals cannot grow unless they first 
nucleate. 

Kirkpatrick (1983) has shown that plagi-
oclase requires larger degrees of supersatu-
ration to nucleate than pyroxene, olivine and 
spinel. In addition, experimental studies have 
shown that the polymerization of crystals and 
melts control growth and nucleation rates. For 
instance, Kirkpatrick et al. (1979) has demon-
strated with quenching experiments of sever-
al synthetic plagioclase compositions that the 
growth rates of plagioclases increase with in-
creasing An content. Therefore, in addition 
to the degree of supersaturation, the liquidus 
phase equilibria play significant role in the de-
velopment of rock textures.  
• If the degree of supersaturation is high 

enough, such as in case 1 of Fig. 11.2, 
there will be no crystal nucleation and 
growth, and as a consequence, the liquid 
will be quenched to glass. In the noncu-
mulate body studied in detail, this texture 

is found at the margins of the body, which 
in Fig. 5.10 is referred to as Quenched 
area. 

• At a lower supersaturation level, as rep-
resented by case 2 of Fig. 11.2, the nu-
cleation rate of the red phase is at maxi-
mum, but the conditions do not allow the 
crystals to grow much as indicated by the 
growth rate function of the phase. At this 
level of supersaturation, a new phase, the 
grey one, begins to nucleate.

• At a still lower degree of supersatura-
tion, as shown by case 3 of Fig. 11.2, the 
maximum growth rate of the red phase is 
reached. The grey phase shows its maxi-
mum nucleation rate, but has a limited ca-
pacity to grow as indicated by the growth 
rate function of it. 

• At the lowest degree of supersaturation, 
as shown in case 4 of Fig. 11.2, the red 
phase does not nucleate and thus under-
goes limited growth cannot really grow 
it there ar no nucleii. In contrast, the grey 
phase grows at its maximum rate, but 
there are few nuclei. This texture is found 
in the central parts of the body and is re-
ferred to as Spotted or Megacyclic area 
in Fig. 5.10. 

Figure 11.2 provides also an explanation as 
to why in the Lotanvaara rocks and the noncu-
mulate bodies the chadacrysts located close to 
the edges of oikocrysts are relatively large and 
why a phase can simultaneously occur both as 
chadacrystic and within the matrix of oikoc-
rysts.
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11.3 Genetic aspects on the Rometölväs Reef 

Zientek et al. 2002; Naldrett 2004; Iljina & 
Hanski 2005). 

The RT Reef of the Koillismaa Intrusion is 
equally situated at such a compositional break 
within its host intrusion, defined by the ap-
pearance of clinopyroxene and inverted pi-
geonite and the disappearance of primary or-
thopyroxene. The cumulates that are located 
below the reef are enriched in MgO, Cl, Cr 
and Ni relatively to those above it. (Figs 7.12, 
7.13 and 7.14). The rocks located below and 
above the reef show distinct composition-
al trends in terms of FeOTOT/Al2O3 ratio at a 

Fig. 11.2. Schematic diagram illustrating the variation in nucleation and growth rates of two phases (red and grey) 
as a function of supersaturation (A, modified from Kirkpatrick et al. 1979, Brandeis et al. 1984 and Campbell 
1987). Cartoons B-D explain the formation of poikilitic texture in relation to various nucleation and growth rates 
(compare D to photomicrographs of Figs 5.11, 5.12 and 5.13. In text, the red coloured phase is referred to as red 
phase and grey coloured to as grey phase). 

PGE reefs tend to be located at stratigraphic 
discontinuties that record major petrological 
changes in layered intrusions. Such changes 
can be marked by reversals in crystallization 
sequences indicated by mineral and whole-
rock compositions or compositional differ-
ence between the rocks and minerals below 
and above the reef. This is well illustrated 
by such well-known reefs as the Merensky 
Reef, UG-2, J-M Reef and the SJ-, AP- and 
PV-Reefs of the Penikat Intrusion and the SK 
Reef in the Portimo Complex in Finland (Ala-
pieti & Lahtinen 2002; Cawthorn et al. 2002; 
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given MgO content (Fig. 7.13). Apatites from 
below the reef show higher Cl/(Cl+F) values 
than those located above the reef (Fig. 6.22).

These observations could indicate that the 
mineralization of the RT Reef formed in re-
sponse to mixing of compositionally contrast-
ing magmas, as has been proposed for oth-
er reef type deposits (Campbell et al. 1983). 
For example, the magma chamber could have 
been replenished by relatively differentiated 
magma, and the mixing between differenti-
ated and primitive magma triggered sulphide 
saturation. 

The Koillismaa Intrusion contains several 
stratigraphic discontinuties and compositional 
reversals, but PGE mineralization occurs only 
associated with one of these reversals, namely 
the RT Reef. Therefore, in view of orthomag-
matic model, the boundary between MZb and 
MZc is not the most plausible place of a reef 
as there are even more distinct indications of 
magma replenishments in the stratigraphy be-
low the RT Reef (see Chapter 11.1). 

A further feature of the RT Reef that has 
been observed in other reefs elsewhere is that 
the most metal-rich rocks are typically high-
ly altered. The PGE grade correlates positive-
ly with the degree of hydrothermal alteration; 
the ore components are concentrated in mot-
tles of hydrous phases, indicating that these 
“secondary” phases are related to mineraliz-
ing rather than to any postmagmatic events 
(Figs 5.14 and 7.19). 

Lauder (1970) suggested that the upward 
percolating ore-bearing fluids trapped by an 
impervious layer could explain the stratigraph-
ic break in the Cl content of apatite and whole-
rocks. In the Stillwater and Bushveld Com-
plexes the PGE mineralized reefs equally mark 
a transition in the composition of apatite from 
Cl-rich to more F-rich. Boudreau & McCallum 
(1989) used this as an evidence supporting hy-
drothermal origin of the reefs and attributed 
the compositional variation of apatite to fluid 
migration. Accordingly, the noncumulate bod-
ies could represent impermeable fluid traps, 

which would account for the occurence of 
mottled textured and ore-enriched cumulates 
mainly below the bodies. The ore components 
could have been derived from the Marginal 
Series. This model could explain the elevated  
Cu/Ni ratios of the RT Reef in comparison to 
the Marginal Series, but one would also ex-
pect to see an enrichment in Pt and Pd rela-
tive to the Os, Ir and Ru in the reef, which is 
not observed. In addition, if the PGE were de-
rived from upward migrating fluids one would 
expect some variation in chalcophile element 
contents and ratios along the strike of the reef 
because the reef is located at various strati-
graphic height above the base of the intrusion. 
Regarding the variations in the apatite compo-
sition, one could argue that they reflect an ele-
vated proportion of intercumulus melt, (the Cl-
rich cumulates below the RT Reef are typically 
orthocumulates). Cawthorn (1994) showed 
that equilibration of apatite grains with intercu-
mulus melt could explain the variations in the 
apatite composition with stratigraphic height. 
This process is analogous to that in which cu-
mulus minerals become more Fe-rich on cool-
ing and react with the interstitial melt. 

However, the RT Reef shows some impor-
tant differences to other PGE reefs, name-
ly the close association of the mineralization 
with noncumulus-textured bodies. This asso-
ciation is unlikely to be coincidental. The reef 
is the stratigraphically uppermost level in the 
Koillismaa Intrusion where the noncumulus-
textured bodies have been found. The bodies 
associated with the reef horizon show a rela-
tively larger size and are more abundant than 
the bodies at lower stratigraphic levels in the 
intrusion. Furthermore, those bodies associat-
ed with the reef horizon are the only ones that 
include sulphides or are associated with sul-
phide-mineralized cumulates. These observa-
tions have to be taken into account when pro-
posing a genetic model for the origin of the 
RT Reef. 

In the present work it is argued that the ore 
components in the RT Reef are sourced from 
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the magma that formed the noncumulus-tex-tex-
tured bodies. The body that was studied in 
detail contains a sulphide-rich area contain-
ing ca. 1 ppm Au+Pd+Pt, whilst in the sur-
rounding mottled-textured cumulates the con-
centrations are typically lower, less than 250 
ppm Au+Pd+Pt (Figs 7.11 and 7.16). The sul-The sul-
phides are located in pocket-like segrega-
tions which differ by their texture and min-
eralogy from the surrounding sulphide-poor 
areas of the body. The pockets have coars-
er grain sizes, contain different phases (am-
phibole, chlorite, talc, quartz, orthoclase and 
Cl-rich apatite) and mineral morphologies 
(non-oikocrystic pyroxenes) than in their sur-
roundings. Isohanni (1976) concluded that the 
pockets represent melts derived from the par-
tially crystallized cumulates surrounding the 
noncumulate bodies. However, it is demon-However, it is demon-
strated by this research that this cannot be the 
case. The segregrations are genetically relat-
ed to the noncumulate body, because their py-
roxene and plagioclase compositions resem-
ble more closely the compositions elsewhere 
in the body than in the surrounding cumulates. 
For example, in the pockets and elsewhere in 
the body, the Mg-number in the bronzites and 
augites is always higher than 70 and 75, re-
spectively, whilst in the surrounding Koillis-
maa Intrusion cumulates bronzites have Mg-
numbers < 70 and augites < 75 (Figs 6.2 and 
6.3). The sulphide-rich pockets are located in 
the most incompatible element-enriched por-
tion of the body (Figs 5.10 and 7.11), suggest-
ing that they represent segregations of resid-
ual liquid produced by differentiation in the 
noncumulate body. 

If a magma intrudes into hot cumulates, it 
would be expected that the crystallization rate 
of the new injection is relatively slow. This 
would favour the development of cumulus 
rather than noncumulus texture. Therefore, 
it is likely that there was some other process 
than supercooling that evoked rapid crystalli-
zation in the bodies. It is suggested here that 
the magma that formed the noncumulus-tex-

tured bodies was volatile-rich and underwent 
degassing during ascent and upon intrusion 
and related depressurization, consistent with 
the occurence of vesicle-like bronzite segre-
gations including hydrous phases (Figs 5.9.C 
and D). 

It is proposed that degassing-induced crys-
tallization responsible for the textures of the 
noncumulate bodies also led to the migration 
of PGE-rich fluids into the surrounding cumu-
lates. This would explain the very close spatial 
relationship of the chalcophile element-en-
riched cumulates and the noncumulate bodies. 
It is noteworthy that the ore-rich cumulates of 
the RT Reef are located mainly below the non-
cumulate bodies (Figs 5.15, 5.16, 5.17, 7.15 
and 7.16). This can also be explained degas-
sing: due to sudden loss of volatiles the fluid 
phase enriched in ore components would have 
escaped into the surrounding cumulates, af-
ter which the bodies acted as impervious traps 
for these metal-enriched fluids percolating up-
wards. 

The Lotanvaara mafic unit represents the 
most primitive end and the noncumulate bod-
ies of the Pirivaara block represent the most 
evolved end of the same magma. Since the 
Lotanvaara mafic rock unit is situated proxi-
mal and the bodies of the Pirivaara block are 
located distal to the connecting gravity anom-
aly, it is probable that the anomaly represents 
- in addition to the magma of the Koillismaa 
Intrusion - the feeder channel for the magma 
of the Lotanvaara unit and the noncumulate 
bodies. 

It is argued that the magma that formed 
the noncumulate bodies intruded laterally 
along the layering in the partially consolidat-
ed magma chamber of the Koillismaa Intru-
sion. During the injection of this magma, the 
upper part of the crystalline sequence of the 
magma chamber of the Koillismaa Intrusion 
was semi-consolidated. This area would have 
served as a rheologically suitable place for the 
magma of the noncumulate bodies with the 
least competent rocks in the cumulate pile of 
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the magma chamber of Koillismaa Intrusion. 
This explains the voluminous distribution of 
the bodies in the stratigraphic level of the RT 
Reef.

It is notable that among the noncumulus-
textured bodies which are located in the Lay-
ered Series of the Koillismaa Intrusion, only 
those that are located in the RT Reef are as-
sociated with chalcophile element-enrich-
ment. If the magma from which the noncumu-
late bodies crystallized was the source of the 
ore components, all bodies should be associ-

ated with PGE mineralization. As mentioned, 
the occurence of vesicle-like bronzite segre-
gations including hydrous phases (Figs 5.9.C 
and D) indicates that the magma of the noncu-
mulate bodies was already fluid-saturated dur-
ing injection. Therefore, it is possible that the 
fluids were already separated to the upper part 
of the magma prior or during the injection to 
form the noncumulate bodies. This would ex-
plain the absence of mineralization in noncu-
mulate bodies located below the RT Reef. 

11.4 Genetic model of the Rometölväs Reef 

The genetic model for the Rometölväs Reef 
proposed here attributes the magma of the 
noncumulate bodies as the source of the ore-
components, whereas the cumulates of the 
Koillismaa Intrusion merely control the lo-
cation of the bodies. The development of the 
mineralization is illustrated in Figs 11.3, 4, 5 
and 6. 

Phase 1) The magma of the Koillismaa In-
trusion was emplaced between the supracrus-
tal rocks and the Archaean basement gneiss. 
The connecting zone represents the feeder 
conduit, presently located at the eastern side 
of the intrusion. (Fig. 11.3). 

Phase 2) During the crystallization of the 
LZ the magma chamber is periodically re-
plenished, and the final dimension of the Koil-
lismaa Intrusion is reached. The upper portion 
of the cumulate pile is semi-consolidated. The 
granophyre formed in response to heating of 
the acid volcanic roof rocks by the heat of the 
convecting and crystallizing magma. The pla-
gioclase grains belong to the upper part of the 
UZc in the stratigraphy of the intrusion. (Fig. 
11.4). 

Phase 3) New primitive and volatile-bearing 
magma injects to form the rocks of the Lotan-
vaara unit and the noncumulus-textured bod-
ies in the partially crystallized magma cham-

ber of the Koillismaa Intrusion (Fig. 11.5). 
This new magma is under high fluid pressure 
and most of the fluids are concentrated in the 
upper part of its injection. Decompression-in-
duced abrupt loss of volatiles causes the mag-
ma to become rapidly supersaturated and dis-
tribute the volatiles rich in ore components to 
the surrounding cumulates which are altered. 
In the larger bodies, a portion of the volatiles 
remain inside the rapidly crystallizing bod-
ies resulting in some PGE enrichment in the 
centre of these bodies. Fluids expelled from 
the bodies are subsequently trapped below the 
bodies. 

Phase 4) After the formation of the 
Rometölväs Reef, the Koillismaa Intrusion 
continues to crystallize. The magnetite gabbro 
(UZb) represents one of the most differenti-
ated residual liquid to crystallize. During the 
crystallization of the magnetite gabbro, some 
fragments collapse to it from the overlying 
anorthosite. (Fig. 11.6). 

The proposed genetic model of the 
Rometölväs Reef can be applied in PGE ex-
ploration in the Koillismaa Intrusion and also 
in other mafic-ultramafic layered intrusions. 
According to the model the noncumulate bod-
ies play a critical role as the source of PGE. 
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Fig. 11.3. Generalized diagrammatic sketch illustrating the cross sections of the sheet-like magma chamber of the 
Koillismaa Intrusion located in between the supracrustal rocks and the Archaean basement gneiss. The area in the 
chamber marked by wavy lines indicates the magma currents during periodic replenisments. 

Fig. 11.4. Generalized diagrammatic sketch illustrating the cross sections of the Koillismaa Intrusion during the 
stage when the lower part of the magma chamber was consolidated and the upper part of the chamber contained 
floating grains of plagioclase. 
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Fig. 11.5. Generalized diagrammatic sketch illustrating the cross sections of the Koillismaa Intrusion where the 
magma of noncumulate bodies injects to the semi-consolidated magma chamber of the Koillismaa Intrusion. This 
new magma introduces chalcophile elements to form the mineralization during rapid supersaturation caused by 
decompression induced abrupt loss of volatiles. 



Geological Survey of Finland, Bulletin 404
The Koillismaa Intrusion, northeastern Finland – evidence for PGE reef forming processes in the layered series

161

Fig. 11.6. Generalized diagrammatic sketch illustrating the cross sections of the Koillismaa Intrusion with the loca-
tion of the Rometölväs Reef and the noncumulate bodies. 
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This study deciphers the genesis of a PGE-Cu-Ni sulphide-
mineralized layer referred to as the Rometölväs Reef of the 
2440 Ma old Koillismaa Intrusion. 

The author concludes that the origin of the mineralization of 
the Rometölväs Reef was triggered by emplacement of dykes 
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of the Koillismaa Intrusion. These dykes are presently rep-
resented by the noncumulus-textured gabbronorite bodies of 
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