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Tiivistelmä 

Pintamon blokki on 2440 miljoonaa vuotta vanhan Koillismaan mafisen kerrosintruusion eteläisin osa. Koillismaan 

kerrosintruusio koostuu useasta blokista, jotka ovat luultavasti joskus muodostaneet yhtenäisen kerroksellisen 

intruusion, mutta myöhemmin hajonneet erilleen Svekofennisen orogenian aikana. Koillismaan intruusion blokit 

voidaan jakaa kerrossarjoihin ja reunasarjoihin. Reunasarjoille ominaista on käänteinen kerroksellisuus, jota 

havaitaan useasti myös muiden kerrosintruusioiden reunasarjoissa maailmanlaajuisesti. Sulfidisten Ni-Cu-PGE 

mineralisaatioiden on havaittu esiintyvän erityisesti näissä reunasarjoissa Koillismaan kerrosintruusiossa. 

Jalometallien esiintymistä on tutkittu aiemmin esimerkiksi Haukiahon, Kuusijärven ja Porttivaaran reunasarjoissa 

sekä Rometölvään kerrossarjassa. Pintamon blokin reunasarjan mahdollisia jalometalliesiintymiä ei ole aiemmin 

tutkittu ja tämän pro gradu-tutkielman tarkoitus on ollut tutkia, esiintyykö myös Pintamon reunasarjassa 

jalometalleja. 

 

Tutkimuksia varten Geologian tutkimuskeskus (GTK) kairasi Pintamon reunasarjaan yli 1100 m ylettyvän syväreiän, 

josta tehtiin tätä tutkimusta varten 14 ohuthiettä. Ohuthieistä tutkittiin kivien petrografiset ominaisuudet 

mikroskoopilla. GTK:n tekemien kokokivianalyysien perusteella valittiin neljä ohuthiettä, joissa oli korkeimmat 

Pt+Pd+Au-pitoisuudet ja ne tutkittiin manuaalisesti käyttäen kenttäemissiopyyhkäisyelektronimikroskooppia (FE-

SEM) sekä EDS-alkuaineanalysaattoria ja mikroanalysaattoria (EPMA). Tutkimuksissa löydettiin yhteensä 64 

mineraaliraetta, joista 42 identifioitiin. 39 löydetyistä mineraalirakeista oli PGE-, kulta- ja hopeapitoisia mineraaleja. 

 

Tämän tutkimuksen tuloksena voidaan todeta Pintamon reunasarjan sisältävän jalometallifaaseja. Merenskyiitti-

meloniitti-mocnheiitti seossarjaan kuuluvat mineraalit sekä palladium-telluridit ovat yleisimpiä Pintamon 

reunasarjassa esiintyviä platinaryhmään kuuluvia mineraaleja. Palladiumia esiintyy eniten jalometalleista Pintamon 

reunasarjassa, kuten todistetusti muuallakin Koillismaan kerrosintruusion reunasarjoissa. Suurin osa PGE-, kulta- ja 

hopeapitoisista mineraaleista esiintyy yhdessä silikaattien kanssa tai silikaattien ja sulfidien rajapinnalla. Tämä kertoo 

jalometalleja sisältävien mineraalien kiteytyneen myöhemmässä vaiheessa sulfidien jälkeen tai niiden uudelleen 

asettumisesta voimakkaan muuttumisen tuloksena. Tutkimuksen tulokset vahvistavat Koillismaan kerrosintruusion 

malmipotentiaalia. 
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Abstract 

The Pintamo block is the southernmost part of the 2440 Ma old Koillismaa mafic Layered Intrusion. The Intrusion 

consists of several different blocks believed to be once a single sheet-like layered intrusion, but afterwards 

disintegrated by the Svecofennian orogeny. The Koillismaa Intrusion consist of Layered Series and Marginal Series. 

Marginal reversal structure is characteristic for the Marginal Series in Koillismaa; however, it is common feature in 

many layered intrusions worldwide. Sulfide-rich Ni-Cu-PGE deposits have been found to occur particularly in the 

Marginal Series in the Koillismaa Intrusion. The occurrence of PGE-, gold-, and silver-bearing minerals have been 

studied previously for example in the Haukiaho, Kuusijärvi, and Porttivaara Marginal Series as well as in the 

Rometölväs Reef. The Pintamo Marginal Series (MS) has not been studied previously for its precious metal 

mineralization and the aim of this study is to investigate what PGE-, gold-, and silver-bearing minerals occur in the 

Pintamo Marginal Series. 

 

Over 1100 m deep drillhole was drilled by the Geological Survey of Finland (GTK) in the Pintamo Marginal Series 

and 14 thin sections were made from it for this study. Petrography of the host rocks were studied with transmitted 

light microscope. Whole rock analyses were conducted by GTK from the drill core, and based on these results, four 

thin sections with highest Pt+Pd+Au grades were chosen for further analysis. Thin sections were manually studied 

using field emission scanning electron microscope (FE-SEM) and analyzed with energy-dispersive x-ray 

spectroscopy detectors (EDS) and electron probe microanalyzer (EPMA). In this study 64 mineral grains were found 

and 42 of them were identified. 39 of found mineral grains were PGE-, gold-, and silver-bearing minerals. 

 

The results of this study show that the Pintamo Marginal Series contains precious metal phases. Merenskyite-

melonite-moncheite solid solution series and palladium-tellurides are the most common PGM minerals in the Pintamo 

MS. Palladium is enriched the most in the Pintamo MS comparable to elsewhere in the Koillismaa Layered Intrusion. 

Most of the PGE-, gold-, and silver-bearing mineral grains are hosted by silicates, or they occur at the boundary 

between silicate and sulfide. This indicates that precious metals have been crystallized later in system or as a result 

of post-magmatic alteration. The result of this study confirms the ore potential of the Koillismaa Layered Intrusion. 
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Keywords: layered intrusions, marginal series, sulfide deposits, precious metals, PGE mineralization, Koillismaa, 

Pintamo 
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1 INTRODUCTION  

Platinum group elements (PGEs) are valuable elements found in Earth’s crust and they 

have high price in the current world markets. PGEs consist of six highly siderophile 

transition precious metallic elements (Group VIII): Iridium (Ir), Osmium (Os), Palladium 

(Pd), Platinum (Pt), Rhodium (Rh) and Ruthenium (Ru). In the Group VIII belong along 

PGEs iron, nickel, and cobalt and therefore they tend to concentrate together as a result 

of geological processes. PGEs are used in many industrial applications like in catalytic 

converters to reduce carbon monoxide emissions in automobile exhaust fumes. In 

chemical industry platinum or platinum alloys are used in nitric oxide manufacture. 

Because PGEs are durable metals, they are used, for example, in manufacture of synthetic 

materials and glass industry. PGEs are also important in medical industry, as consumer 

goods and in the financial field. They are among the rarest metals in Earth’s upper crust 

and only mined from limited resources. PGEs form together with sulfides, tellurides, 

antimonides, and arsenides platinum group minerals (PGMs), such as braggite ((Pt, Pt) 

S), maslovite (PtBiTe), and sperrylite (PtAs2). The demand for PGEs has increased since 

the past decade and it continues. Therefore, the mineral exploration targeting PGEs has 

been active since the past ten years and especially recently. Currently only two countries 

dominate the world’s supply of PGEs: South Africa, and Russia, though there is minor 

production in Zimbabwe, Canada, and USA (Naldrett, 1981; Xiao and Laplante, 2004; 

Godel, 2015; Zientek et al., 2017). 

Various rock types and stratigraphic levels of layered intrusions and their marginal series 

can host PGE mineralization; however, the most important PGE deposit types occur in 

relatively narrow stratiform reefs in low- or central- ultramafic-mafic parts of wide 

Archean to early Proterozoic tholeiitic intrusions (e.g., Wager and Brown, 1967; Maier, 

2005). Except for PGEs, mafic layered intrusions are also significant source of Ni-Cu and 

V-Fe-Ti ores. Ni-Cu-PGE deposits may be subdivided into two groups. One group hosts 

Ni and Cu as the main products and PGEs together with other noble metals (e.g., Au and 

Ag) as the byproducts, and the other one hosts PGEs as main products and Ni, and Cu 

being byproducts (Naldrett, 1981). Examples of PGE deposits hosted by layered 

intrusions are found globally, such as the Bushveld Complex in South Africa, the 

Stillwater Complex in Montana, the Skaergård Intrusion in Greenland, and the Great 
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Dyke Intrusion in Zimbabwe. There are also significant PGE deposits related to layered 

intrusions located in Fennoscandia, e.g., the Penikat Intrusion, Portimo Complex, and 

Koillismaa Layered Intrusion. Most of the known PGE resources in Finland are in 

contact- or in reef-type deposits in the 2450 Ma old mafic-ultramafic layered intrusions 

(Rasilainen et al., 2010). 

The study area of this thesis is in the Koillismaa-Näränkävaara Complex in northeastern 

Finland in Northern Ostrobothnia shown in Figure 1. There have been successful 

exploration projects and research in the Koillismaa Intrusion area and therefore the 

previously unexplored Pintamo block is worthwhile to study. The Geological Survey of 

Finland (GTK) carried out geophysical measurements and drilled one deep drillhole in 

the Pintamo block (GTK, 2021). This study focuses on the PGE phases found from the 

Marginal Series of the Pintamo block. The research question in this study is to document 

the occurrence of the PGE-, gold-, and silver-bearing phases in this block and compare 

the results with other blocks in the Koillismaa Intrusion to test whether the PGE phases 

occur in similar way or not. 
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Figure 1. Layered intrusions in Fennoscandia and Kola Peninsula. The Koillismaa-

Näränkävaara Complex is marked with red lines. Modified after Karinen 2010.   
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2 FORMATIONS OF LAYERED INTRUSIONS AND THEIR 

RELATED SULFIDE DEPOSITS IN FENNOSCANDIA 

2.1 Layered intrusions 

Layered intrusions have crystallized mainly from basaltic magma forming large 

differentiated igneous bodies displaying layering (Naldrett, 2004; Scoates and Wall, 

2015). Layering is also common in syenitic intrusions (Naslund and McBirney, 1996). 

Layered intrusions have formed throughout Earth’s history and therefore cannot be 

restricted to any certain geological time, though most important ones tend to occur in 

Precambrian. These intrusions host world-class deposits of chromium, platinum group 

elements and vanadium (e.g., Cawthorn et al., 2005; Scoates and Wall, 2015).  

Layers can be characterized when there is succession of contrasting mineral modes or 

textures like grain-size or orientation or locally changes in mineral composition. Various 

characteristics in terms of layering such as thickness, homogeneity, lateral continuity, 

stratigraphic cyclicity and sharpness of contacts are describing layered intrusions as well 

(Namur et al., 2015). There are three types of layering which are attached to fractional 

crystallization: modal layering, phase layering, and cryptic layering. In modal layering 

relative proportions of constituent minerals are varying, and layering can be often 

observed at outcrops. Phase layering is formed by appearing and disappearing of certain 

minerals in the crystallization sequence. Cryptic layering is systematic variation in the 

chemical composition of minerals in a layered sequence stratigraphy (Winter, 2001).  

Layered intrusions are formed from cumulates which are rocks that began to form on 

floor, walls, and roof of the magma chamber from accumulating minerals. These minerals 

are cumulus crystals and empty space between these crystals is filled with intercumulus 

melt (Wager et al., 1960; Irvine, 1982; Scoates and Wall, 2015). Major cumulus minerals 

are olivine, clinopyroxene, orthopyroxene, and plagioclase and minor minerals are for 

example chromite and magnetite, however in chromitite or magnetite layers these two 

minerals are major phases.  This is basic process of crystallization and differentiation 

which forms layering (Naslund and McBirney, 1996). Orthocumulates have preserved 

essentially their euhedral forms and there is abundant postcumulus material (about 25-50 

%) between crystal structures. Mesocumulates have less postcumulus material (about 7-

25 %) than orthocumulates and overgrowth along grain boundaries have formed. 
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Adcumulates have only minor or non postcumulus material (< 7%) and cumulus grains 

boundaries have overgrown significantly and therefore touch adjacent grains (Wager et 

al., 1960; Wager and Brown, 1967).  

Namur et al. (2015) classified layer forming processes into dynamic and non-dynamic 

processes. Dynamic layering processes include internal movement of melt, mush, and 

crystals in magma chamber initiated by, for example, injections of new magma in 

chamber, flow segregation, and continuous, intermittent, or double diffusive convection 

(Naslund and McBirney, 1996; Namur et al., 2015). Non-dynamic layering processes 

have no movement or only slight movement of melt and crystals, and layering is result of 

changes in temperature, pressure, nucleation rate and oxygen conditions (Namur et al., 

2015). These are, for example, metasomatism, interstitial crystal growth, and 

constitutional zone refining (Naslund and McBirney, 1996). However, single layering 

process cannot explain all types of igneous layering and often layers are a result of 

multiple mechanisms (Namur et al. 2015). 

Fractional crystallization has occurred in rocks that become increasingly more evolved in 

composition inwards and upwards in magma chamber. However, basal reversals are 

common among layered intrusions up to hundreds of meters thick, where minerals and 

rocks become compositionally more primitive upwards. Basal reversals are found also 

among mafic sills and dikes and komatiitic lava flows (Alapieti, 1982; Campbell, 1987; 

Egorova, 2014; Latypov, 2015). They are characterized by reversed compositional and 

modal layering compared of the main part in the intrusion. This reversal is featured, for 

example, by increasing whole-rock MgO, Mg number (pyroxenes) and An (anorthosite) 

content of plagioclase. In addition, all incompatible elements (e.g., TiO2, K2O, P2O5, Ba, 

Zr) decrease upwards (Egorova, 2014; Latypov, 2015). For example, in the Koillismaa 

Intrusion, this is the basis for the division to the Marginal Series and Layered Series. Basal 

reversals in the marginal zone of layered series are also called marginal reversals. Latypov 

(2015) and Latypov et al. (2011) have distinguished two main types of basal reversals 

with different occurrence related to overlaying layered series. These are “fully-

developed” and “aborted” reversals. In a fully-developed basal reversal crystallization 

sequence and whole-rock composition are perfectly the opposite than in surrounding 

layered series which it passes via an inflection with the most primitive whole-rock 

composition. These basal reversals can have both whole-rock and mineral composition 



11 

 

reverse trends (Figure 2) or only whole-rock composition reverse trends with normal 

mineral exhibition. Aborted basal reversal (Figure 3) forms, when the crystallization 

process is interrupted by a pulse of primitive magma that causes reset in the crystallization 

in magma chamber. Aborted basal reversal has sharp contact with more primitive layered 

series. For example, the Kuz’movsky Sill in valley of the Podkamennaya Tunguska River 

in Siberia, Russia is typical fully-developed reversal and the Koitelainen Layered 

Intrusion in northern Finland is a typical example of aborted reversal. Latypov et al. 

(2007, 2011) have suggested a generalized “Three-Factor Model” for reverse 

compositional trends which are operating during the initial stages of magma chamber 

development. This model includes three principal petrological processes:  

1. The inflowing magma becomes progressively more primitive in composition. 

2. Minerals crystallize from less undercooled magma with distance from the cold 

country rocks. 

3. Evolved melt is removed from growing crystals more effectively with distance 

from intrusive contact (Latypov et al., 2007, 2011; Latypov, 2015). 

This model has brought together the most prominent occurring features of basal reversal 

formation. 
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Figure 2. Two fully-developed basal reversal models in mafic sills and layered intrusions. 

In both cases crystallization sequence and whole-rock composition trends are opposite of 

those occurring surrounding layered series. In model a, both whole-rock and mineral 

occurring show reverse trends and in model b, only the whole-rock composition has 

reverse trend. Pl = plagioclase, Ol = olivine, Cpx = Ca-rich pyroxene, An = 

100*An/(An+Ab), Mg# = 100*Mg/ (Mg + Fe) (Latypov, 2015). Published with 

permission from Springer. 
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Figure 3. Two aborted basal reversal models in mafic sills and layered intrusions. In both 

cases whole-rock and mineral composition show reverse trends that are also determined 

by sharp compositional break with surrounding layered series. In model a, surrounding 

layered series is more primitive and in model b, the layered series is more evolved 

(Latypov, 2015). Published with permission from Springer. 
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2.2 Fennoscandian layered intrusions 

Finnish bedrock is a part of North- and Eastern-European Precambrian bedrock area 

which is one of the oldest bedrock parts in Eurasian continent (Gorbunov et al., 1985; 

Korsman and Koistinen, 1998). Archean Fennoscandian shield formed mainly 2800- 

2700 Ma ago and it reaches areas in northern Finland, the Kola Peninsula and Karelia. 

However, some over 3000 Ma old rocks have been found that indicates that evolution of 

Archean Fennoscandian shield begun over 3000 Ma ago (Luukkonen and Sorjonen-Ward, 

1998).  

In the early Proterozoic (2500-2400 Ma) era plume related magmatism occurred widely 

in Fennoscandia, and initiated the breaking up of the Archean cratons, and formed many 

ore deposits (Karinen, 2010). Igneous activity caused rifting in cratonic areas, and 2500-

2400 Ma ago large volumes of mafic magma erupted from magma chambers to the 

bedrock surface throughout Kola Peninsula, Karelia, and other parts in Finland (Alapieti, 

1982; Gorbunov et al., 1985; Amelin and Semenov, 1996). These events created layered 

intrusions, mafic dyke swarms and other volcanic formations (Karinen, 2010). Many of 

these intrusions have zones enriched with PGEs, Cr and V. In addition, some younger 

intrusions aged 2005 Ma, in same area, for example the Kevitsa Intrusion, are hosting Cu-

Ni-PGE-Au deposits (Mutanen, 1997; Alapieti, 2005). According to Amelin et al. (1995), 

the magmatism in the Fennoscandia shield occurred in two short episodes at 2505-2501 

Ma and at 2449-2441 Ma. The intrusions of these episodes in the Fennoscandian shield 

can be typically found in the Archean-Proterozoic boundary, for example, the rifted 

Archean-Proterozoic boundary zone is exposed in the eastern and northern parts of 

Finland. Typically, the original hanging walls are supracrustal sequences, and the upper 

parts of the intrusions have been eroded, and therefore it is not always possible to find 

complete sequences of these intrusions. Most of the intrusions are made of ultramafic 

basalt followed by more evolved upper parts. Three different types of parental magmas 

for these intrusions have been suggested. The two of them have been regarded as siliceous 

high-magnesian basalts, with either high- or low-Cr contents. The third magma type has 

been suggested to be tholeiitic basalt in composition (Lahtinen et al., 1989; Alapieti et al., 

1990; Alapieti and Lahtinen, 2002). These intrusions have been exposed to various 

deformation and metamorphic events associated with the Jatulian (2200-2100 Ma), 

Kalevian (2000-1900 Ma) and Svecofennian (1900-1800 Ma) events. Depending on the 
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location, these deformation and metamorphic events affected the intrusions different 

ways. Intrusions located in the eastern parts are generally less metamorphosed than those 

in the western parts, where the original minerals have been altered to varying extends for 

example olivine is replaced with serpentine. However, despite of metamorphism cumulus 

textures is well preserved as pseudomorphs throughout these intrusions. Many of these 

intrusions, such as the Koillismaa Intrusion, were broken up into tilted blocks during the 

orogenic events (Alapieti and Lahtinen, 1989). 

2.3 Formation of magmatic sulfide deposits  

Typically, the generation of mafic and ultramafic magmas take place in the 

asthenospheric and lithospheric mantle, however, partial melts from the crust can also 

adjust the composition of these mantle derived magmas. Ni, Cu and PGE concentrations 

in the crust and mantle are low compared to bulk earth since these are siderophile 

elements and thus were concentrated into the core in Earth’s early phases. For example, 

Ni ore deposits are 5 to 10 times richer in Ni and Co than mantle. In case of precious 

metals, the enrichment factor can be 1000 times larger. Magmatic Ni-Cu-PGE sulfide 

deposits are formed when there is segregation and concentration of liquid sulfide from 

mafic or ultramafic magma, however PGEs have much higher partition coefficients 

between sulfide and silicate liquid than Ni and Cu. Therefore, the PGE enriched sulfide 

liquid will segregate first. Transition metals in group VIII tend strongly into the sulfide-

oxide liquid and therefore concentrate into these liquids. Orthomagmatic Ni-Cu-PGE 

deposits can be divided into two main groups depending on their sulfide content. The first 

group has high content on sulfide minerals (> 10%) and they host primary Ni-Cu ores 

with PGEs, Co, and Au as byproducts. The second group contains less sulfides and has 

PGEs as main products with Ni and Cu as byproducts (Naldrett, 2004, 2011; Barnes and 

Lightfoot, 2005; Maier, 2005; Naldrett et al., 2008;). 

2.3.1 Genesis of sulfide rich Ni-Cu-(PGE) deposits 

Magmas forming Ni-Cu-(PGE) deposits have been saturated in sulfide. High degree 

partial melting enriches mantle delivered magmas in Ni, Cu and PGEs. When magma 

rises in feeding conduits these immiscible sulfides reach higher levels in magma chamber 

and magma ideally emplaces in continental rift structures. Magma can also travel along 
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well-defined conduits that follows major layer structures. In cases where rift structures 

and conduit do not exist, magma might crystallize at deeper levels of chamber. To form 

an economic Ni-Cu-(PGE) sulfide deposit, the magma has to ascent from mantle to the 

crust the way there is a minimum olivine fractionation since olivine decreases the nickel 

content in melt. Principal factors controlling the solubility of sulfur in silicate melt are 

pressure, temperature, FeO+TiO2 content of the melt, oxidation state of the melt and 

proportions of mafic and felsic components in melt (Mavrogenes and O’Neill, 1999; 

Naldrett, 2004, 2011; Barnes and Lightfoot, 2005, Naldrett et al., 2008). 

Metallurgists Fincham and Richardson (1954) studied sulfur solution in nature besides 

smelter process and discovered that in nature oxygen fugacities above 10-6 bars in melts 

between 1400 ֯ and 1500 ֯ C sulfur dissolves primarily as SO2. However, in melts where 

oxygen fugacity is less than 10-6 bars sulfur dissolves primarily as sulfide. They 

introduced the term “sulfur capacity” of the melt (CS): 

𝐶𝑆 =
(𝑤𝑡%𝑆 ∗ 𝑝𝑂2

1
2)

𝑝𝑆2
1/2

, (1) 

where pO2 and pS2 are the partial pressures of oxygen and sulfur respectively. 

Temperature and the composition of magma are affecting in sulfur capacity. This finding 

gained understanding about sulfur behavior in ore forming processes. Many studies after 

Fincham and Richardson have confirmed this theory. For example, Mavrogenes and 

O’Neill (1999) studied wide variety of basaltic and haplobasaltic melt compositions at 

atmospheric pressure using similar experimental methodology. 

After magma has emplaced in the crust it has to be saturated in base metal sulfides to 

form Ni-Cu-(PGE) deposit. If the magma is saturated in sulfide while leaving the mantle, 

segregation of sulfides can be achieved by the aforementioned principal factors. In that 

case, the magma rising to crust may be depleted in metals as the formed sulfide may stay 

in the mantle due to high density. However, a sulfur under saturated magma can emplace 

in crust, and then reach sulfide saturation by fractionation, and interaction with crustal 

rocks, which may due to a decrease in temperature and increase in sulfur content (Naldrett 

2004; Barnes and Lightfoot, 2005). Ripley and Li (2013) noted that assimilation of sulfur-

bearing country rocks have caused the sulfur saturation of magma in many cases. This 
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statement is verified by the frequent occurrence of sulfur-bearing crustal rocks in 

association with Ni-Cu-(PGE) sulfide deposits, and S isotope studies from ores indicate 

that sulfur is originally from country rocks. The effect of pressure on the sulfur content at 

sulfide saturation (SCSS) is important to determine whether melt is sulfide saturated at 

source and whether the melt arrives after adiabatic ascent at the surface sulfide saturated. 

If SCSS strongly decreases with increasing pressure, basaltic melts will arrive at surface 

sulfide under-saturated and therefore precipitation of magmatic sulfide deposits would 

need extensive modification by fractional crystallization or assimilation (Wendlandt, 

1982; Mavrogenes and O’Neill, 1999; Naldrett, 2004). 

After silicate magma reaches sulfur saturation, immiscible sulfide droplets are formed, 

and they collect chalcophile elements from the silicate magma. As they grow and become 

heavier, they settle down (Naldrett, 2004; Barnes and Lightfoot, 2005). Campbell and 

Naldrett (1979) studied the effect of ratio of magma to sulfide and created a theory called 

“R-factor” (Formula 2), which assumes that sulfide liquid equilibrated in magma and was 

removed on later stage. Consequently, the R-factor is equilibration between silicate and 

sulfide liquid: 

𝐶𝑆 =
𝐶𝐿𝐷(𝑅 + 1)

𝑅 + 𝐷
, (2) 

where CS is the final concentration of metal in the sulfide liquid, CL is the concentration 

of the metal in the silicate liquid, D is referring the original concentration of metal in the 

silicate liquid before reaction with sulfide liquid, and R is the volume of silicate magma 

where metals are collected by sulfides (Campbell and Naldrett, 1979; Naldrett, 2004; 

Barnes and Lightfoot, 2005). Brügmann et al. (1993) suggested that in cases where sulfide 

droplets are settled on top of a magma chamber and slowly sink through magma, the “N-

factor” (Formula 3) is more appropriate model to describe sulfide composition. The 

formula of N-factor is: 

𝐶𝑆 =  𝐶1(𝐷 − (𝐷 − 1)𝑒−(
1

𝐷𝑁
), (3) 

where N= ratio of the amount of magma with which the sulfide liquid interacted. There 

is a difference between the partition coefficient of Ni between silicate and sulfide liquids 
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varying from 100 in komatiitic and 300 in basaltic systems. Therefore, komatiitic systems 

require R- or N-factor of 1000 and basaltic systems require R- or N-factor of 3000 to 

achieve maximum Ni enrichment. PGE-rich sulfides can form when sulfide liquid has 

interacted with very large volume of silicate magma. When maximum Ni enrichment 

requires R- or N-factor between 1000 and 3000, for maximum PGE enrichment R-or N-

factor must be >10 000 (Barnes and Lightfoot, 2005). 

A sulfide deposit with a reasonable concentration of chalcophile element-bearing sulfides 

can occur when sulfide droplets collect and accumulate to form massive or matrix 

sulfides. If this accumulation does not happen, large volume rock containing disseminated 

sulfides is formed. Sulfide droplets are transported by gravity and magma flow. A 

structural trap, for example footwall, constrain flow and droplets accumulate at the base 

of the flow or intrusion. In many cases massive ores are found within embayment in the 

footwall, for example the massive sulfides of the Talnakh intrusion, Russia. One 

explanation for this feature is that while magma transports sulfide droplets and flows 

downstream the flow slows down and therefore magma is no longer capable of carrying 

the sulfide droplets and they start to accumulate on the lee side of the embayment. Other 

structures where sulfide droplets may likely collect are the feeder conduits and the offset 

dikes (Barnes and Lightfoot, 2005; Naldrett, 2011). 

Metal tenor is defined as the metal content in 100 % sulfide fraction. Many disseminated 

sulfide deposits tend to have higher metal tenors compared to the massive sulfides. This 

is because these disseminated sulfide droplets did not settle down into massive sulfide 

and therefore, they were able to interact with magma for longer time period. Thus R- or 

N-factor have been higher in disseminated sulfides forming more Ni- and PGE-enriched 

sulfide droplets. It has been noted that metal ratios vary between different sulfide types. 

Massive ores tend to have lower Pd/Ir ratios than disseminated sulfides. However massive 

sulfides show wider range in Ni/Cu and Pd/Ir ratios compared to disseminated sulfides 

(Barnes and Lightfoot, 2005). The explanation is that Fe-rich monosulfide solid solution 

(mss) is the first phase to crystallize from sulfide liquid in temperatures between 1000 ֯C 

and 1199 ֯C (Kullerud et al., 1969; Naldrett, 2004). However, this base metal liquid 

contains variable amounts of oxygen, which can be seen as primary magnetite in ores 

(Naldrett, 2011). Below 1000 ֯C as crystal fractionation continues, Ni is moderately 

compatible with mss, and mss starts to enrich with Ni. Osmium, Ir, Ru and Rh are strongly 
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compatible with mss (Barnes and Lightfoot, 2005; Naldrett, 2011). Thus, during 

fractional crystallization of Fe-Cu-Ni-S liquid, the remaining liquid becomes 

progressively reduced in Fe and enriched in Cu because Cu is strongly incompatible with 

mss at 850 ֯C (Naldrett, 2004).  Sufficient decrease in temperature (~ 850 ֯C) causes 

crystallization of Cu-rich liquid as intermediate solid solution (iss) with a residual liquid 

enriched in Pt, Pd and Au. Temperature and fS2 (sulfur fugacity) affect the partition 

coefficient of Ni into mss thus Ni can occur both Fe- and Cu-rich ores. When temperature 

decreases < 600 ֯C, mss and iss are no longer stable. When sulfide liquids cool down, mss 

exsolve to form pyrrhotite, pentlandite, and pyrite and iss exsolve to form chalcopyrite, 

pyrrhotite, cubanite, and pyrite. PGEs and chalcophile elements which were originally 

part of mss or iss exsolve from them at low temperature to form platinum group minerals 

(PGMs) (Li et al., 1996; Naldrett, 2004, 2011; Barnes and Lightfoot, 2005). 

2.3.2 PGE-Cr-V and Ni-Cu-PGE deposits in layered intrusions 

PGE, Cr and V deposits form differentiated stratiform horizons in mafic-ultramafic-

intrusions and these deposits are the most important Pt, Pd, Cr, and V resources globally. 

The predominantly location of these deposits is layered intrusions and they have mainly 

formed during the late Archean and early Paleoproterozoic (Naldrett, 2009; Maier, 2015).  

These deposits are located typically near craton margins where mantle magmas have been 

able to go through translithospheric structures. Lateral ore layers have extended as a reef-

like structure by limited extension and rifting. Hydrodynamic phase sorting caused 

formation of laterally extensive ore layers (reefs), when large incompletely solidified 

magma chambers precipitated due to crustal loading. Due to a large size and limited 

complexity of these deposits they are quite easy to locate (Maier, 2015). Thickness of 

these ore reefs can vary between few centimeters to tens of meters and evidence have 

shown that in many deposits thickness increases systematically from the margins towards 

the center of the intrusion, as for example in the Kemi Intrusion and the Merensky Reef 

(Alapieti and Huhtelin, 2005; Maier et al., 2013). 

Comparing to PGE-Cr-V deposits, Ni-Cu-PGE sulfide deposits have formed throughout 

geological history. These ores have formed during dynamic magma placement conditions 

(Maier, 2015). There are few classifications of Ni-Cu-PGE deposit types concerning 

either their tectonic setting, petrology, or parental magma composition. Naldrett (2004) 
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has classified Ni-Cu-PGE sulfide deposits into six classes based on their “petrotectonic 

setting”: 

1. Komatiitic magmatism related (e.g., the deposit of Western Australia) 

2. Flood basaltic magmatism related (e.g., Noril’sk in Russia and Duluth in 

Minnesota, USA) 

3. Ferropicritic magmatism related (Pechenga in Kola Peninsula, Russia) 

4. Anorthosite-Granite-Troctolite complexes (e.g., Voisey’s Bay in Canada) 

5. Miscellaneous-Picrite-Tholeiite complexes (e.g., Jinchuan in China and the 

Niquelandia deposit in Brazil) 

6. Impact melt related (e.g., Sudbury in Canada). 

The stratigraphic level of PGE, Cr, and V deposits and their host rocks vary considerably. 

PGE reefs can occur in mafic- or ultramafic portions of layering, however the best 

location for them is in the ultramafic-mafic transition zone. Various rocks from ultramafic 

to mafic compositions, such as dunite, harzburgite, pyroxenite, norite-gabbronorite-

gabbro, troctolite, anorthosite, chromitite, and magnetite can host for PGE reefs. 

Chromitite layers occur in lower ultramafic parts and V- reefs in upper mafic parts (Maier, 

2015). Seven types of PGE deposits in layered intrusions (see Figure 4) have been 

distinguished by Maier et al. in 2013:  

1. Contact reefs at the base and sidewall of intrusions 

2. PGE reefs in the peridotitic and pyroxenitic lower portions of layered 

intrusions 

3. PGE-enriched chromitite layers  

4. Silicate-hosted PGE reefs in interlayered mafic-ultramafic rocks, 

commonly within the central portions of layered intrusions 

5. PGE reefs in the magnetite-rich upper portions of layered intrusions 

6. PGE-mineralized transgressive Fe-rich ultramafic pipes 

7. Vein-hosted PGE deposits in the roof (and floor) of the intrusions. 

From these, the contact type (1), reef type (2), and vein-hosted PGE deposits in the roof 

or floor (7), are the most common. Vein-hosted PGE deposit is also called off-set type. 

In Figure 4 example deposits are presented from each deposit types. 
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Figure 4. Occurrence of PGE mineralization in mafic-ultramafic intrusions and feeder 

conduits. J-M= J-M reef of Stillwater complex, SJ = Sompujärvi reef of Penikat intrusion, 

SK = Siika-Kämä reef of Portimo intrusion, LG-MG-UG = lower-middle-upper group 

chromitites of Bushveld complex, MSZ = Main sulfide zone of Great Dyke (Maier et al., 

2013). Published with permission from Elsevier. 
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2.4 Example deposits 

There are several well studied PGE deposits related to layered intrusions around the 

world. Three of these intrusions are so called “The Big Three”, including the Bushveld, 

the Great Dyke, and Stillwater Complexes. They contain higher proportion of ultramafic-

mafic rocks than many other ultramafic-mafic intrusions. They all have orthopyroxene 

appearing in the liquidus before plagioclase. Of all these three the Bushveld is the most 

significant one with many mines in operation and several deposits scheduled to be 

developed (Naldrett, 2004).   

The Bushveld complex is 2056.88 ± 0.41 Ma old (Scoates and Wall, 2015) intrusion and 

the most significant and largest known mafic-ultramafic intrusion in the world located in 

South Africa. The country rock consists of quartzite, argillite, dolomite, and banded iron 

formation of the Transvaal Supergroup. The Bushveld is the host of 75% of world’s 

resources of Pt, 52% of Pd, 82% of Rh and 16% of Ni. There are three main stratigraphic 

units where these metal concentrations occur: the UG-2 chromitite, the Merensky Reef 

and the Platreef. The Merensky Reef is a narrow PGE reef following the UG-2 chromitite 

reef. The UG-2 chromitite belongs to Type III, the Merensky Reef to Type IV, and the 

Platreef to Type I on Maier’s PGE deposit classification (Figure 4). The Bushveld 

complex is the second largest PGE resource in the world (Naldrett, 2004; Naldrett et al. 

2009). 

The 2705 ± 4 Ma old (Premo et al., 1990) Stillwater Complex is differentiated mafic-

ultramafic intrusive body in Montana, USA. The complex is divided into three major 

series: the Basal, Ultramafic, and Banded Series. The principal economically valuable 

mineralization is the Johns-Manville (J-M) Reef in the Lower Banded Series, which is 

PGE-rich sulfide zone hosted by troctolite and olivine gabbronorite. Sulfides occur as 

disseminated base metal sulfides including pyrrhotite, pentlandite, chalcopyrite and 

minor pyrite. These sulfides represent 0.5 up to 5 % by volume of rock locally. The J-M 

Reef has the highest average Pt+Pd grade of all known PGE deposits (~18 ppm with 

average Pd/Pt ratio of 3) (Zientek et al., 2002; Naldrett, 2004). The J-M Reef belongs to 

Type IV deposit on Maier’s PGE deposit classification (Figure 4). 



23 

 

The Great Dyke is a 2575.9 ± 1.0 Ma old (Oberthür et al., 2002) mafic-ultramafic 

intrusion which spans across the Archean granites and greenstones in Zimbabwe. It is 550 

km in length and its width varies between 4 and 11 km. The intrusion consists of several 

continuous narrow magma chambers with structural layering. The North Chamber is 

subdivided into three and the South Chamber into two subchambers. The upper mafic 

sequence consists of gabbro and norite and a lower ultramafic sequence of dunite, 

chromitite, harzburgite, and pyroxenite. The principal mineral horizons the Main (MSZ) 

and Lower (LSZ) Sulfide Zones are located just below gabbro and olivine gabbro. MSZ 

and LSZ are situated within massive bronzitite and MSZ also partly within overlying 

websterite. Base metal sulfides found in both zones are pyrrhotite, pentlandite, 

chalcopyrite, and pyrite. The average Pt+Pd grades in PGE-rich part of the MSZ (metal 

in 100 % sulfide) are quite high (53-61 g/t), however these grades are distinctly lower 

than in the Merensky Reef (Naldrett, 2004). The Main Sulfide Zone belongs to Type II 

on Maier’s PGE deposit classification (Figure 4).  
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3 REGIONAL GEOLOGICAL SETTING 

 

Figure 5. Distribution of PGE-Cr-V (red) and Ni-Cu (yellow) deposits and size of them 

in north-eastern Fennoscandia. Achrean crust is marked in gray and cratonic margins are 

marked by stippled line. Orange areas show 100 km corridors on craton boundaries. 

Thinner stippled lines show crustal blocks with possible cratonic roots. The Koillismaa 

Layered Intrusion is marked by black star. Modified after Maier and Groves (2011).  

3.1 Layered intrusions in Kola Peninsula and Karelia 

Early Proterozoic layered intrusions are scattered over the northeastern parts of the 

Fennoscandian shield (see Figure 5). PGE-Cr-V and Ni-Cu deposits are distributed 

precisely well in 100 km corridors on craton boundaries where layered intrusions have 
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intruded (Maier and Groves, 2011). The Penikat, Portimo and Koillismaa Intrusions are 

exception, and they are located between Archean craton and Paleoproterozoic 

supracrustal rocks. In Russia these layered intrusions are concentrated in three main areas: 

Kola Peninsula, Lake Paanajärvi area and Karelia. The Monchegorsk Complex is the 

largest layered intrusion in the Kola Peninsula, and it is part of the Paleoproterozoic 

intercontinental rift-related Imandra-Varzuga zone in the central part of the Kola region. 

Other significant layered intrusions are the Fedorova Tundra and the Panski Intrusions 

(see Figure 5). In the northeastern side of Lake Onega area in Karelia, Russia, occur the 

Burakovsky Layered Complex which is one of the largest layered intrusions in 

Fennoscandia (see Figure 5). The PGE mineralization along other valuable minerals e.g., 

chromite, have been found from all these layered intrusions (Alapieti and Lahtinen, 1989; 

Alapieti, 2005; Bailly et al., 2011). These Fennoscandian layered intrusion are generally 

divided into three groups which are 1) ultramafic-mafic (e.g., the Kemi and Monchegorsk 

Intrusions), 2) mafic intrusions characterized by a thin ultramafic lower part relative to 

placioglase-rich cumulates (e.g., the western Koillismaa Complex and Fedorova Tundra 

Intrusion) and 3) intermediate “megacyclic” type characterized by cycles being composed 

of ultramafic lower parts and gabbroic and anorthositic upper parts (e.g., the Penikat 

Intrusion and the Portimo Complex) (Alapieti and Lahtinen, 2002; Bailly et al., 2011). 

Interest for exploration in Karelia-Kola region for PGEs has been high for decades 

because of Pechenga nickel deposit, and the exploration results in the Monchegorsk 

Complex, Fedorovo Tunda and Panski Intrusions, and Burakovsky Layered Complex 

have been promising (Grokhovskaya and Laputina, 1988; Grokhovskaya et al., 1999). 

Most important PGE occurrences in the Monchegorsk Complex are between the 

Monchetundrovsk massif and Monchegorsk pluton in conjugation zone. The total PGE 

content in the Monchetundrovsk massif is ca. 1.5 ppm and in veinlet disseminated 

Monchegorsk pluton PGE content rises up to 25 ppm (Grokhovskaya and Laputina, 1988; 

Grokhovskaya et al., 2003). Low-sulfide PGE mineralization is strongly controlled by 

layered stratigraphy in the Burakovsky Layered Complex. PGE grades vary from average 

1.2 ppm up to highest grades of 5-6 ppm (Ganin et al., 1995). As layered intrusions in 

Karelia-Kola region and in Finland are mainly early Proterozoic and have the same 

formation history, the exploration and study of these intrusion can help to understand 

intrusions and PGE deposits related to them in Finland. 
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3.2 The Koillismaa-Näränkävaara Complex 

The southernmost part of the layered intrusion belt in the Fennoscandian shield is the 

Tornio-Näränkävaara Belt (TNB) beginning with the Tornio and the Penikat Intrusion in 

west, the Portimo Complex in the middle, and ending with the Koillismaa-Näränkävaara 

Intrusion in the east. The Tornio Intrusion consists of the Kukkola Intrusion in Sweden 

and the Kemi and the Penikat Intrusions in Finland. The other belt trend goes in further 

north through Finnish Lapland into Russia, including the Tsohkkoaivi, Koitelainen and 

Akanvaara Intrusions in Lapland and the Olanga Complex in Russia (Alapieti, 2005). 

The Koillismaa-Näränkävaara Complex is 2440 Ma old, layered intrusion complex in the 

northwestern Finland in Northern Ostrobothnia. It is the eastern half of the Tornio-

Näränkävaara belt which contains several layered intrusions enriched in PGEs and V. The 

complex can be divided into the Koillismaa Intrusion and Näränkävaara Intrusion. These 

two intrusions are connected by strong gravity anomaly zone which has dyke-like 

structure. It has exposed only at its western end, however, there is a narrow “vein” of 

conglomerates which can be considered as an indication strike of this dyke. This indicates 

that the original fracture extended to the level of the present bedrock surface (Alapieti, 

1982). Geophysical measurements, including gravimetric, magnetic, seismic, and 

magneto-telluric surveys, have confirm that the top contact of this dyke is about 1,4 km 

deep, and the anomaly is about 3 km wide, and going down almost vertically and 

diminishing at the same time (Hjelt et al., 1977). 

The Koillismaa-Näränkävaara Intrusions occur between the Archean basement and 

Paleoproterozoic supracrustal rocks and later dismembered during Svecofennian 

orogeny. Magma flow has opened a sub-horizontal crack between basement and 

overlying supracrustal rocks forming a thick sequence of basic igneous rocks capped by 

thinner granophyre layer (Alapieti, 1982). Lahtinen et al. (1989) noted that there have 

been two kinds of magmas intruding during the formation of the Tornio-Näränkävaara 

Intrusion: Cr-Mg-rich and Cr-Mg-poor magmas. The Näränkävaara Intrusion is 

surrounded by Archean rocks and the Koillismaa Intrusion is restricted by Archean rocks 

in the east and by supracrustal Kuusamo schist belt in west. The Näränkävaara Intrusion 

seems to have been preserving practically its original form which is V-shaped layered 

intrusion whereas the Koillismaa Intrusion has undergone more transformation and has 
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broken up into several blocks. The layering in the Näränkävaara Intrusion seems to occur 

right on top of the feeder conduit which has led to closing of the feeder and finally the 

crystallization of it. The Archean basement complex comprises paragneisses and 

orthogneisses within basic and ultrabasic, metamorphic extrusive and intrusive rocks. The 

supracrustal rocks in hanging wall consist of polymictic conglomerate, greenstone, and 

sericite quartzite. The Näränkävaara Intrusion is more homogenous compared to the 

Koillismaa Intrusion, and it consist of ultramafic cumulates in lower part and smaller part 

of mafic cumulates in upper part. The Koillismaa Intrusion consists of melanocratic 

cumulates, meso-leucocratic cumulates, oxide gabbro, and granophyre from bottom to 

top, however, these sequences can vary slightly inside different blocks. Faults and thrusts 

have created discontinuity along layers (Piirainen et al., 1974, 1978; Alapieti et al., 1979b; 

Alapieti, 1982, 2005; Kojonen and Iljina, 2001; Kojonen, 2001; Iljina et al., 2005; 

Karinen, 2010). 

Lahtinen et al. (1989) classified three different groups of PGE mineralization found in the 

Tornio-Näränkävaara Belt. Group 1 is PGE-rich mineralization type which can be found 

in close association with weak sulfide disseminations. They have quite high PGE content 

in sulfide fraction and mineralized zones are normally thin. For example, the Penikat 

Intrusion belongs to Group 1. Group 2 is PGE-bearing sulfide mineralization which is 

characterized by massive, disseminated sulfides with varying PGE content. The PGE 

content of sulfide fraction is normally quite low and these mineralization are in marginal 

series or basement rocks. For example, the Suhanko-Konttijärvi mineralization in Portimo 

and PGE-bearing sulfide mineralization in the Koillismaa Intrusion belong to Group 2. 

Group 3 consist of chromite and silicate-associated low-grade PGE mineralization which 

are connected to lower ultramafic parts of the layered intrusion with Cr-Mg-rich 

megacyclic units. For example, the Kemi Intrusion have this type of mineralization along 

with main chromitite layer. In Figure 5 is shown that the Penikat, Portimo, and Koillismaa 

Intrusions are classified as significant PGE resources.  
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3.3 The Koillismaa Intrusion 

3.3.1 Genesis and stratigraphy 

The Koillismaa Intrusion is the western part of the Koillismaa-Näränkävaara Complex. 

The complex begins from the hill of Syöte in the west and continues to the hill of 

Näränkävaara and across the border into Russia. It is about 100 km long and divided into 

several smaller blocks (Alapieti, 1982; Alapieti and Lahtinen, 1989). According to 

Karinen and Iljina (2009), there have been four episodes of structural forming events in 

the Koillismaa Layered Intrusion. 1) Initial rifting took place in 2500-2450 Ma, and the 

simultaneous volcanism created a graben structure. Later stages of magmatism used this 

graben structure as a feeder conduit. 2) During main rifting event in 2450 Ma magma 

intruded below volcanic pile and formed sheet like-intrusion. Either melting of 

supracrustal rock or felsic magma injection below supracrustal rocks formed granophyre. 

3) Central part of the intrusion was collapsed because of continuous tensional regime 

forming a basin for younger supracrustal rocks to deposit. 4) Compressional period took 

place after 2450 Ma and tensional stress changed into compressional one. Older rift-

related faults were reactivated and moved because of this event and the segments of 

Archean basement, which are separating currently different intrusion blocks, were risen 

between intrusion layers. This compression period did not cause rotation or tilting in the 

Näränkävaara Intrusion, and it preserved its funnel-like shape. 

Figure 6 presents the stratigraphic division of the Koillismaa Intrusion. The intrusion is 

divided into a Marginal Series (MS) and a Layered Series (LS), and it consists of several 

different blocks believed to be once a single sheet-like layered intrusion, that is afterwards 

disintegrated by tectonic movements. The LS forms a major part of the intrusion, and they 

can be characterized by cryptic and rhythmic layering and igneous lamination where 

rhythmic layering can vary prominently from few centimeter layers up to hundreds of 

meters macro-layers. The MS is a gradational series of rock types which are in the 

margins of the layered complex and are generally discordant with the Layered Series 

(Alapieti, 1982). Alapieti (1982) and Karinen (2010) have done detailed stratigraphic 

subdivision in their research based on the appearance of major cumulus minerals and 

cryptic layering in the Koillismaa Intrusion (see Figure 6). From the roof to the base of 

the intrusion the LS consists of supracrustal roof rocks, granophyre, and upper chilled 
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margin. The LS is divided into upper, middle, and lower zones within twelve subzones. 

The MS consists of upper and lower zones within four subzones, lower chilled margin, 

and basal rocks, which are mainly felsic Archean gneisses. The Porttivaara block has been 

used as a basis on this subdivision because it has the most complete stratigraphic section 

(Karinen, 2010). The MS is up to 200 m thick and contains base metal sulfide- and PGE 

mineralization. The LS is not a potential target for Ni-Cu-PGE mineralization and 

therefore exploration and drilling are targeted at the MS. The thickness of the LS varies 

between 1000 m to 3000 m, and it comprises mostly gabbroic cumulates with 

progressively more magnesian rocks like pyroxenites and peridotites (Alapieti 1982; 

Iljina et al., 2005; Karinen, 2010). 
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Figure 6. The stratigraphic division of the Koillismaa Intrusion based on the Porttivaara 

block. Thick vertical lines indicate cumulus minerals and thin vertical lines indicate 

intercumulus minerals. Modified after Karinen (2010). 
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The structural units of the Koillismaa Intrusion from north to south are the Murtolampi, 

Kaukua, Lipeävaara, Kuusijärvi, Tilsa, Porttivaara, Syöte, Pirivaara and Pintamo (Figure 

7). The Porttivaara block hosts the Mustavaara V-Fe-Ti deposit, which is the only mined 

deposit in the Koillismaa Intrusion. These units have synformal structure where the block 

margins towards the E-W trending synform axis are faulted against the Archean country 

rocks. The Kuusijärvi, Tilsa, Porttivaara, Syöte, Pirivaara and Pintamo blocks are dipping 

towards north or northwest whereas the Murtolampi, Kaukua and Lipeävaara blocks are 

dipping towards south or southwest. The dip is sharpest (35-50֯) in the central blocks and 

gentler (10-30֯) in the outermost blocks. The Pirivaara and Syöte blocks pursue to 1100 

m below the present erosion level whereas the Porttivaara, Kuusijärvi and Lipeävaara 

blocks pursue up to 2000-2500 m (Saviaro, 1976; Alapieti, 1982; Piirainen et al., 1978; 

Karinen, 2010). Alapieti (1982) has described angular discordance between the Layered 

and Marginal Series and depression structure in the roof contact of the intrusion. It seems 

to be result of an incline basal contact of the original magma chamber or a syn-intrusive 

roof collapse in the Koillismaa Intrusion. The angular discordance is observable in the 

Porttivaara block area where the cumulate sequence includes lower stratigraphic members 

of Layered Series than other blocks In the Kuusijärvi and Lipeävaara blocks the 

depression structure can be observed since the stratigraphically uppermost cumulate 

layers are only thin or totally absent (Alapieti, 1982; Karinen, 2010). 

3.3.2 Mineralogy 

The main rock forming minerals in the Koillismaa Intrusion are olivine, Ca-poor and Ca-

rich pyroxene, plagioclase and ilmenomagnetite. Olivine occurs only as a cumulus phase; 

however other minerals are found in cumulus and intercumulus phases. Other 

intercumulus minerals to occur are ilmenite, micas, and quartz and as accessory minerals 

occur garnet, apatite, and zircon. The LZ has olivine gabbronorite unit in lower part (LZa) 

and gabbronorite unit in upper part (LZb). The MZ has thin layer of olivine gabbronorite 

at the beginning (MZa) which is overlain by thick gabbronorite sequence (MZb). The 

uppermost part (MZc) of the MZ has the first appearance of cumulus augite and inverted 

cumulus pigeonite (see Figure 6) (Karinen, 2010). 

Sulfides occur as traces through the deposit and enriched metal contents are varying 

locally. Sulfides seem to be concentrated mainly in the MS throughout the Koillismaa 
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Intrusion (Alapieti, 1982). The Koillismaa Intrusion hosts two types of orthomagmatic 

metallic mineralization: Cu-Ni-PGE sulfide occurrences and vanadium deposit hosted by 

magnetite gabbro (Karinen et al., 2015). Average content of chalcophile elements in the 

Koillismaa MS are low with 0.2-0.4 wt.% Cu, and 0.2-0.3 wt.% Ni, however, occasionally 

Cu-Ni content can reach 1.0 wt.%. The content of precious metals correlates well with 

base metal sulfide content and average grades are varying between 0.5 and 1.0 ppm of 

combined Pt+Pd+Au. In the MS principal sulfide minerals are pyrrhotite, chalcopyrite, 

pentlandite, and occasionally pyrite. Sulfides contain PGE-minerals such as merenskyite, 

michenerite or sperrylite. As an accessory sulfide mineral occur for example, millerite, 

minerals from galena- clausthalite series and sphalerite. Sulfides may occur as well in 

ultramafic rocks, for example in bronzite cumulates as fine-grained dissemination. Other 

accessory minerals and metals to occur are electrum, hessite and native, gold, silver and 

copper. The LS (see Figure 6) has three main zones within certain rock types. There is a 

subeconomic PGE-Cu reef (up to 1 ppm Pt+Pd+Au) in the boundary of MZb and MZc 

called the Rometölväs Reef, which is the only significant PGE-enriched reef occurring in 

LS in the Koillismaa Intrusion (see Figure 6). In MS the sulfide- and PGE-minerals are 

mainly concentrated in the upper parts of LZMS and rarely in the lower parts of the 

UZMS. The mineralization is typically 15-40 m thick with gradational lower and upper 

contacts. The whole rock sulfide content varies between 1 and 5 wt.% and sulfides occur 

mainly as fine dissemination in silicates (Alapieti, 1982; Alapieti and Piirainen, 1984; 

Alapieti and Lahtinen, 1989; Karinen, 2010). 
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Figure 7. Geological map and the location of the Koillismaa Intrusion. The blocks from 

north to south are the Murtolampi, Kaukua, Lipeävaara, Tilsa, Kuusijärvi, Porttivaara, 

Syöte, Pirivaara and Pintamo. Modified after Karinen, 2010. 

3.4 The Pintamo block 

The Pintamo block is the southernmost block in the Koillismaa Intrusion (see Figure 7) 

and smaller, about 10 km long, compared to the blocks in northern part of the intrusion. 

It is located between Pudasjärvi and Taivalkoski. The Pintamo block has Layered Series 

which consists of oxide gabbro, meso-leucocratic cumulates and melanocratic cumulates, 

and MS which has marginal reversal structure in layers. Rock types from top to bottom 

are pyroxenite, peridotite, homogenous gabbronorite, heterogenous gabbronorite and 

chilled layer of gabbronorite (Figure 9). Figure 8 presents the mineralogy of different 

rock types in the Pintamo MS. In Figure 8A is peridotite with well-preserved cumulus 

texture with very fine grained intercumulus material. In Figure 8B is very altered 

pyroxenite from peridotite-pyroxenite contact. In Figure 8C is Pl-rich heterogenous 
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gabbronorite. Altogether there is quite strong alteration observed in every rock type 

throughout the Pintamo block. 

PGE-mineral occurrence has not been studied in the Pintamo MS before this study. 

Nevertheless, PGEs have been found in the other MS of the Koillismaa Intrusion and 

therefore it could be assumed that the Pintamo MS hosts PGEs as well. Along the 

stratigraphy in Figure 9 are whole rock analysis results from collected samples. Generally, 

the Au+Pt+Pd content is quite low, and the highest contents are at depth 1060.75 m with 

> 0.8 ppm. Figure 9 shows that the Pintamo MS is enriched most with Pd, with less Pt 

and Au. 

 

Figure 8. Photomicrographs of thin sections from depths 1060.75 m (A), 1071.63 m (B) 

and 1120.00 m (C) in cross-polarized light. A) Peridotite, B) Pyroxenite, C) Gabbronorite. 

Sample pictures from rock types found in the stratigraphy of the Pintamo block. In Figure 

A the cumulus texture of peridotite is well preserved and there is substantial amount of 

postcumulus material. Pyroxenite in Figure B in very altered and sample is taken from 

the contact of peridotite and pyroxenite. In Figure C heterogenous gabbronorite is rich in 

plagioclase and mineral grains are same size. Thin sections are 36 mm length and 23 mm 

wide. 
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Figure 9. Rock types in the Pintamo Marginal Series and thin section sites are shown 

within whole rock analysis results of Au+Pt+Pd (ppm). Rock types from top to bottom 

are diabase, pyroxenite, peridotite, homogenous gabbronorite, heterogenous gabbronorite 

and chilled layer of gabbronorite. 
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4 PREVIOUS STUDIES 

Exploration and mining companies were interested in Paleoroterozoic layered intrusions 

in Finland in the 1950s and therefore e.g., significant large chromitite deposit in the Kemi 

Intrusion was discovered by GTK in 1959 (Alapieti et al., 1989a). The Koillismaa-

Näränkävaara Complex was found in the 1960s while Outokumpu Oy explored and 

mapped the area. The focus of exploration was on the Ni-Cu ores but as a side result, 

large low-grade PGE-bearing sulfide occurrences were found. Rautaruukki Oy continued 

exploration drilling in the 1970s in the Koillismaa-Näränkävaara area, while planning 

mining operation in Mustavaara. The Koillismaa Research Project by University of Oulu 

was started in the 1970s to study basic magmatism and related metallogeny in the 

Koillismaa Intrusion. This project identified the rocks in the Koillismaa Complex as mafic 

layered intrusion with ore potential. Several papers about layered intrusions in the 

Koillismaa-Näränkävaara Complex have been published since (Alapieti, 1982; Piirainen 

et al., 1978; Kojonen and Iljina, 2001; Alapieti, 2005; Alapieti and Huhtelin, 2005; Iljina 

et al., 2005). 

Piirainen et al. (1977) studied the sulfide mineralization in the Marginal Group (Marginal 

Series) of the Porttivaara Layered Series. Sulfides occur as dissemination in the 

Porttivaara MS, and the best dissemination is encountered at the top of the contact gabbro 

unit. The sulfide content varies along the MS from relatively rich sulfide content to the 

complete absence of sulfides. The dissemination is described to be cloud-like with no 

distinct boundary between disseminated and barren rock. The main sulfide minerals in 

the Porttivaara MS are chalcopyrite, pentlandite, pyrrhotite and pyrite. The following 

accessory minerals can occur: covellite, violarite, marcasite, sphalerite, mackinawite, 

argentian pentlantide, hessite, native gold, merenskyite, froodite, michenerite and 

sperrylite. The total concentration of PGEs may be up to 1 ppm and the Pt+Pd ratio varies 

from 0.2-0.6. 

Kojonen and Iljina (2001) studied PGE-minerals in the Kuusijärvi Marginal Series in the 

Koillismaa Layered Intrusion. Whole rock- and precious metal- analyses were made and 

PGE-mineral grains were analyzed and studied with SEM and EDS. Kojonen and Iljina 

(2001) found that the Kuusijärvi MS silicates host most of the PGEs (68.1-75.9% of PGE-

minerals hosted by silicates, samples from uncrushed drill core). Sulfide borders and 
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sulfide inclusions host altogether approximately 25% of PGEs. Silicates hosts 64.7% and 

sulfides 35.3% of native Au. PGE-minerals found from these samples are merenskyite, 

michenerite, kotulskite, and sperrylite. In addition, PGE-enriched cobaltite (CoAsS) and 

melonite (NiTe2), Pd-telluride, Au+Ag-telluride, native Au, and electrum is found. 

Kojonen and Iljina (2001) discovered that palladium is enriched the most in these 

samples. 

Iljina et al. (2005) published the exploration report from the Haukiaho and Kaukua PGE-

Cu-Ni-Au prosects. The Haukiaho claim covers the Marginal Series and the lowest 

Layered Series cumulate parts of the Kuusijärvi block. The Kaukua claim consists of the 

central part of the Kaukua block covering Marginal Series cumulates in the north and 

Layered Series cumulates in the central and southern parts. These both claims have 

contact-style PGE-Cu-Ni-Au enrichment hosted by MS. The sulfide-bearing zone is 

hosted by gabbroic rocks in the Haukiaho deposit. It is about 30 m in thickness and 

sulfides comprise about 1-5 wt.% of whole rock occurring in the interstices of silicate 

grains. In the Kaukua deposit the MS is mineralized throughout comprising 1-5 wt.% of 

fine-grained disseminated sulfides. The base metal sulfide minerals found from both 

deposits are pyrrhotite, pentlandite, chalcopyrite and minor pyrite. PGMs in both deposits 

occur mainly within silicates and base metal sulfides host only about 10 % of them. 

Merenskyite is the most common Pd-mineral and sperrylite is the only Pt-mineral found. 

In the 2005 study Iljina et al. found that in the Haukiaho and Kaukua Marginal Series and 

in the Kaukua reef-type deposit palladium in enriched more than platinum. Current 

estimations for mineral resources for the Kaukua deposit are 23.6 Mt ore containing 0.91-

1.07 ppm Pd+Pt+Au and for the Haukiaho deposit inferred mineral resources are 23.2 Mt 

ore containing 0.53 ppm Pt+Pd+Au within 0.21 wt.% Cu, and 0.14 wt.% Ni (Iljina et al., 

2005; Iljina et al., 2015). 

Karinen (2010) has published study of PGE reef forming processes in the Layered Series 

in the Koillismaa Intrusion. He focused on the Rometölväs Reef (RT Reef), which is 

located near the southern margin of the Syöte block. The sulfide- and PGE-enriched area 

is in the boundary between subzones MZb and MZc (see Figure 6). Currently, the RT 

Reef is the only PGE-Cu-Ni sulfide mineralized layer known in the LS. The Rometölväs 

area consists of cumulus clinopyroxene and inverted pigeonite with weak plagioclase 

lamination on primary textures. The reef has close spatial relationship with small 
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noncumulus-textured gabbronorite body and the highest PGE grades (up to 0.3 wt.% Cu 

and 0.3 wt.% Ni with 1 ppm of Au+Pd+Pt) in reef are found in sulfide-bearing portion of 

this gabbronorite body. These mineralized cumulates have typically mottled appearance 

including sulfides and low-temperature minerals. The reef of mottled cumulates contain 

up to 0.9 wt.% Cu, 0.3 wt.% Ni, and 0.6 ppm of Au+Pd+Pt. The precious metal- and 

silver-bearing minerals found in the RT Reef are mostly tellurides and can be classified 

into six groups: 1) merenskyite-moncheite-melonite solid solution series members, 2) 

hessite, 3) sperrylite, 4) volynskite, 5) michenerite, and 6) Au-Ag alloys. Approximately 

80 % of these grains were single-phase grains and 50 % of them occur within silicates 

and the rest within sulfides or silicate-sulfide borders. Karinen (2010) compared the 

results from RT Reef to the precious metal mineral occurrence of the Koillismaa MS. He 

subdivided the PGE-, gold-, and silver-bearing minerals of the Koillismaa MS into six 

groups based on 251 mineral grains found from 12 samples. These groups are in 

decreasing order of abundance: 1) phases of the kotulskite-sobolevskite-sudburyite solid 

solution series, 2) phases of the merenskyite-melonite-moncheite solid solution series, 3) 

Au-Ag alloys, 4) sperrylite, 5) michenerite, and 6) hessite. The first three groups each 

contain about 25- 30 % of the grain occurrence and rest of the groups occur as minor. 



39 

 

5 SAMPLING AND METHODS  

5.1 Sampling and thin section research 

Drill core S5112020R1 (Figure 10) was drilled by GTK in summer 2020 in the Pintamo 

area, 110 km northeast of Oulu and 30 km southwest of Taivalkoski. Total length of the 

drill core is 1147.30 m. 14 drill core samples were taken from the sulfide enriched part of 

the core from the depth between 1057.14 m and 1144.40 m, and polished thin sections 

were made from these samples by GTK. Polished thin sections were studied for their main 

mineral assemblages, alteration, and textural characteristics by transmitted light 

microscope. Whole rock analyses for PGEs and gold and were made from the same depths 

where thin sections were made of. The analysis results of Au+Pt+Pd (ppm) content from 

drill core samples are shown in Figure 9. 

Figure 10. Drilling site for drill core S5112020R1 and rock types in the Pintamo block.  
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5.2 FE-SEM-EDS and FE-EPMA analyses 

Carbon coated thin sections 201075, 201076, 201079 and 201086 were examined in 

Centre for Material Analysis in University of Oulu by semiquantitative identification of 

PGE-minerals using FE-SEM-EDS (Field Emission Scanning Electron Microscope and 

Energy-Dispersive X-ray Spectroscopy Analyzer). Zeiss Sigma Gemini electron 

microscope was used for the manual search of PGE-mineral grains and analyses were 

conducted with Apollo X-SDD Detector and EDAX Smart Insight analyzing program. 

Ten second analyzing time was used in every area within imaging resolution of 1.5 nm 

and accelerating voltage of 15 kV. The electron beam is approximately 1 µm in diameter. 

Thin sections 201076 and 201079 were examined also with Jeol JXA-8530FPlus FE-

EPMA (Field Emission Electron Probe Microanalyzer). PGE-mineral grains and hosting 

phases were analyzed from backscatter electron images (BSE).  The compositions of the 

PGE-minerals were calculated from the atomic proportions, and minerals were identified.  
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6 RESULTS  

6.1 Petrography 

Rock types in the Pintamo Marginal Series were identified during drill core logging and 

are their stratigraphy is presented in Figure 9. The rock types in the Pintamo MS are 

pyroxenite, peridotite, homogenous gabbronorite, heterogenous gabbronorite and chilled 

gabbronorite. The MS is highly altered, and it is crosscut by a diabase dyke. The detailed 

thin section descriptions are presented in Appendix 1.  

6.2 PGE-, gold-, and silver-bearing minerals 

Four thin sections from the Pintamo Marginal Series were examined for PMGs using FE-

SEM-EDS. These thin sections represent the most PGE-enriched areas of the drill core 

(see Figure 9). Analytical information of identified PGM grains is presented in Appendix 

2. Chemical composition of PGM grains is presented in Appendix 3 and calculated atomic 

proportions of PMG grains in Appendix 4. Altogether 64 individual PGE-, gold-, and 

silver -bearing and base metal sulfide mineral grains from four thin section samples were 

found and analyzed. During mineral identification, some analytical results were 

abandoned due to an unreliable result or because the mineral grains were too small. 42 

minerals were identified with 39 of them being PGE-, gold-, and silver-bearing minerals 

and three clausthalite-galena grains. The PGE-, gold-, and silver -bearing minerals that 

were found can be classified into six groups which are in decreasing order of abundance: 

1) mereskyite-melonite-moncheite solid solution series, 2) palladium-tellurides, 3) 

kotulskite, 4) sperrylite, 5) native silver and Au-Ag-alloys, and 6) hessite. Minerals found 

from the Pintamo MS are presented in Figure 11. The PGMs found from the Pintamo MS 

are mostly tellurides (see Table 1). 30.80 % of the founded precious metal grains were 

identified as palladium-tellurides since the atomic proportions of these minerals were not 

equal to any known mineral.   

The distribution of the grain size is presented in Figure 12. The grain size of the PGE-, 

gold-, and silver -bearing minerals varies from 0.09 µm2 to 1026.53 µm2. The smallest 

grains occurred as dissemination, however some individual < 0.5 µm2 grains were found. 



42 

 

The distribution of certain grain sizes is presented in Table 2. Most of the PGE-, gold-, 

and silver-bearing mineral grains in the Pintamo MS are < 1 µm2 or 1-10 µm2. Few larger 

grains (> 100 µm2) were found, and most of these larger grains consist of two separate 

phases. For example, the PGM in Figure 11G is sperrylite (201079_25/1) with kotulskite 

(201079_25b/2), and in Figure 11L is merenskyite (201076_61/1) with sperrylite 

(201076_61b/2) as second phases. 

Relative proportions and mode of occurrence of the PGE-, gold-, and silver-bearing 

mineral grains is presented in Table 1. Minerals belonging to the merenskyite-melonite-

moncheite solid solution series occur the most in the Pintamo MS (35.90 %), and this 

phase was found in samples 201076, 201079 and 201086. The second common (30.80 

%) mineral phase found is palladium-telluride (PdTe9). This phase occurred frequently in 

samples 201079 and 201086. Both kotulskite (10.30 %) and sperrylite (10.30 %) occur 

as independent grains and as a second phase. They were found in samples 201076 and 

201079. Independent sperrylite grains occur slightly euhedral. Native silver (5.10 %) and 

Au-Ag alloys (5.10%) occur as independent grains in samples 201079 and 201086. Au-

Ag alloys contain more Au (atomic proportions 54-77 %) than Ag. However, native silver 

grains were found but not native gold grains. Minor hessite (2.60 %) occurred in sample 

201079. 
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Figure 11. Backscattered electron images of PGE-, gold-, and silver -bearing minerals 

found from the Pintamo MS. Analyze points and analytical identification keys are marked 

in figures. A) Unidentified palladium-telluride. B) Hessite. C) Native silver. D) 

Kotulskite (201079_11/1) and palladium-telluride (201079_21/1) with fine grained 

palladium-telluride dissemination. E) Melonite. F) Palladium-telluride. G) Sperrylite 

(201079_25/1) with second phase of kotulskite (201079_25b/2). H) Electrum. I) 

Merenskyite-melonite-moncheite solid solution. J) Kotulskite (201076_59/1) with 

second phase of sperrylite (201076_59b/2). K) Moncheite. L) Merenskyite 

(201076_61/1) with second phase of sperrylite (201076_61b/2), merenskyite 

(201076_62/3), moncheite (201076_63/4), and meresnkyite (201076_64/5).  
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Table 1. Relative proportions and mode of occurrence of the PGE-, gold-, and silver 

bearing mineral grains of the Pintamo Marginal Series.  

PGE-, gold- and silver-bearing minerals (39= from four samples)  

Merenskyite-melonite-moncheite (PdTe2 - NiTe2 - PtTe2) 35.90 % 

Palladium-telluride (PdTe9) 30.80 % 

Kotulskite (Pd (Te,Bi)) 10.30 % 

Sperrylite (PtAs2) 10.30 % 

Native silver (Ag) 5.10 % 

Electrum (AuAg) 5.10 % 

Hessite (Ag2Te) 2.60 % 

Host phases  

Silicates 53.80 % 

Sulfides 7.70 % 

Silicate-sulfide border 38.50 % 
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Figure 12. Grain size distribution of PGE-, gold-, and silver bearing mineral grains of the 

Pintamo Marginal Series. 

Table 2. Grain distribution of PGE-, gold and silver bearing mineral grains of the Pintamo 

Marginal Series and the amount of certain grain sizes. 

Grain size  Amount (n = 36) 

< 1 µm2 19,40 % 

1–5 µm2 33,30 % 

5–10 µm2 16,67 % 

10–25 µm2 8,33 % 

25–50 µm2 2,78 % 

50–100 µm2 5,56 % 

> 100 µm2 11,11 % 

> 1000 µm2 2,78 % 
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6.3 Host phases 

Mode of occurrence of the PGE-, gold-, and silver bearing mineral grains of the Pintamo 

Marginal Series is presented in Table 1. There are three distinct host for PGMs: Silicates 

are the main host (53.80 %) for PGM grains, silicate-sulfide border (38.50%) is the second 

common place for PGMs to occur, and 7.70 % of founded PGM grains occurred within 

base metal sulfides. PGM grains which occurred in silicate-sulfide border were in many 

cases extended- or long-shaped such as the palladium-telluride grain in Figure 11F. 

Chalcopyrite (CuFeS2) is the most common host sulfide mineral in all samples. Other 

base metal sulfide assemblages hosting were pyrrhotite (FeS), pentlandite ((Fe,Ni)9S8), 

arsenopyrite (FeAsS), galena-clausthalite (PbS- PbSe), and Co-arsenide ((Co,Fe)AsS). 
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7 DISCUSSION 

7.1 Comparison to other blocks in the Koillismaa Intrusion 

PGEs occur in the Koillismaa Intrusion along disseminated base metal sulfides in the 

Marginal Series which is confirmed by several studies (e.g., Alapieti, 1982; Kojonen and 

Iljina, 2001; Iljina et al., 2005; Karinen, 2010). This study confirms the assumption of the 

occurrence of the PGEs in the Pintamo Marginal Series. Silicates are the main host (see 

Table 1) for PGM grains in the Pintamo MS, however, they seem to gather around sulfides 

as sulfide-PGM aggregates. Hence it could be assumed, that PGEs have been in sulfide 

liquid and concentrated in sulfide droplets in intrusion. As Barnes and Lightfoot (2005) 

noted, many disseminated sulfides tend to have higher metal tenors than massive sulfides. 

Since Cu, and Pd do not partition into olivine, their abundance in melts is controlled 

mainly by sulfides. Hence the Pintamo Marginal Series have the highest PGE grades in 

samples with high sulfide abundace. Karinen (2010) noted that PGE-, gold-, and silver 

bearing mineral grains in the Marginal Series of the Koillismaa Layered Intrusion and in 

the Rometölväs Reef occur mainly in silicates (78.10 % in MS and 44.50 % in RT Reef). 

Kojonen and Iljina (2001) noted that PGM grains in the Kuusijärvi Marginal Series (68.1 

% -75.9 %) and Iljina et al. (2005) noted that PGM grains in the Haukiaho and Kaukua 

Marginal Series occur mainly in silicates. In the Pintamo MS 53.80 % of single PGE-, 

gold-, and silver bearing mineral grains were hosted by silicates and 38.50 % located in 

silicate-sulfide border. By the mode of occurrence of PGM grains, it can be suggested 

that they have been crystallized at the late stage in system, after base metal sulfides, 

together with gold, silver, tellurides, and hydrosilicates. The other theory is that PGMs 

have formed in sulfide droplets and afterwards they have been re-distributed during 

alteration stage and therefore PGMs have formed sulfide-PGM aggregates around base 

metal sulfides (see Figure 11D). PGM grain locations mainly in silicates and silicate-

sulfide border can indicate that there have been volatile-rich residual liquids present at 

the end of crystallization, and these fluids have had a cooling effect to the system. During 

retrograde metamorphism PGMs have been able to crystallize in intergranular spaces 

between silicates and sulfides (Piispanen and Tarkian, 1984; Kojonen and Iljina, 2001). 

This explains the long and vein-like shape of PGM grains located in silicate-sulfide 

border. 
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Table 3 presents the comparison of occurrence of PGE-, gold, - and silver bearing 

minerals in the Haukiaho, Kuusijärvi, Porttivaara and Pintamo Marginal Series and in the 

Rometölväs Reef. The dominant PGMs to occur in the Pintamo MS are palladium-

tellurides, and in the merenskyite-melonite-moncheite solid solution series merenskyite 

(PdTe2) is more common than melonite (NiTe2) or moncheite (PtTe2) (see also Appendix 

2-3). The dominance of merenskyite and palladium-tellurides were also noted by Kojonen 

and Iljina (2001) and Karinen (2010) and phases of the merenskyite-melonite-moncheite 

solid solution series are the most common in all Marginal Series and in the RT reef. Based 

on this study, it can be noted that palladium is enriched the most of PGEs in the Pintamo 

MS, similar to the previously studies for the other blocks in the Koillismaa Layered 

Intrusion (Kojonen and Iljina, 2001; Iljina, 2005; Karinen, 2010). PGE-, gold-, and silver 

bearing phases in the Pintamo MS are mostly tellurides but few bismuthides were found 

from sample 201076. Kojonen and Iljina (2001), Iljina et al. (2005) and Karinen (2010) 

found tellurides to be the most common host of PGEs as well in other blocks. In all 

studies, sperrylite is the most common or the only Pt-enriched mineral found. Karinen 

(2010) noted that two phase PGMs were found in the Marginal Series and in the 

Rometölväs Reef. Two phase PGM grains, for example kotulskite in sperrylite grain and 

sperrylite in merenskyite grain (see Figure 11), were found in the Pintamo MS. Due to a 

limited analysis data, it cannot be concluded if certain PGMs in the Pintamo MS occur 

mainly as second phase. Usually, PGMs occur as single-phase minerals in the Marginal 

Series of the Koillismaa Layered Intrusion. The sulfide mineral assemblages of the 

Pintamo MS are very similar compared to other studies. Alapieti (1982), Iljina et al. 

(2005), Karinen (2010), and this study found chalcopyrite, pyrrhotite, and pentlandite to 

be the most common base metal sulfides to occur in Marginal Series. Minor pyrite was 

found in all studies. 

The grain size distribution of PGE-, gold-, and silver bearing mineral grains found in 

Pintamo MS is shown in Figure 12 and Table 2. Most of the grains are < 1-10 µm2 in size 

(69.37 %). This correlates well with grain size studies by Karinen (2010), Iljina et al. 

(2005), and Kojonen and Iljina (2001). Karinen (2010) found that 66.6 % of PGE-, gold-

, and silver-bearing mineral grains of the Marginal Series are < 10 µm2 and Iljina et al. 

(2005) noted that most of the PGM grains in the Haukiaho and Kaukua Marginal Series 

are generally few tens of micrometers in diameter. In the Kuusijärvi Marginal Series PGM 

grains are usually < 40 µm2 and the majority < 15 µm2.  
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Kojonen and Iljina (2001), Karinen (2010) and this study found Au-Ag-alloys and silver-

bearing minerals. Karinen (2010) noted that most of Au-Ag alloys in the Marginal Series 

contain ca. 80 wt. % Au and some native gold grains were found, however, usually Au-

Ag alloys in the MS occur as electrum (26.20 %). In Rometölväs Reef hessite (Ag2Te) 

(34.20 %) is the most common Ag-bearing mineral and 1.10 % of found PGE-, gold-, and 

silver bearing minerals are electrum grains (Karinen, 2010). In this study native silver and 

electrum grains were found equally (both 5.10 % of founded PGE-, gold-, and silver 

bearing mineral grains). 2.60 % founded grains were hessite. According to this study the 

Pintamo MS Au-Ag alloys contain more Au than Ag (see Appendix 4) which correlates 

with the results of Karinen (2010).  

Marginal reversal structure is common in the marginal series of the Koillismaa Intrusion, 

which is noted in several studies (e.g., Alapieti, 1982; Iljina et al., 2005; Karinen, 2010), 

and marginal reversal structure occurs in Pintamo MS as well. Although the Pintamo MS 

is thinner compared to other blocks in the Koillismaa Layered Intrusion, the stratigraphy 

of the rock units in the block and marginal series follows the same pattern. Petrography 

of the Pintamo MS correlates well with other Marginal Series of the Koillismaa Intrusion. 

Host rocks for PGMs in the Pintamo MS are the same as in the other blocks of the 

Koillismaa Intrusion. The common feature in host rocks for base metal sulfides and PGMs 

is high alteration in the Pintamo MS. Some silicate minerals were too altered and 

metamorphosed to do proper identification. Cumulus texture is preserved in samples 

201076, 201087, 201088, and 201090. For example, in Sample 201076 is a peridotite 

with orthocumulate texture. Sample 201087 is heterogenous gabbronorite with 

mesocumulate texture, and samples 201088 and 201090 are heterogenous gabbronorite 

with adcumulate texture. This is similar to observation of Karinen (2010) that rocks in 

the Marginal Series subzones UZMS and UZMSa (see figure 6) are typically highly 

altered, however they have still preserved their igneous texture. 

7.2 Exploration potential 

Many studies prove that the Marginal Series of the Koillismaa Intrusion includes contact-

type base metal sulfide- and PGE-mineralization (e.g., Alapieti, 1982; Kojonen, 2001; 

Kojonen and Iljina, 2001; Iljina et al., 2005; Karinen, 2010). The Marginal Series contains 

up to 0.9 wt. % Cu, 1.1 wt. % Ni and 4.3 ppm Au+Pd+Pt (Karinen, 2010). It has been 
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proven by several studies, including this thesis, that palladium has been enriched the most 

in the Marginal Series resulting in a Pd/Pt ratio of 2.8 (Karinen, 2010). Precious metal 

prices, especially Pd, have risen since the COVID-19 pandemic started at the end of 2019, 

and they have been steadily high since. High precious and base metal prices have initiated 

exploration projects worldwide and in Finland as well. For example, today palladium 

ounce costs 2396 USD which is 73 % higher than three years ago before pandemic 

(Monex.com, 23.4.2022). Compared to world class deposits, such as Bushveld, Great 

Dyke, or Stillwater, the Koillismaa Intrusion is small. In scale of Europe, it is significant 

and have high PGE content.  

There are significant widespread layered intrusions with PGE deposits in Kola-Karelia 

region, however, during this current world situation, Finland may be more attractive in 

terms of political factors. Compared to, for example the Monchegorsk Complex and 

Burakovsky Layered Complex, the Koillismaa Layered Intrusion have moderate PGE 

grades. Exploration in a country, where political situation is stable, can accomplish more 

profit. 2440 Ma ultramafic-mafic layered intrusions in the northern and eastern Finland 

have great potential for hosting undiscovered Ni-Cu-PGE deposits and by doing extended 

exploration and research in previously explored areas, such as the Koillismaa Layered 

Intrusion, new discoveries are possible.



 

 

Table 3. The occurrence of PGE-, gold-, and silver bearing minerals in certain blocks in the Koillismaa Layered Series and Marginal Series. x = 

mineral occurs in LS or MS, - = mineral does not occur in LS or MS.  

 

 
Electrum 

(AuAg) 

Hessite 

(Ag2Te) 

Kotulskite (Pd 

(Te,Bi)) 

Melonite 

(NiTe2) 

Merenskyite 

(PdTe2) 

Michenerite 

(PdBiTe) 

Moncheite 

(PtTe2) 

Palladium-tellurides 

(PdTex) 

Sperrylite 

(PtAs2) 

The Haukiaho MS - - - - x - - - x 

The Kuusijärvi MS x x x x x x - x x 

The Porttivaara MS - - - - x x - - x 

The Rometölväs Reef x x - x x x x - x 

The Pintamo MS x x x x x - x x x 



52 

 

8 CONCLUSIONS 

The aim of this study was to determine if the Pintamo Marginal Series contains PGE-, 

gold-, and silver-bearing mineral phases, and how they occur in the Pintamo MS. The 

analyses were conducted with transmitted light microscope, FE-SEM, and EPMA 

analyzes. Chemical and atomic compositions, grain size and host phases for each PGE-, 

gold-, and silver-bearing mineral grain was determined. The Pintamo MS is a typical 

marginal series occurring in in the Koillismaa Intrusion. Rock types in Pintamo block are 

the same as in other blocks and the stratigraphic structure corresponds to the argument 

that the Koillismaa Intrusion has once been a single sheet-like layered unit that has broken 

up into several blocks during orogeny. The Pintamo MS has a marginal reversal structure 

which is typical for the Koillismaa Intrusion. PGE-, gold-, and silver-bearing mineral 

phases found in the Pintamo MS are in descending order of abundance merenskyite-

melonite-moncheite solid solution, palladium-telluride, kotulskite, sperrylite, native 

silver, electrum, and hessite. PGMs occur mainly in silicates or at silicate-sulfide border 

which indicates the late-stage crystallization in system, high alteration stage, and presence 

of volatile-rich residual fluids. The most common way for PGEs to occur is as tellurides 

in the Pintamo MS. The occurrence of precious metal phases found in the Pintamo MS 

correlates well with the other Marginal Series and in Layered Series of the blocks in the 

Koillismaa Layered Intrusion. The PGE mineralization in the Pintamo MS might be 

weaker than in other Marginal Series of the Koillismaa Layered Intrusion, however, this 

statement needs to be studied further. For future studies I suggests that the Pintamo MS 

is studied with more sample materials, and together with whole rock geochemistry studies 

which would give better view of the host rocks. Systematic thin section studies with 

EPMA or FE-SEM analysis of PGMs would give more information to enable better 

understanding of precious metal phases.
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APPENDIX 1. Thin section descriptions (1). 

 

 

Thin section ID: 201076/S5112020R1     Depth: 1060.75 m       Rock name: Peridotite 

Actual size of thin section: 4.8 cm x 2.9 cm 

 

 
PPL 

 

 
XPL 

Fine-grained peridotite with orthocumulate texture and very fine grained intercumulus matrix. 
High alteration. Clinopyroxene and plagioclase as major minerals. Light-colored olivine 
pseudomorphs. Biotite, chalcopyrite, and pentlandite as minor minerals.  

  

Thin section ID: 201075/S5112020R1      Depth: 1057.14 m       Rock name: Pyroxenite 

Actual size of thin section: 4.8 cm x 2.9 cm 

 

 
Plane polarized light (PPL) 

 

 
Cross-polarized light (XPL) 

Medium-grained pyroxenite. Highly altered. Clinopyroxene and plagioclase as major minerals. 
Chalcopyrite, pentlandite, biotite, and quartz as minor minerals. Minor twinning in in 
plagioclase grains. 



 

 

 

APPENDIX 1. Thin section descriptions (2). 

Thin section ID: 201078/S5112020R1      Depth: 1071.63 m       Rock name: Pyroxenite 

Actual size of thin section: 4.8 cm x 2.9 cm 

 

 
PPL 

 

 
XPL 

Very fine-grained and highly altered pyroxenite from pyroxenite-peridotite contact. 
Clinopyroxene and plagioclase as major minerals. Biotite, chalcopyrite, and pentlandite as 
minor minerals.  

 

Thin section ID: 201079/S5112020R1      Depth: 1079.28 m       Rock name: Pyroxenite 

Actual size of thin section: 4.8 cm x 2.9 cm 

 

 
PPL 

 

 
XPL 

Very fine-grained and highly altered pyroxenite. Clinopyroxene, plagioclase, and biotite as 
major minerals. Biotite, talc, chalcopyrite, and pentlandite as minor minerals. 

 

 



 

 

 

APPENDIX 1. Thin section descriptions (3). 

Thin section ID: 201080/S5112020R1      Depth: 1086.00 m       Rock name: Pyroxenite 

Actual size of thin section: 4.8 cm x 2.9 cm 

 

 
PPL 

 

 
XPL 

Medium-grained and highly altered pyroxenite. Clinopyroxene, plagioclase and quartz as major 
minerals. Biotite, orthopyroxene, and chalcopyrite as minor minerals. Minor twinning in 
clinopyroxene. 

 

Thin section ID: 201081/S5112020R1      Depth: 1092.00 m       Rock name: Homogenous 

gabbronorite 

Actual size of thin section: 4.8 cm x 2.9 cm 

 

 
PPL 

 

 
XPL 

Coarse/medium-grained highly altered homogenous gabbronorite. On top part can be seen few 
large broken clinopyroxene grains. Clinopyroxene, quartz and biotite as major minerals. 
Plagioclase, chalcopyrite, and pentlandite as minor minerals.  

 



 

 

 

APPENDIX 1. Thin section descriptions (4). 

Thin section ID: 201082/S5112020R1      Depth: 1096.24 m       Rock name: Homogenous 

gabbronorite 

Actual size of thin section: 4.8 cm x 2.9 cm 

 

 
PPL 

 

 
XPL 

Fine-grained highly altered homogenous gabbronorite. Very fine-grained matrix with medium 
grained clinopyroxene and quartz. Clinopyroxene, plagioclase, and quartz as major minerals. 
Chalcopyrite, and pentlandite as minor minerals. Twinning in clinopyroxene. 

 

Thin section ID: 201083/S5112020R1      Depth: 1098.40 m       Rock name: Homogenous 

gabbronorite 

Actual size of thin section: 4.8 cm x 2.9 cm 

 

 
PPL 

 

 
XPL 

Medium-grained highly altered homogenous gabbronorite. Clinopyroxene, plagioclase, and 
quartz as major minerals. Biotite, chalcopyrite, and pentlandite as minor minerals. 

 



 

 

 

APPENDIX 1. Thin section descriptions (5). 

Thin section ID: 201084/S5112020R1      Depth: 1106.00 m       Rock name: Homogenous 

gabbronorite 

Actual size of thin section: 4.8 cm x 2.9 cm 

 

 
PPL 

 

 
XPL 

Fine-grained highly altered homogenous gabbronorite. Medium-grained clinopyroxene. 
Clinopyroxene, plagioclase, and quartz as major minerals. Biotite and chalcopyrite as minor 
minerals. 

 

Thin section ID: 201085/S5112020R1      Depth: 1107.72 m       Rock name: Homogenous 

gabbronorite 

Actual size of thin section: 4.8 cm x 2.9 cm 

 

 
PPL 

 

 
XPL 

Coarse/medium-grained highly altered homogenous gabbronorite. Clinopyroxene and 
plagioclase as major minerals. Biotite, quartz, chalcopyrite, and pentlandite as minor minerals. 
Major twinning in plagioclase. 

 



 

 

 

APPENDIX 1. Thin section descriptions (6). 

Thin section ID: 201086/S5112020R1      Depth: 1114.60 m       Rock name: Heterogenous 

gabbronorite 

Actual size of thin section: 4.8 cm x 2.9 cm 

 

 
PPL 

 

 
XPL 

Medium-grained heterogenous gabbronorite with finer-grained matrix. High alteration, 
albitization. Clinopyroxene and plagioclase as major minerals. Quartz and chalcopyrite as minor 
minerals.  

 

Thin section ID: 201087/S5112020R1      Depth: 1120.00 m       Rock name: Heterogenous 

gabbronorite 

Actual size of thin section: 4.8 cm x 2.9 cm 

 

 
PPL 

 

 
XPL 

Coarse/medium-grained heterogenous gabbronorite with mesocumulate texture. High 
alteration, albitization. Clinopyroxene and plagioclase as major minerals. Quartz and 
chalcopyrite as minor minerals.   

 



 

 

 

APPENDIX 1. Thin section descriptions (7). 

Thin section ID: 201088/S5112020R1      Depth: 1126.28 m       Rock name: Heterogenous 

gabbronorite 

Actual size of thin section: 4.8 cm x 2.9 cm 

 

 
PPL 

 

 
XPL 

Coarse/medium-grained heterogeneous gabbronorite from chilled margin. Adcumulate texture 
with cross-cutting fine-grained vein. Clinopyroxene, orthopyroxene, and plagioclase as major 
minerals. Olivine and sulfides as minor minerals. Medium alteration. 

 

Thin section ID: 201090/S5112020R1      Depth: 1144.40 m       Rock name: Heterogenous 

gabbronorite 

Actual size of thin section: 4.8 cm x 2.9 cm 

 

 
PPL 

 

 
XPL 

Medium-grained high altered heterogenous gabbronorite. Adcumulate texture. Clinopyroxene 
and plagioclase as major minerals. Biotite, quartz, and chalcopyrite as minor minerals. 

 



 

 

APPENDIX 2. Analytical information of PGE-, gold- and silver-bearing mineral grains in samples (1). 

 Grain No. Sample Depth (m) Method Rock type Mineral Comments Key 

  S5112020R1/       

1 2 201079 1079,28 EDS Pyroxenite Palladium-telluride Border of chalcopyrite 201079_02/2 

2 3 201079 1079,28 EDS Pyroxenite Palladium-telluride Border of chalcopyrite 201079_03/1 

3 4 201079 1079,28 EDS Pyroxenite Palladium-telluride Border of chalcopyrite 201079_04/1 

4 5 201079 1079,28 EDS Pyroxenite Palladium-telluride Border of chalcopyrite 201079_05/3 

5 6 201079 1079,28 EDS Pyroxenite Hessite Border of chalcopyrite 201079_06/1 

6 7 201075 1057,14 EDS Peridotite Native silver Within silicates 201075_07/2 

7 11 201079 1079,28 EDS Pyroxenite Kotulskite Border of chalcopyrite 201079_11/1 

8 13 201079 1079,28 EDS Pyroxenite Kotulskite Within chalcopyrite 201079_13/1 

9 15 201079 1079,28 EDS Pyroxenite Palladium-telluride Border of chalcopyrite 201079_15/1 

10 17 201079 1079,28 EDS Pyroxenite Native silver Within silicates 201079_17/1 

11 19 201079 1079,28 EDS Pyroxenite Merenskyite-melonite-moncheite solid solution Within chalcopyrite 201079_19/2 

12 20 201079 1079,28 EDS Pyroxenite Palladium-telluride Border of chalcopyrite 201079_20/1 

13 21 201079 1079,28 EDS Pyroxenite Palladium-telluride Border of chalcopyrite 201079_21/2 

14 22 201079 1079,28 EDS Pyroxenite Palladium-telluride Within chalcopyrite 201079_22/1 

15 23 201079 1079,28 EDS Pyroxenite Merenskyite-melonite-moncheite solid solution Border of chalcopyrite 201079_23/1 

16 24 201079 1079,28 EDS Pyroxenite Merenskyite-melonite-moncheite solid solution Within silicates 201079_24/1 

17 25 201079 1079,28 EDS Pyroxenite Sperrylite Within silicates 201079_25/1 

18 25b 201079 1079,28 EDS Pyroxenite Kotulskite Second phase, within silicates 201079_25b/2 

19 26 201079 1079,28 EDS Pyroxenite Palladium-telluride Within silicates 201079_26/1 

20 30 201079 1079,28 EDS Pyroxenite Sperrylite Within silicates 201079_30/1 

21 31 201079 1079,28 EDS Pyroxenite Merenskyite-melonite-moncheite solid solution Border of chalcopyrite 201079_31/1 

22 32 201079 1079,28 EDS Pyroxenite Electrum Border of chalcopyrite 201079_32/1 

 



 

 

APPENDIX 2. Analytical information of PGE-, gold- and silver-bearing mineral grains in samples (2). 

 

 Grain No. Sample Depth (m) Method Rock type Mineral Comments Key 

  S5112020R1/       

23 36 201086 1114,6 EDS Heterogenous gabbronorite Merenskyite-melonite-moncheite solid solution Within silicates 201086_36/1 

24 38 201086 1114,6 EDS Heterogenous gabbronorite Merenskyite-melonite-moncheite solid solution Within silicates 201086_38/1 

25 39 201086 1114,6 EDS Heterogenous gabbronorite Merenskyite-melonite-moncheite solid solution Within silicates 201086_39/1 

26 44 201086 1114,6 EDS Heterogenous gabbronorite Clausthalite-galena Within silicates 201086_44/1 

27 45 201086 1114,6 EDS Heterogenous gabbronorite Merenskyite-melonite-moncheite solid solution Within silicates 201086_45/1 

28 47 201086 1114,6 EDS Heterogenous gabbronorite Clausthalite-galena Within silicates 201086_47/1 

29 48 201086 1114,6 EDS Heterogenous gabbronorite Clausthalite-galena Within silicates 201086_48/3 

30 50 201086 1114,6 EDS Heterogenous gabbronorite Palladium-telluride Within silicates 201086_50/1 

31 52 201086 1114,6 EDS Heterogenous gabbronorite Electrum Within silicates 201086_52/3 

32 53 201086 1114,6 EDS Heterogenous gabbronorite Palladium-telluride Border of sulfide 201086_53/1 

33 57 201086 1114,6 EDS Heterogenous gabbronorite Merenskyite-melonite-moncheite solid solution Border of sulfide 201086_57/1 

34 58 201086 1114,6 EDS Heterogenous gabbronorite Palladium-telluride Border of sulfide 201086_58/1 

35 59 201076 1060,75 EPMA Peridotite Kotulskite Within silicates 201076_59/1 

36 59b 201076 1060,75 EPMA Peridotite Sperrylite Second phase, within silicates 201076_59b/2 

37 60 201076 1060,75 EPMA Peridotite Merenskyite-melonite-moncheite solid solution Within silicates 201076_60/1 

38 61 201076 1060,75 EPMA Peridotite Merenskyite-melonite-moncheite solid solution Within silicates 201076_61/1 

39 61b 201076 1060,75 EPMA Peridotite Sperrylite Second phase, within silicates 201076_61b/2 

40 62 201076 1060,75 EPMA Peridotite Merenskyite-melonite-moncheite solid solution Within silicates 201076_62/3 

41 63 201076 1060,75 EPMA Peridotite Merenskyite-melonite-moncheite solid solution Within silicates 201076_63/4 

42 64 201076 1060,75 EPMA Peridotite Merenskyite-melonite-moncheite solid solution Within silicates 201076_64/5 
 

  



 

 

APPENDIX 3. Chemical compositions of PGE-, gold-, and silver-bearing mineral grains (1).  

Key S Fe Ni Cu Se Ag Au Pt Pd Os Ru Te Bi W Pb Si As TOTAL 

 W-%                 % 

201079_02/2        0,09 7,89 1,24  90,77      99,99 

201079_03/1        0,15 8,98 0,86  90      99,99 

201079_04/1        0,31 6,57 3,81  89,31      100 

201079_05/3        0,05 7,87 0,8 0,01 91,27      100 

201079_06/1    11,3  41,44      30,57   16,68   99,99 

201075_07/2      98,74          1,26  100 

201079_11/1 0,38 1,65       36,4   61,57      100 

201079_13/1 0,49 1,26       38,32   59,94      100,01 

201079_15/1 0,15 4,7       6,25   88,9      100 

201079_17/1  3,94    74,28          21,79  100,01 

201079_19/2   13,5      7,01   79,5      100,01 

201079_20/1         9,02   90,98      100 

201079_21/2         10,04   89,96      100 

201079_22/1 1,89       0,1 10,23 0,51  87,27      100 

201079_23/1         20,34   71,46  6,42    98,22 

201079_24/1   4,35      19,41   76,24      100 

201079_25/1        47,19         52,81 100 

201079_25b/2 0,48 1,17       39,74   58,6      99,99 

201079_26/1  2,66       19,36   67,8     10,17 99,99 

201079_30/1        47,85         52,15 100 

201079_31/1  3,97  12,23     3,31   80,49      100 

201079_32/1      14,25 85,75           100 

 



 

 

APPENDIX 3. Chemical compositions of PGE-, gold-, and silver-bearing mineral grains (2).  

Key S Fe Ni Cu Se Ag Au Pt Pd Os Ru Te Bi W Pb Si As TOTAL 

 W-%                 % 

201086_36/1 1,65 2,04       22,97   65,12  8,22    100 

201086_38/1  1,1 15,1   0,52 1,25     66,46  15,15    99,58 

201086_39/1         31,43   68,57      100 

201086_44/1 11,84 35,88    8,62 20,94        22,73   100,01 

201086_45/1 1,4        20,98   56,62  20,66    99,66 

201086_47/1  5,71   5,28      6,42    81,65   99,06 

201086_48/3  15,51   18,81      4,12    61,56   100 

201086_50/1         9,52   90,48      100 

201086_52/3      28,31 67,45     4,24      100 

201086_53/1         8,95   91,05      100 

201086_57/1 0,56 3,54 17,32      2,49   76,1      100,01 

201086_58/1 0,23 3,58       8,09   88,1      100 

201076_59/1         41,74   46,71 11,55     100 

201076_59b/2        58,63         41,37 100 

201076_60/1        31,12 7,64   58,15 3,09     100 

201076_61/1         27,9   64,15 7,95     100 

201076_61b/2        55         45 100 

201076_62/3        11,75 20,16   62,51 5,58     100 

201076_63/4        30,69 8,32   60,99      100 

201076_64/5        9,35 21,6   62,62 6,42     99,99 

 

 

 



 

 

APPENDIX 4. Calculated atomic proportions of PGE-, gold-, and silver-bearing mineral grains (1). 

 

Key S Fe Ni Cu Se Ag Au Pt Pd Os Ru Te Bi W Pb Si As TOTAL 

 Atomic proportions (%)               % 

201079_02/2        0,06 9,36 0,83  89,75      100 

201079_03/1        0,10 10,62 0,57  88,71      100 

201079_04/1        0,20 7,88 2,56  89,35      99,99 

201079_05/3        0,03 9,31 0,53 0,01 90,11      99,99 

201079_06/1    20,16  43,55      27,16   9,13   100 

201075_07/2      95,31          4,69  100 

201079_11/1 1,37 3,41       39,50   55,72      100 

201079_13/1 1,76 2,60       41,50   54,13      100 

201079_15/1 0,55 9,97       6,96   82,52      100 

201079_17/1  4,60    44,86          50,54  100 

201079_19/2   25,03      7,17   67,80      100 

201079_20/1         10,63   89,37      100 

201079_21/1         11,80   88,20      100 

201079_22/2 7,00       0,06 11,42 0,32  81,21      100 

201079_23/1         24,32   71,24  4,44    100 

201079_24/1   8,68      21,36   69,96      100 

201079_25/1        25,55         74,45 100 

201079_25b/2 1,72 2,41       43,00   52,87      100 

201079_26/1  5,31       20,29   59,26     15,14 100 

201079_30/1        26,06         73,94 100 

201079_31/1  7,68  20,80     3,36   68,16      100 

 

 



 

 

APPENDIX 4. Calculated atomic proportions of PGE-, gold-, and silver-bearing mineral grains (2). 

 

Key S Fe Ni Cu Se Ag Au Pt Pd Os Ru Te Bi W Pb Si As TOTAL 

 Atomic proportions (%)               % 

201079_32/1      23,28 76,72           100 

201086_36/1 5,99 4,25       25,13   59,42  5,21    100 

201086_38/1  2,21 28,86   0,54 0,71     58,43  9,24    100 

201086_39/1         35,47   64,53      100 

201086_44/1 28,24 49,13    6,11 8,13        8,39   100 

201086_45/1 5,48        24,74   55,68  14,10    100 

201086_47/1  16,31   10,67      10,14    62,88   100 

201086_48/3  32,53   27,90      4,77    34,80   100 

201086_50/1         11,20   88,80      100 

201086_52/3      41,13 53,66     5,21      100 

201086_53/1         10,55   89,45      100 

201086_57/1 1,75 6,37 29,63      2,35   59,90      100 

201086_58/1 0,86 7,65       9,08   82,42      100 

201076_59/1         48,22   44,99 6,79     100 

201076_59b/2        35,24         64,76 100 

201076_60/1        22,73 10,23   64,93 2,11     100 

201076_61/1         32,65   62,61 4,74     100 

201076_61b/2        31,94         68,06 100 

201076_62/3        7,86 24,73   63,93 3,48     100 

201076_63/4        22,05 10,96   66,99      100 

201076_64/5        6,20 26,28   63,54 3,98     100 
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