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Geochemistry of Archaean and Palaeoproterozoic mafic-ultramafic rocks in NE

Fennoscandia and implications for their Ni-Cu-PGE prospectivity
Fangfang Guo

University of Oulu Graduate School; University of Oulu, Faculty of Technology, Oulu Mining
School, Geoscience Research Unit
P.0.Box 3000, FI-910014 University of Oulu, Finland

Abstract

Northeastern Fennoscandia contains multiple generations of extrusive and intrusive mafic-
ultramafic magmatism in the Archaean greenstone belts and Palaeoproterozoic rift-related basins,
resulting in the formation of many mineral deposits. This study is focused on the geochemistry of
the mafic-ultramafic rocks to constrain the petrogenesis and ore potential of different magmatic
events and to identify key factors in ore formation which have potential implications for
exploration. The study is sub-divided into three parts focusing on 1) Archaean komatiites in
Russian Karelia, 2) Palaeoproterozoic dyke swarms in NE Fennoscandia, and 3) Palaeoproterozoic
basaltic, komatiitic and picritic metavolcanites in several rift-related supracrustal belts in NE
Fennoscandia.

Samples of Archaean komatiites and komatiitic basalts from the Vedlozero-Segozero and
Tikshozero greenstone belts in Russian Karelia were analysed for their major, trace and
chalcophile element contents. The results indicate a lack of both enrichment or depletion of
chalcophile elements in the analysed samples. With the exception of localised mobility of Pd, Cu
and Au during alteration and metamorphism, the behaviour of platinum-group elements (PGE) in
these rocks is largely consistent with the fractionation of chromite and platinum-group minerals
(PGM). The apparent paucity of dynamic lava channel environments, as indicated by the scarcity
of olivine-rich adcumulates, and the lack of exposed sulphidic sedimentary rocks in the region lead
to the conclusion that the potential of the Archaean greenstone belts in Russian Karelia to host Ni-
Cu sulphide mineralisation is relatively low.

During the Palaeoproterozoic, the Karelian craton underwent several rifting events. In this study,
they are divided into early (2.5-2.3 Ga), middle (2.3—-2.06 Ga) and late (2.06—1.94 Ga) stages of
rifting. During the early-stage rifting at 2.5-2.45 Ga, two main magma types were identified in a
suite of dykes, siliceous high-magnesian basalt (SHMB) and tholeiitic basalt. The SHMB group
shows large variation in trace element ratios (e.g., La/Sm, Th/Nb) and high initial 8’Sr/%®Sr ratios
from 0.7028 to 0.7036. These features are consistent with crustal contamination of a mantle-
derived magma, which was confirmed by thermodynamic modelling. The preferred model for the
formation of SHMB-group dykes involves crustal contamination of a komatiitic magma in the
deeper crust at a pressure of ca. 300 MPa followed by fractional crystallisation at a shallower depth,
at a pressure of ca. 100 MPa. In contrast, the magma of the tholeiitic group mainly experienced
fractional crystallization with less crustal contamination.

Based on trace element and isotope characteristics, the SHMB dykes are suitable candidates for
the parental magmas to some of the Finnish PGE-mineralised layered intrusions (e.g., Penikat and
Portimo), whereas the tholeiitic dykes may represent the parental magma to the Tsipringa layered
intrusion in Russian Karelia. Both the SHMB and tholeiitic dyke types are fertile with respect to
PGE, suggesting that the magmas remained sulphide undersaturated during mantle melting and en
route to the upper crust. This interpretation is consistent with the fact that most of the ~2.45 Ga



Fennoscandian layered intrusions contain PGE mineralisation. Sulphide melt saturation in the
dykes and layered intrusions was mostly attained after their final emplacement, likely due to crystal
fractionation.

The mafic volcanic rocks of the middle-stage rifting (Jatulian stage, 2.3-2.06 Ga) are
contemporaneous with wide-spread mafic dyke swarms across the Karelian craton. VVolcanic rocks
from different belts show variable depletion or enrichment in LREE. These features probably
indicate diverse mantle sources, which have experienced variable extents of earlier melt extraction.
New PGE data show that the magmas of this stage in both the Perdpohja and Kuusamo belts are
clearly richer in Pt and Pd compared to global basaltic volcanic rocks. However, low Cu/Pd ratios
together with high PGE contents and positive correlation between PGE and Cu with Zr, indicate
that sulphide saturation did not widely occur at this stage.

In the late-stage rifting event (2.06-1.98 Ga), the magmas in the Central Lapland Greenstone Belt
(CLGB) also show unusual high PGE contents, but with a higher Pt/Pd ratio than in the Jatulian
stage. Sulphide saturation occurred widely in both primitive and evolved magmas in the CLGB,
the Pechenga belt and the Kiiminki belt, reflected by high Cu/Pd ratios and PGE depletion,
consistent with the formation of many significant Ni-Cu-(PGE) sulphide deposits in this stage. The
oceanic plateau-related mafic volcanic rocks in the Kittil& belt in northern Finland show variable
PGE contents and Cu/Pd ratios, indicating a PGE-rich primitive magma from which sulphide melt
locally segregated. This also indicates some potential for exploration of Ni-Cu-PGE sulphide
deposits in palaeo-oceanic environments, though the major deposits are generally considered to
have formed in a continental environment.

The unusually high PGE contents (up to 32 ppb Pd and 24 ppb Pt at MgO of 10.8 wt.%) of mafic
rocks in both the middle and late rifting stages in NE Fennoscandia is interpreted to be the result
of a mantle source enriched in undissolved late veneer. The large variation of Pt/Pd ratio in these
magmas could indicate the contribution of metals from diverse types of meteorites. If correct, the
model would imply that the homogenization of late veneer materials in the Earth’s mantle may
have been operating until at least Palaeoproterozoic, i.e. much longer than the previously
considered.

The differences in the ore-formation potential from the early to the late stage of rifting may be
largely controlled by the lithospheric structure. During the early stage of rifting the lithosphere
was still relatively thick, permissive to the formation of large, slowly cooling magma chambers in
which magmas could fractionate extensively to form reef-type PGE sulphide deposits. Progressive
extension during the middle stage of rifting weakened and thinned the lithosphere, preventing the
formation of large magma chambers in the upper crust. During the late-stage rifting, interaction of
magmas with sulphur-rich sediments deposited in deep rift basins allowed the formation of Ni-Cu-
dominated sulphide deposits in magma conduits.

Keywords: Archaean, Palaeoproterozoic, platinum-group elements, Ni-Cu deposits, mafic-
ultramafic volcanic rocks, mafic dykes, continental rifting, mantle source, magma fertility, ore
formation criteria, Fennoscandia.



Arkeeisten ja Paleoproterotsooisten mafis-ultramafisten kivien geokemia Fennoskandian

koillisosassa ja sen suhde kuparin, nikkelin ja platinametallien 16ytémahdollisuuksiin
Fangfang Guo

Oulun yliopiston tutkijakoulu, Oulun yliopisto, Teknillinen tiedekunta,
Kaivannaisalan yksikko, Geotieteet
PL 3000, FI-90014 Oulun yliopisto, Suomi

Tiivistelma

Koillisen Fennoskandian arkeeisissa vihredkivivyohykkeissdé ja paleoproterotsooisissa
repedmaaltaissa on useita generaatioita ekstrusiivista ja intrusiivista magmatismia, joihin liittyy
useita malmiesiintymid. Tama tutkimus kohdistuu mafis-ultramafisten kivien geokemiaan
tarkoituksena selvittdd eri magmaattisten tapahtumien syntyé ja malmipotentiaalia ja identifioida
malminmuodostuksen avaintekijoita, joilla on malminetsinnallistd merkitystad. Tama tyo koostuu
kolmesta osasta, jotka Kkasittelevat 1) arkeeisia komatiitteja Vengjan Karjalassa, 2)
paleoproterotsooisia juoniparvia koillisessa Fennoskandiassa ja 3) paleoproterotsooisia basalttisia,
komatiittisia ja pikriittisia metavulkaniitteja useissa repedmiseen liittyvissd suprakrustisissa
vyOhykkeissa koillisessa Fennoskandiassa.

Tassa tutkimuksessa madritettiin  pad- ja hivenalkuainekoostumuksia seka kalkofiilisten
alkuaineiden pitoisuuksia komatiiteissa ja komatiittisissa basalteissa Vedlozero-Segozeron and
Tikshozeron vihredkivivyohykkeiltd Vendjan Karjalasta. Tulokset osoittavat, ettd analysoiduissa
naytteissa ei ole merkittdvaa kalkofiilisten alkuaineiden rikastumista tai kdyhtymistd. Lukuun
ottamatta paikallista Pd:n, Cu:n ja Au:n mobilisoitumista muuttumisprosesseissa ja
metamorfoosissa platinaryhmén metallien kayttdytyminen ndissa Kivissd on selitettavissa
kromiitin ja platinaryhmén mineraalien (PGM) Kkiteytymisen kautta. Dynaamisten
laavakanavaympadristojen véahaisyys paatellen oliviinirikkaiden adkumulaattien harvinaisuudesta
sekd paljastuneiden sulfidirikkaiden sedimenttien puuttuminen tutkimusalueelta viittaa siihen, etta
Venéjan Karjalan arkeeisten vihredkivivydhykkeiden potentiaali sisaltdd Ni-Cu-mineralisaatioita
on suhteellisen alhainen.

Karjalan kratoni koki useita repeamistapahtumia paleoproterotsooisena aikakautena. Tassé
tutkimuksessa ne on jaettu varhaisen vaiheen (2,5-2,3 Ga), keskivaiheen (2,3-2,06 Ga) ja
myoOhdisen vaiheen (2,06—1,94 Ga) repedmisiin. Varhaisen vaiheen aikana 2,5-2,45 miljardia
vuotta sitten syntyneissa juonikivissa on erotettu kaksi magman paatyyppid: pii- ja
magnesiumrikas basaltti (SHMB) ja tholeiittinen basaltti. SHMB-ryhman juonilla on suuri
vaihtelu hivenalkuainesuhteissa (esim. La/Sm, Th/Nb) ja korkeat initiaaliset 8’ Sr/2Sr-suhteet
vaihdellen vélilla 0,7028-0,7036. Nama piirteet ovat sopusoinnussa vaippaperaisen magman
kuorellisen kontaminaation kanssa, mik& on myds vahvistettu termodynaamisen mallintamisen
avulla. Parhaana mallina SHMB-ryhmaén juonien synnylle pidetdan komatiittisen magman syvélla
kuoressa, 300 MPa:n paineessa tapahtunutta kuorellista kontaminaatiota, jota seurasi fraktioiva
kiteytyminen ylempana kuoressa noin 100 MPa:n paineessa. Sitd vastoin tholeiittisen ryhmén
magma kavi lapi paéasiassa fraktioivaa kiteytymista kuorellisen kontaminaation maaran ollessa
vahaisempaa.

Hivenalkuaine- ja isotooppikoostumusten perusteella SHMB-juonet ovat sopivia kandidaatteja
kantamagmalle, joka tuotti joitakin suomalaisia PGE-mineralisoituneita kerrosintruusioita (esim.
Penikat ja Portimo), kun taas tholeiittiset juonet voivat edustaa kantamagmaa Tsipringan



kerrosintruusiolle Vendjan Karjalassa. Sekd SHMB-juonet etté tholeiittiset juonet ovat fertiileja
PGE:n suhteen, mika viittaa siihen, etta niiden magmat pysyivat sulfidin suhteen alikyll&isind
niiden syntyessa vaipassa ja noustessa yldkuoreen. Tama tulkinta on sopusoinnussa sen kanssa,
ettd useimmat ~2,45 Ga:n ikaiset Kkerrosintruusiot Fennoskandiassa sisdltavat PGE-
mineralisaatioita. Sulfidikyllaisyyden saavuttaminen juonissa ja kerrosintruusioissa tapahtui
niiden lopullisen paikalleen asettumisen jalkeen todennédkoisesti fraktioivan kiteytymisen kautta.

Keskivaiheen repeytymiseen (Jatulinen vaihe, 2,3-2,06 Ga) liittyvéat mafiset vulkaaniset kivet ovat
samanikaisia laajalle levinneiden mafisten juoniparvien kanssa l&pi Karjalan kratonin. Vulkaaniset
kivet eri vyohykkeilld osoittavat vaihtelevaa keveiden lantanidien (LREE) kOyhtymista tai
rikastumista. Namé piirteet todennakdisesti indikoivat erilaisia vaipan l&hteitd, jotka olivat
kokeneet aikaisempia, vaihtelevan asteisia sulamistapahtumia. Uudet PGE-analyysit osoittavat,
ettd tdiman vaiheen magmoissa Perdpohjan ja Kuusamon vyohykkeilld on selvasti korkeammat Pt-
ja Pd-pitoisuudet verrattuna globaaleihin basalttisiin vulkaanisiin kiviin. Alhaiset Cu-Pd-suhteet
yhdessa korkeiden PGE-pitoisuuksien ja PGE:n, Cu:n ja Zr:n vélilld olevan positiivisen
korrelaation kanssa kuitenkin indikoivat, etta kyllaisyytta sulfidin suhteen ei tapahtunut laajalti
tassa vaiheessa.

Myohdisen  repedmistapahtuman  aikana  (2,06-1,98 Ga) syntyneilld  Keski-Lapin
vihredkivivyohykkeen (CLGB) magmoilla on my0s epatavallisen korkeita PGE-pitoisuuksia,
mutta niilld on korkeammat Pt/Pd-arvot kuin Jatuli-vaiheen vulkaniiteilla. Sulfidin kylldisyys
saavutettiin laajalti seka primitiivisissa ettd kehittyneissa magmoissa CLGB:sséd sekd Petsamon ja
Kiimingin vyohykkeissd, mika heijastuu korkeissa Cu/Pd-suhteissa ja PGE:n kdyhtymisend, miké
on sopusoinnussa monien Ni-Cu-(PGE)-malmien muodostumisen kanssa tassé vaiheessa. Kittilan
vyOhykkeessd Pohjois-Suomessa esiintyvill4, merelliseen tasankoon liittyvilla mafisilla
vulkaniiteilla on vaihtelevia PGE-pitoisuuksia ja Cu/Pd-suhteita indikoiden PGE-rikasta magmaa,
josta sulfidisula on paikallisesti erottunut. Tama myds indikoi jonkinlaista potentiaalia Ni-Cu-
PGE-sulfidiesiintymisen |0ytymiselle paleomerellisessa ymparistossd, vaikkakin suuret
esiintymaét ajatellaan yleisesti muodostuneen mantereisessa ymparistossa.

Mafisten kivien epatavallisen korkeat PGE-pitoisuudet (maksimissaan 32 ppb Pd ja 24 ppb Pt
MgO-tasolla 10,8 p.-%) keski- ja mydhaisvaiheen repeamisen aikana koillisessa Fennoskandiassa
ovat tulkittu johtuvaksi vaipan lahteen rikastumisesta metalleista, jotka tulivat maaplaneetalle sen
ytimen muodostumisen jalkeen mydhéisen meteoriittipommituksen tuloksena (late veneer -
hypoteesi). Ndissda magmoissa todettu laaja vaihtelu Pt/Pd-suhteessa voisi johtua metalleista, jotka
ovat peréisin erityyppisistd meteoriiteista. Jos ndin on, tdma malli tarkoittaisi, ettd myohdisessa
pommituksessa tulleen materiaalin homogenisoituminen maan vaipassa olisi kestanyt ainakin
paleoproterotsooiselle aikakaudella saakka eli paljon pitempdaan kuin on aikaisemmin ajateltu.

Erot varhais-, keski- ja mydhaisvaiheen malmipotentiaalissa voivat johtua litosfaarin rakenteesta.
Varhaisen vaiheen repedmisen aikana litosfaari oli vield suhteellisen paksu, mika mahdollisti
suurten, hitaasti jaahtyvien magmaséilididen synnyn, joissa magma saattoi fraktioitua pitkélle ja
muodostaa reef-tyyppisida PGE-sulfidiesiintymid. Eteneva ekstensio keskivaiheen repeytymisessa
heikensi ja ohensi litosfadria estden suurten magmasailiéiden synnyn ylakuoreen. Myo6héisen
vaiheen repeytymisessa magmojen vuorovaikutus sulfidirikkaiden sedimenttien kanssa syvissa
repedmaaltaissa mahdollisti Ni-Cu-sulfidimalmien muodostumisen magman tulokanavissa.

Asiasanat: Arkeeinen, paleoproterotsooinen, platinaryhman metallit, Ni-Cu-malmit, mafis-
ultramafiset vulkaniitit, mafiset juonet, mantereinen repeytyminen, vaipan ldhde, magman
fertiliteetti, malminmuodostuskriteerit, Fennoscandia
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1. Introduction

Magmatic sulphide deposits hosted by mafic-ultramafic rocks are important raw material sources
for the green energy transition (e.g., Ni, Co, Cu, PGE), including mainly komatiite-hosted, Ni-
dominated sulphide deposits, Ni-Cu-dominated, conduit-type deposits, and layered intrusion-
hosted PGE-dominated sulphide deposits (Naldrett, 2004). In NE Fennoscandia, there are multiple
generations of mafic-ultramafic magmatism from the Archaean greenstone belts to
Palaeoproterozoic rift-related basins, hosting several important mineral deposits, such as Kevitsa,
Sakatti, Penikat, and Portimo in Finland (Barnes et al., 2001; Hanski et al., 2011; Maier and Hanski,
2017; Luolavirta et al., 2018; Iljina et al., 2015; Karinen, 2010) and Pechenga, Monchegorsk, and
Fedorovo-Pana in the Russian part of the shield (Bayanova et al., 2009; Groshev et al., 2019;
Mitrofanov et al., 2019; Pripachkin et al., 2023). However, poor exposure in many parts of this
region has made exploration challenging. Moreover, the petrogenesis and key ore-formation
criteria of these deposits remain uncertain, and as a result a clear exploration model is lacking.

Thus, more efficient exploration targeting for this types of deposits is becoming important.

This research was designed to test whether one can constrain the regional prospectivity for Ni-Cu-
PGE in NE Fennoscandia by using noble metals and other geochemical data from mafic-ultramafic
volcanic rocks and dykes as pathfinder elements, as these rocks are potentially co-genetic with the
ore deposits. The hypothesis is that for Ni-Cu-PGE deposits, the controlling factor is either
association with, or proximity of fertile (noble metal rich) mafic-ultramafic magmas. It has been
suggested that Ni-Cu-dominated deposits form when fertile mantle-derived magmas interact with
S-rich crustal rocks, and PGE deposits form when fertile magmas pond and form large layered
intrusions at certain geological conditions. Thus, | generated high-quality compositional data,
including whole-rock major element, lithophile trace element and PGE concentrations, as well as
mineral geochemistry and in-situ Sr isotope composition of plagioclase, which together with
existing databases were used to constrain the mantle source, fertility and sulphide saturation
history of the magmas and their potential to form magmatic sulphide deposits in different stages

of the Archaean greenstones and Palaeoproterozoic rifting in NE Fennoscandia.

The dissertation consists of three main parts: 1) Using the platinum-group element geochemical
features of Archaean komatiites in Russian Karelia to evaluate their prospectivity for Ni-Cu
sulphide mineralisation prospectivity; 2) using the geochemical features of the 2.45 Ga mafic
dykes in northern Finland to constrain their petrogenesis as well as PGE prospectivity of coeval

layered intrusions; 3) By studying the geochemistry of the Palaeoproterozoic mafic-ultramafic
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volcanic rocks from various belts in NE Fennoscandia to constrain the fertility and sulphide
saturation history of the magmas and their potential to form magmatic sulphide deposits in
different rifting stages.

2. Generation of magmatic Ni-Cu-PGE sulphide deposits

2.1 General information on magmatic Ni-Cu-PGE sulphide deposits

Mafic and ultramafic igneous rocks are important hosts to resources of many metals, such as Ni,
Cu, Co, Cr, PGE, as well as Ti, V and Au. Magmatic sulphide ore deposits can be subdivided into
two subgroups based on their sulphide content, metal association and geological occurrence. The
first type includes sulphide-rich (>10%), Ni-Cu-dominated deposits with Co and PGE as by-
products, as exemplified by Noril’sk in Russia, Jinchuan in China, Kevitsa and Sakatti in Finland,
and Kambalda in Australia (Naldrett, 2004; Barnes et al., 2016; Smith and Maier, 2021). The
second type consists of sulphide-poor (<5% sulphide), PGE-dominated deposits with Ni, Cu, Co
and Au as by-products, such as Bushveld, Great Dyke, Stillwater, Skaergaard and Penikat
(Naldrett, 2004; Barnes and Lightfoot, 2005). Both deposit types were formed from primitive,
relatively magnesian, metal-rich mantle-derived magmas after a high degree of partial melting of
mantle (Keays, 1995). One exception is the Sudbury Ni-Cu-PGE deposit, in which the magma is
relatively less mafic and was generated by melting of crustal materials due to impact of an asteroid
(Eckstrand, 1996; Naldrett, 2004).

The Ni-Cu-dominated sulphide deposits can be further divided into two subgroups including
komatiite-related sulphide deposits (I1A) occurring in a channelised lava flow environment on the
Earth’s surface, and basalt-related deposits (IB) normally occurring in magma feeder conduits
(Barnes and Lightfoot, 2005). Komatiite-related deposits, such as Kambalda and Black Swan in
the Yilgarn craton, Australia, and Alexo and Shebandowan in the Abitibi greenstone belt, Canada
(Naldrett, 2004, and references therein), are characterised by a relatively high Ni/Cu ratio (up to
10), which is inherited from the chemical composition of the parental magma. These deposits
have a high Ni grade and are important resources of Ni (Barnes and Lightfoot, 2005; Naldrett,
2010).

There are also occurrences of komatiite-hosted Ni sulphide deposits in Fennoscandia, though their
size is normally relatively small, with only one ore body (Tainiovaara deposit 20,000 t at 1.4 wt.%
Ni and 0.12 wt.% Cu, Puustinen et al., 1995) having been mined in the late 1980’s (Vanne, 1981;
Papunen, 1989). However, it is still controversial whether the large Sakatti deposit (44.4 Mt at
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0.96 wt.% Cu and 1.90 wt.% Ni) is hosted by a komatiitic lava flow or an intrusive body
(Makkonen et al., 2017). Basalt-related deposits display large variation in Ni/Cu, though this ratio
is generally lower (<2) than in komatiite-related deposits due to a variable degree of differentiation
of the magma, such as in the case of Noril’sk in Russia (Li et al., 2009), Jinchuan in China (Chai
and Naldrett, 1992), and Nebo Babel in Australia (Seat et al., 2007). The parental magma of these

deposits can be (ferro)picrite, high-magnesium basalt, or fractionated basalt.

The PGE-dominated deposits generally occur in large mafic layered intrusions representing
fossilised large magma chambers. The intrusions are generally well layered and their sizes can
vary from 10s of kms to 100s of kms along strike and thicknesses from hundreds of metersto >10
km. As mentioned previously, this deposit type is characterised by a relatively low abundance of
sulphide minerals, normally less than 5%, or in some cases less than 1%. However, the PGE tenor
tends to be very high, reaching 100s of ppm (Godel et al., 2007; Naldrett et al., 2009; Mansur et
al., 2021). On the other hand, the bulk-rock Ni and Cu contents are not very high and therefore
they are normally mined as by-products. PGE-dominated sulphide deposits can be further
subdivided into three types: reef-type, contact-type (or marginal-type) and offset-type deposits.
The reef-type PGE deposits are characterised by a thin mineralised interval (e.g., 1-2 meters) but
can be traced along the whole strike of an intrusion. Based on the host rocks, reef-type deposits
can be associated with chromitite (e.g., UG2 reef in Bushveld, Junge et al., 2015), pyroxenite or
peridotite (e.g., Merensky reef in Bushveld, main sulphide zone in Great Dyke, Wilson et al., 1989),
or magnetite cumulate (e.g., Stella, Maier et al., 2003, 2023; Skaergaard, Keays and Tegner, 2015).
The silicate-hosted PGE reefs tend to be more sulphide rich (typically 1-5%) than reef-type PGE
deposits hosted by chromitite or magnetite which have mostly very low sulphide contents (<0.1%),
which some authors have interpreted to be the result of loss of sulphur due to subsolidus reactions

between oxide and sulphide phases (Naldrett et al., 2012).

Contact-type PGE deposits occur in the contact zone between a mafic intrusion and basal country
rocks. This type of PGE deposit is generally richer in sulphides than reef-type PGE deposits and
the mineralised interval is normally thicker, but with a slightly lower metal grade (e.g., Platreef in
Bushveld, McDonald and Holwell, 2011; Suhanko in the Portimo complex, Iljina et al., 2015).
Offset-type PGE deposits occur in the country rocks to the mafic intrusions. This type of deposit
is not very common, an example being the sulphide veins in the Archaean basement just below the
Portimo complex in Finland (lljina et al., 2015), and a number of deposits around the Sudbury

igneous complex (Naldrett, 2004).
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2.2 Ore-forming processes

The formation of magmatic sulphide deposits can be subdivided into several important stages (e.g.,
Naldrett, 2004; Barnes and Lightfoot, 2005): (1) generation of the magma in the source (mantle
melting); (2) evolution of the magma during ascent into the crust; (3) sulphide saturation; (4)
chalcophile metal enrichment in the sulphide melt; (5) accumulation, fractionation and cooling of

metal-rich sulphide melt.

2.2.1 Generation of the magma in the source

It is generally thought that basaltic magmas are derived from the mantle, which can be broadly
subdivided into three types: plume mantle, asthenospheric mantle, and subcontinental and
suboceanic lithospheric mantle (SCLM and SOLM). There is still some controversy on the main
mantle source of mafic-ultramafic magmas, particularly those forming magmatic ore deposits. It
has been suggested that the SCLM is an important source for PGE in magmas (Zhang et al., 2008;
Griffin et al., 2013; Ezad et al., 2024). However, the SCLM that is the result of a large degree of
melt extraction is typically strongly depleted in PGE (Pearson et al., 2003; Lorand and Luguet,
2016, Maier et al. 2012). Most researchers suggest that the main source of metals and magma is a
plume-type mantle (or asthenospheric mantle), and the crustal geochemical signature of many
sulphide deposits is due to interaction of mantle-derived magma with crustal material (Puchtel et
al., 1996, 1997; Hanski et al., 2001b; Arndt, 2013; Yang et al., 2016).

The estimated sulphur content of mantle rocks is relatively low, on the level of 250 ppm (Lorand
et al., 2003). The base metal sulphide phases composed of monosulphide solid solution rich in iron
and Ni and intermediate sulphide solid solution rich in Cu are important hosts of metals in the
mantle, and can contribute considerably to the total budget of Cu, Ni, Co, PGE, and Au. Another
important host of some chalcophile metals is olivine, which is the most abundant mantle mineral
and controls the budget of Ni. Some minor platinum-group element-bearing phases (e.g., Pt-Fe
alloy) may also contribute to the budget of some PGEs (Lorand et al., 2013, Alard et al., 2000).
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Fig. 1. a. Calculated concentration of metals in the melt vs. the degree of mantle melting; b. Calculated
metal ratios in the melt vs. the degree of partial melting. Note the logarithmic scale on the Y-axis. Modified
after Barnes and Lightfoot (2005).

To dissolve all sulphides and generate a metal-rich melt during mantle melting, a relatively high
degree of melting is required. Otherwise, the chalcophile metals will be retained in the mantle
sulphide phases, and the generated silicate magma will be depleted in chalcophile metals,
especially those with extremely high sulphide-silicate melt partition coefficients (e.g., PGE). This
effect is less important for base metals, which have lower partition coefficients with regard to
sulphide melt. The exact degree of melting to exhaust all mantle sulphides has been estimated at
roughly 15-25% (Keays, 1995, Naldrett, 2004; Barnes and Lightfoot 2005). Figure 1 shows
chalcophile element concentrations in the melt as a function of the degree of mantle melting, as
calculated by Barnes and Lightfoot (2005). The model calculations indicate that magmas generated
by low degrees of partial melting (e.g., <10%) generally have low potential to form magmatic
sulphide deposits due to low metal contents (Keays, 1995). If the degree of melting increases above
25%, most chalcophile elements will become progressively diluted in the magma (Fig. 1), with the
exception of Ni, which is controlled by olivine, and IPGE, which may be controlled by PGE alloys.
This explains why komatiites generally have the highest Ni and Ir contents, but relatively low
content of Cu, Pd and Pt, and thus low Cu/Ir and Pd/Ir ratios and high Ni/Cu ratios (Fig. 1; Barnes
and Lightfoot, 2005; Naldrett, 2010).

2.2.2 Transportation to the crust

To form an exploitable ore deposit, a fertile mantle-derived magma must be transported from the
mantle to the crust without losing much of its metal content. This is facilitated by the presence of
weak zones in the lithosphere, such as major fault structures, which provide channels for magma

transportation (Barnes and Lightfoot, 2005; Barnes et al., 2016). Pressure release during magma
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ascent will result in increasing sulphur solubility of magma (Wendlandt, 1982; Mavrogenes and
O’Neill, 1999). Experimental studies indicate that the solubility of sulphur is ca. 1000 ppm at a
pressure of 30 kbar, increasing to 2000 ppm at 12 kbar for a magma with ca. 11 wt.% FeO
(Wendlandt, 1982). On the other hand, the temperature of the magma tends to decrease during its
ascent, which could potentially result in lower sulphur solubilities. However, the pressure decrease
has a much higher overall effect on the sulphur solubility (Mavrogenes and O’Neill, 1999).
Because of these reasons, a magma that is undersaturated in sulphide when leaving the mantle
tends to stay understaturated when ascending through the crust. Even a magma that is sulphur
saturated under mantle conditions can potentially become sulphur undersaturated under crustal
conditions. This is favourable for the formation of magmatic sulphide deposits, as the magma will
retain a high metal budget on the way to shallower depths.

2.2.3 Sulphide saturation and metal enrichment

At shallow crustal levels, the magma needs to become saturated in sulphide liquid to be able to
form a sulphide deposit. The formation mechanisms of Ni-Cu-dominated sulphide deposits and
layered intrusion-hosted PGE deposits are different. Temperature is one of the important
parameters that control the sulphide solubility. If temperature continues to decrease, a magma will
finally reach sulphide saturation during fractionation. Extensive fractionation of magma will result
in loss of metals, such as Ni and Co, to the earlier formed mafic silicate minerals. However, for
PGE-dominated sulphide deposits, fractionation is less detrimental as Pt and Pd are incompatible

in silicate and oxide minerals.

Another important process is the interaction of mafic-ultramafic magma with crustal rocks.
Experimental studies show that addition of silica to the magma could potentially decrease the
sulphur solubility. This is consistent, for example, with the coupled occurrence of elevated
siliceous crustal contamination in the basaltic Nadezhdinsky Formation in the Siberian Traps and
their clear depletion in chalcophile metals (Lightfoot and Keays, 2005). Alternatively, the addition
of sulphur-bearing material to the magma could be more efficient to elevate the sulphur content of
magma. This explains why many Ni-Cu sulphide deposits are located is areas where sulphur-rich
country rocks are available (Barnes and Lightfoot, 2005), including sulphide-bearing black shales
(e.g., Pechenga, Hanski et al., 2011; Duluth Complex, Samalens et al., 2017), sulphide-bearing
VMS-type proto-ores (Yilgarn craton, Fiorentini et al., 2008), or sulphate-bearing sediments, such
as anhydrite (e.g., Noril’sk, lacono-Marziano et al., 2017). In the former two cases, sulphur is in a

reduced form and can form sulphide melt directly. In the case of anhydrite, sulphur is in an oxidised
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form, and thus a reducing agent (e.g., coal, or graphite) is required to reduce S** to S%. In the
Noril’sk region, it was first suggested that coal was the reducing material (Naldrett, 1992).
However, in later studies, it was found that the coal mainly occurs above the mineralised intrusions,
and thus the reducing agent must be some other material. Li et al. (2009) suggests that Fe?* in the
mafic magma itself can be oxidised to Fe®", and thus serving as a reduction agent to reduce S®* to

S% to form sulphide.

The general ore-forming processes in conduit-type and komatiite-hosted Ni-Cu sulphide deposits
are similar, with the difference being that the former occur in intrusive environments, whereas the
latter generally occur in volcanic and subvolcanic environments. As komatiitic magma is very hot
and has a high-density, lava flows can potentially erode the underlying substrate, being able to
dissolve footwall material, which can trigger sulphide saturation, especially when the footwall
contains sulphur (e.g., Naldrett, 2004).

For layered intrusion-hosted PGE deposits, the marginal-type PGE deposits may share some
similarities with conduit-type sulphide deposits in terms of sulphide saturation mechanism. This
is because there is normally intensive interaction between mafic magma and country rocks, as in
the case of the Suhanko intrusion marginal series in Finland (lljina et al., 2015) and Platreef in the
northern Bushveld complex (Maier et al., 2013a). This is evidenced by the abundance of floor
xenoliths and a high abundance of sulphide (ca. 5%) in the mineralised zones. On the other hand,
reef-type PGE deposits are characterised by a relatively low sulphide abundance (1% or 0.1%
level), such as in the UG2 chromitite and Merensky PGE reef in Bushveld (Godel, 2015; Maier et
al., 2013), the Stella deposit in South Africa (Maier et al., 2003; 2023), and the three reefs in the
Penikat intrusion (Maier et al., 2018). It is generally thought that external sulphur is not necessarily

required to reach sulphide saturation to form these deposits (Maier et al., 2013a).

Naldrett (1994) suggests that mixing of a primitive and an evolved magma can form a mixture of
magma lying above the sulphur solubility curve and thus form a sulphide melt. This process could
occur when a new replenishing magma enters a magma chamber and mixes with a more evolved
early-stage magma. However, Li and Ripley (2005) found that mixing can only trigger sulphide
saturation if the mixing partners are close to S saturation. Alternatively, Maier et al. (2013a)
suggest that crystal fractionation of silicate magma can increase the sulphur content of the residual
magma and eventually lead to sulphide saturation. As most reef-type PGE deposits occur some
distance above the floor of their host intrusions, some fractionation of magma is required before

sulphide saturation takes place. In some cases where the host rocks are rich in oxide, such as
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chromitite (e.g., UG2) or magnetite rock (e.g., Stella; Maier et al., 2023), the sulphide abundance
in the PGE reef is extremely low (<0.1 wt.%). One possible explanation is that a magmatic sulphide
melt became unstable due to the loss of Fe to the oxide minerals (Naldrett et al., 2009).

2.2.4 Chalcophile metal enrichment

Chalcophile elements partition into the sulphide liquid. According to experimental studies, the
sulphide-silicate melt partition coefficients can be several hundreds for base metals and reach >1M
for PGE (Mungall and Brenan 2014; Naldrett, 1989; Barnes and Francis, 1995; Tredoux et al.,
1995). Hence, when a silicate liquid equilibrates with a sulphide melt, the bulk of the metals will
be scavenged by the sulphide melt. To calculate the dependence of the metal content of the
sulphide liquid (metal tenor) on the metal content of silicate melt and the R-factor, i.e., the mass
ratio of silicate to sulphide liquid, Campbell and Naldrett (1979) developed the following equation:

Csuiphide = Cilicate X D % (R+1)/(R+D)

where Csuiphide, Csilicate, aNd D indicate metal content in sulphide melt, metal content in silicate melt,
and partition coefficient of metal between sulphide melt and silicate melt, respectively. Based on
studies of numerous deposits, the R factor in conduit-type Ni-Cu sulphide deposits is generally
lower than that in layered intrusion-hosted sulphide deposits, with the former typically showing
values on the level of several hundreds to a few 1000 and the latter more than 10000. The R factor
tends to be particularly small in the case of massive sulphides whereas it is usually larger for
disseminated sulphide deposits. Under some conditions, when R is much higher than D, the metal
tenor can reach a maximum value when (R+1)/(R+D) approaches 1, and this maximum value is
Ciilicate X D. Hence, the maximum metal enrichment efficiency Csuiphide/Csilicate in sulphide melt is

directly proportional to the partition coefficient.

An application of the equation of Campbell and Naldrett (1979) is shown in Figure 2, which
illustrates Pd contents and Cu/Pd ratios of sulphide melt that equilibrated with silicate melt at
different R values. Three silicate melt compositions are considered: a fertile mantle-derived melt
and two fractionated melts produced by S-saturated crystallization of the primary melt. Due to the
extremely high partition coefficients of Pd into sulphide, the concentration of Pd in the sulphide
melt can reach 100 ppm. On the other hand, the maximum relative enrichment of base metals (e.g.,
Cu) in sulphide melt tends to be much lower than that of PGE resulting in lower Cu/Pd ratios with
increasing R-factor. If there was earlier sulphide removal at depth, the residual silicate melt tends
to be more depleted in Pd than Cu, obtaining a higher Cu/Pd ratio than the primitive mantle value

at about 7000 (depleted field). If sulphide saturation occurs again later, the formed sulphide melt

19



will show enrichment in chalcophile metals, but clearly less so than in the sulphides derived from
a fertile magma. If the magma has undergone an earlier sulphide segregation event prior to final
emplacement, the residual silicate melt tends to be depleted in chalcophile metals resulting in
elevated Cu/Pd ratio above the level of primitive mantle, and any sulphide subsequently forming
will have relatively low PGE contents (Fig. 2).
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Fig. 2. Calculated Cu/Pd ratios and Pd concentrations in the sulphide melt derived with variable R values
from a primitive metal-rich silicate melt and two more fractionated melts that have undergone earlier
sulphide removal. If a primitive magma with fertile chalcophile element content reaches sulphide saturation,
the sulphide melt will be enriched in chalcophile metals (open triangles) at different R-factors (100, 500,
1000, 30000), with a Pd content varying from 1 ppm up to more than 100 ppm. However, as the partition
coefficient of Cu for sulphide melt is much lower than that of Pd, the Cu/Pd ratio of the sulphide melt tends
to be lower than the primitive mantle value of about 7000. In the case where there was earlier sulphide
removal at depth, the residual silicate melt tends to be more depleted in Pd than Cu, and therefore will have
elevated Cu/Pd ratios (yellow squares in the depleted field). If sulphide saturation occurs again, the formed
sulphide melt (open squares and black diamond) will show enrichment in chalcophile metals, but clearly
less so than in the sulphides derived from a fertile magma. The concentrations of the metals in the primary
mantle melt are from Barnes and Lightfoot (2005). The sulphide melt compositions were calculated using
the equation of Campbell and Naldrett (1979) and sulphide melt/silicate melt D values of 30000 for Pd and
1000 for Cu. The calculation of silicate melt compositions after sulphide + silicate removal (1% sulphide,
99% olivine) is based on the Rayleigh fractionation equation.

2.2.5 Accumulation, fractionation and cooling of metal-rich sulphide melt

After interaction between sulphide melt and silicate melt, the metal-rich sulphide melt needs to be
physically concentrated to form a deposit with an economic grade. The original sulphide melt
occurs as fine-grained droplets, which could be transported by the host magma. The sulphide

droplets tend to adhere to each other to form larger droplets (Barnes and Lightfoot, 2005).

20



For Ni-Cu sulphide deposits, the sulphide melt tends to accumulate at the bottom of magma
conduits or komatiitic lava flows, due to its high density compared to that of silicate melt (Barnes
and Lightfoot, 2005). Where there are flow dynamic traps such as embayments in the base of the
magma chamber, the sulphide droplets can form massive or semi-massive sulphide bodies. One
example is the contact-type sulphide ore at Sudbury concentrated in so-called embayments, or the
massive sulphides in komatiite-hosted deposits in Western Australia (Naldrett, 2004). At Voisey’s
Bay, sulphides are concentrated at the exit of a conduit into a larger magma chamber, due to a
decreasing transportation velocity of sulphides (Li and Naldrett, 1999).

In layered intrusion-hosted sulphide deposits, the sulphide melt tends to be concentrated in thin
reefs having thicknesses of centimetres to a few meters. 3D computational tomography imaging
has revealed that the abundance of sulphide minerals increases towards the base of the Merensky
reef (Godel et al., 2007), which is interpreted as evidence for gravitational control on sulphide melt
concentration. The porosity of the cumulus pile likely affects the efficiency of sulphide
accumulation: In the case of Merensky reef, the thin basal chromitite layer trapped the percolating
sulphide melt and prevented it from percolating into the footwall cumulates. As a result, the highest
PGE grade is found at the top of the chromitite (Godel et al., 2007). Another model suggests that
sulphides are derived from the cumulate pile below the reefs or the floor rocks of the magma
chamber. The sulphur would have been transported in a volatile phase or a volatile-rich evolved
silicate melt (Boudreau and McCallum, 1992).

When a magmatic sulphide melt cools down, the first phase to crystallise is monosulphide solid
solution (MSS), FeS1x (Kullerud et al., 1969). In MSS, IPGE (e.g., Ir, Ru) are compatible, and Ni
is moderately incompatible with partition coefficients between MSS and silicate melt of ca. 0.4—
0.6 at high temperature (>1150°C, Kullerud et al., 1969; Barnes and Lightfoot, 2005), whereas at
<1,000°C, Ni is moderately compatible with MSS (Dni mss = 1-1.5) (Fleet et al., 1993; Barnes et
al., 1997; Ballhaus et al., 2001). On the other hand, Cu, Pd and Pt are highly incompatible with
regard to MSS. With decreasing temperature (<900°C), the residual copper-rich sulphide melt will
crystallise intermediate solid solution (ISS). When the temperature falls to below 600°C, MSS and
ISS are not stable, with MSS exsolving pyrite under sulphur-rich condition, or pyrrhotite and
pentlandite in sulphur poor conditions. ISS will exsolve to form chalcopyrite and pyrrhotite at low
temperature (Kullerud et al., 1969; Cabri, 1973; Naldrett, 2004; Barnes and Lightfoot, 2005).
Palladium and Pt are incompatible in MSS, but a considerable amount of Pd is hosted in pentlandite,
interpreted as a result of diffusion of Pd from ISS to MSS. The remainder of Pd is hosted in

platinum-group minerals (PGM) together with some semimetals (e.g., Se, As, Sb, Te). Platinum
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tends to form discrete minerals, but has a very low content in base metal sulphides (Godel et al.,
2007; Godel, 2015). The PGMs tend to occur as small grains either inside base metal sulphide or
at the boundary between sulphide minerals and silicates, though PGM can also be associated with
silicates (e.g., hydrous minerals, such as mica and amphibole) if experiencing later fluid-induced
alteration processes (Godel, 2015).

2.3. Assessment of the ore potential

From an exploration point of view, it is critical to evaluate the sulphide saturation potential of
mafic-ultramafic rocks in the areas under exploration. This can be done 1) using chemical and
isotopic indicators that can reveal the effects of sulphide saturation in rocks that were potentially
involved in ore formation processes and 2) recognising suitable geological environments for ore

formation, such as the presence S-bearing country rocks.

The addition of sulphur from external sources, such as sulphide- or sulphate-bearing sedimentary
rocks, has often been regarded as an essential requirement for formation of magmatic Ni-Cu
deposits (Naldrett, 2004). To assess whether there has been addition of external crustal sulphur,
sulphur isotope compositions can be used to constrain the source of sulphur, because mantle-
derived sulphur tends to have §S** around 0 with a small variation from -2 to +2%o and sulphur
derived from crustal source tends to show a large variation in §S3 from -20%. to higher than +20%o
(Ripley and Li, 2003). In Archaean rocks, the variation in 8S** is limited, but the sedimentary
sulphur tends to have a mass-independent sulphur isotope anomaly (non-zero AS®) (Farquhar et
al., 2000; Fiorentini et al., 2012; Konnunaho et al., 2013).

Where no sulphur-bearing country rocks exist, interaction between magma and crustal rocks can
still change the magma composition (e.g., increasing silica content, increasing oxygen fugacity)
and consequently decrease the sulphur solubility (Li and Naldrett, 1993). In such cases, the degree
of siliceous crustal contamination is useful for evaluating the ore potential. There are many
geochemical parameters for constraining crustal contamination, such as mantle-normalised rare
earth element (REE) patterns, primitive mantle-normalised trace element spider diagrams, and Sm-
Nd, Rb-Sr, Lu-Hf, and Re-Os isotope systematics. For example, a high degree of crustal
contamination tends to result in enrichment in LREE and large-ion lithophile elements (LILE),
depletion in Nb-Ta, negative initial eNd and eHf values, and high initial 8Sr/%°Sr and 87Qs/*%0s
ratios, though caution must be used as magmas with some of these chemical characteristics can

also be formed from enriched mantle sources. Other important assessment criteria for crustal
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contamination include physical features, such as the presence of abundant xenoliths of country

rock in igneous bodies.

Constraining the sulphide saturation history of magma provides another tool for ore potential
assessment. The general concept is that sulphide-saturated magma tends to show depletion in
chalcophile metals. During the fractionation of a mafic-ultramafic magma, Cu and Zr behave
incompatibly when sulphide saturation has not taken place, and the Cu/Zr ratio tends to be at the
level of the primitive mantle (Li and Naldrett, 1999). On the other hand, if sulphide saturation
occurs, Cu will become depleted relative to Zr, resulting in Cu/Zrpm below 1. This concept has
been applied in the study of the Voisey’s Bay deposit (Li and Naldrett, 1999), for example.
Similarly, Cu/Pd and Ni/Pt ratios are sensitive to sulphide saturation. Because the sulphide
melt/silicate melt partition coefficients of Pt and Pd are much higher than those of Cu and Ni, Pt
and Pd tend to be more concentrated in sulphide melt resulting in more depletion in residual silicate
melt. Consequently, sulphide-saturated residual magma will show elevated Cu/Pd ratios (up to 10s
to 100s of thousands) compared with the primitive mantle value of ca. 7000.

The Ni content in olivine provides another tool to detect metal depletion and is widely used in the
study of mineral deposits related to mafic-ultramafic rocks. Because of the compatibility of Ni in
olivine with partition coefficients at the level of 5 to 10 depending on the magma composition (Li
and Ripley, 2010), olivine crystallised from primitive magmas generally contains high Ni, up to
3000 to 4000 ppm. Under sulphide-undersaturated conditions, crystal fractionation tends to
generate decreasing Ni in olivine with decreasing MgO in magma. On the other hand, sulphide
saturation will result in a sharp decrease in the Ni content of the magma without a concomitant
decrease in MgO. This decrease in Ni can potentially be detected from a decrease in the abundance
of Ni in olivine (Arndt et al., 2003; Li et al., 2003, 2004; Brownscombe et al., 2015; Barnes et al.,
2023).

One example is the Siberian flood basalts and related Noril’sk-Talnakh sulphide deposits. One of
the stratigraphic units of the flood basalt sequence, the Nadezhdinsky Formation, shows high
(La/Sm)cn ratios, negative eNd values, and high &Sr/%®Sr ratios, which are coupled with low
chalcophile element contents, especially those of PGE, and high Ni/Pt ratios (Lightfoot and Keays,
2005). It has been interpreted that this basaltic formation experienced extensive crustal
contamination, which resulted in sulphide precipitation. The sulphide melt scavenged the
chalcophile metals and accumulated at depth forming the giant Ni-Cu-PGE sulphide ores in the

Noril’sk and Talnakh magma conduit system and the residual silicate magma erupted through the
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magma conduit to form the metal-depleted basalt formation (Lightfoot et al., 1990; Naldrett, 1992;
Hawkesworth et al., 1995).

Geochemical methods to assess ore potential have also been applied to several other large igneous
provinces (LIP), such as the Emeishan LIP (Wang et al., 2007, 2011; Qi et al., 2008), the Parana
Magmatic Province (Mansur et al., 2021), and the Canadian High Arctic Large Igneous Province
(HALIP) (Jowitt et al., 2014). Jowitt et al. (2014) suggested that the lower tholeiitic magma suite
in the HALIP has a high Ni-Cu prospectivity because this magma shows significant crustal
contamination and also a signature of chalcophile metal depletion. The authors argue that the

crustal contamination resulted in a Ni-Cu sulphide deposit at depth.

For komatiite-related Ni-Cu sulphide exploration, a similar lithogeochemical assessment is
applicable, but volcanology should also be considered as the rocks formed in an extrusive
environment (Lesher and Stone, 1996; Lesher and Keays, 2002; Arndt, 2008).All types of
komatiite (e.g., Al-depleted or Al-undepleted) have potential to produce sulphide deposits. As
komatiitic magma is generally highly sulphur undersaturated, interaction with crustal materials,
especially sulphur-bearing rocks is required to trigger sulphide melts saturation. All komatiitic
sulphide deposits occur in lava conduits or channelised sheet flows, represented by the lower
olivine cumulate zone in komatiitic lava flows. Hence, understanding the stratigraphy of komatiitic
lava flows is important. A high magma flux may result in significant erosion of the footwall rocks.
Hence, in a thick komatiitic sequence, thick olivine-rich cumulate zones should have a higher
priority for detailed exploration. Komatiite lava flows with signs of strong crustal contamination
(e.g., LREE enrichment, depletion in Nb) and sulphide segregation (e.g., PGE depletion) have the

highest potential for ore deposits.

Some layered intrusions host PGE mineralisation, but others are barren. Empirical data suggest
that well-mineralised intrusions are undepleted in PGE, with mantle-like Cu/Pd ratios in the lower
portions, indicating a PGE-rich parental magma derived by a high degree of mantle melting. On
the other hand, if high Cu/Pd ratios and low PGE contents are recorded in the upper stratigraphy,
this indicates that sulphide saturation occurred at some stage of magma evolution. PGE-bearing
reefs generally occur in the transitional zone between a stratigraphical interval with mantle-like
Cu/Pd and an interval with higher Cu/Pd. These reefs generally show lower Cu/Pd ratios than the
mantle values and also large variations in Cu/Pd. The low Cu/Pd ratio in the reefs is due to
accumulation of PGE-rich sulphides enriching the reef in PGE relative to Cu (Maier and Barnes,

2005). On the other hand, if a layered intrusion shows a fertile PGE content and mantle-like Cu/Pd
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ratios across the entire stratigraphy, it may not be a prospective target as sulphide saturation likely
did not occur at any time of the magma evolution (Maier and Barnes, 2005). Where the whole
stratigraphic section is depleted in PGE (resulting in high Cu/Pd ratios), the magma has already
lost most of its chalcophile metals before its emplacement to the current magma chamber (Maier
and Barnes, 2005), resulting in a low ore potential. In the case of contact-type deposits in layered
intrusions, interaction of magma with footwall rocks may have played some role in sulphide
saturation and ore formation, and the lower contact zone could then be an important research target.
These principles has been applied to assess the PGE mineralisation potential of layered intrusions
(e.g., Sonju Lake, Miller et al., 2002; Bushveld, Maier et al., 2003; Barnes et al., 2004; Kalka,
Maier et al 2023).

3. Previous studies on mafic-ultramafic magmatism in NE Fennoscandia and

motivation of this study

Archaean komatiites of the Karelian craton have been studied in a considerable detail, both in
Russia (e.g., Puchtel et al., 1998, 1999, 2001, 2007; Svetov et al., 2001; 2010; Svetov and Smolkin,
2003; Svetov, 2005) and Finland (e.g., Hanski, 1980; Jahn et al., 1980; Papunen et al., 2009; Holtta
et al., 2012; Maier et al., 2013b). The komatiites in eastern Finland, including those in the
Tipasjarvi-Kuhmo-Suomussalmi greenstone complex (TKS) and the llomantsi and Tulppio
greenstone belts, have been dated at ca. 2.75-2.82 Ga (Huhma et al., 2012) and are thought to have
formed in variable tectonic settings (Papunen et al., 2009; Holtta et al., 2012; Maier et al., 2013b).
Maier et al. (2013b) studied the platinum-group element (PGE) systematics of komatiitic rocks in
the greenstone belts in eastern Finland. Based on their relatively evolved compositions, the lack
of dynamic lava channel environments and PGE-enriched samples in most lava flows, the authors
concluded that, compared to Archaean komatiite-bearing belts globally, they may have a relatively
low Ni sulphide mineralisation potential. In Russian Karelia, Puchtel et al. (1998, 2001, 2005) and
Puchtel and Humayun (2000) determined PGE concentrations in the 2.8 Ga Kostomuksha
komatiites, and Puchtel et al. (2007) reported PGE data for the 2.8 Ga komatiites in the Volotsk
suite. The PGE levels of both these belts seem to be similar to those of the Finnish belts. In the
present study, | have determined the PGE contents of komatiites in two Archaean greenstone belts
in Russian Karelia, Vedlozero-Segozero and Tikshozero, in order to evaluate their prospectivity

for Ni-Cu sulphide ore deposits.

The 2.45 Ga magmatism is related to the initiation of long-lived rifting in Fennoscandia and

generated a number of mafic layered intrusions, with many of them hosting significant
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mineralisation (PGE, Cr or V) (Maier and Hanski, 2017). These mafic layered intrusions are
spatially and temporally associated with abundant mafic dykes, which likely belong to the same
magmatic event (Vuollo and Huhma, 2005; Iljina et al., 2015; Maier and Hanski, 2017; Maier et
al., 2018). In the present study, | provide new compositional data for 37 dykes from the Karelian
craton to constrain the petrogenesis of the dykes and evaluate the ore formation potential of

correlated layered intrusions.

In the long-lived rifting history, one interesting feature is that the major mineralisation stage
occurred in the initial and late stages of rifting. Similar types of magmatism and mineralisation
also occur in other cratons (e.g., Superior in Canada). The early-stage magmatism either represents
a crustally contaminated plume-derived komatiitic magma or melting of metasomatised
subcontinental lithospheric mantle (SCLM). Magmas related to the middle-stage rifting generally
show low degrees of crustal contamination and are clearly derived from asthenospheric mantle
without significant interaction with SCLM and crust (Stepanova et al., 2014). In the late stage,
plume-related magmatism occurred in both Finland and Russia, resulting in many significant Ni-
Cu-dominated sulphide deposits. In this study, | focus on multiple generations of mafic-ultramafic
volcanic rocks in several rifted basins across NE Fennoscandia, spanning in age from ca. 2.45 to
2.0 Ga. They represent Karelian magmatism, which occurred at various stages of rifting and
disruption of the Archaean Karelian craton. In addition, this work integrates platinum-group
element geochemistry and petrogenesis to constrain the key factors that affect the diversity of
mineralisation styles in these magmatic events, which will have significant implications for

exploration of critical raw materials.

4. Geological background

4.1 Archaean greenstone belts

Archaean rocks are widely distributed in the NE Fennoscandia in different cratons (Kola, Karelian,
Belomorian and Norrbotten) that are mainly composed of different types of granitoids including
tonalite-trondhjemite-granodiorite suite rocks (TTG), sanukitoid, quartz diorite-quartz
monzodiorite (Huhma et al., 2012), and greenstone belts, which host some occurrences of Ni-Cu
sulphide mineralisation (Konnunaho et al., 2015). Our research targets are located in Russian
Karelia including the Vedlozero-Segozero greenstone belt in the Karelian craton and the
Tikshozero greenstone belt at the boundary between the Karelian craton and the Belomorian

mobile belt.

26



The Mesoarchaean Vedlozero-Segozero greenstone belt is located at the western margin of the
Vodlozero terrane (Figs. 1, 2). It extends approximately in N-S direction over a distance of ca. 300
km from Lake Vedlozero to Lake Segozero and has a width of 50-60 km (Fig. 3). The underlying
rocks are Archaean granite-gneisses and granites of the South Segozero block. The greenstone belt
rocks are unconformably overlain by Palaeoproterozoic Jatulian supracrustal rocks composed of
quartz conglomerates, quartzites, quartzitic sandstones, and basaltic lava flows. All the komatiitic
rocks in the Vedlozero-Segozero greenstone belts have undergone seafloor alteration and regional
metamorphism, with the latter varying from greenschist to amphibolite facies. During these
processes, the primary textures have been preserved, but almost all the primary minerals have been

completely replaced by secondary minerals.

In this belt, Mesoarchaean volcano-sedimentary rocks occur in several areas, including Hautavaara,
Koikary, Palaselga, Sovdozero, and Semch, which likely represent fragments of an originally
larger belt (Svetov et al., 2001) (Fig. 3). In plan view, these areas form subparallel zones separated
by gneissose granites. This study was focused on the first four areas listed above (see Fig. 3). The
exposed greenstone belts in these areas extend in N-S direction for approximately 10 to 30 km,
with a width of between 1-2 km and up to 12 km. The greenstone belts are mainly composed of
komatiitic-basaltic volcanic rocks from several hundreds of meters up to 2 kilometres in thickness,
and interbedded tuffs, tuffites, and minor amounts of volcano-sedimentary and sedimentary rocks
in the upper stratigraphy (Fig. 4). Detailed geochronological studies of felsic dykes and volcanic
rocks confirm that the age of the volcanism is slightly older than 2.9 Ga (Bibikova and Krylov,
1983; Svetov et al., 2010; Arestova et al., 2012).
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Fig. 4 Simplified stratigraphic sections of komatiite-bearing volcanic successions in the four study areas
(Palaselga, Hautavaara, Sovdozero, and Koikary) of the Vedlozero-Segozero greenstone belt.

The Tikshozero greenstone belt extends for around 300 km along the boundary between the
Karelian granite-greenstone terrain and the Belomorian mobile belt (Figs. 3). It comprises several
sub-belts, which are separated from each other by granitoids. All the sub-belts contain similar
lithologies and structural styles and have undergone amphibolite facies regional metamorphism.
Thus, they likely represent fragments of a single Neoarchaean greenstone belt (Kozhevnikov, 1992,
2000). The Koizovaara and Irinozero areas are the research targets of this study. The volcanic
sequences are mainly composed of komatiites, komatiitic basalts and basalts, and lesser amounts
of felsic volcanic rocks. Peridotite is also identified in the Koizovaara area, and a gabbroic sill in
the Irinozero area. Geochronological studies of felsic volcanic rocks suggest an age of ca. 2.8 Ga
(Bibikova et al., 2003), being thus slightly younger than the age of the Vedlozero-Segozero

greenstone belt.
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4.2 Palaeoproterozoic long-lived rifting in NE Fennoscandia

4.2.1 2.45 Ga mafic dyke swarms

Several Mesoarchaean microcratons accreted together in the Neoarchaean, forming the Kenorland
supercontinent (Enrst and Bleeker, 2010). In Finland, the Karelia craton is divided into four major
blocks: Kuhmo, Taivalkoski, Pudasjarvi, and lisalmi (Vuollo and Huhma, 2005; Holtt4 et al., 2012)
(Fig. 5). Across much of the NE Fennoscandian Shield, including the Karelian craton and the
adjacent Belomorian mobile belt and Kola craton, widespread mafic-ultramafic magmatism
occurred at ~2.5-2.45 Ga (Vuollo and Huhma, 2005).

The ~2.5-2.45 Ga Fennoscandian magmatism is composed of numerous mafic layered intrusions,
mafic dyke swarms, mafic-ultramafic volcanic rocks, and minor felsic intrusive and volcanic rocks
(Alapieti, 1982; Puchtel et al., 1997, 1998; Hanski et al., 2001b; Iljina and Hanski, 2005; Huhma
et al., 2018; Maier et al., 2018). The 2.5 Ga magmatism is restricted to the Kola Peninsula,
including the Monchegorsk, Fedorovo-Pansky and Mt. Generalskaya intrusions and the
Olenogorsk dyke, while the ~2.45 Ga igneous rocks occur both in the Kola craton (e.g., Imandra)
and the Karelian craton. The Karelian craton contains the Kemi, Penikat, Portimo, Koillismaa,
Nérankédvaara, Lukkulaisvaara, Tsipringa, and Kivakka intrusions or intrusion complexes in the
Tornio—Narankévaara intrusive belt in Finland and its continuation in Russia, and the Koitelainen
and Akanvaara intrusions in Finnish Lapland (Amelin et al., 1995; Hanski et al., 2001b; Iljina and
Hanski, 2005; Bayanova et al., 2019; Koykka et al., 2022) (Figs. 5).

Several of the 2.5-2.45 Ga mafic layered intrusions in the Fennoscandian Shield host significant
mineralisation of PGE (Penikat, Portimo, Koillismaa, Fedorova Pansky), Ni, Cu and Co
(Monchegorsk, Fedorova Pansky), chromium (Kemi, Monchegorsk, Koitelainen, Akanvaara,),
and vanadium (Koitelainen, Koillismaa, Akanvaara, Monchegorsk) (Alapieti et al., 1990;
Halkoaho et al., 1990; Mutanen, 1997; Hanski et al., 2001b; Schissel et al., 2002; Karinen, 2010;
Huhma et al., 2012; Karinen et al., 2015; Karykowski et al., 2018a, 2018b; Maier et al., 2018;
Mokrushin and Smol’kin, 2021; Jarvinen et al., 2022). At present, only one deposit (Kemi Cr) is
under production (Huhtelin, 2015), but mining has occurred previously at Koillismaa (for V) and
Monchegorsk (Cr, PGE, Cu-Ni), and many exploration projects are under development (Muollo
and Huhma, 2005) (Fig. 5).

The ~2.45 Ga dyke swarms, which form the focus of this study, are present in all the blocks of the
Karelia craton with the exception of the lisalmi block. Based on their geochemistry and mineralogy,

Vuollo and Huhma (2005) subdivided these dykes into five major groups: 1) boninites, 2)
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gabbronorites GBNO), 3) low-Ti tholeiites (LTTH), 4) Fe-tholeiites (FTH), and 5) orthopyroxene-
plagioclase-phyric dykes, with the latest type being restricted to a few localities in the Kuhmo
block. Since boninite is a term that is nowadays mainly applied to high-Mg, low-Ti volcanic rocks
in fore-arc settings (Hickey and Frey, 1982), | replace it with the term siliceous high-magnesium
basalt (SHMB) in this study.

Portlmo—\ Tsipringa
MPUdaSjaNl :
EL © block | Koillismaa
: / = / l— ™
- N NFig.2 (oo Qaivalkoski *\ @
| ¢ ~ block
\ ’?i P
7oA ]

/

q{2447*10 Ma

o Suopera ’Paa/arw
area %

72446t5.6 Mal -

Kemi |2447 160 Mal

?

FINLAND |

64'N
=

80km

lisalmi
block

e Siliceous high magnesian basalt
e Gabbronorite ,
Low-Ti tholeiite B (A
A Fe Tholeiite R
N/ ~2.45 Ga mafic dykes \ )
OO0 Age determination location :
U-Pb zircon or baddeleyite age
Sm-Nd age
[ ~2.45 Galayered intrusions
[] Archaean

[] Palaeoproterozoic 29°E

Fig. 5. Geological map showing the distribution of 2.45 Ga mafic dyke swarms in the Karelian craton.
Modified after Vuollo and Huhma (2005). Age data taken from Vuollo et al. (2005) and Huhma et al. (2018).
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4.2.2 2.5-1.98 Ga mafic-ultramafic volcanic rocks in supracrustal belts

In the Palaeoproterozoic, the Fennoscandian shield experienced long-lasting rifting from 2.5 Ga
to 1.95 Ga. We divide the repeated magmatism into three stages: an early stage (2.5-2.3 Ga), a
middle stage (2.3-2.1 Ga), and a late stage (2.06—1.98 Ga). In the eastern part of the Fennoscandian
Shield, there is a sedimentary interval with an unusual positive carbon isotope anomaly, with an
age roughly ranging from 2.3 to 2.06 Ga, corresponding to the Great Oxygenation Event. This
interval is termed the Jatuli-Lomagundi period in Fennoscandia (Karhu, 1993; Melezhik et al.,
2013). Hence, we also define the different stages of volcanic rocks as pre-Jatulian, Jatulian, and
post-Jatulian.

Evidence for magmatism related to long-lived rifting has been reported from several cratons
including Superior in Canada, Wyoming in the USA, as well as Karelia and Kola in Fennoscandia
(Ernst and Bleeker, 2010). It is suggested that these cratons are linked together and were part of
the Kenorland supercontinent before its breakup. In this study, we collected samples of mafic to
ultramafic volcanic rocks from different supracrustal belts of the Karelian and Kola cratons. These
belts include, from south to north, the Kainuu belt, Kiiminki belt, Kuusamo belt, Perdpohja belt,
Salla belt, and Central Lapland greenstone belt in northern Finland, and the Pechenga belt located
in the Kola Peninsula, NW Russia (Fig. 6). Figure 7 displays simplified stratigraphic columns of
the corresponding supracrustal belts and their correlation. It should be noted that some rock units
non-essential for this study have been ignored in Fig. 7. Also note that because of the deformed

nature of the bedrock in most areas, the stratigraphic thicknesses of the units are only indicative.

The early-stage rift magmatism (2.5-2.45 Ga) is mainly composed of mafic-ultramafic volcanic
rocks with a minor amount of intermediate and felsic volcanic rocks lying directly on Archaean
basement rocks. In the Perdpohja belt the sequence begins with conglomerates which must be
younger than 2.45 Ga because they contain fragments of 2.45 Ga intrusive rocks. Younger mafic
volcanic rocks occur above the conglomerates, followed by a sequence of quartzites, mafic
volcanic rocks and dolomites deposited in the middle rifting stage (Jatulian stage, 2.3-2.1 Ga).
These rocks can be observed the Jouttiaapa Formation of the Perdpohja belt as well as the
Petdjdvaara and Ruukinvaara Formations of the Kuusamo belt, and ending with deep-water
sediments including graywackes and black schists as well as ultramafic volcanic rocks represented
by the Sattasvaara Formation (2.06 Ga) in the CLGB (Hanski et al., 2001a), the Pilgujarvi
Formation (1.98 Ga) of the Pechenga belt (Melezhik and Hanski, 2012), and the Kiiminki and

Haukipudas Formations in SW Karelia.
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Fig. 6. Sampled volcanic formations shown by red squares on a simplified geological map of northern
Finland (based on DigiKP, the digital map database of the Geological Survey of Finland, Version 1.0;
available at: www.geo.fi/en/bedrock.html). 1 = Kiiminki Formation, 2 = Haukipudas Formation, 3 =
Runkaus Formation, 4 = Jouttiaapa Formation, 5 = Vihantaselka and Matinvaara Formations, 6 = Kuntijérvi
Formation, 7 = Petdjdvaara Formation, 8 = Ruukinvaara Formation, 9 = Méntyvaara Formation, 10 =
Moykkelma Formation, 11 = Sattasvaara Formation, 12 = Kautoselkd Formation, 13 = Vesmajarvi
Formation. Abbreviations for geological units: CLGB = Central Lapland greenstone belt, CLGC = Central
Lapland Granitoid Complex, KaB = Kainuu belt, KiB = Kiiminki belt, KuB = Kuusamo belt, LGB =
Lapland granulite belt, PeB = Perdpohja belt, SaB = Salla belt, OiB= Oijarvi green stone belt. The Pechenga
belt is located outside the map in the Kola Peninsula, NW Russia. Locality name abbreviations: Hie-
Hietaharju, PA-Peura-aho, Va-Vaara, To-Tornio, Ke-Kemi, Pe-Penikat, Po-Portimo, Ko-Kaoillismaa, Na-
Narankavaara, Je-Jeesiorova, Kv-Kevitsa, Ru-Ruossakero.
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Fig. 7. Simplified stratigraphic columns of the study areas and their correlation (Honkamo, 1987; Manninen,
1991; Kylakoski et al., 2012; Melezhik and Hanski, 2012; Huhma et al., 2018). Numbers refer to the studied
volcanic Formations: 1 = Kiiminki Formation, 2 = Haukipudas Formation, 3 = Runkaus Formation, 4 =
Jouttiaapa Formation, 5 = Vihantaselkda and Matinvaara Formations, 6 = Kuntijarvi Formation, 7 =
Petdjavaara Formation, 8 = Ruukinvaara Formation, 9 = Mantyvaara Formation, 10 = Md&ykkelma
Formation, 11 = Sattasvaara Formation, 12 = Kautoselkd Formation, 13 = Vesmajarvi Formation, 14 =
Ahmalahti Formation, 15 = Kuetsjarvi Volcanic Formation, 16 = Kolosjoki Volcanic Formation, 17 =
Pilgujarvi Volcanic Formation.

5. Sampling and analytical methods

Field work for komatiites was carried out in 2013, and additional samples were collected by S.
Svetov. The mafic dyke samples were collected in a previous projects by GTK and the University
of Oulu. The mafic-ultramafic volcanic rock samples were collected by Eero Hanski from various

belts, partly utilizing samples of the Lapland Volcanite Project of GTK carried out in the 1980’s.

Microscope analyses of silicate minerals were conducted at the University of Oulu, using a
polarised light microscope with transmitted and reflected light. The compositions of olivine,
clinopyroxene, orthopyroxene and plagioclase of the mafic dyke samples were determined using
a JEOL JXA-8200 electron microprobe at the Centre of Microscopy and Nanotechnology,

University of Oulu.
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For the komatiite samples, major elements were determined using ICP-OES at Cardiff University
and by XRF at the Institute of Geology of the Karelian Research Center of the Russian Academy
of Sciences (IG KRC RAS; Petrozavodsk, Russia). Selected trace elements (Sc, V, Cr, Co, Ni, Cu,
Zn, Sr, Y, Zr, Ba) were determined by ICP-OES at Cardiff University. Additional trace elements
were determined by ICP-MS (Perkin-Elmer Sciex Elan 5000) at Cardiff University and IG KRC
RAS.

For the mafic dyke samples, whole-rock geochemical analyses were carried out in two batches. In
the first batch including a small group of samples, the major elements and selected trace elements
(Cr, Ni, Cu, Zr) were determined by XRF at the Geological Survey of Finland (GTK), analytical
methods were described in Vuollo and Salmirinne (2011). Most of our samples were analysed in
the second batch, using ICP-OES and a full spectrum of trace elements were determined using
ICP-MS (Perkin-Elmer Sciex Elan 5000) at Cardiff University, UK.

For the mafic-ultramafic volcanic rock samples, whole-rock major elements and a full spectrum
of trace elements of samples from the Suurikuusikko area and two samples from the Jouttiaapa
Formation were determined at Cardiff University, UK, using ICP-OES and ICP-MS, respectively.
The analytical methods of the rest samples of the Jouttiaapa Formation were described in Hanski
(2012). For other mafic-ultramafic volcanic rock samples, the major elements and selected trace
elements (Cr, Ni, Cu, Zr) were determined by XRF mostly at the GTK and partly at ALS

Scandinavia AB.

For the komatiite samples, mafic dyke samples and samples from the Suurikuusikko area and the
Jouttiaapa Formation, platinum-group elements and Au were determined by ICP-MS after Ni-
sulphide fire assay and tellurium co-precipitation in the analytical laboratory of the University of
Quebec at Chicoutimi (Laboratoire d’ Analyses Géochimiques de I’'UQAC) (for analytical details,
see Savard et al., 2010).

The in-situ analysis of Sr isotope compositions of pristine plagioclase grains of mafic dyke samples
on thick sections (200 pm) was conducted on a Photon Machine Analyte G2 laser microprobe
coupled to a Nu Plasma HR multicollector inductively coupled plasma mass spectrometer (LA-
MC-ICP-MS) at the Geological Survey of Finland, Espoo. More detailed descriptions of the
methods can be found in Papers I, 11 and 111 (Guo et al., 2020, 2023, and Guo et al., manuscript).
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6. Review of original publications
6.1 Paper |

Guo, F.F., Svetov, S., Maier, W.D., Hanski, E., Yang, S.H., Rybnikova, Z., 2019. Geochemistry
of komatiites and basalts in Archean greenstone belts of Russian Karelia with
emphasis on platinum-group elements. Mineralium Deposita 55, 971-990.

In paper I, | have studied two Archaean greenstone belts, namely the Vedlozero-Segozero and
Tikshozero belts in Russian Karelia (Fig 3), for their field geology, major, trace and chalcophile
elements geochemistry, and evaluated their prospectivity for Ni-Cu sulphide ore deposits. Samples
were analysed from four areas of the Vedlozero-Segozero belt, Hautavaara, Koikary, Palaselga,
and Sovdozero, and two areas of the Tikshozero belt, Khizovaara and Irinozero. Stratigraphic

columns from four areas are illustrated in Fig. 4.

The samples from six areas of both belts are divided into two groups, with one representing
komatiites (MgO >18 wt.%) and the other komatiitic basalts (MgO 10-18 wt.%) and basalts (MgO
5-10 wt.%). The komatiitic samples from different areas show average Al>Os/TiO- ratios of 21.1
(Irinozero), 21.1 (Khizovaara), 18.7 (Koikary), 21.0 (Hautavaara), 21.3 (Sovdozero), and 26.3
(Palaselga), and thus belong to the Al-undepleted komatiite series (Nesbitt et al., 1979). Samples
from both greenstone belts show negative correlations between MgO and SiO», TiO, Al,O3, and
CaO (Figs. 8A-D), forming continuous trends from komatiites to komatiitic basalts and basalts
and suggesting that these rocks form a differentiation series related to olivine accumulation and
fractionation. Samples from both greenstone belts show a well-defined positive correlation on the
Ni vs. MgO diagram (Fig. 8E), consistent with olivine-control trends. Notably, a few samples from
the Khizovaara area and one sample from the Irinozero area have slightly higher Ni contents
plotting above the main trend (Fig. 8E). However, the Cu contents of our samples show significant
scatter when plotted against MgO (Fig. 8F). Most of the samples have a Cu content of less than
200 ppm, with 3 exceptions that have higher Cu contents between 284 to 491 ppm. The scatter is
likely due to secondary mobility caused by regional metamorphism. On the Cr vs. MgO plot (Fig.
8G), our komatiitic samples display two different trends: a negative correlation for samples with
MgO greater than 25 wt.%, indicating mixing of olivine with chromite-undersaturated komatiitic
liquid, and a positive linear trend for samples with <25 wt.% MgO, reflecting co-accumulation
and fractionation of olivine and chromite. The Zr contents in samples from the Sovdozero-

Veldozero and Tikshozero greenstone belts plot at the lower

36



70 5

A B
4
60
§ e L 7 3
< C 2
Q 50 y
LR o =&:l8, 2 )
@
40 + P b
) [ ]
SO 8
v N — g L EoTEew [ " ad b —
0 10 20 30 40 50 60 0 10 20 30 40 50 60
MgO (wt%) MgO (wt%)
25 20
C D
20
_ 15t P
Q S %
=15 ¢ 2 ® «®
s | Ma S| MERET
o ¢ s GRS L () o
< B
<10} 3 =" A B
ol L
lll,ﬁ.- g
‘ o, n 5+ | ]
5 f’.. s LR
'Y = ol ¥ ]
0 0 1 " ! .-
0 10 20 30 40 50 60 0 10 20 30 40 50 60
MgO (Wt%) MgO (wt%)
4000 600
E F
[ |
3000 G o
= . —
£ o g_ 400
Qo
e e ]
= 2000 [ - = 3 -
n o
! 1R
.l}.“ 200
L L 14
1000 - - l. S
B I3 ‘ - o uEE
®
g L i i S SN S IR 3 . ToT A SR
0 10 20 30 40 50 60 0 10 20 30 40 50 60
MgO (wt%) MgO (wt%)
4000 » 600
G . H B Tikshozero Greenstone Belt
I @ L ® Vedlozero-Segozero Greenstone Belt
Global database of komatiites
3000 g "iga e K °
= a =400 f
et 2
= o CR &
= | ] =
o 2000 o . . - IN]
= [ [ |
o & P 200 f
1000 } ”
)
| o o i
[ ]
0_0‘, B @ e g o ow o oy oo " m“..&.‘_;,,_._
10 20 30 40

0 10 20 30 40 50 60 0
MgO (wt%) MgO (Wt%)

50 60

Fig. 8. Variation of TiO2, Al,O3, CaO, Ni, Cu, Zr and Cr as a function of MgO in komatiites from
the Vedlozero-Segozero and Tikshozero greenstone belts. TiO> data of ‘boninitic rocks’ are from
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also shown (Barnes and Fiorentini, 2012).
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end of a global database (Fig. 8H), indicating a lower degree of crustal contamination compared

to other greenstone belts globally.

Most samples from the Hautavaara area have flat REE patterns, with two komatiite samples
showing slightly enriched light rare-earth element (LREE) patterns. All the samples in this area
have weak negative Nb-Ta anomalies (Figs. 9A-B). Samples from the Koikary and Palaselga areas
are moderately depleted in the LREE but have generally flat heavy rare-earth element (HREE)
patterns. However, some samples have flat LREE or slightly LREE-enriched patterns as well as
weak negative Nb-Ta anomalies (Figs. 9C—F). All the komatiite samples from the Sovdozero area
show a slight enrichment in LREE, while all the komatiitic basalt and basalt samples show flat or
slightly depleted LREE patterns, but generally, samples from this area have no negative Nb-Ta
anomalies (Fig. 9G-H).

In terms of REE, the samples from the Khizovaara area can be divided into two sub-groups. One
group is slightly depleted in LREE but has generally flat HREE patterns (Fig. 91-J), while the
other group shows a LREE enrichment and significant negative Nb-Ta anomalies (Fig. 91-J).
Notably, all the LREE-enriched samples are komatiitic basalts from the central part of the
Khizovaara area, while the LREE-depleted samples are from the northern part of the Khizovaara
area, including cumulates, komatiites and komatiitic basalts. Samples from the Irinozero area show
similar REE patterns as the LREE-depleted groups of the Khizovaara area, with most samples

having weak Nb-Ta anomalies (Fig. 9K-L).

In Fig. 10, Th/Nb, Th/Yb, and Nb/La ratios are plotted against La/Sm. Samples both from the
Vedlozero-Segozero and Tikshozero greenstone belts fall within the trend of the global database
and show a weak positive correlation between Th/Nb and La/Sm, a relatively good positive

correlation between Th/Yb and La/Sm, and a negative correlation between Nb/La and La/Sm.

The PGE contents of most of the komatiite samples are in the global range of Al-undepleted
komatiites, with up to 15.1 ppb Pt, 20.9 ppb Pd, 8.99 ppb Ir, 6.35 ppb Ru, 6.71 ppb Os, and 27.7
ppb Au. Three samples from the Vedlozero-Sovdozero belt show higher Pd concentration than the
others, but their Pt content is in the range of the other samples, and thus the higher Pd contents
may be result of mobility of Pd during metamorphism. Iridium and Ru have generally positive
correlations with MgO, but some samples with a high MgO content have very low Ir and Ru
concentrations (Fig. 11). Platinum, Pd and Au contents generally increase with falling MgO
contents, but there is a sharp decrease when the MgO content falls below 10 wt.% (Fig. 11).

Rhodium shows a slight increase with decreasing MgO. Due to the different compatibility of IPGE
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(Iridium group Ir, Ru, Os) and PPGE (Palladium group, Pt, Pd, Rh), the Pd/Ir ratio broadly
increases with decreasing MgO (Fig. 11).

The PGE concentrations in these Munro-type komatiitic rocks are at the level of other similar S-
undersaturated komatiites and komatiitic basalts globally, with Pt and Pd falling in the range of 5—
20 ppb and Pd/Ir varying from <10 (komatiites) to >15 (komatiitic basalts and basalts). Generally,
the metals of the iridium group platinum-group elements (IPGE, Ir, Ru, Os) show a compatible
behaviour, decreasing in abundance with falling MgO, whereas the metals of the platinum-group
(Pt, Pd, Rh) exhibit an incompatible behaviour (Fig. 11). The poor correlation between Ir and MgO
suggests that olivine is not the main control on IPGE contents. In contrast, Ir, Ru show positive
correlation with Cr (Fig. 12), consistent with the compatibility of IPGEs in chromite or during the
co-precipitation of chromite and platinum-group minerals (PGM).
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Palladium, Cu and Au have been variably mobile during alteration and metamorphism whereas Pt
appears to have been less mobile. Some samples from the Khizovaara area show low (Pt/Ti)n ratios,
low Ni, and high La/Sm and La/Nb, suggesting localised sulphide saturation in response to crustal
contamination. However, the potential of the Russian Karelian greenstone belts for Ni-Cu sulphide
mineralisation is considered relatively low due to the lack of both enrichment or depletion of
chalcophile elements in any of the analysed samples (Fig. 11), and the paucity of dynamic lava
channel environments as indicated by the scarcity of olivine-rich adcumulates. In addition, there

appears to be a lack of exposed sulphidic sedimentary rocks in the region.
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6.2 Paper 11

Guo, F.F., Maier, W.D., Heinonen J.S., Hanski, E., Vuollo J., Barnes S.-J., Lahaye Y., Huhma H.,
Yang, S.H., 2023. Geochemistry of 2.45 Ga mafic dykes in northern Finland:
constraints on the petrogenesis and PGE prospectivity of coeval layered intrusions.
Lithos 452—453, Article 107206

In this paper, | studied the ~2.45 Ga mafic dykes that are compositionally, temporally and, in some
cases, spatially related to PGE-mineralised mafic-ultramafic layered intrusions in the Karelian
craton. The dykes can be subdivided into four groups:1) siliceous high-magnesian basalts (SHMB),
2) gabbronorites (GBNO), 3) low-Ti tholeiites, and 4) Fe-rich tholeiites (Fig. 11). In this study,
the SHMB and GBNO dykes are considered together as the SHMB group and the two tholeiitic

group dykes as the tholeiite group, based on their similar geochemical and mineralogical features.
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Fig. 13. Selected major element oxides plotted against MgO for the studied dykes. Bushveld data taken
from Barnes et al. (2010).

The SHMB and GBNO dykes have broadly similar major element compositions, displaying a good
overlap on binary variation diagrams (Fig. 13). The SHMB dykes display a somewhat wider
compositional range than the GBNO dykes. The former has 4.6-18.4 wt.% MgO, 52-57 wt.%
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Si02, 2-4.5 wt.% Na,O+K;0, while the latter have 5.41-13.7 wt.% MgO, 51-56 wt.% SiO, 1.5
3.2 wt.%, 1.5-3.2 wt.% Na,O+K>0. One striking feature of these two dyke groups is the relatively
high SiO> and alkali (Na,O+K>0) contents at a given MgO content (Fig. 13). The LTTH dykes
have 4-9 wt.% MgO, 47-53 wt.% SiO,, and 2.01-3.86 wt.% Na,O+K>O. Due to the relatively
small number of samples, the FTH dykes show a limited variation in the binary variation diagrams.
The samples contain 48.5-49.5 wt.% SiO, 5.79-6.23 wt.% MgO, 2.6-2.7 wt.% Na,O+K:0, and
plot broadly together with the LTTH dykes (Fig. 13). The two groups of tholeiite dykes show
clearly lower SiO» and alkali contents, and also lower Cr and Ni contents, but slightly higher TiO-
and FeO contents than the SHMB and GBNO groups (Figs. 13c, 14a). However, all dykes mainly
plot in the field of the low-Ti series of other LIPs, though the FTH group plots near the lower range
of the high-Ti series (e.g., Emeishan, Parana, Fig. 14a) (Arguin et al., 2016; Mansur et al., 2021).
This is consistent with the observation that all mafic dyke groups in Fennoscandia show lower
Ti/Y ratios than the high-Ti series in other LIPs (Fig. 14b). Compared with high-Ti series of the
Emeishan and Parané flood basalts, the dykes in Fennoscandia show lower Sm/Yb and La/Yb
ratios (Figs. 14c, d).
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Fig. 14. Binary plots of MgO (wt.%) vs Ti (ppm), MgO (wt.%) vs. Ti/Y, Sm/Yb vs. Ti/Y, La/Yb vs. Ti/Y
for our studies samples, high-Ti and Low-Ti basalts from the Parana Magma Provice (Mansur et al., 2021)
and the Emeishan Large Igneous Province (Arguin et al., 2016). Bushveld data are taken from Barnes et al.
(2010).
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The SHMB and GBNO dykes display fractionated chondrite-normalised REE patterns with a clear
enrichment in LREE compared to HREE (Figs. 15a, b). One of the tholeiitic dykes shows a flat
REE pattern, whereas the majority of the tholeiitic samples show enrichment in LREE but with
less fractionated LREE/HREE compared to the SHMB and GBNO dykes (Figs. 15c, d). Notably,
amongst the tholeiites, the Fe tholeiites show small negative Eu anomalies, but this is not a

characteristic feature of all LTTH dykes.

In primitive mantle-normalised incompatible trace element plots, both SHMB and GBNO dykes
show strong negative Ta-Nb and P anomalies, and relative enrichments in Rb, Ba, Th, U and Pb,
whereas the tholeiitic dykes display weak negative Ta-Nb anomalies and generally rather flat
patterns, albeit with minor enrichment in Pb and depletions in K, Sr and P (Figs. 15¢, h). The FTH
group shows strong negative Sr anomalies, which is consistent with the negative Eu anomalies of
this dyke type. All dyke samples show a negative correlation between Nb/La and La/Sm ratios and
a positive correlation between Ce/Yb and La/Sm ratios (Fig. 16), suggesting the presence of a
crustal component, especially in the SHMB and GBNO suites.
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Fig. 16. a. Trace element ratios in the studied dykes showing a negative correlation between Nb/Th and
La/Sm and a positive correlation between Ce/Yb and La/Sm. b. Simplified two component mixing
calculation with komatiite and trondhjemite as end-members indicating <10% contamination for the
tholeiite group and 5-20% for SHMB and GBNO. Primitive mantle values are from McDonough and Sun
(1995). Comparative data for komatiite from Belingwe are from Shimizu et al. (2005), Vetreny komatiite
from Puchtel et al. (1997), and Surmansuo porphyritic granite (A2128) from Mikkola et al., (2014).

In the SHMB group dykes, plagioclase has initial 8’Sr/%Sr ratios of 0.7028 to 0.7036 and initial
bulk-rock eNd values vary from -2.5 to -1.0 (Fig. 17), indicating moderate degrees of
contamination with Archaean basement. The tholeiitic dykes show less-radiogenic Sr isotope

compositions with an average initial 8’Sr/2®Sr ratio of 0.7024 and higher initial eNd values ranging
from +0.3 to +1.7 (Fig. 17).
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Fig. 17. In-situ Sr isotope compositions of plagioclase and bulk-rock Nd isotope compositions of the
studied dyke samples. Nd isotope data taken from Vuollo and Huhma (2005).
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Fig. 18. MCS (Magma Chamber Simulator) major element modelling for different types of mafic dykes
in Karelian, Belomorian and Kola regions at different pressures.

Thermodynamic and geochemical modelling suggests that the SHMB group dykes could have
formed by crustal contamination of a komatiitic magma in relatively deep crust followed by
fractional crystallisation at shallower depth, whereas the tholeiitic group mainly experienced
fractional crystallisation with less crustal contamination (Fig. 18). Based on trace element and
isotope characteristics, the SHMB dykes are suitable candidates for the parental magmas to some
of the Finnish PGE-mineralised intrusions (e.g., Penikat and Portimo), whereas the tholeiitic dykes

may represent the parental magma of the Tsipringa layered intrusion in Russia.
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The SHMB dykes have rather variable Pt and Pd contents, ranging from 0.24 to 12.0 ppb, and
contain 0.02-0.89 ppb Ir, and 22-152 ppm Cu. The GBNO samples have broadly similar

chalcophile element concentrations to those of the SHMB samples. In the SHMB and GBNO

groups, MgO shows good positive correlations with Ir, Ru and Rh, but a poor correlation with Pt,

Pd, Au. However, the most primitive samples with MgO from 15-20 wt.% show moderate Pt and

Pd contents ranging from 5 to 10 ppb, and the highest Pt and Pd contents occur in samples with
moderate MgO of about 10 wt.% (Fig. 19). Samples with low MgO contents (4-7 wt.%) display a
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large variation in Pt and Pd contents, varying from values below the detection limit to the highest

values found in the entire dyke population (Fig. 19).

The LTTH dykes also have variable Pt and Pd contents ranging from 0.24 to 24.3 ppb, and very
low Ir and Ru contents from below detection limit to 0.21 ppb, 81.2-254 ppm Cu and 0.24-7.66
ppb Au. The FTH dykes have a narrow range of 11.0-14.2 ppb for Pt and Pd, low Ir contents from
0.12 to 0.14 ppb, and 13-76 ppm Cu, and 0.89-2.7 ppb Au. Some samples of the LTTH group
with moderate MgO contents (5-9 wt.%) show the highest Pd and Pt contents of up to 24 ppb and
20 ppb, respectively, being higher than in the SHMB and GBNO groups. Other samples with lower
MgO contents (4—7 wt.%) have very low Pd and Pt contents falling below the detection limit. In
contrast, the LTTH dykes show relatively low IPGE and Rh contents (Fig. 19). The FTH group
with a limited number of samples (3) has moderate Pd and Pt contents, similar to those of the
SHMB and GBNO dykes, and low but detectable IPGE contents, overlapping with the positive
trend between IPGE and MgO displayed by the SHMB and GBNO groups. However, the FTH
dykes show the highest Cu content of about 300 ppm among all dyke groups (Fig. 19). For all four
dyke groups, the variation in Au is similar to that of Pd and Pt, though more scattered (Fig. 19).
Platinum shows a positive correlation with Pd, plotting broadly on the 1:1 trend line, although
some LTTH samples show higher Pd than Pt (2:1) (Fig. 20). This trend is somewhat different from
the Bushveld magma compositions (B1, B2, B3), which have higher Pt/Pd ratios (Fig. 20). On the
plot of Ir vs. Pt, the SHMB and GBNO dykes show relatively high Ir and moderate Pt contents,
and some LTTH and FTH dykes show low Ir but high Pt contents, whereas the other samples
display very low Pt and Ir contents. In this plot, the B1 marginal rocks from Bushveld display a
lot of overlap with the SHMB and GBNO group dykes, and the B2 and B3 rocks with the LTTH
and FTH groups.
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Fig. 20. Cu, Cu/Pd vs. MgO, Pd vs. Pt and Pt vs. Ir diagrams for the studied dykes.

The samples of all four dyke groups show mostly PGE-undepleted primitive mantle-normalised

chalcophile element patterns, except that the IPGE are generally depleted relative to Ni, and Au is

depleted relative to Pd and Cu (Fig. 21). In terms of chalcophile element patterns, the SHMB and
GBNO groups are similar to Bushveld B1, and the LTTH and FTH groups similar to Bushveld B2

and B3. Accordingly, the FTH samples typically have very high Cu/Pd >20000 whereas most

samples from the other groups have Cu/Pd <15000, with the exception of a couple of LTTH and

GBNO samples with low Pd contents below the detection limit showing the highest Cu/Pd ratios

(Fig. 20).

Both the SHMB and tholeiitic dyke types are fertile with regard to PGE, with up to 10-20 ppb Pt

and Pd and mantle-like Cu/Pd ratios in their least evolved members (Fig. 14), suggesting that the

magmas remained sulphide undersaturated during mantle melting and en route to the upper crust.

This interpretation is consistent with the fact that most of the ~2.45 Ga Fennoscandian layered

intrusions contain PGE mineralisation. Sulphide melt saturation in the dykes and layered intrusions

was mostly attained after their final emplacement, likely due to crystal fractionation.
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Fig. 21. Primitive mantle-normalised siderophile element patterns for the studied dykes. Normalisation
values taken from (McDonough and Sun, 1995).

6.3 Paper Il1

Guo, F.F., Hanski, E., Maier, W.D., Yang, S.H., Barnes, S., manuscript. PGE geochemistry of
Palaeoproterozoic mafic and ultramafic volcanic rocks from northern Finland:

implications for exploration of magmatic sulphide deposits.

Multiple stages of Palaeoproterozoic rifting related magmatism have resulted in the break-up of
the Kenorland supercontinent. These extensional tectonic events were associated with wide-spread
mafic-ultramafic magmatism producing important ore deposits of Cr, Ti, V, Ni, Cu and PGE. |
studied the geochemistry of Palaeoproterozoic mafic-ultramafic volcanic rocks from several
Palaeoproterozoic supracrustal belts in NE Fennoscandia (Fig. 6, 7) to constrain the fertility and
sulphide saturation history of the magmas and their potential to form magmatic sulphide deposits.
The evolution of the belts has been divided in this work into three rifting stages, early, middle and
late, with the boundary between the 1% and 2" stage being set at the appearance of Jatulian
siliciclastic sediments and that between the 2" and 3" stages at the disappearance of the Jatuli-

Lomagundi carbon isotope anomaly in carbonate rocks. Thus, the three stages and corresponding
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volcanic rocks can also be called pre-Jatulian (2.5-2.3 Ga), Jatulian (2.3-2.1 Ga) and post-Jatulian
(2.06-1.98 Ga).

Early rifting stage (2.45-2.3 Ga, pre-Jatulian)

Figure 22 shows selected major element plots for our samples from different belts of the pre-
Jatulian stage. Among the analysed pre-Jatulian volcanic rocks, there are samples from three belts,
Kainuu (Vihantaselkd and Matinvaara Formations), Salla (Mantyvaara Formation) and CLGB
(Moykkelm& Formation). The three additional pre-Jatulian volcanic formations that represent a
more restricted major element compositional range without any highly magnesian samples are the
Ahmalahti Formation in the Pechenga belt, the Runkaus Formation in the Perdpohja belt, and the
Kuntijarvi Formation in the Kuusamo belt. These volcanic rocks represent a magmatic suite
varying from komatiites with MgO up to 20.8 wt.% to evolved basaltic rocks with MgO down to
3.8 wt.%. It is worth noting that in the 2.45 Ga group, almost all the volcanic formations show
relatively high SiO, contents at a given MgO content, and high alkali and low TiO contents,
plotting in the field of the 2.45 Ga silicious high-magnesium basalt (SHMB) dykes (Guo et al.
2023). These rocks also display enrichment in LREE, large-ion lithophile elements (LILE, e.g.,
Th, U) and depletion in Nb and Ta in primitive mantle-normalised trace element spider diagrams
(Fig. 23).

The 2.44 Ga volcanic rocks from the Kainuu and Salla belts and the CLGB have relatively
primitive compositions with high concentrations of MgO (up to about 20 wt.%) as well as Ir and
Ru, and following the same fractionation trend (Figs. 22, 24). The somewhat younger (2.3 Ga)
Runkaus Formation also shows relatively evolved composition with MgO ranging from 5 to 7
wt.%, and Os, Ir, and Ru generally lower than 0.1 ppb. The concentrations of the PPGE range from
about 5 to 12 ppb for Pt, 5 to 12 ppb for Pd, and 0.8 to 1.5 ppb for Rh (Fig. 24). The Pd/Ir ratios
of the rocks show negative correlation with MgO contents. Relatively low values of about 5 to 10
occur in the primitive samples having MgO from 20 to 8 wt.%. Pd/Ir increases to about 120 at
MgO of about 3-5 wt.% (Fig. 25). The mafic-ultramafic volcanic rocks from all pre-Jatulian belts
(including the Vetreny belt) show similar variation that the PPGE show negative correlations with
MgO consistent with the incompatibility of these elements during early-stage fractionation of
sulphur-undersaturated silicate melt (Fig. 24). However, the lowest PPGE levels typically occur
in the most evolved samples. The Cu/Pd ratios vary a lot from 150 to 123600, with the lowest
values occurring in the Kainuu belt and the CLGB associated with higher MgO, and the highest

values are in the Kuusamo belt with MgO lower than 5 wt.%.
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Fig. 22. Selected major element oxides plotted against MgO for mafic-ultramafic volcanic rocks from NE
Fennoscandia. Grey dots indicate global database from Barnes and Fiorentini (2012).
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Fig. 24. Plots of Pt, Pd, Ir, Ru against MgO for mafic-ultramafic volcanic rocks from NE Fennoscandia.
Grey dots indicate global database from Barnes and Fiorentini (2012).

56



1

O " b
000000} [ ng 180 28
o (&‘0. . 160 .
100000p O L, il g "
120
] A ]
A=A & i [CL Y
10000 o 8 E] i .Aéf?‘: *A
L *
%ﬂ” $ol B umey wieu sgof &
o ° A A 60 ¢ AA .-' i
1000 t o ° » 40 - '&’ o-a
o x x s .'vb A A
20F, © %E
o ‘o A L) * 19 &A Q _} A .
100 . " " " L 0 -._~@ . ‘JA_‘_Q‘_} & m_ m—‘—‘—'—'—'—
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
MgO (wt.%) d MgO (wt.%)
5 &
1= C 30 d
* A
4 * p Q&’Qb
. - ® . <o
., BN
’ EZO e o & oo X Q‘\vé
AA o s 20 o Al
g = ¢ oa ° é eom 9\\"6)’
= N g s 0 =)
o & SR 2T B e e
2 A A
e W
1 i
gFelall A
A AAAA
0 . . A
20 25 30 35
MgO (wt.%) Pt (ppt)
300 30
o e f
® o é
o
L
o
200 Ao © 20 o
g 8 ey o & 3 o
& ‘.‘)‘“' 0.0 & ¢ {
3 X A® (=} [ ] o
O (o] A * ll-l O
100 B’ E - 3 10 Shds -
e . -w,B ¥ .y % avs ¢
m o ) o
* + o ‘ +
o [ Q:
jul o Lh® o
0 )go._..&.&_l- S s __.__._I 0 |_._._.__,’. Al o 0o 3 s |
0 100 200 300 50 100 150 200 250
Zr (ppm) Zr (ppm)
Pre-Jatulian (2.3Ga - 2.5Ga) Jatulian (2.1 - 2.3Ga) Post-Jatulian (< 2.1 Ga)
@ Kuntijarvi Fm, Kuusamo = JouttiaapaaFm, Low-Ti, Perapohi‘I © Kautoselkd Fm, CLGB
+ Runkaus Fm, Perépohja o Jouttiaapaa Fm, High- Ti Perapohja B Vesmajarvi Fm, CLGB
x Mantyvaara Fm, Salla e Ruukinvaara Fm, Kuusamo ¢ Vesmajarvi FM, CLGB
A Myokkelma Fm, CLGB ) o Petajavaara Fm, Kuusamo (Suurikuusikko area)
o Vihantaselka Fm j ja Matinvaara Fm, Kainuu @ Kuestjarvi Fm, Pechenga A Sattasvaara Fm, CLGB
@ Ahmalahti Fm, Pechenga ® Kiiminki Fm K||m|nk|
A Ventreny komatiites, 2.45 Ga ° Hauklpudas Fm, Haukipudas
o T seris, 24563 2 KpmoN £, Eectenge
® SHMB series, 2.45 Ga : = Nyasyukka dyke Pechenga
Global mafic-ultramafic volcanic rocks ® Kevitsa dyke
x Jeesiorova komatiite

Fig. 25. Plots of Cu/Pd, Pd/Ir, and Pt/Pd ratio vs. MgO and Pd vs. Pt, Cu vs. Zr, Pt vs. Zr for mafic
ultramafic volcanic rocks from NE Fennoscandia.
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The middle-stage rifting (2.3—2.06 Ga, Jatulian stage)

The middle-stage rifting volcanic rocks are contemporaneous with mafic dyke swarms occurring
across the Karelian, Superior, Wyoming and Hearne cratons (Stepanova et al., 2014; Davey et al.,
2022). The middle-stage rifting volcanic rocks from three belts have been studied, including the
Jouttiaapa Formation in the Perdpohja belt, the Petdjavaara and Ruukinvaara Formations in the
Kuusamo belt, and the Kuetsjarvi Formation in the Pechenga belt. The basaltic rocks have
moderate MgO contents mainly from 5 to 10 wt.% and can be divided into the low-Ti and high-Ti
series (Fig. 22). They show variation in REE patterns with either depletion in LREE or flat LREE,
to slight LREE enrichment in LREE (Fig. 23), probably reflecting diverse mantle sources, which
have experienced variable extents of earlier melt extraction. Different degrees of partial melting
may have also contributed to the diversity of geochemical compositions.

Compared with global volcanic rocks, one striking feature of the Jatulian volcanic rocks is their
unusually high Pt and Pd content. Kylakoski et al. (2007) analysed samples from the Jouttiaapa
Formation and found high Pt and Pd contents up to 37 ppb. In the present project, 18 additional
samples were re-analysed, resulting in Pt concentrations of 15-25 ppb and Pd concentrations of
20—32 ppb (with one sample having >50 ppb Pd). There is no systematic difference in the PGE
contents between the low-Ti and high-Ti series (Fig. 24). Interestingly, the Petdjavaara and
Ruukinvaara Formations of the Kuusamo belt, which have been assigned to the Jatulian volcanic
rocks, also show relatively high contents of Pd and Pt. In the case of the Petdjavaara Formation,
both the Pd (20—31 ppb) and Pt (16—24 ppb) contents are similar to those of the Jouttiaapa
Formation. This is also true for Pd in the Ruukinvaara Formation (23—31 ppb), but the Pt
concentrations of this Formation are lower than those the Jouttiaapa Formation, falling in the range
of 4.6 to 9.8 ppb. Both the Jouttiaapa and Petajavaara Formations show good positive correlation
between Pt and Pd, with Pt/Pd ratio of 0.7 (Fig. 25). However, samples from the Ruukinvaara
Formation show much lower and variable Pt/Pd ratios from 0.2 to 0.4 (Fig. 25). These data confirm
that unusually high Pd and Pt contents do not only occur in the Perdpohja belt, but also at Kuusamo,
and they may share a similar PGE-rich mantle source. However, both the Jouttiaapa and
Petdjdvaara Formations have relatively low Au contents, in most samples below 5 ppb, whereas
samples from the Ruukinvaara Formation show higher, though variable Au contents (7—28 ppb,
with one sample having 102 ppb). None of these three formations show unusually high Rh contents,
ranging from 0.04 to 1.70 ppb. Both the low-Ti and high-Ti basalts of the Jouttiaapa Formation

from Perdpohja show high Pt/Ir and Pd/Ir, consistent with their evolved nature. Most samples of
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this stage show mantle-like Cu/Pd ratios (3000—7000), indicating that no significant sulphide
saturation occurred in these belts at this stage.

Late rifting stage (2.06-1.98 Ga, post-Jatulian stage)

The studied komatiite samples from the Sattasvaara Formation in the CLGB are rather
homogeneous and represent the most MgO-rich (25.2—27.7 wt.%) volcanic rocks in our sample
suite (Fig. 22). These samples also have the highest compatible element contents including Cr
(2080—2890 ppm) and Ni (893—1220 ppm). The two Formations analysed from the Kiiminki belt,
the Kiiminki and Haukipudas Formations, have similar major elements contents with a limited
range of MgO (6.3—7.8 wt.%), Cr (34—334 ppm) and Ni (73.7-110 ppm). The Kolosjoki and
Pilgujarvi Formation samples from the Pechenga belt are tholeiitic basalts (MgO 4.7, 7.2 wt.%, Cr
46 ppm, and Ni 42 ppm) and ferropicrites (MgO 6.09 to 21.2 wt.%, Cr 49—1800 ppm, and Ni
69—1738 ppm), respectively. The Pilgujarvi ferropicrites also have unusually high Fe2Oztot (Up to
18.4 wt.%) and TiO contents (up to 2.63 wt.%). The youngest samples in our dataset are the two
ferropicritic samples from the ca. 1.94 Ga Nyasyukka dyke from the Archaean basement just east
of the Pechenga belt. They have similar compositions with MgO contents of 18.0 and 19.3 wt.%,
Cr (1453-1996 ppm) and Ni (973—991 ppm). The basalts of the Vesmajérvi and Kautoselka
Formations in the CLGB are mostly relatively evolved rocks, with MgO ranging from 3.3 to 6.9
wt.% and low Cr (34—-259 ppm) and Ni (18.9-132 ppm).

In the post-Jatulian stage, the volcanic units differ much in their trace element characteristics. The
Sattasvaara Formation shows hump-shaped REE patterns with depletion in both LREE and HREE
relative to MREE (Fig. 23). The Kiiminki and Haukipudas Formations show near flat, MORB-like
REE patterns, with (La/Yb)cn ratios from 0.8 to 1.8 (Fig. 23). The two formations of the Kittila
suite, the Kautoselké and VVesmajérvi Formations, show enrichment in LREE and flat REE patterns,
respectively. The post-Jatulian volcanic rocks in the Pechenga belt generally show variable
enrichment in LREE (Fig. 23). These features are consistent with either depleted or enriched

mantle source.

The volcanic rocks in the different belts show variable contents of Pt and Pd. Some samples show
moderately high Pt and Pd contents and mantle-like Cu/Pd ratios (e.g., the Haukipudas formation
in the Kiiminki, the Kolosjoki and Pilgujérvi VVolcanic Formations in the Pechenga belt), consistent
with normal sulphide-undersaturated magmas. However, extremely low PGE concentrations

(below 1 ppb or below detection limits) and variable and high Cu/Pd ratios occur widely, indicating
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a wide occurrence of sulphide saturation both in early stages of magma fractionation in primitive

magmas and later in evolved magmas with intensive fractionation.

One prominent feature is the clearly high Pt and Pd contents in the Sattasvaara Formation of the
CLGB compared to global database. This is consistent with the recently reported high Pt and Pd
in co-eval Jeesiorova komatiites and Kevitsa komatiitic dykes (Puchtel et al., 2020). In contrast to
the Pt- and Pd-rich magmas of the middle-rifting stage, these rocks have higher Pt/Pd ratios
varying from from 0.93 to 2. Basaltic or ferropicritic rocks in other belts show normal Pt and Pd

contents, probably derived from a different mantle source with ‘normal’ PGE.

In the Kittil& suite, most samples show relatively low but rather variable PPGE and Au contents
(Pt 0.35—7.85 ppb, Pd 0.24—9.07 ppb, Rh 0.25—-0.88 ppb, Au 0.24-2.06 ppb) (Fig. 24). However,
there are three samples from the Vesmajarvi Formation (Suurikuusikko area) with MgO varying
from 6.48 to 9.22 wt.% that have clearly higher PPGE contents (Pt 12.7-13.9 ppb, Pd 17.1-18.3
ppb, Rh 1.09-1.55 ppb, Au 0.24-0.67 ppb) (Fig. 17). These three samples show consistent Pt/Pd
ratios from 0.70 to 0.79, moderate Pd/Ir ratios of 114—219, and Cu/Pd ratios of 4094-8557 (Fig.
25).

Most samples from the Vesmajarvi Formation in the Kittila suite show the lowest PGE contents
of the post-Jatulian group, with all PGE plotting below 0.1 ppb, but Au levels from 0.5 to 1.53 ppb
(Fig. 24). These samples thus show extremely high Cu/Pd ratios from 1400k to 700k and very low
Pd/Ir ratios of ~5. Samples from the Kautoselkd Formation have moderate PGE and Au contents
(e.g., Pt 1.52-8.54 ppb, Pd 1.07-9.45 ppb, Rh 0.05—-0.59 ppb, Au 1.78-3.29 ppb) and variably
high Cu/Pd ratios of 112k to 242k and Pd/Ir ratios of 29 to 104 (Fig. 25). All these features are
consistent with a PGE-rich parental magma that has locally undergone sulphide saturation in the

crust.

7. Discussion

7.1 Archaean greenstone belts

Komatiites host some of the world’s most important Ni sulphide deposits, notably in the Yilgarn
craton (Mudd and Jowitt, 2014). Smaller Ni deposits also occur in komatiites of the Zimbabwe
craton and the Abitibi greenstone belt in Canada (Barnes and Fiorentini, 2012, and references
therein). Crustal contamination is an important factor in the formation of komatiite-hosted sulphide
deposits, by increasing the S content of the magma through addition of external S and by

decreasing the sulphur solubility in magma through addition of Si and other crustal components
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(Lightfoot and Hawkesworth, 1997; Lesher and Keays, 2002; Arndt et al., 2008; Barnes et al.,
2011; Barnes and Fiorentini, 2008, 2012). In the Vedlozero-Segozero greenstone belt, most
samples show flat or slightly LREE-enriched patterns with weak negative Nb-Ta anomalies on
primitive mantle-normalised multi-element plots (Fig. 9). In the Tikshozero greenstone belt, a
group of samples from the Khizovaara area shows a LREE-enriched chemical signature, which is
accompanied by negative Nb-Ta anomalies (Fig. 9). These features can be explained by crustal
contamination (Arndt and Jenner, 1986).

As komatiites are generally sulphur undersaturated during eruption, contamination with S-bearing
crustal rocks is considered an important, if not essential factor in the formation of komatiitic Ni-
sulphide deposits (e.g., Keays and Lightfoot, 2010; Barnes and Fiorentini, 2012). Archaean
sulphide-bearing BIF have been reported to be present in the llomantsi and Kostomuksha
greenstone belts (Sorjonen-Ward and Luukkonen, 2005; Kuleshevich and Gor’kovets, 2008),
which could potentially have provided external sulphur to the komatiites to form sulphide deposits.
In the Sovdozero area of the Vedlozero-Segozero greenstone belt, BIF occurs above the komatiite
rocks in the upper part of the volcano-sedimentary sequence and was thus formed later than the
major komatiitic magmatism. This is consistent with the slightly older age of the komatiites in the
Vedlozero-Segozero belt compared with that of the llomantsi and Kostomuksha belt komatiites.
There are no reports of the occurrence of BIF in the Tikshozero greenstone belt. Accordingly, in
the Vedlozero-Segozero and Tikshozero greenstone belts, the absence of sulphide-rich

sedimentary rocks could imply a relatively low prospectivity for Ni-Cu sulphide mineralisation.

Traditionally, chalcophile element depletion in mafic-ultramafic lavas has been used in the
evaluation of the Ni prospectivity of greenstone belts (Lesher and Keays, 2002; Lesher and Barnes,
2009; Barnes and Fiorentini, 2012), as it is a useful indicator of sulphide saturation. On the Pd vs.
MgO diagram (Fig. 9), the samples of this study show a considerable scatter, with three samples
from the Vedlozero-Segozero belt plotting above the rest of the data. However, most of the samples
follow a negative trend on the Pt and Pd vs. MgO diagrams with only a few komatiite and basalt
samples being depleted in Pt and Pd (Fig. 11). Komatiite samples from both Russian Karelia and
Finland plot within the global field of barren komatiites, being clearly different from well
mineralised komatiites. Consequently, these data suggest that the komatiites in Russian Karelia
did not undergo extensive sulphide liquid saturation, which is not a good indication for the

presence of Ni sulphide mineralisation.
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In komatiitic lava flows, olivine-rich cumulates are interpreted to represent channelised lava
conduits where relatively unevolved, hot, and turbulently flowing lava is particularly effective in
eroding the substrate, assimilating external sulphur, and precipitating sulphides in flow dynamic
traps, thereby facilitating ore formation (e.g., Arndt et al., 2008; Barnes and Fiorentini, 2012).
Komatiite sequences with the thickest cumulate package are favoured for the formation of Ni
sulphide ores as they may reflect a particularly high magma influx, probably resulting from the
presence of craton-scale, deep lithospheric structures (Barnes and Fiorentini, 2012).

The komatiite samples from the Vedlozero-Segozero and Tikshozero greenstone belts have similar
MgO contents to those of the komatiites in eastern Finland, but they seem to be less magnesian
than most mineralised komatiite fields elsewhere (e.g., Abitibi and Kalgoorlie) (Maier etal., 2013).
The lower MgO content could result from a lower degree of mantle melting or more advanced

fractionation.

In the Vedlozero-Segozero and Tikshozero greenstone belts, another potential explanation for the
paucity of Ni-Cu mineralisation is the lack of olivine-rich cumulate units and the dominance of
sheet flows, including spinifex-textured komatiites, breccia-textured komatiites, and pillow basalts.
Only small serpentinite bodies that may represent lava channels occur in the Sovdozero, Koikary,
and Palaselga areas. This is a significant difference compared with the komatiites in the Kalgoorlie
area, which contain abundant thick (up to km scale) olivine-rich adcumulates (Fiorentini et al.,
2004; Barnes and Fiorentini, 2012). The scarcity of olivine-rich cumulates suggests a low magma
flux rate, representing relatively unfavourable conditions to form large and extensive channelised

lava tubes, which can efficiently erode their substrate and form Ni-Cu sulphide mineralisation.

The age of the Vedlozero-Segozero greenstone belt is estimated to be ca. 2.92 Ga (Svetov et al.,
2001), i.e., similar to the ages of 2916 + 117 and 2892 + 130 Ma obtained for the komatiites in the
Sumozero—Kenozero greenstone belt using the Sm-Nd and Pb-Pb methods, respectively (Puchtel
et al., 1999). On the other hand, these ages are slightly older than the age of ca. 2.8 Ga determined
for the Kostomuksha greenstone belt (Puchtel et al., 1998, 2005), the age of 2.82 Ga reported for
the TKS greenstone belts in eastern Finland (Huhma et al., 2012), and the age of 2.8 Ga for the
Tikshozero greenstone belt. These multiple generations of komatiitic magmatism in the
Fennoscandian Shield are clearly older than the global Neoarchaean peak in mantle plume
magmatism and Ni-Cu sulphide mineralisation at around 2.7 Ga (Arndt et al., 2008, and references
therein). For reasons presently not well understood, it appears that the slightly older magma influx

has less potential to form major Ni sulphide ore deposits (Weihed et al., 2005; Hanski, 2015).
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However, as the available database is relatively limited, it is difficult to assess the Ni sulphide
prospectivity of these belts accurately. Future exploration work should focus on the identification
of relatively prospective lava channel-facies rocks (i.e., olivine mesocumulate and adcumulates)

in Archaean greenstone belts.

7.2 Magmatism related to the early-stage rifting

7.2.1 Mantle sources of the 2.45 Ga dyke groups

The nature of the mantle source to the 2.45 Ga magmatism in the Karelian craton remains under
debate. The available isotope and lithophile trace element data from the dyke suites provide new
constraints on these models. The SHMB and GBNO dykes have negative initial eNd values,
relatively high initial 8Sr/%8Sr ratios, negative Ta-Nb anomalies, relatively high La/Sm and Ce/Yb
and low Nb/La ratios (Fig. 16, 17). | argue that these data are more readily explained by crustal
contamination of asthenospheric magma than melting of subcontinental lithospheric mantle
(SCLM) for the following reasons. First, magmas derived from the SCLM would be expected to
mix efficiently during ascent through the SCLM, resulting in a relatively constant enriched
geochemical compositions (Arndt, 2013, and references therein). In Fennoscandia, the lithophile
trace element composition of the SHMB and GBNO dykes is highly heterogenous, showing an up
to 3-fold variation. In addition, La/Sm displays a strong positive correlation with Ce/Yb and a
negative correlation with Nb/La, consistent with variable degrees of crustal contamination (Fig.
16). Similar variation has been reported for coeval komatiites in the Vetreny belt in Russian
Karelia (Puchtel et al., 1996, 1997) and interpretated as a result of AFC processes affecting a
komatiitic magma derived from a mantle plume. Our SHMB and GBNO dykes display a much
larger compositional variation, with the Vetreny belt komatiites plotting near the lower end of the
variation trend (Fig. 16). This feature suggests that the Vetreny belt komatiite experienced less
crustal contamination compared to our SHMB and GBNO dyke magmas. Compared with the
SHMB and GBNO dykes, the low-Ti tholeiitic and Fe-tholeiitic dykes exhibit no or weaker Ta-
Nb anomalies, higher initial eNd values (from -0.3 to +1.7) (Vuollo and Huhma, 2005), and lower
initial 87Sr/8®Sr ratios (~0.7022) (Fig. 17). These features are best interpreted to be derived from a
long-term depleted asthenospheric mantle component, with a minor amount of crustal

contamination.

Another potential approach to constrain the mantle source to magmas is to consider their PGE

contents and ratios (Maier and Barnes, 2004). Relative to the primitive mantle with the estimated
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Pt and Pd concentration of 7 and Pd of 4 ppb, respectively (Maier and Barnes, 1999), the SCLM
is generally depleted in Pt and Pd by ca. 50-70% (ca. 4 ppb Pt, 2 ppb Pd) due to dissolution of
most mantle sulphides during large degrees of partial melting that normally occur during the
SCLM formation (Pearson et al., 2003; Pearson, 2004; Maier et al., 2012, 2015; Barnes et al., 2015;
Lorand and Luguet, 2016). All the dyke groups studied in the present project show relatively high
PPGE contents and high Pd/Ir and Pd/Pt ratios, thus not supporting derivation from a SCLM source.

The relationship between the relatively MgO-rich SHMB and GBNO dykes and the relatively
MgO-poor tholeiitic dykes (LTTH and FTH) remains enigmatic. It is interesting to note that other
LIPs and layered intrusions also contain both SHMB and tholeiitic magma suites (Fig. 18) (e.g.,
Belomorian belt in Russia, Lobach-Zhuchenko et al., 1998; the Bushveld magmatic event on the
Kaapvaal craton in South Africa, Bland B2/B3 magmas, Sharpe et al., 1981, Barnes et al., 2010;
the Stillwater Complex of Montana, Helz, 1995; Lambert and Simmons, 1987, 1988). The
variation in the major element compositions of the Karelian SHMB and GBNO dykes is similar to
that of the SHMB dykes in the Belomorian belt and the Vetreny belt komatiites, whereas the
Karelian tholetiitic dykes display similar variation as the tholeiitic dykes in the Kola and
Belomorian belts (Fig. 18). One possibility is that the two contrasting magma types were derived
from a common mantle plume source, but the SHMB/GBNO group experienced a higher degree
of crustal contamination than the tholeiitic group. The contamination elevated the SiO; and alkali
contents and considerably influenced the isotope and incompatible trace element ratios of the
SHMB/GBNO group (Fig. 18). To test this hypothesis, |1 conducted thermodynamically
constrained major element modelling using the Magma Chamber Simulator (MCS) software
(Bohrson et al., 2020).

| chose an average composition of seven relatively primitive tholeiite dyke samples from the
Karelian and Belomorian cratons and then added equilibrium liquidus olivine in 1 wt.% steps until
the calculated melt was in equilibrium with forsteritic mantle olivine (Fog2). After adding 43 wt.%
of olivine, the melt reached a komatiitic composition with ~21 wt.% MgO, which | used as the
parental magma composition. The initial oxidation state of iron is assumed to be at Fe?*/Fe' =
0.88, but not forced through the runs, and the H,O content is assumed to be 0.5 wt.% based on the
recent H>O content estimation for Archaean komatiites by Sobolev et al. (2019). For the crustal
contaminant, | chose a sample from the Surmansuo porphyritic granite (A2128, Mikkola et al.,
2014) from the Archaean basement near the Suomussalmi belt, a representative rock type for wall
rocks of most Karelian mafic dykes and layered intrusions. The modelling results suggests that the

SHMB and GBNO dykes experienced an AFC process at a relatively deep crustal level (300 MPa),
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followed by a FC process in a shallower crust, whereas the LTTH and FTH dykes experienced
mainly a FC process with a very low degree of crustal contamination (Fig. 18). On the other hand,
a model in which the SHMB suite magma was derived from the SCLM and the tholeiitic suite

magma from a plume mantle is inconsistent with the modelling.

7.2.2 Distribution and origin of 2.44 Ga siliceous high-Mg basalts in NE Fennoscandia

The 2.44 Ga plume-related mafic dyke swarms are divided into two main groups based on
geochemistry, siliceous high-magnesium basalt (SHMB) and tholeiite (Guo et al., 2023). The
SHMB group is considered to be parental magma to many coeval PGE-mineralised mafic layered
intrusions (e.g., Penikat, Portimo), and the tholeiite group may be the parental magma to the
Tspringa intrusion which has minor PGE mineralisation (Guo et al., 2023). In this study, | found
that the older generation of pre-Jatulian mafic volcanic rocks generally show clear LREE
enrichment, similar to the 2.44 Ga mafic dyke swarms (Fig. 23). For major elements, most of these
volcanic rocks from different supracrustal belts (e.g., Salla and Myo6kkelmé areas in the CLGB,
Suollavaara in the Kuusamo belt, and Ahmalahti in the Pechenga belt, and Jaurakkajérvi in the
Kainuu belt) show high SiO2 and high alkali contents, consistent with a SHMB affinity, with only
two basalt samples from the Salla belt showing a tholeiitic affinity (Fig. 22). This indicates that
the 2.44 Ga SHMB-type magma occurs across much of the Karelian and Kola cratons, i.e. over a
much larger area than the tholeiitic magma. This is in line with the observation that most mafic

layered intrusions coeval with the mafic dykes have SHMB rather than a tholeiitic affinity.

7.2.3 Relationship between 2.45 Ga mafic dykes and layered intrusions

A genetic relationship between the dyke suites and the coeval and spatially associated layered
intrusions has long been assumed, based mainly on Nd isotope evidence. One common feature of
many Fennoscandian 2.45 Ga layered intrusions, including the intrusions of the Tornio-
Nérankavaara belt (Fig. 5), is that their upper parts tend to have a much lower Cr content than the
lower portions (Halkoaho et al., 1990; Iljina, 1994; Alapieti and Halkoaho, 1995; Maier et al.,
2018). Based on mineralogical and bulk-rock geochemical data, it has been suggested that this
reflects injection of two parental magma types, one high in Cr (>1000 ppm) and the other low in
Cr (<600 ppm) (Alapieti et al., 1990; Vogel et al., 1998; Iljina and Hanski, 2005). The authors
argue that the high-Cr magma has a similar composition to that of SHMB dykes, with an elevated
SiO2 content and fractionated REE pattern, whereas the low-Cr magma, featuring a less

fractionated REE pattern, is related to the tholeiitic dykes.
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Regarding the relationship between the tholeiitic dykes and the Fennoscandian intrusions, the
dykes have positive initial eNd values, which are distinct from the negative initial eNd values of
the upper parts of the Penikat, Koitelainen and Akanvaara intrusions (eNd from -1.3 to -2.4, Hanski
et al., 2001b; Maier et al., 2018). Also, plagioclase grains from the tholeiitic dykes show low initial
87Sr/88Sr ratios of ~0.7024 (Fig. 17), clearly lower than in plagioclase from the Penikat intrusion
(0.7027-0.7032) (Rivas, 2022), which are more consistent with the initial 8’Sr/®Sr ratios of the
SHMB and GBNO dykes (0.7030-0.7037, Fig. 17). Maier et al. (2018) proposed that the upper
part of the Penikat intrusion may have been derived from an evolved SHMB magma that ascended
from a deeper staging magma chamber and had a low Cr content due to extensive crystal
fractionation. This model is consistent with the large variation of composition in the SHMB dykes
with variable MgO and Cr contents.

7.2.4 Sulphide saturation history and implications for PGE exploration

The SHMB and GBNO dyke samples have PGE-undepleted mantle-normalised siderophile
element patterns (Figs. 21a, b), with Pd contents of up to 22 ppb and mostly mantle-like Cu/Pd
ratios (Fig. 20b), indicating that the magma was sulphur undersaturated during high-degree partial
melting of the mantle and remained so en route to the upper crust. Similarly, the coeval SHMB-
like volcanic rocks display moderate PGE contents, with Pt and Pd ranging from 5 to 15 ppb for
the most primitive rocks (22 to 8 wt.% MgO, e.g., Kainuu belt, CLGB, Salla), i.e. PGE levels that
are broadly comparable to the Vetreny komatiites with Pd ranging from 11 to 14 ppb at MgO of 9
to 14 wt.% (Puchtel et al., 2001). This renders the magmas prospective to form PGE deposits (e.g.,
Naldrett, 2004). In these rocks, Pt and Pd correlated negatively MgO, indicating that fractionation
of a silicate magma played a significant role in controlling the contents of Pt, Pd and Rh. However,
one SHMB and two GBNO dyke samples with a relatively low MgO content (<7 wt.%) and several
coeval volcanic rocks show low PGE concentrations (Pt, Pd < 3 ppb). In addition, there is a
decrease both in the Cu content in the more evolved magmas (MgO, 5-10 wt.%), and an increase
in Cu/Pd ratios (Fig. 20a, b), suggesting that these relatively evolved magmas reached saturation
in sulphide melt. Notably, PGE reefs occur in both primitive and relatively differentiated portions
of the 2.45 Ga layered intrusions (e.g., Penikat, Portimo, Koillismaa) (Barkov et al., 1999; Maier
and Hanski, 2017; Maier et al., 2018), but the latter tends to be richer.

Regarding the tholeiitic dykes, the most primitive samples (LTTH) have broadly mantle-like
Cu/Pd ratios (Fig. 20b) indicating that the magmas did not reach sulphide saturation during the

early stage of their differentiation. Some of the LTTH samples show high Pd contents ranging
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from 20 to 24 ppb, which are close to the highest values reported for basaltic rocks worldwide
(Fiorentini et al., 2010). The high PGE contents of these samples are unlikely a result from re-
mobilisation of metals during low-T alteration as they also show the highest Pt contents of 10-20
ppb (Fig. 19). In the more differentiated members of the tholeiitic dyke suite (MgO = 4—6 wt.%),
PGE and Cu show large variation, with Pt and Pd contents ranging from <1 ppb to 20 ppb,
indicating that sulphide melt saturation was reached during an advanced stage of fractionation.
From the above discussion, it appears that all magma types occurring in the 2.45 Ga dyke suites
are fertile in terms of the concentration of PGE at a relatively unevolved stage. Depletion in PGE
is restricted to some of the most evolved samples, suggesting that sulphide melt saturation was
reached during advanced fractionation, which is commonly observed in flood basalt provinces. In
the SHMB suite, sulphide melt saturation occurred at a slightly earlier stage (7—8 wt.% MgO) than
in the tholeiitic suites (5 wt.% MgO), possibly because the former underwent more crustal
contamination. The obtained data on these 2.45 Ga dyke suites suggest that all stratigraphic levels

of the coeval layered intrusions have potential to host PGE mineralisation.

7.2.5 Low PGE potential for the 2.31 Ga magmatism

The slightly younger generation of rift-related magmatism at ~2.31 Ga was relatively less wide-
spread, but dyke swarms dated at 2.31 Ga were recently reported in Russian Karelia, and it is
possible that the scale of this generation of magmatism is underestimated (Stepanova et al., 2015).
In the Perdpohja belt in Finland, the Runkaus Formation is estimated to have an age of 2.2-2.44
Ga based on cross cutting relationships of mafic sills (Nykénen et al., 1994; Hanski et al., 2010;
Stepanova et al., 2015). These Runkaus rocks show similar trace element characteristics as the
2.31 Ga dyke swarms in Russia Karelia (Stepanova et al., 2015). This group of basalt has relatively
low PGE contents and high Ni/Pt ratios, indicating that the magma has equilibrated with sulphide,
either in the source mantle due to a relatively low degree of partial melting in upwelling
asthenosphere or during magma ascent through the crust. As all the rocks generally show low MgO
contents, we favour control of PGE contents by a low degree of partial mantle melting. Hence, this

pulse of magma may have relatively low potential to form economic PGE deposits.

7.3 Magmatism related to the middle-stage of rifting (2.3-2.06 Ga) (Jatulian)

The Jatulian stage of the Fennoscandian magmatism contains some of the most PGE-rich basaltic
magmas on Earth, as manifested by the Jouttiaapa Formation of the Perdpohja belt and the
Petdjdvaara Formation in the Kuusamo belt (Fig. 5), suggesting that PGE enrichment is a

characteristic feature of the Jatulian magmatism. The Jouttiaapa and Pet&jévaara samples generally
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define a positive correlation between Pd and Pt (Fig. 7), confirming that the high Pt and Pd contents
are a primary magmatic feature of these magmas. The Ruukinvaara Formation of the Kuusamo
belt share similarly high Pd contents (23.3—31.1 ppb) with the Petdjavaara Formation, but its Pt
content is moderate (4.62—9.84 ppb). As a result, it has the highest and most variable Pd/Pt ratios
(2.6-5.7) among all our samples, whereas the Jouttiaapa Formation shows an average Pt/Pd ratio
of 0.67. The reason for the variation in Pt/Pd remains unclear. Barnes and Liu (2012) suggested
that Pd is more mobile during alteration. This could cause enhanced variation in Pt/Pd, but
arguably should result in wide spread Pd depletion across the Ruukinvaara Formation. Also, in
terms of LOI values (0.9-6.2 vs. 4.1-6.9), the alteration degree of the Ruukinvaara Formation is
generally lower than that of the Petdjavaara Formation, and thus the mobility of Pd may not be the
key factor. On the Pd vs. Zr diagram, the Ruukinvaara Formation samples plot well in the field of
samples from the Jouttiaapa and Petdjavaara Formations, showing a positive correlation due to the
incompatibility of both elements during fractionation. However, on the Pt vs. Zr diagram, the
Ruukinvaara Formation samples plot well below the main trend of the Jouttiaapa and Petéjavaara
Formation samples (Fig. 25). Possibly, the magma lost some Pt during fractionation (cf. Momme
et al., 2002; Lightfoot and Keays, 2005; Park et al. 2017).

All Jatulian basalts show relatively low contents of IPGE and Rh, likely reflecting their relatively
evolved composition (Fig. 24). The Kuestijarvi Formation of the Pechenga belt shows relatively

low Pt and Pd contents which may be the result of some sulphide segregation (discussed below).

The samples from the Jouttiaapa, Ruukinvaara and Petdjavaara Formations all show mantle-like
Cu/Pd ratios (mostly 4000—-7000) (Fig. 25), indicating that sulphide saturation has not been
achieved during magma fractionation, even for the most evolved members of the suites. On the Cu
vs. Zr, and Pt vs. Zr diagram, these samples generally define a positive trend (except the samples
from Ruukinvaara). However, the samples from the Kuestijarvi Formation in Pechenga show much
lower Pt and Pd contents, and higher Cu/Pd ratios (14500—-22500), indicating that sulphide
saturation occurred in the Pechenga belt. One possible reason for the absence of sulphide saturation
in the Perapohja and Kuusamo belts may be that there were no large magma chambers at this stage
to allow protracted fractionation of magma and attainment of sulphide saturation, probably
because the supercontinent has almost broken up during the middle—stage of rifting, and the
continental crust was becoming too weak to store the magma to form large magma chambers. In
an analogous manner, the 2.2 Ga mafic sills in Fennoscandia formed thin sills with a strike length
of more than 10 km, but with thicknesses of less than 300 meters (e.g., Koli intrusion; Hanski et
al., 2010).
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7.4 Magmatism related to the late-stage of rifting (2.06-1.98 Ga) (post-Jatulian)

The occurrence of large volumes of ca. 2.06 Ga komatiites in the CLGB has been attributed to
mantle plume activity (Hanski et al., 2001a; Térmanen et al., 2016; Puchtel et al., 2020). These
komatiites show strong depletion in LREE and strongly positive initial eNd values (+4.2),
consistent with a long-term depletion in the mantle source. However, there are also coeval Ti-
enriched picrites in both the CLGB in Finland and the Karasjok greenstone belt in Norway, which
may have been derived from an OIB-like enriched mantle source (Barnes and Often, 1990; Hanski
et al., 2001a; Orvik et al., 2022 a,b). Similar Fe-Ti rich picrites also occur in the slightly younger
1.98 Ga Pechenga belt (Hanski and Smolkin, 1995; Hanski et al., 2014), and the Onega Basin in
Russian Karelia (Puchtel et al. 1998; Hanski et al., 2001a). The Sattasvaara samples in this study
are depleted in LREE, and thus comparable with the regional komatiites in the CLGB (e.g.,
Jeesitrova, Hanski et al., 2001a; Kevitsa komatiitic dyke, Puchtel et al., 2020).

Unusually high PGE contents have been reported from komatiites at Jeesiérova, komatiitic dykes
at Kevitsa, and komatiites at Lomalampi (Torménen et al., 2016; Puchtel et al., 2020). Based on
S-poor samples, the Pt and Pd contents of the primary silicate melt at Lomalampi are estimated to
be 27 ppb and 10 ppb, respectively (Térmanen et al., 2016). Puchtel et al. (2020) found unusually
high contents of Pt (16.8-19.2 ppb) and Pd (13.9-15.4 ppb) in 4 komatiite samples from
Jeesidvaara (25.3—-28.6% MgO), and even higher levels of Pt (16.0-23.7 ppb) and Pd (13.6—20.0
ppb) in the slightly less magnesian (18.1-28.3 wt.% MgO) Kevitsa dykes. In this study, we
obtained 13 ppb Pt and 12 ppb Pd for the Sattasvaara komatiites (26 wt.% MgO), in the southern
part of the CLGB. The PGE levels in the CLGB are amongst the highest recorded for komatiites,
implying that relatively high PGE contents are a characteristic feature of the CLGB. Equally
remarkable are the relatively high Pt/Pd ratios of the Jeesidvaara, Kevitsa and Sattasvaara
komatiites, typically at 0.9—1.2. Platinum/Palladium ratios above unity are relatively rare amongst
global magmas (see compilation of Maier and Mundl-Petermeier 2023). Notable exceptions
include the Bushveld magmas, Emeishan picrites, Kerguelen lavas as well as Coppermine Mg-
basalt. These authors showed that Pt/Pd is controlled by a range of processes, including mantle
heterogeneity, fractionation, as well as hydrothermal and low-T alteration. Considering that high
Pt/Pd appears to be a regional feature in the CLGB (it is also found at the Kevitsa and Sakatti
sulphide deposits, Mutanen, 1997; Le Vaillant et al., 2016), | propose that it reflects the

heterogeneity of the post-Jatulian source mantle.

The Cu/Pd ratios of the Sattasvaara, Jeesiovaara and Kevitsa komatiites and Mg-basalts is typically

around 7000 (Puchtel et al., 2020), suggesting that these rocks have not equilibrated with
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significant sulphide. However, sulphide saturation clearly has occurred in unevolved magmas at
Lomalampi (T6rmanen et al., 2016), Pulju (Konnunaho et al., 2015), and Sakatti (Makkonen et al.,
2017; Brownscombe et al., 2015; Moilanen et al., 2021; Frohlich et al., 2021), and also in
somewhat more evolved magmas at Kevitsa (Mutanen, 1997; Luolavirta et al., 2018). This strong
regional variation amongst the CLGB magmas to attain sulphide saturation likely reflects the

availability of sulphur-bearing sedimentary rocks with which the magmas could react.

In contrast to the komatiitic rocks of the CLGB, the ferropicritic rocks of the Pechenga belt are
interpreted to be derived from an enriched plume mantle source with high FeO and TiO> contents
(Hanski et al., 1995, 2011). The unevolved ferropicrites of the Pilgujarvi Volcanic Formation and
the Nyasyukka dyke, and basalt of the Kolosjoki Volcanic Formation, have moderate Pt and Pd
contents at a given MgO content (15.1-21.2 wt.%), plotting well within the global dataset, but
below the trend of the CLGB (Fig. 24). This indicates that the source mantle of the Pechenga
ferropicrite is relatively “normal” in terms of PGE, but different compared with the CLGB, though
the two pulses of magmatism are rather similar in age (1.98 Ga vs. 2.06 Ga), representing the final-
stage of continental break-up. One ferropicritic sample from the Pilgujarvi Volcanic Formation
has a mantle-like Cu/Pd ratios (about 6000), indicating sulphur undersaturated condition. However,
another ferropircrite sample from the Pilgujarvi Volcanic Formation and the Nyasyukka dyke have
Cu/Pd ratios from 30000 to 220,000, indicating sulphide saturation at a relatively early stage of
magma fractionation. The basalt samples from Pechenga also show variable and high values of
Cu/Pd ranging from 11000 to 1310000, indicating that sulphide saturation was wide-spread, due
to interaction with sulphide bearing sedimentary rocks, as previously suggested by Briigmann et
al. (2000), Barnes et al. (2001) and Hanski et al. (2011).

The basalts in the Kiiminki and Haukipudas Formations on the SW margin of the Karelia craton
show flat REE patterns or weak enrichment in LREE, respectively, and moderate to high TiO2 (0.9
to 1.4 wt.%) and MgO from 6.67 to 7.74 wt.%. It is possible that the source mantle of the Kiiminki
and Haukipudas Formation basalts is a mixing product of the depleted and enriched mantle
discussed above. The Haukipudas Formation shows moderate to high Pt (14.0-16.6 ppb) and Pd
(15.5-15.7 ppb) contents, and a positive correlation between Pt and Zr (Figs. 24, 25), indicating
sulphide undersaturated conditions, though relatively high Cu/Pd ratios (10200—12300). In
contrast, the Kiiminki Formation samples have very low Pt and Pd contents (both below 1.3 ppb)
and high Cu/Pd ratios (52700—1000000), clearly indicating that the magmas equilibrated with
sulphide melt. So far no Ni-Cu-PGE sulphide mineralisation has been identified in these SW

Karelian formations, but the combination of high PGE contents in the Haukipudas Formation and
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the sulphide-saturated nature of the Kiiminki Formation lavas could suggest potential for such

deposits in this region.

In contrast to all the rocks discussed above, most basalts from the Kittila allochthon are believed
to have an affinity of oceanic plateau basalt or EMORB (Lehtonen et al., 1998; Hanski and Huhma,
2005). These rocks generally show rather large variation in terms of their PGE contents. Three
samples from the Suurikuusikko basalt (belonging to the Vesmajarvi Formation) display
moderately high Pt (12.7-13.9 ppb) and Pd (17.1-18.3 ppb) contents, whereas most of the
Kautoselkd Formation samples have moderately low Pt (6.30—8.54 ppb) and Pd contents
(6.54-9.45 ppb), but clearly higher levels than MORB basalts which generally have Pt and Pd
below 2 ppb (Yang et al., 2014), indicating a relatively high degree of mantle melting consistent
with an oceanic plateau basalt affinity. As samples from the Vesmajérvi Formation have very low
Pt and Pd contents below 0.03 ppb and highly variable Cu/Pd ratios (4000—1000000), I argue that
sulphide saturation did not occur during mantle melting, but during magma fractionation in the

crust.

7.5 Origin of the high-PGE magmas

To explain the variable PGE content of the studied magmas, including the unusual PGE
enrichment in some of the Jatulian and post-Jatulian magmas, four models are considered below:
(i) Variable degree of partial melting of sub-lithospheric (plume) mantle followed by fractional
crystallisation and sulphide saturation, (ii) contribution of SCLM in generating PGE-rich magmas,
(iii) assimilation of PGE-rich crust, and (iv) melting of mantle containing preserved domains of

PGE-rich late veneer.

(i) Variable degree of partial melting of sub-lithospheric (plume) mantle followed by fractional
crystallisation and sulphide saturation. Tormanen et al. (2016) suggest that the melting degree for
komatiitic basalts in the CLGB was generally lower than that for normal komatiites (e.g., Archaean
komatiites), and hence the PGE and Cu were not diluted by further melting of mantle after
consumption of all sulphides. This could explain the relatively low Ni tenor and high Cu and PGE
tenors in the Lomalampi sulphide ore. However, Puchtel et al. (2020) estimated that the source
mantle of komatiitic magma in the CLGB had 9.54 + 0.22 ppb Pt and 8.13 + 0.19 ppb Pd, which
are about 20% higher than the concentrations in the bulk silicate earth composition. Based on the
positive eNd and gHf values and LREE-depleted patterns of komatiites in the CLGB, it is proposed
that the mantle source of komatiites in the CLGB experienced an earlier, relatively low degree

melt extraction event (Hanski et al., 2001a; Puchtel et al., 2020). If the earlier melting failed to
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dissolve all the sulphur in the source mantle, the generated magma was S saturated and metal
depleted, such as typical MORBs which have Pt generally lower than 1 ppb and Pd lower than 1.5
ppb coupled with high Cu/Pd ratios ranging from 50,000 to 400,000 (Yang et al., 2014). Mass
balance dictates that the residual mantle should be enriched in PGE.

Huhma et al. (1990) suggest a relatively high degree of partial melting of a highly depleted
asthenospheric mantle for the low-TiO. Jouttiaapa basalts and a lower degree partial melting of
mantle for the high-TiO. Jouttiaapa basalts. However, the modelling suggests that if the two types
of magma are derived from the same mantle source, the melting degree for the high-Ti basalts will
be just 1%, which is unreasonable. Another possibility is that the mantle source to the high-Ti
basalt may have experienced a lesser amount of earlier melt extraction, which resulted in less
depletion in incompatible trace elements. If earlier melt extraction is the key factor for PGE-
enriched mantle source, it would be expected that the low-Ti basalts should have higher PGE
content than the high-Ti basalts, which is not consistent with our data.

(i) Contributions of SCLM in generating PGE rich magmas. There has been considerable debate
whether PGE-rich magmas need a contribution of metals from the sub-continental lithospheric
mantle (Griffin et al. 2013; Maier et al. 2016). One important observation is that PGE-rich ore
deposits generally occur in cratonic settings rather than at craton margins (e.g., Bushveld,
Stillwater, Great Dyke, and Finnish intrusions in NE Fennoscandia, Maier et al., 2013a, 2015;
Maier and Hanski, 2017). Yang et al. (2016) argue that the near chondritic yOs of LIPs is
inconsistent with a significant contribution of SCLM. In addition, a compilation of global mantle
xenoliths shows that the SCLM is relatively depleted in Pt and Pd. Also, Group Il kimberlitic
magmas generated by melting of SCLM are highly PGE depleted (Maier et al., 2012). In the case
of the PGE-rich Jouttiaapa formation basalts and the komatiitic rocks in the CLGB, the highly
positive eNd values and LREE-depleted REE patterns indicate a depleted asthenospheric mantle
source without notable interaction with the continental crust or the metasomatised SCLM (Hanski
et al., 2001b; Stepanova et al., 2014; Puchtel et al., 2020). These data are more consistent with an
origin via late rifting when the Fennoscandian continental lithosphere and crust was thinned near

the final break-up of the Kenorland super continent.

(iii) Assimilation of PGE-rich crustal contamination. Several studies have postulated that
assimilation of crustal magmatic protosulphide may be the cause for elevated the PGE contents of
mafic magmas and associated ore deposits, including the Kevitsa deposit (e.g., Naldrett et al., 2009;
Lietal., 2009; Maier etal., 2011; Yang et al., 2013; Maier et al., 2023). In the case of the Jouttiaapa

basalt (Perdpohja belt) and the Ruukinvaara and Petdjavaara Formation basalts in the Kuusamo
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belt, no older or coeval Ni-Cu-(PGE) sulphide mineralisation has yet been identified, but this could
be a reflection a lack of exposure. On the other hand, coeval Ni-Cu-PGE sulphide mineralisation
exists in the CLGB.

Alternatively, the elevated PGE content of the post-Jatulian komatiites in the CLGB could be
explained by assimilation of black shale with elevated PGE (cf. Jiang et al., 2007). Unfortunately,
though there are many occurrences of black shale in Fennoscandia, so far few PGE data are
available for these rocks. However, the high eNd values do not support extensive interaction with

black shale for these mafic-ultramafic igneous rocks.

(iv) Melting of mantle containing preserved domains of PGE-rich late veneer. Maier et al. (2009)
show that the PGE contents of Archaean komatiites increases with decreasing age. The authors
proposed that this is the result of progressive in-mixing of late veneer into the Archaean mantle.
Puchtel et al. (2020) proposed that late accretion of a fragment of a differentiated planetesimal
core, or material from the Earth’s core, both of which have higher Pt/Os and Re/Os ratios than the
bulk mantle, may best explain the decoupling of lithophile and chalcophile isotope systematics in
the CLGB komatiites. Modelling suggests that only 0.2% addition of iron meteorite to the
primitive mantle (Cook et al., 2004) may account for the unusually high PGE contents in the
komatiite of the CLGB. A similar model was considered for Bushveld by Maier et al. (2016) and
Maier and Mundl-Petermaier (2023). If this model is correct for the PGE-rich Palaeoproterozoic
magmas in Fennoscandia and the Bushveld province, homogenisation of late veneer in the Earth’s

mantle may have taken much longer than previously thought.

It is worth noting that the enrichment of Pd in the Jatulian-stage magmas is even higher than that
in komatiites in the CLGB, plotting above the trend defined by komatiites from Kevitsa and
Jeesidrova. On the other hand, Pt plots slightly below the trend of the CLGB, though still above
the global trend (Fig. 5). Compared to the PGE-rich Bushveld B1 SHMB (Barnes et al., 2010;
Maier et al., 2016), the Jatulian-stage magmas have a comparable Pt content, but clearly higher Pd
with lower Pt/Pd. Considering the diverse types of iron meteorite with some having either higher
or lower Pt/Pd ratios than unity (Cook et al., 2004; Worsham et al., 2016), | propose that different
types of planetesimal core material have been concentrated in the Fennoscandian sub-lithospehric

mantle.

7.6 Implications for sulphide saturation and the criteria of mineralisation

One important feature in the Karelian craton is that large mafic layered intrusions only occur in

the earliest stage of Palaeoproterozoic rifting (2.44—2.5 Ga). Layered intrusions of broadly similar
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age are also found on the Kola craton in NW Russia and the Superior craton in Canada (Ernst and
Bleeker, 2010), which are believed to have formed during a common mantle plume event at the
initial stage of continental breakup. This is probably because the continental crust was still rather
thick and the magma could be stored in large magma chambers before continuing its ascent into
the uppermost crust and to the surface (Fig. 26A). This model is consistent with the observation
that large layered intrusions tend to occur in the central portions of cratons (Maier and Groves,
2011). On the other hand, almost no large layered intrusions have been identified in the middle
stage of rifting (Jatulian) in NE Fennoscandia. One could argue that there was not sufficient
magma supply in the Jatulian stage. However, a number of mafic intrusions have been identified
at 2.13 and 2.22 Ga both in the Fennoscandian and Superior cratons. Together with the occurrence
of thick (several hundred meters) basaltic formations (e.g., Jouttiaapa Formation), and many sills
with up to more than 10 kms length this indicates a considerable amount of magma supply during
the Jatulian rifting phase. One possible explanation may be that when the continental crust is
thinning, it is easier for the magma to reach the surface, but more difficult to pond in the crust to
form large magma chambers which will eventually form large mafic layered intrusions (Fig. 26B).

| further argue that magmas in large intrusions can more readily reach sulphide saturation via
crystal fractionation, magma mixing, and/or crustal contamination than magmas in small
intrusions or lava flows (Naldrett, 2010; Maier et al., 2013a), due largely to slower cooling rates
of the large intrusions. This may explain the chalcophile element depletion in volcanic rocks and
related mafic dyke swarms in the early rifting stage at 2.45 Ga (Guo et al., 2023; this study). In
contrast, in the Jatulian middle stage of rifting (e.g., Jouttiaapa Formation in Perdpohja belt,
Petdjdvaara and Ruukinvaara Formations in Kuusamo belt), there are few signs of sulphide

saturation.
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Fig. 26. Correlation between different types of mineralisation at different tectonic settings from early-
stage to late-stage rifting.

This concept cannot explain the observation that the late-stage rifting-related magmatism (2.06 Ga,
1.98 Ga) did not form large layered intrusions, and generally show PGE depletion (e.g., Pechenga,
Kiiminki). They are coeveal with conduit-type Ni-Cu sulphide deposits in Finland and Russia (e.g.,
Kevitsa, Sakatti, Lomalampi, Pechenga). Different from the 2.44 Ga magmas, in which sulphide
saturation mainly occurred in fractionated magmas with MgO lower than 8 wt.%, sulphide
saturation in the late rifting stage occurred in relatively primitive magmas (Pechenga ferropicrites,
komatiites in the CLGB). This is likely because sulphur-rich sediments, including black shales,
had been deposited during the late rifting stage in deep sedimentary basins, and assimilation of

these sediments by the post-Jatulian magmas could trigger sulphide saturation (Fig. 26C).

Thus, I suggest that the earliest stage of rifting is favourable to form large layered intrusion-hosted
Cr-PGE-V-(Ni-Cu-Co) deposits. The late-rifting stage is more favourable to generation of conduit-
type Ni-Cu-(PGE-Co) deposits. The middle-stage magmatic events seem to have less potential for
both of these deposit types because of a poorer magma storage capability and the lack of sulphur

in the associated sediments.
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Magmatic Ni-Cu sulphide deposits occur in continental rift settings or in orogenic belts during the
subduction or collision stage (Barnes et al., 2016). Our new data from the Kittil4 area suggest that
it may be possible to have PGE-rich magma and sulphide saturation in an oceanic environment

(e.g., oceanic plateau).

8 Conclusions

The studied komatiitic lavas from two Archaean greenstone belts in Russian Karelia are relatively
evolved (mostly <25 wt.% MgO) and their PGE contents are within the range of other
unmineralised komatiites globally. The absence of sulphide-rich sedimentary rocks in the studied
greenstone belts, the lack of PGE-enriched or depleted samples, the relatively differentiated
magma composition compared with sulphide-mineralised komatiites globally, and the paucity of
olivine adcumulates suggest a relatively low prospectivity for Ni sulphide mineralisation, though
localised crustal contamination and sulphide saturation seem to have occurred. However, as the
available database is relatively limited, the Ni sulphide prospectivity of the studied belts remains
incompletely understood, and future exploration should focus on the identification of prospective

lava channel-facies rocks.

During the early Palaeoproterozoic era (2.45-2.5 Ga), northern Fennoscandia has seen a large
amount of basaltic and komatiitic magmatism, exposed in dykes, layered intrusions and lava flows.
The SHMB-group dykes were likely derived via AFC from a komatiitic parent melt, followed by
FC at a relatively low pressure, whereas tholeiitic dykes represent less contaminated magmas
generated dominantly by crystal fractionation. The lower portions of most of the Finnish PGE-
mineralised layered intrusions (e.g., Penikat, Portimo) appear to have crystallised from a primitive
SHMB-like magma with high MgO and Cr contents, whereas the upper portions of the intrusions
crystallised from fractionated SHMB magma with lower MgO and Cr contents. One exception is
the Tspringa intrusion, the parental magma of which shows tholeiitic affinity. There is currently
no clear evidence to suggest that individual layered intrusions crystallised from hybrid SHMB-
tholeiitic magmas. Most of the mafic dykes and volcanic rocks are undersaturated in sulphides and
fertile in PGE, but several of the most differentiated samples have evidently reached sulphide
saturation, indicating a high potential for PGE deposits. The slightly younger pulse of magmatism
at 2.3 Ga shows generally low PGE contents and thus has lower ore potential, possibly due to a

low degree of mantle melting.

The volcanic rocks of the middle stage of rifting (i.e., the Jatulian stage, 2.2—2.1 Ga) show diverse

geochemical features. Some of the belts show unusually high PGE contents, namely Perépohja
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and Kuusamo. Most magmas do not appear to have experienced sulphide saturation, possibly
because the lithosphere had become relatively weak and thin, resulting in a low magma storage
capability and few large magma chambers. The magmatism related to the late stage of rifting (post-
Jatulian, i.e., younger than ~2.06 Ga) also shows unusually high Pt and Pd contents, though the
PGE contents in the 1.98 Ga event are normal. Sulphide saturation occurred widely at this stage,
probably due to interaction of magmas with sulphide-bearing sedimentary rocks, deposited as
wide-spread black shales at the late rifting stage.

The unusually PGE-rich magmas of the Fennoscandian mid- and late-rifting stages remain
enigmatic. One model could be that the sub-lithospheric mantle below Fennoscandia contained

poorly digested, PGE-rich late veneer materials with diverse composition.
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