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Abstract Several komatiite-hosted Ni-Cu-PGE deposits oc-
cur in Archean and Paleoproterozoic Greenstone Belts in
Finland. Some of these deposits are enriched in platinum-
group elements, especially in Pd and Pt. The Lomalampi
PGE-(Cu-Ni) deposit is associated with a peridotitic cumulate
body of the Sattasvaara Formation in the Paleoproterozoic
Central Lapland Greenstone Belt. The sulfides in the deposit
occur in disseminated form. Whole rock sulfur contents are
0.4-2 wt%, and Ni contents are <0.5 wt% and Cu <0.4 wt%,
while PGE contents exceed 500 ppb. The sulfides consist of
magmatic pentlandite, pyrrhotite, and chalcopyrite and have
not been substantially modified by metamorphic processes.
Palladium minerals are associated with sulfides and silicates,
but the only Pt-bearing phase, sperrylite, occurs mainly within
silicates. The host rock of the deposit is a chromite undersat-
urated Al-undepleted high-Mg basalt or low-Mg komatiite. In
contrast to most other komatiite-hosted Ni-Cu-PGE deposits
world-wide that have Pt/Pd around 0.5, the Lomalampi depos-
it is enriched in Pt over Pd (Pt/Pd=2). Only a weak
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contamination signal in the host-cumulate is evident in REE
data, but a strong signal is evident in S-isotope ratios (6>*S+
10%o to +15%o), which differ substantially from the mantle
value (0+2%o). Geochemical characteristics (e.g., PGE en-
richment) and R-factor modeling indicate certain similarities
between Lomalampi and the Raglan Ni-Cu-PGE deposits of
Canada. The combined data suggest that Lomalampi formed
through contamination of a PGE-rich magnesian magma with
S rich country rocks. This suggests that the extensive Central
Lapland Greenstone Belt is favorable for komatiite-hosted Ni-
Cu-PGE deposits, which are substantially enriched in plati-
num and palladium.

Keywords Platinum-group elements - PGEs - Komatiite -
Disseminated sulfide deposit - Paleoproterozoic - Lapland -
Finland

Introduction

Komatiite-hosted Ni-Cu deposits are important sources for Ni
and Cu. Some of them also contain significant amounts of
PGE, especially Pd and Pt, such as the Ni-Cu deposits asso-
ciated with komatiitic basalts in the Paleoproterozoic Raglan
Belt, Canada (e.g., Lesher 2007). In komatiitic systems, high
concentrations of PGE (>500 ppb) commonly occur in sulfur-
rich ores (S>5 wt%), whereas disseminated and sulfur-poorer
(S<5 wt%) ores are usually low in PGE (e.g., Naldrett 2004).
Some sulfur-poor and PGE-enriched occurrences have been
described from differentiated komatiitic bodies in Canada and
Western Australia (e.g., Stone et al. 1996; Fiorentini et al.
2007; Locmelis et al. 2009), but they have little economic
importance.

Several komatiite-hosted Ni-Cu-(PGE) deposits and occur-
rences are known to occur in Archean and Paleoproterozoic
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Greenstone Belts in eastern and northern Finland (e.g., Heggie
etal. 2013; Konnunaho et al. 2013; Finnickel public database,
GTK). These deposits are mainly disseminated with a relative-
ly low S content (S<5 wt%), but some of them also contain
massive sulfide accumulations (e.g., Hietaharju, Peura-aho,
and Tainiovaara) (Konnunaho et al. 2015). Several deposits,
including the Archean Vaara, Hietaharju, and Peura-aho de-
posits in the Suomussalmi Greenstone Belt and the
Paleoproterozoic Lomalampi deposit in the Central Lapland
Greenstone Belt (CLGB), are of potential economic interest
due to their elevated PGE (Pd+Pt>500 ppb) contents. In com-
mon with most disseminated komatiite-hosted Ni-Cu-(PGE)
deposits (i.e., type II of Lesher and Keays 2002) worldwide,
most of the Finnish deposits are enriched in palladium over
platinum, whereas the Lomalampi mineralization is enriched
in platinum over palladium. Platinum-dominant PGE enrich-
ments are also associated with some sulfide-poor komatiite-
hosted stratiform “reef”-type occurrences (i.e., type III of
Lesher and Keays 2002) and in reef-type deposits in layered
intrusions (Maier 2005).

The Paleoproterozoic Lomalampi deposit is characterized
by relatively high Pt/Pd (approximately 2.0), which exceeds
the chondritic value. This feature is unusual amongst
komatiite-hosted Ni-Cu-(PGE) deposits worldwide.
Lomalampi is also unusual in having relatively high PGE/
(Ni+Cu).

In this article, we describe the Lomalampi deposit, focusing
on petrological and geochemical features of the associated
komatiitic rocks and the chalcophile element geochemistry
ofthe deposit. We discuss the genesis of the deposit, its unique
Pt/Pd ratio, PGE enrichment in this, and some other Ni-Cu-
PGE deposits nearby, and possible processes responsible for
these features.

Geological setting

The Central Lapland Greenstone Belt (CLGB) constitutes the
main part of a large Greenstone Belt extending some 400 km
from the Russian border in the east to the Norwegian coast in
the north (Fig. 1). The Paleoproterozoic evolution of the
Central Lapland Greenstone Belt started at ca. 2.5 Ga with
rifting of the Archean basement followed by sedimentation
and mafic magmatism in an intracratonic to cratonic margin
rift setting. This stage ended at ca. 2.0 Ga (e.g., Lehtonen et al.
1998; Hanski and Huhma 2005). The rift phase was followed
by multiple compressional stages and associated felsic and
mafic magmatism related to the Svecofennian orogenic events
between 1.91 and 1.80 Ga (e.g., Lehtonen et al. 1998; Holttd
etal. 2007). The youngest supracrustal sequences were depos-
ited between 1.88 and 1.77 Ga in a molasses environment
(Simonen 1980; Hanski et al. 2001b). In this paper, we focus
on geological formations belonging to the Savukoski Group,
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as this contains the majority of komatiitic rocks of the CLGB,
including the host rocks of the Lomalampi PGE-Ni-Cu-Au
mineralization. For a more comprehensive description of the
CLGB, the reader is referred to the works of Lehtonen et al.
(1998), Hanski et al. (2001b), and Hanski and Huhma (2005).

In the Lomalampi area, the bedrock consists domi-
nantly of various clastic sedimentary rocks and ultra-
mafic volcanic rocks belonging to the Sodankyld and
Savukoski Groups, respectively (Fig. 2). Major intrusive
phases are represented by the 2.44-Ga Koitelainen mafic
layered intrusion to the south and the 1.77-Ga post-
orogenic granites to the north of the study area
(Huhma 1986; Mutanen and Huhma 2001). Further to
the south, there are several mafic-ultramafic intrusions
and sills, most notably the 2.05-Ga Kevitsa and Sakatti
intrusions, both of which host magmatic Ni-Cu-PGE
deposits (Maier et al. 2015). The Sodankyld Group is
mostly composed of quartzites and mica schists depos-
ited in a shallow marine setting and lesser amounts of
mafic volcanic rocks (Lehtonen et al. 1998; Hanski and
Huhma 2005). The lowermost units of the Savukoski
Group, deposited on top of the Sodankyld Group, are
composed of fine-grained metasedimentary rocks, typi-
cally phyllites and black schists with subordinate
greywackes and mafic tuffites, and minor dolomites
(i.e., Matarakoski Formation). Since no stratigraphic
break has been observed between the two groups, the
deposition of these finer-grained sediments indicates
deepening of the depositional basin (Hanski and
Huhma 2005). In the western part of the CLGB, the
metasediments are overlain by mafic volcanic rocks of
the Linkupalo Formation, followed by more primitive
komatiitic and picritic volcanic rocks (Sattasvaara and
Sotkaselkd Formations, respectively). The Lomalampi
area is dominated by komatiites and komatiitic basalts
belonging to the Peurasuvanto Formation, which is cor-
relative to the Sattasvaara Formation, while mafic vol-
canic rocks are rare and picrites are absent.

Ultramafic volcanic rocks in the Lomalampi area comprise
fine-grained lavas, breccias, tuffs, and various types of
hyaloclastic rocks. Associated cumulate rocks are mostly
fine- to medium-grained olivine orthocumulates with subordi-
nate amounts of pyroxenitic cumulates, olivine- and
pyroxene-phyric lavas, and gabbros. The most abundant
metasedimentary rocks are phyllites, black schists,
greywackes, and quartzites, most of which are interpreted as
belonging to the Matarakoski Formation.

The age of the Savukoski Group is constrained by the U-Pb
zircon ages of the crosscutting 2058+4 Ma Kevitsa mafic
layered intrusion and a 2048+5 Ma quartz porphyry
(Mutanen and Huhma 2001; Résidnen and Huhma 2001;
Hanski and Huhma 2005). Hanski et al. (2001a) used
clinopyroxene-whole rock pairs from komatiitic rocks in the
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Jeesidrova area in Kitttild for Sm-Nd isotope dating and ob-
tained an age of 2056+25 Ma, which represents the best cur-
rently available age estimate for the komatiites of the
Savukoski Group.

Metamorphism and deformation

Holttd et al. (2007) divided the CLGB into six (I-VI) meta-
morphic domains. The Lomalampi area belongs to the mid-
amphibolite facies zone II. However, the metamorphic miner-
al paragenesis of mafic-ultramafic rocks (serpentine-chlorite+
amphibole) is similar to that seen in rocks in the Kittild area, as
described by Hanski et al. (2001a), and indicates greenschist
to lower amphibolite facies conditions.

Holtta et al. (2007) determined three ductile deformation
phases in the central part of the CLGB. Early deformation
phases, D1+D2, are thought to be related to horizontal thrust
tectonics, resulting in flat-lying to subhorizontal folds and
foliations. A later D3 phase overprints earlier structures. It is
characterized by folds with highly variable axial strikes and
dips. It also reactivated earlier thrusts and generated high-
strain shear zones. In the Lomalampi area, most recorded fold
axes are NE-SW-trending with subhorizontal to shallow
plunges. These are probably related to D3 events, although
downward younging observations from metasediments in
the central part of the study area indicate possibly overturned
folds related to D2 thrust tectonics. There are several NE-SW-
trending shear zones, which are usually located at the contacts

of the cumulate bodies (Fig. 2) and possibly also some NW-
SE-trending faults (c.f. Holtté et al. 2007). However, the local
structural features are poorly defined and understood.

Sampling and analytical methods

Samples for whole-rock analyses from the Lomalampi area
were collected from 44 drill cores (Fig 2), which were obtain-
ed during a research program of the Geological Survey of
Finland between 2004 and 2008. Split drill core samples used
for petrological analyses varied generally from 10 to 50 cm in
length, while samples for base and precious metal analyses
varied from 1 to 2 m in length.

All drill core analyses were performed by the geochemical
laboratory of GTK and Labtium Oy (former geochemical lab-
oratory of GTK). Petrological samples were pulverized using
carbon steel bowl. Whole-rock analyses for major elements
and selected trace elements were performed by X-ray fluores-
cence (XRF) on pressed powder pellets. Samples for rare earth
elements were digested with HF-HC1O,—digestion, followed
by Li-metaborate—sodium perborate fusion and analyzed by
inductively coupled plasma mass spectrometry (ICP-MS).
Base metals analyses (14 elements) were carried out with par-
tial dissolution by aqua regia followed by inductively coupled
plasma optical emission spectrometry (ICP-OES) with the de-
tection levels varying from 1 to 50 ppm. Platinum, palladium,
and gold were determined by Pb fire assay followed by ICP-
OES (10 ppb detection limit for all three elements). A number
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Fig. 2 Geological map of the 349po00

Lomalampi area. White dots
indicate DDH collar points, and
numbered collars are referred in
the text
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of samples were analyzed for Au and six platinum group ele-
ments by ICP-MS coupled with NiS fire assay and Te
coprecipitation (detection limits in ppb: Au 0.5, Pd 1, Pt 0.1,
Rh 1, Ir 0.1, Ru 2, and Os 1). The method was described by
Juvonen et al. (2002).

In order to estimate the amount of silicate-bound nickel in
the ICP-OES analyses, six drill core samples were dissolved
using bromine methanol (BrMeOH) leaching, followed by
determination of nickel by flame atomic absorption (FAAS).
Powders of the same samples were also dissolved in aqua
regia followed by ICP-OES determination of nickel. The dif-
ference in analyzed Ni contents between the bromine metha-
nol and aqua regia leaches varies from 0 to 400 ppm, depend-
ing on the S and Ni content of the samples, as well as the type
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and degree of alteration: The least altered samples dominated
by serpentine show the largest difference between the aqua
regia and BrMeOH leaching, i.e., highest contents of
silicate-bound Ni in the ICP-OES analyses, whereas more
altered samples consisting mainly of talc and carbonate show
nearly identical Ni contents with both leaching methods.
Based on this observation, a 400-ppm reduction from the an-
alyzed Ni concentrations was made before calculating the Ni
content in the sulfide fraction.

Sulfur isotopes were determined in four whole-rock and
hand-picked sulfide samples. The whole-rock sulfur isotope
analyses were conducted at the University of Indiana by ele-
mental analyzer-continuous flow isotope ratio mass spectrom-
etry (EA-IRMS) (Studley et al. 2002), while the isotopic
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compositions of the hand-picked sulfides were measured at
Zymax Forensics Isotope Laboratory (EA-IRMS).

In order to determine the size distribution, hosting phase,
and composition of PGM, nine polished thin sections were
scanned with a Mineral Liberation Analyzer (MLA, FEI
Quanta 600 equipped with EDAX Genesis EDS detector) at
the Mineral Processing Laboratory of GTK at Outokumpu.
Ten PGE-bearing mineral grains were analyzed
(semiquantitative) using a JEOL JSM 5900 scanning electron
microscope at the GTK research laboratory in Espoo. An ad-
ditional MLA study was done on three polished sections made
from composite crushed feed (quarter core from six drill
holes) used in the metallurgical assessment by the Mineral
Processing Laboratory.

Komatiitic rocks of the Lomalampi area

The high-Mg rocks of the Lomalampi area have been divided
into three groups on the basis of their geochemical and mineral-
ogical composition and texture: (1) volcanoclastic komatiites, (2)
thin komatiite to komatiitic basalt lava flows and their olivine-
pyroxene cumulate units (pyroxenites to peridotites), and (3)
several bodies of massive cumulates (pyroxenitic to peridotitic
and minor gabbroic cumulates), which could represent sills or
cumulate zones of thicker lava flows (Fig. 2). The general trend
of these cumulates is southwest to northeast. Two major cumu-
late bodies are located in the southeastern part, while other thin-
ner cumulate bodies occur in the northwestern part of the
Lomalampi area. One of the cumulate bodies in the southeastern
part of the area hosts the Lomalampi PGE-Cu-Ni mineralization
(Fig. 2). The cumulate bodies are mostly composed of serpen-
tine-chlorite+talcamphibole rocks, with locally developed talc
+carbonate rocks. Serpentine forms pseudomorphs after original
cumulus olivine, while chlorite fills the interstitial space. The
average diameter of olivine pseudomorphs is 0.5 to 1.0 mm with
some elongate grains reaching 4 mm in length. The textures of
the cumulate bodies correspond to orthocumulates or
mesocumulates. Poikilitic textures are locally preserved with
original magmatic pyroxene replaced by amphibole enclosing
serpentine pseudomorphs after olivine (Fig. 3).

Various types of ultramafic volcanic rocks occur in the
Lomalampi area, especially between the northwest and south-
east cumulate bodies. Chemically, their composition varies
from komatiitic to komatiitic basalt. They are commonly high-
ly altered and affected by deformation processes, especially at
and below the contact with the mineralized cumulates. Based
on drill core observations, the rocks represent tuffs,
hyaloclastites and other fragmental rocks (Fig. 3a), as well
as lava flows 5 to 10 m thick. Some of these flows contain
olivine-phyric or relatively melt-rich orthocumulate zones.
Thin (0.5 to 3 m) komatiitic to komatiitic basalt dikes occur
mostly in the narrow interval between the two major cumulate

bodies in the southeast and also cut the more southern, barren
cumulate body. The volcanic rocks are generally fine-grained,
massive, or sheared rocks composed of variable amounts of
amphibole and chlorite with biotite being present in more
strongly altered varieties. Locally, hyaloclastites and other
fragmental rocks have preserved their original textures, al-
though no primary igneous minerals are preserved.

The mineralized komatiitic cumulate is a sheet-like body
dipping at an angle of 80° to the southeast. The ore-bearing
body has been delineated by diamond drilling to be approxi-
mately 700 m long along strike and possibly extending both
toward the southeast and northwest. The calculated true thick-
ness ranges mostly from 30 to 65 m, being greater in the
deeper intersections. Toward the northwest, the mineralized
cumulate becomes significantly thinner, ranging from 10 to
20 m in thickness in shallower parts, while the deeper inter-
sections are around 40 m thick. In the most northwestern part,
the depth extension and thickness of the mineralized cumulate
are still uncertain, as it has been intersected by a limited num-
ber of drill holes at relatively shallower levels.

In the mineralized cumulate, the degree of alteration increases
toward the structural footwall with increasing amounts of talc+
carbonate resulting in a zone of talc or talc-carbonate rock with a
thickness from a few meters to 20 m. Variable amounts of thin
talc-carbonate veins, commonly with some remobilized sulfides,
are a ubiquitous feature of the mineralized cumulate. Drill core
and thin section observations indicate the presence of a “white
spotted” rock type, which is composed of rotated, possibly
porphyroblastic amphibole (Fig. 3e—f) as well as talc and carbon-
ate grains in a fine-grained, sheared, and schistose chlorite-talc-
amphibole matrix. This rock type occurs mostly as 1- to 10-m-
thick zones at the structural upper contact of the cumulate and
more rarely also at the lower contact of the cumulate. It could
represent an originally pyroxene-olivine-phyric rock. The foot-
wall and hanging wall contacts are usually tectonized and com-
posed of a 0.5- to 3-m-thick amphibole-chloritetbiotite schist
zone. The footwall rock package consists of black schists,
phyllites, and komatiitic to komatiitic basaltic volcanic rocks,
all of which are schistose and variably deformed and also com-
monly sheared. The type of immediate footwall rock varies even
between drill holes in the same profile, resulting from faulted and
sheared footwall contacts. Toward the northeast, the narrower
cumulate body is often bordered by quartzites, greywackes, and
phyllites. The abrupt thinning of the cumulate body combined
with a change in the nature of the footwall and hanging-wall
lithologies indicate the presence of fault and/or shear zones.

The mineralized cumulate and the southern barren cumu-
late bodies are separated from each other by a narrow, hetero-
geneous rock package consisting of phyllite, black schist,
komatiitic, and komatiitic basaltic volcanic rocks and dikes.
The distance between the two cumulate bodies varies gener-
ally from 5 to 40 m in drill cores, increasing to more than 50 m
in the northeastern part.
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Fig. 3 Photomicrographs
showing textures of various
komatiitic rocks from
Lomalampi. a Hyalo tuff with
variable-sized chlorite-altered
fragments in a fine-grained
serpentine-talc-chlorite matrix. b
Non-mineralized ore cumulate
showing well-preserved
orthocumulate textures with
serpentine replacing olivine and
serpentine-talc+magnetite
replacing interstitial material. ¢
Weakly mineralized ore cumulate
with well-preserved textures.
Black patches are composed of
base metal sulfides. d Talc-
carbonate altered lower part of ore
cumulate. e Uppermost part of ore
cumulate (white-spotted type)
with mm-sized porphyroblast-like
amphibole in a sheared talc-
chlorite-amphibole matrix. f
White-spotted cumulate type from
the footwall contact of the ore
cumulate. Chlo chlorite, Sp
serpentine, Mt magnetite, Crb
carbonate, BMS base metal
sulfides, Amf amphibole

The southern barren cumulate has a similar 80° dip toward
the southeast as the mineralized cumulate. The whole cumu-
late body has a thickness of about 100 m and a strike length of
at least 800 m (Fig. 2). Here, talc-carbonate alteration is much
less abundant and less penetrative compared to the mineral-
ized cumulate, and talc-carbonate veins are less abundant. The
major difference between the two cumulate bodies is the
pyroxenite-gabbro zone occurring at the upper and lower con-
tacts of the barren cumulate. Typically, it consists of a pyrox-
enitic inner zone a few meters in thickness followed by an
approximately 10-m-thick gabbroic outer zone. The transition
from the inner olivine cumulate to pyroxenitic and gabbroic
rocks can be sharp or gradational.

The Lomalampi PGE-Cu-Ni deposit

The Lomalampi deposit is a PGE-rich, disseminated Fe-
Ni-Cu sulfide mineralization hosted by an olivine
orthocumulate body (Fig. 4). In the classification scheme
of Lesher and Keays (2002), it belongs to the IIb or Ilc
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type deposits (strata-bound internal). The NE-SW-trending
mineralization has been traced by drilling for ~550 m
along strike to a maximum depth of 130 m. The thickness
of the mineralization varies greatly even between drill
holes of the same profile: generally one to three relatively
higher-grade (>500 ppb combined Pt and Pd) intervals
occur within a thick PGE-anomalous zone (>100 ppb).
The thickness of the high-grade intersections ranges from
I m to more than 10 m, while the lower-grade envelope
can be up to 40 m thick (Fig. 5). High-grade PGE-miner-
alization is usually encountered in the lower or middle
part of the olivine cumulate sheet, but it can also occur
in the upper part. Thin, 1 to 4-m-thick PGE-enriched
(100400 ppb) intervals also occur in the otherwise non-
mineralized southwestern part of the host cumulate, in the
southern cumulate body (“barren cumulate”) and also in
gabbroic rocks associated with olivine cumulates in the
northwestern part of the study area. The mineral resource
estimate produced by GTK contains 3.06 million t at
0.269 ppm Pt, 0.122 ppm Pd, 0.074 ppm Au,
0.1682 wt% Ni (including some silicate-bound nickel),
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Fig. 4 Vertical section showing
the ore cumulate and barren
cumulate and their immediate
wall rocks with drill cores and
their Pt+Pd contents. For
location, refer to the drill core
numbering shown on Fig. 2

50 m

and 0.0571 wt% Cu, at a cutoff of 0.1 ppm Pt (Koistinen and
Heikura 2010; Térménen et al. 2010; Eilu et al. 2013).
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Disseminated sulfides occur as small (@ 0.01-0.5 mm) sin-
gle or composite grains (Fig. 6f), or as slightly larger (O
0.5 mm), lobate aggregates of intergrown sulfides and platy
serpentine (i.e., trellis texture, Barnes and Hill 2000), similar
to those found in many other komatiite-hosted disseminated
sulfide deposits (e.g., Barnes et al. 2009) (Fig. 6a—). Some
more sulfide-rich samples have coarser-grained sulfides and
sulfide blebs commonly 1 to 2 mm and locally up to 5-8 mm
in diameter, with more granular and/or annealed textures
(Fig. 6d, e). Sulfides together with magnetite also occur in
millimeter- to centimeter-thick talc-carbonate veins.

The sulfide paragenesis represents a typical magmatic sul-
fide assemblage consisting of pyrrhotite, pentlandite, and
chalcopyrite with pyrrhotite being by far the most abundant
sulfide phase. Magnetite occurs in variable amounts with sul-
fides, commonly concentrated along the outer edges of sulfide
aggregates, and in some cases, partially replacing base metal
sulfides (Fig. 6d). In As-bearing samples, trace amounts of
subeuhedral sulfarsenides (cobaltite-gersdorfite-arsenopyrite)
and, locally, nickeline together with trace 16llingite are pres-
ent. Trace phases found by MLA and SEM include pyrite,
sphalerite, millerite, galena, and molybdenite. Despite the al-
tered nature of the host rock and the presence of more strongly
altered talc and talc-carbonate rocks, pyrite and millerite are
very rare minerals at Lomalampi.

Occurrence of PGM

So far, no systematic study of the distribution of platinum-
group elements between different mineral phases has been
conducted for the Lomalampi mineralization. Nevertheless,
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Fig. 6 Photomicrographs of
sulfide textures. a Interstitial
sulfides between serpentine-
altered cumulus olivine. b Same
as previous, incident light. ¢
Close-up of B showing the
intergrown nature of sulfides with
secondary silicates (serpentine). d
More coarse-grained,
recrystallized sulfides, rimmed
with, and partially replaced by
later magnetite. e Coarse-grained,
recrystallized sulfides. f More
fine-grained, sparsely
disseminated sulfides associated
with advanced talc-carbonate
alteration. Sp serpentine, Pn
pentlandite, Cpy chalcopyrite, Po
pyrrhotite, Mt magnetite

some information has been obtained from MLA scanning of
nine polished thin sections from five different drill holes.
Additional SEM investigations were conducted on seven of
these thin sections. The MLA scans located 301 Pd-bearing,
450 Pt-bearing, and 4 Ru-bearing grains, and the SEM studies
further indicated the presence of a Rh-containing phase.
Platinum-group minerals (PGMs) occur as very small grains
associated with various base metal sulfides, MeAsS-MeAs
phases, silicates, oxides, and carbonates (SEM-images pre-
sented in the Electronic Supplementary Materials ESM 1).
The average grain size of the PGM is between 4 and 6 um,
whereas the largest grains measure 20 to 30 um. The miner-
alogy of Pt- and Pd-rich phases is surprisingly simple:
Palladium occurs as three discrete Pd-Ni-Te+Sb=+Bi phases,
while the only Pt mineral found is sperrylite (PtAs,). Table 1
shows semiquantitative SEM-EDS analyses of various Pd-
rich phases and sperrylite. Of the three Pd-bearing phases,
two are Ni-dominant. The first four analyses in Table 1 prob-
ably represent Bi-bearing palladian melonite (Ni,Pd)(Te,Bi)s,.
Melonite and merenskyite (PdTe,) form a complete solid so-
lution series and can contain highly variable amounts of
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bismuth, but only negligible amounts of Sb (Cabri and
LaFlamme 1981; Barkov et al. 2002; Gervilla and Kojonen
2002). The two other phases are similar to unnamed Ni-Pd
minerals described by Chen et al. (1993), Augé et al. (2002),
and Barkov et al. (2002). The only Rh-bearing PGM found by
SEM occurs as four micrometer-sized, exsolution-like grains
in a small cobaltite grain associated with base metal sulfides.
Similar Ru-bearing exsolutions were also observed in cobalt-
ite from another sample.

Based on MLA studies, approximately 80 % of sperrylite
grains and 50 % of Pd minerals are hosted by silicates, but there
is some variation between different samples, with as much as
71 % of Pd minerals occurring with base metal sulfides in some
samples. However, the possible occurrence of Pt and Pd in base
metal sulfides or sulfarsenides was not determined.

Whole-rock geochemistry

Representative examples of whole-rock major and trace ele-
ment compositions of various types of komatiitic rocks from
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Table 1 Selected PGM analyses

from the Lomalampi deposit Phase Fe Ni Pd Pt As Bi Sb Te Total
Melonite 47 24.5 6.5 n.d. n.d. 3.8 n.d. 60.5 100.00
Melonite 6.5 14.3 7.1 n.d. n.d. 3.1 n.d. 59.0 100.00
Melonite 6.4 24.0 7.6 n.d. n.d. 4.1 n.d. 57.9 100.00
Melonite 4.7 24.5 6.5 n.d. n.d. 3.8 n.d. 60.5 100.00
(Ni,Pd);(Te,Sb,Bi);., 1.6 28.2 7.7 n.d. n.d. 3.4 12.4 46.8 100.00
(Ni,Pd);(Te,Sb,Bi);., 1.6 28.1 7.2 n.d. n.d. 33 12.9 46.9 100.00
(Pd,Ni)3(Te,Sb), n.d. 20.1 23.7 n.d. n.d. n.d. 27.6 28.6 100.00
(Pd,Ni)3(Te,Sb), n.d. 19.8 23.6 n.d. 1.4 n.d. 27.2 28.0 100.00
Sperrylite 52 n.d. n.d. 313 63.5 n.d. n.d. n.d. 100.00
Sperrylite 4.6 n.d. n.d. 31.2 64.2 n.d. n.d. n.d. 100.00

Values are in atomic percent
n.d. not detected

the Lomalampi area are provided in Table 2. Most of the
cumulate bodies are orthocumulates to mesocumulates,
whereas olivine adcumulates are absent. Other komatiitic
rocks in the area comprise a heterogeneous group of
komatiitic lava flows and associated thin olivine-pyroxene
cumulate bodies, and volcanoclastic komatiites.

The barren cumulate bodies contain a group of particularly
MgO-rich cumulates (MgO>35 wt%), which are absent in the
mineralized cumulate body. ESM 2 in the ESM displays TiO,
and Al,O5 contents of mineralized and barren komatiitic cu-
mulate bodies plotted against their MgO contents. They show
that TiO, and Al,Oj3 contents in the two types of cumulates are
nearly similar, whereas other komatiitic rocks in study area,
such as hyaloclastites, have higher TiO, and lower Al,O;
contents. As shown in Fig. 7a, the highest Cr contents were
determined for peridotites with high MgO contents in the bar-
ren cumulate bodies. At lower MgO contents, both the barren
and mineralized cumulates contain similar Cr contents. There
are no significant differences in the Cr contents between
komatiitic flows and cumulate bodies with similar MgO con-
tents, and all rocks form a consistent trend of increasing Cr
with increasing MgO, representing cotectic olivine-chromite
crystallization. Nickel contents of komatiitic rocks at
Lomalampi also show a positive correlation with MgO from
gabbroic cumulates to peridotitic cumulates. The highest Ni
contents occur in peridotitic samples from the barren cumulate
body, which also contains the most MgO-rich peridotites. The
most MgO-rich cumulates from the mineralized cumulate
body are slightly depleted in Ni compared to barren cumulates
(Fig. 7b).

Based on the Al,O53/TiO, ratio, the cumulate bodies are
mostly of the Al-undepleted type komatiite (i.e., AUK or
Munro-type, Arndt 2008) (Al,O5/TiO,>15), with barren cu-
mulate bodies having slightly higher Al,05/TiO, ratios than
the mineralized cumulates. Komatiites and komatiitic basalts
belong to the Ti-enriched type (i.e., Karasjok type, Barnes and
Often 1990; Barley et al. 2000) (Al,05/TiO,<15). The

average (Gd/Yb)py ratios for various komatiitic rocks in the
Lomalampi area fall between 1.28 and 1.61, being close to the
ratio of Al-depleted type komatiite (i.e., ADK or Barberton-
type, Arndt 2008), with the highest (Gd/Yb)py, ratios associ-
ated with extrusive rocks (flows, hyaloclastites, etc.). Based
on Hanski et al. (2001a), similarly high [Gd/Yb]py, ratios are
typical for Paleoproterozoic komatiitic rocks in the Jeesiérova
area of the Savukoski Group in the CLGB. The [Al,0;] and
[TiO,] (Hanski 1992) values of all Lomalampi komatiitic
rocks also show that the cumulate bodies represent AUK,
whereas komatiites and komatiitic basalts in the area were
generated from a Ti-enriched komatiite magma.

Figure 8a shows chondrite-normalized REE patterns for a
barren cumulate body. Some of the samples are clearly
enriched in LREE, whereas others have flat or only slightly
LREE-depleted patterns ((La/Sm)cy is around 1). The HREE
patterns vary from nearly flat to slightly depleted in both types
(average (Gd/YDb)cy is around 1.2 to 1.3). Figure 8b shows
chondrite-normalized REE patterns of the mineralized cumu-
late body (S<0.2 wt%), which show variable LREE deple-
tions ((La/Sm)cy is around 0.5) and similar HREE patterns
to those of the barren cumulate. The REE patterns of the
volcanoclastic komatiites and other komatiitic to komatiitic
basalts in the Lomalampi area are variable, but mostly similar
to the hump-shaped REE patterns of uncontaminated
komatiites in the Jeesidrova and Sattasvaara areas (Fig. 8c)
(Lehtonen et al. 1998; Hanski et al. 2001a; and unpublished
geochemical data of Geological Survey of Finland), although
komatiitic cumulates of the Lomalampi area have less distinct
hump-shaped patterns.

Chalcophile element geochemistry of the Lomalampi
deposit

Concentrations of Ni and Cu in mineralized and barren cumu-
late bodies are generally low (<0.5 wt% Ni, <0.4 wt% Cu, but
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Table 2 Selected whole-rock analyses of mineralized cumulate body (MC), barren cumulate body (BC), and surrounding komatiites from the
Lomalampi area

Rock type Prd (BC) Prd (BC) Px(BC) Px (BO) Gabbro (BC) Prd(MC) Prd(MC) Prd(MC) Px(MC) Hyalotuff

DDH R408 R414 R421 R445 R415 R407 R418 R426 R444 R411
Depth 28.85 51.50 78.00 6.20 151.15 29.20 61.90 124.45 86.65 72.30
SiO, (Wt%) 41.00 40.80 43.80 46.00 515 41.80 43.90 41.70 40.30 39.30
TiO, 0.21 0.31 0.62 0.33 0.54 0.34 0.31 0.35 0.39 0.54
ALOs 3.74 4.89 8.59 5.59 9.59 5.10 4.99 5.48 5.79 7.37
Cr,05 0.69 0.60 0.27 0.40 0.23 0.59 0.62 0.57 0.46 0.40
FeOtot 10.62 11.11 12.36 8.81 10.36 11.72 13.43 11.72 8.34 10.70
MnO 0.08 0.08 0.14 0.14 0.11 0.08 0.07 0.07 0.15 0.18
MgO 34.70 31.70 18.60 22.20 11.60 29.70 31.70 30.60 23.80 24.70
CaO 0.11 1.95 7.05 8.92 8.27 2.10 1.16 230 8.83 5.26
Na,O b.d. b.d. 0.14 b.d. 2.83 b.d. b.d. b.d. b.d. b.d.
K,O <0.01 <0.01 1.96 0.02 1.31 <0.01 <0.01 <0.01 <0.01 0.02
P,0s 0.02 0.02 0.04 0.03 0.05 0.02 0.03 0.02 0.03 0.04
Ni (ppm) 1,912 1,713 842 1,270 219 1,275 1,603 1,415 1,327 1,478
Cu b.d. b.d. 85 b.d. b.d. 78 58 b.d. 101 42

S 391 187 1,940 2,011 184 1,600 1,639 622 2,775 763

\Y 105 105 213 130 248 136 129 148 140 202

Sc 15.5 18.2 31.7 26.8 46.5 21.8 18.2 19.9 24.5 25.8
Sr b.d. b.d. 13 10 62 b.d. b.d. b.d. 13 98
Ba b.d. b.d. 53 24 62 b.d. b.d. 20 20 b.d.
Rb b.d. 0.66 b.d. b.d. 58 0.82 0.55 b.d. 0.71 b.d.
Zr 18 19.5 38 25.7 50 5.83 16.8 24 28.3 25
Hf n.d. b.d. n.d. 0.77 n.d. b.d. b.d. n.d. 0.94 n.d.
Y 3.73 4.02 11.2 8.68 12.4 6.15 5.25 5.36 8.99 6.81
Nb b.d. 0.85 b.d. 0.84 b.d. 0.7 0.67 b.d. 0.88 n.d.
Zn 125 120 120 89 106 76 89 97 66 198
As b.d. b.d. b.d. b.d. b.d. 128 170 55 b.d. b.d.
Cl 99 92 346 65 447 135 13 109 87 b.d.
8] b.d. 0.21 0.27 b.d. 0.37 0.21 0.26 b.d. b.d. b.d.
Th 0.57 b.d. b.d. 0.5 b.d. b.d. b.d. b.d. b.d. b.d.
La 0.37 0.88 1.43 0.41 6.29 0.66 0.99 0.17 0.88 0.43
Ce 1.21 1.5 4.03 1.63 12.9 1.76 1.14 1.11 1.73 1.7
Pr 0.19 0.24 0.68 0.32 1.77 0.27 0.2 0.2 0.29 0.32
Nd 0.95 1.38 3.46 1.91 7.19 1.54 1.12 1.37 1.97 1.9
Sm 0.37 0.41 1.25 0.89 1.95 0.64 0.5 0.52 0.67 0.66
Eu b.d. b.d. 0.35 0.12 1.1 b.d. b.d. b.d. 0.14 0.33
Gd 0.42 0.62 1.85 1.24 2.47 091 0.74 0.71 1.32 1.08
Tb b.d. b.d. 0.35 0.21 0.39 0.17 0.13 0.13 0.22 0.19
Dy 0.7 0.57 2.06 1.44 2.11 1.23 0.84 0.86 1.81 1.34
Ho 0.14 0.14 0.43 0.3 0.46 0.21 0.22 0.21 0.35 0.27
Er 0.43 0.44 1.16 0.79 1.37 0.69 0.58 0.57 0.87 0.64
Tm b.d. b.d. 0.18 0.11 0.18 b.d. b.d. 0.11 0.13 0.1
Yb 0.42 0.43 1.12 0.71 1.28 0.73 0.56 0.62 0.67 0.73
Lu b.d. b.d. 0.17 0.11 0.17 0.12 b.d. b.d. 0.1 0.1

b.d. below detection limit, n.d. not determined, BC barren cumulate, A/C mineralized cumulate, Prd peridotite, Px pyroxenite

Pd and Pt concentrations can be relatively high (Pt+Pd> Pt) show good correlations with S in the mineralized cumulate
500 ppb, Table 3). Chalcophile elements (Ni, Cu, Pd, and  body (Fig. 9a—b and 10a-b). Correlations between Ni, Cu, and
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Fig. 7 Whole-rock analyses (S<2 wt%) from Komatiitic rocks of the
Lomalampi area on a MgO vs. Cr and b MgO vs. Ni diagrams

Pt-Pd are also good. There are two distinct trends in the S-Ni
diagram, defining different N/S ratios (Fig. 9a). These trends
are less evident in the S-Cu diagram, which shows a broad
positive correlation between S and Cu (Fig. 9b). Figure 10a, b
presents S vs. Pd and Pt data. It is noteworthy that most of the
Pd- and Pt-enriched samples typically contain less than 2 wt%
S, corresponding to the Ni/S=0.2 trend in Fig.9a. There is also
a more sulfur-enriched mineralization subtype in the central
part of the mineralization (e.g., DDHs R430 and R431 in
Fig. 2), but without higher contents of Pd and Pt, correspond-
ing to the Ni/S=0.1 trend in Fig. 9a.

The Ni/Cu ratio varies widely, but most of the samples
from the mineralized cumulate body have Ni/Cu ratio from
2 to 10, decreasing with increasing S content (ESM 3). PGE-
mineralized samples have Ni/Cu mostly lower than 10 and S
contents higher than 0.4 wt%. Some weakly mineralized sam-
ples having higher Ni/Cu ratios coupled with low S contents
(<0.4 wt%) reflect the effect of the silicate-bound Ni and the
presence of minor amounts of Cu (ESM 3).

Palladium and platinum are the most significant ore metals
in the Lomalampi deposit, and they show a good correlation
with each other. The mineralized samples (S>0.2 wt%) have
an average Pt/Pd ratio of 2.2 (Fig. 11a). Furthermore,
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Fig. 8 a, b Chondrite-normalized REE patterns of barren and
mineralized ultramafic bodies and ¢ comparison of komatiitic extrusive
rocks of the Lomalampi area to komatiitic rocks of the Jeesidrova area.
Reference data for the Jeesiorova area taken from Hanski et al. (2001a, b)
and unpublished GTK geochemical database

continuous PGE analyses across the mineralized horizon
(from DDH 416, see Fig. 2 for location) show good correla-
tions between all elements (Fig. 11b, c¢). Ru and Ir, and to
lesser extent also Rh and Os, have positive intercepts at zero
ppb Pt+Pd, probably due to the presence of alloys (Barnes
etal. 2012). The average calculated composition of the sulfide
fraction in the mineralized cumulate body (S>0.2 wt%) is
6.2 wt% Ni, 1.8 wt% Cu, 4.2 ppm Pd, and 9.0 ppm Pt.
Element correlations within the sulfide fraction are broadly
similar to those in whole-rock data, with positive correlations
between various metals. However, comparison of Ni and Cu
contents in the sulfide fraction against the whole-rock S con-
tent shows an opposite behavior: Ni tenors (as well as Pt+Pd
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Table 3  Examples of precious metal and Ni, Cu, and S analyses of mineralized cumulate body (MC) and barren cumulate body (BC) from the

Lomalampi area

Sample Rock L11053334 L11053335 L07006927 L07006930 L07149454 L07149455
type DDH/ Peridotite (MC) Peridotite (MC) Peridotite (MC) Peridotite (MC) Peridotite (BC) Peridotite (BC)
Depth R416/43.90 R416/45.90 R416/39.90 R416/47.90 R426/11.80 R425/30.10
Au (ppb) 61.6 98.4 3.18 142 2.06 2.34

Ir 14.0 25.6 7.26 243 2.66 2.6

Os 7.38 421 3.23 11.6 2.85 3.8

Pd 316 613 108 671 17.4 3.15

Pt 768 1490 235 1340 18.6 5.64

Rh 16.1 337 9.18 29.3 1.29 b.d.

Ru 14.0 229 8.21 26.5 5.16 4.96

Re 1.60 1.27 n.d. n.d. 1.21 1.22

Ni (ppm) 2,990 3,670 1,200 3,770 864 916

Cu 864 1,500 355 397 33 24

S 13,300 17,500 4,400 20,500 80 464

b.d. below detection limit, n.d. not determined

tenors) decrease with increasing S, whereas Cu tenors show a
slight increase.

The primitive mantle-normalized multi-element pattern of
the sulfide fraction in the Lomalampi ore body is more frac-
tionated than other komatiite-hosted disseminated sulfide
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Fig. 9 a Sulfur vs. Ni and b Cu diagrams for whole-rock samples from
the mineralized ultramafic body
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deposits and resembles those of komatiitic basalt-hosted Ni-
Cu deposits such as Katinniq or Donaldson (Lesher 2007)
(Fig. 12). The Lomalampi samples also lack the negative Ir
and Pt anomalies that are persistent features of most komatiite-
hosted sulfide deposits (Barnes 2004; Barnes 2006; Barnes
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Fig. 10 a Sulfur vs. Pd and b Pt diagrams for whole-rock samples from
the mineralized ultramafic body
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et al. 2012). In comparison, the barren komatiitic body shows
less fractionated PGE patterns and a Pt/Pd ratio closer to unity

(1.3).

Sulfur isotopes

Figure 13 shows 5°*S data from the Lomalampi area and some
dominantly komatiitic Ni-Cu-(PGE) deposits worldwide. Two
sulfide separates were analyzed from mineralized samples,
yielding 5**S values of +10.5 and +9.8%o. Two mineralized
whole-rock samples also yielded heavy &°*S isotope compo-
sitions of +11.27 and +15.04%o.. Two sulfide separates from
sulfide-bearing country rocks, one representing sulfide-
bearing sheared komatiitic volcanic rock 15 m below the
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Fig. 12 Primitive mantle-normalized chalcophile element patterns
(100 % sulfide) for Lomalampi and komatiite-hosted disseminated Ni-
deposits from Western Australia (data from Lesher and Keays 2002) and
Raglan area (data from Lesher 2007). Mantle normalization values from
Barnes and Maier (1999)

contact of the mineralized cumulate and the other representing
S-rich black schist at the lower contact of the mineralized
cumulate, gave 5**S values of +17.2 and +24.4 %o, respective-
ly. Sulfur isotope compositions were also determined for two
whole-rock samples from sulfide-bearing country rocks
representing amphibole-chlorite-biotite schist from the contact
to the mineralized cumulate and a thin, homogeneous
komatiitic lava 24 m below the mineralized cumulate contact.
They showed 5°*S values of +21.8 and +17.01 %o, respective-
ly. No mass-independent sulfur isotope fractionation was ob-
served in any of the analyzed samples as indicated by A**S
values of 0.016-0.059, which is consistent with their
Paleoproterozoic age (cf. Johnston 2011). The obtained heavy
sulfur isotope composition of the black schist sample is com-
parable to those measured earlier for sedimentary rocks from
the Matarakoski Formation in the Kevitsa area (Grinenko et al.
2003).

Discussion

The Lomalampi mineralization has a unique composition
among komatiite-hosted sulfide deposits in being S- and base
metal-poor and relatively enriched in PGE, and especially in
Pt (ESM 4). Compared to other S-poor reef-type PGE occur-
rences (e.g., Fred’s Flow, Ontario, Wiluna and Mount
Clifford, Western Australia, Stone et al. 1996; Fiorentini
et al. 2007; Locmelis et al. 2009), the Lomalampi deposit
has higher PGE and also Ni-Cu contents and is economically
more significant. The average Pt/Pd ratio in the Lomalampi
mineralized samples is 2.2, which is close to the chondritic
value (Horan et al. 2003; Palme and O’Neill 2003) and higher
than in other komatiite-hosted Ni-Cu-PGE deposits (Pt/Pd
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Fig. 13 Sulfur isotope

Mantle value

compositions (6°*S) of the
Lomalampi and other komatiite-
hosted Ni-Cu-PGE deposits

and Kevitsa Ni-Cu-PGE
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Fiorentini et al. (2012), 7
Choudhuri et al. (1997), and
Grinenko et al. (2003)
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0.5-0.66) (Lesher and Keays 2002; Fiorentini et al. 2010;
Barnes and Liu 2012). In the case of the Lomalampi mineral-
ization, the parental magma composition, magma/sulfide ratio
(R-factor), and potential contamination with country rock ma-
terial are among the most important factors to be taken into
account when considering the genesis of the deposit.

Volcanology and geochemical features

The Lomalampi area hosts extrusive komatiitic to komatiitic
basalts and cumulate bodies, whereas picrites, which are
found is some other parts of the CLGL (e.g., Hanski et al.
2001a), have not been encountered. The volcanological
character of the ultramafic bodies in the Lomalampi area is
not clear. The bodies are differentiated, consisting of perido-
tites to pyroxenites, and the largest barren body has a gab-
broic margin. Either these bodies are cumulates of associated
komatiitic lava flows or they represent differentiated
subvolcanic sills. Based on whole-rock analyses, the ultra-
mafic bodies have almost similar compositions, representing
Al-undepleted type primary magmas (Al,O3/TiO,>15).
However, barren ultramafic bodies contain MgO-enriched
cumulates and show slightly higher Al,03/TiO; than the
mineralized body.

Establishing the parental magma composition of the
Lomalampi ultramafic rocks is complicated because well-
preserved rocks that might represent the liquid composition
or primary olivine/pyroxene were not found due to metamor-
phic alteration. A melt inclusion study from the Jeesidrova
area shows that the silicate liquids contained 10 to 22 wt%
MgO (ave. 15 wt% MgO of seven samples) (Hanski and
Kamenetsky 2013).

Crystallization of chromite is controlled by the composi-
tion of the magma, oxygen fugacity, temperature, and volcanic
facies (e.g., Barnes 1998; Barnes and Fiorentini 2012). The
Lomalampi komatiitic cumulates were derived from a
chromite-saturated komatiitic liquid. The cumulate samples
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plot just below the trend of chromite-saturated liquids
representing cotectic olivine-chromite crystallization under
quartz-fayalite-magnetite buffer conditions (AQFM +1.44),
whereas samples on the olivine-liquid mixing line (i.e., more
magnesian liquid) are absent (Murck and Campbell 1986;
Barnes 1998; Barnes and Fiorentini 2012) (Fig.7a; see
Barnes and Fiorentini 2012 Fig. 8a). It can be concluded that
the Lomalampi cumulates crystallized from low-Mg
komatiitic to komatiitic basalt liquids, in which the MgO con-
tent was somewhat less than 24 wt% MgO, which is the point
where komatiitic melt reaches the chromite saturation surface
at QFM (Barnes 1998).

Rare earth element patterns of rocks from the uncontami-
nated, barren cumulate bodies are almost flat ((La/Sm)cy is
close to 1), whereas in the mineralized cumulate body, LREEs
are clearly depleted ((La/Sm)cy is around 0.5). The mineral-
ized body has similar REE patterns to those of komatiitic lavas
in the Jeesiorova area (Hanski et al. 2001a, b), but the barren
cumulate bodies represent a different type of komatiitic rocks
in the area. These features, together with whole-rock geo-
chemistry, show that the barren and mineralized cumulate
bodies represent products of simultaneous komatiite-picrite
magmatism in the Central Lapland Greenstone Belt and/or
mixing of these magmas (e.g., Hanski and Kamenetsky 2013).

In terms of LREE, strong contamination signals can be
seen in some samples from the barren cumulate bodies,
whereas clear evidence for contamination has not been seen
in the mineralized ultramafic body. Some mineralized samples
show a weak LREE enrichment that could be a result of con-
tamination by small amounts of LREE-rich country rock ma-
terial. Positive La peaks in some cumulate samples are likely
due to post-magmatic alteration. However, S isotope determi-
nations (5°*S) from the mineralized ultramafic body show
strongly positive values, far from typical mantle values (0+2
%o) (e.g., Ripely 1999; Lesher and Keays 2002). S isotope
measurements from country rock samples yielded even higher
positive 5**S values, compared to the cumulate samples. The
strongly positive 6>*S values in the mineralized cumulate
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body are evidently caused by mixing of magmatic and sedi-
mentary sulfur in variable amounts, with approximately 50—
60 % of the sulfur coming from a sedimentary source. The
weak contamination signal seen in the whole rock and REE
data combined with the strong contamination indicated by the
S-isotope data suggests that the contamination did not involve
large amounts of bulk country rock assimilation. Instead, the
contamination took place through a more selective process,
such as devolatilization of S-rich footwall metasediments.
The addition of external sulfur played an important role in
the genesis of the Lomalampi deposit, which is consistent with
the current understanding on the genesis of komatiite-hosted
Ni-Cu-PGE deposits.

Enrichment of chalcophile elements

Typical features of the Lomalampi disseminated sulfide de-
posit are the low Ni, moderate to high Cu and high Pt and Pd
contents, low Ni/Cu ratio, and high Pt/Pd ratio. Table 4 shows
the average and median composition and tenors of sulfide
bearing samples (>0.2 wt% S) and PGE-mineralized samples
(>100 ppb Pt+Pd). The sample population with >0.2 wt% S
includes samples with elevated S contents but a low Ni-Cu-
PGE content, whereas the PGE-enriched population repre-
sents the economically interesting samples.

Disseminated komatiite-hosted sulfide deposits from
elsewhere, with similar sulfur contents to those at
Lomalampi (0.2-3 wt%), tend to have higher Ni contents
(0.5—-1 wt%) and generally lower Cu contents (5—
200 ppm) and lower Pt and Pd contents (typically be-
tween 50 and 300 ppb) (Barnes and Liu 2012; Barnes
et al. 2012; Gole 2008). These differences are also
reflected in the average metal tenors as shown in ESM 5.

The Lomalampi deposit shows a relatively low Ni tenor,
elevated Cu tenor, and high Pt and Pd tenors. Some of the
deposits in the Raglan area have similar Ni-Cu tenors (e.g.,
Delta, Bravo, ESM 5) and comparable or even higher Pd
tenors (e.g., Zone 2-3, Donaldson, Katinniq), but lower Pt
tenors (Barnes and Picard 1993; Barnes et al. 1997; Lesher
2007). The similarity between the deposits in the Raglan area
and the Lomalampi deposit is also evident in the Ni/Cu vs. Pd/
Ir diagram of ESM 6. Ni-Cu-PGE deposits hosted by
komatiitic basalts tend to have higher Pd/Ir and lower Ni/Cu
ratios than to komatiite-hosted deposits (Barnes and Maier
1999).

There are several processes that affect the final concentra-
tion of chalcophile elements in a magmatic sulfide deposit: (1)
concentrations of the metals in the mantle, (2) degree of man-
tle melting and the presence of sulfide or alloy phase(s) in the
mantle residue, (3) timing and style of possible contamination,
(4) R-factor (mass ratio of silicate magma to sulfide liquid),
(5) physical environment of the silicate magma during sulfide
melt segregation, and (6) post-magmatic modifications.

Komatiitic melts are the product of high-degree partial
melting of mantle; estimations vary generally between 30
and 60 %, whereas komatiitic basalts are produced by slightly
lower degree of melting between 15 and 30 % (Lesher and
Stone 1996; Lesher et al. 2001; Barnes and Maier 1999). A
consequence of the high melting degrees is that all sulfur and
associated highly incompatible elements present in the source
rock (e.g., Pt, Pd and Cu) are dissolved in the silicate liquid.
Estimations of the percentage of melting required to consume
all the sulfur are variable; Barnes and Lightfoot (2005) give a
minimum of 20 to 40 %, while modeling by Naldrett (2011)
indicates that sulfur could be dissolved after 18 % of melting.
Most estimates assume that the minimum amount of melting
is 20-25 %. At this point, the resultant silicate magma would

Table 4 Average and median
(in brackets) composition of

Sulfide mineralized samples (S>0.2 wt%)

PGE mineralized samples (Pt+Pd>100 ppb)

sulfide mineralized samples

(§>0.2 %) and also PGE- Whole rock
mineralized samples Ni 1096 ppm
oo om
Cu 446
(266)
Pt (ppb) 191
(96)
Pd 87
44
Ni/Cu 5.15
(3.16)
Pt/Pd 2.25
(2.13)
N 663

100 % sulfide Whole rock 100 % sulfide
6.16 % 1386 ppm 6.16 %
(6.04) (1250) (6.04)
1.77 599 2.06
(1.53) (406) (1.84)

9047 301 13,313
(6840) (253) (12,320)
4183 138 4889
(3136) (108) (4025)

4
(2.3)
2.32
(2.17)
392
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have its maximum Pt, Pd (i.e., PPGEs), and Cu concentra-
tions, assuming that these elements are solely controlled by
sulfides in the mantle and not affected by the presence of
alloys (e.g., Pt-Fe). The IPGEs (i.e., Ir, Os and Ru) are con-
trolled by more refractory phases such as mss, chromite, oliv-
ine, and IPGE alloys (e.g., Lesher and Stone 1996; Lorand
et al. 1999; Pagé et al. 2012). Further melting, resulting in
high-MgO komatiitic melts, would increase the concentration
of Ni and IPGEs, whereas the concentrations of Pt, Pd, and Cu
would be diluted. Due to lower degrees of partial melting,
komatiitic basalt melts are thought to have slightly higher
PPGE contents than high-Mg komatiites, producing PGE-
enriched Ni-Cu deposits, such as in the Raglan area.

Estimates of the Pt and Pd contents of komatiitic parental
melts are generally approximately 10 ppb for both elements
(Barnes and Maier 1999; Barnes and Lightfoot 2005). Mantle
melting modeling indicates even higher PGE concentrations
in the melt at the point when all sulfur has been consumed: Pd
contents could be up to five times that of primitive mantle, i.e.,
15-20 ppb (Barnes and Lightfoot 2005; Naldrett 2011).

Estimates of the Pt/Pd ratio of komatiitic parental melts and
also non-mineralized komatiites are mostly around unity, ap-
proaching that of the mantle source (Barnes and Maier 1999;
Puchtel et al. 2004; Barnes and Lightfoot 2005; Mungall and
Naldrett 2008; Barnes et al. 2009; Fiorentini et al. 2011), while
komatiitic Ni-Cu-PGE deposits have commonly Pt/Pd ratios
of approximately 0.5 (Fiorentini et al. 2010; Barnes et al.
2012). The discrepancy between the Pt/Pd ratio in the chon-
dritic mantle and komatiitic melt has been explained by partial
retention of Pt in the mantle by an alloy or a small amount of
sulfides (Lorand et al. 1999; Bockrath et al. 2004; Barnes and
Lightfoot 2005), by higher D values for Pd compared to Pt
(Barnes et al. 1997), or by kinetic factors affecting the rate of
diffusion of Pt from silicate melt into sulfide melt (Mungall
2002; Fiorentini et al. 2010; Barnes et al. 2012). The relatively
low Pt/Pd ratios in komatiite-hosted sulfide deposits can likely
be explained by relatively higher D of Pd than Pt with regard
to sulfide liquid (Barnes et al. 1997).

Several features, such as whole-rock chemistry, composi-
tion of the sulfide fraction and various metal ratios of the
Lomalampi deposit point to a low-MgO komatiite or even
komatiitic basalt as the parental magma (as discussed above).
The postulated relatively low MgO content of the parental
magma and hence a relatively low degree of partial melting
could result in somewhat higher PGE concentrations in the
parent magma (>10 ppb of both Pt and Pd) compared to
komatiitic melt. However, the degree of melting must have
been high enough to consume all sulfides present in the
mantle.

Samples with low sulfur contents (<1000 ppm) from the
non-mineralized part of the host cumulate have an average Pd
content of 11 ppb and an average Pt content of 27.1 ppb (using
5-ppb concentrations for values below the detection limit of
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10 ppb), resulting in a Pt/Pd ratio of 3.1 (median 2.5). This
could indicate that the high Pt/Pd ratio is a primary magmatic
feature inherited from the original silicate melt. High Pt/Pd
ratios (around 2 or higher) have recently been reported in
non-mineralized komatiitic rocks from the northern parts of
the Central Lapland Greenstone Belt (Heggie et al. 2013). The
2.05-Ga Kevitsa intrusion close to Lomalampi (Fig. 1) hosts a
disseminated Ni-Cu-PGE deposit with an average Pt/Pd ratio
of 1.8 (Mutanen 1997). The recently discovered Sakatti de-
posit, in the same area (Fig. 1), also shows relatively high Pt/
Pd ratios (1.6-2) in the disseminated portions of the deposits,
while massive sulfides show Pt/Pd ratios close to unity (0.9—1)
(Coppard et al. 2013). Some of the late Archean komatiite-
hosted Ni-deposits in eastern Finland are also enriched in
PGE, but they have much lower Pt/Pd ratios (0.4-0.5)
(Konnunaho et al. 2015). Fiorentini et al. (2011) noted that
komatiites from the Archean Youanmi Terrane have higher
than average Pt/Pd ratios (1.2—1.4) and suggested that this
reflects provincial heterogeneity of the mantle source.
Similarly, the high Pt/Pd ratios of the abovementioned mag-
matic Ni-Cu-PGE deposits within the CLGB could reflect a
regional mantle feature.

The R-factor, i.e., the weight ratio between silicate melt and
sulfide melt, is often cited as a fundamental factor controlling
metal tenors in magmatic Ni-Cu-PGE deposits (Campbell and
Naldrett 1979 and references thereon). Estimated R-factor
values for komatiitic Ni-sulfide deposits are generally be-
tween 100 and 500 (Lesher and Campbell 1993; Barnes
et al. 2011) resulting in relatively low PGE-tenors of 500 to
3000 ppb Pd (Barnes 2006; Barnes et al. 2012), whereas for
deposits hosted by komatiitic basalts, the estimated R-factors
are between 300 and 1100 (Barnes and Picard 1993; Lesher
2007) resulting in considerably higher PGE tenors of more
than 2000 ppb Pd and Pt in the Raglan massive to disseminat-
ed deposits (up to 25,000 and 6600 ppb, respectively) (Lesher
2007). R-factor modeling at Lomalampi was done using the
following equation (Campbell and Naldrett 1979):

Cs=CDR+1)/(R+D) (1)

where Cg is the concentration of a metal in sulfide liquid, C; is
the concentration of a metal in silicate liquid, D is the partition
coefficient between sulfide and silicate liquids, and R is the
ratio of silicate liquid to sulfide liquid. Using the calculated
sulfide liquid metal concentrations and the initial concentra-
tions (Cy) of 15 for Pt and 10 ppb for Pd, R-factors generally
fall between 500 and 1000 (Fig. 14). Similar results were
obtained using Pt-Ir data from hole R416 (Cpp=15 ppb,
CL1,=0.5 ppb) with the R-factors varying between ca. 700
and 1100. Nickel and copper gave best fits with melt concen-
trations of approximately 500 ppm for Ni and 75 ppm for Cu
and D values of 150 for Ni and 400-500 for Cu. Modeled R-
factor values are similar to those determined for the Raglan
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Fig. 14 R-factor model for Lomalampi using both sulfur mineralized
(S>0.2 wt%) and PGE-mineralized (=100 ppb Pt+Pd) sample averages

deposits and provide further evidence for a komatiitic basalt to
low-Mg komatiitic parental melt composition at Lomalampi.

The host-cumulate of the Lomalampi deposit has been al-
tered to serpentine-chlorite+talc+amphibole rock as a result
of regional metamorphism of the CLGB. More intense alter-
ation toward the structural footwall has resulted in the forma-
tion of a talc+carbonate-rich zone. In many type II dissemi-
nated sulfide deposits, host-rock alteration has also affected
the original, magmatic pyrrhotite-pentlandite-chalcopyrite
paragenesis, often resulting in sulfide assemblages containing
pentlandite, pyrite, millerite, heazlewoodite, or violarite.
Replacement of pyrrhotite (and other Fe-containing sulfides)
by magnetite is also common. These alteration features are
thought to result from reaction with oxidizing fluids with con-
comitant S loss or gain (Groves et al. 1974; Barnes and Hill
2000; Barnes 2006; Barnes et al. 2009; Konnunaho et al.
2013). The preservation of the magmatic sulfide paragenesis,
general lack of magnetite replacement, and good inter-element
correlations between all six PGEs indicate negligible modifi-
cation of the Lomalampi mineralization by hydrothermal
fluids and testify to its magmatic origin. However, the ob-
served decrease in Ni and PGE tenors in the most S-rich sam-
ples and corresponding slight increase in the Cu tenor could
indicate more abundant input of external sulfur and possibly
copper for the more S-rich samples, during the contamination
event.

Conclusions

1. Komatiitic rocks of the Lomalampi area form a part of the
Paleoproterozoic ultramafic magmatism of the Central
Lapland Greenstone Belt, which has simultaneously pro-
duced komatiites, komatiitic basalts, and picrites as extru-
sives, intrusives, and sills. The ultramafic rocks are often
closely associated with S-rich sedimentary rocks of the
Matarakoski Formation, thus representing a favorable en-
vironment for magmatic sulfide deposits. Several Ni-Cu-
PGE sulfide deposits are known to exist in the area (e.g.,
Lomalampi, Kevitsa, and Sakatti).

The Lomalampi area contains komatiitic extrusive forma-
tions (e.g., thin lava flows and hyaloclastites of Ti-
enriched composition) and komatiitic cumulate bodies
(Al-undepleted type). The exact nature of these cumulate
bodies is not clear, i.e., whether they represent cumulate
parts of lava flows or komatiitic sills. One of these cumu-
late bodies hosts type II PGE-(Ni-Cu) mineralization.
The known sulfide mineralization is associated with a
predominantly peridotitic orthocumulate body derived
from a low-Mg komatiite or komatiitic basalt melt, which
was relatively enriched in PGE.

The mineralization is magmatic in origin and consists of
pyrrhotite-chalcopyrite-pentlandite sulfide assemblages
without strong signals of post-magmatic modification
such as extensive sulfide replacement by magnetite.
Palladium minerals occur with sulfides (40 %) and sili-
cates (50 %), whereas the most important Pt mineral
(sperrylite) occurs mainly within silicates (80 %).

The deposit is commonly sulfur- (0.4-2 wt% S) and base
metal-poor (Ni<0.5 wt% and Cu<0.4 wt%) but is
enriched in PGE (Pt+Pd>500 ppb). Ni/Cu is less than
10, which is typical for ores generated from low-Mg
komatiite to komatiitic basalt. The chondritic Pt/Pd
(around 2) is unique amongst komatiitic ore deposits.
High Pt and Pd, and moderate Cu and low Ni tenors char-
acterize the Lomalampi deposit, which is similar to dis-
seminated Ni-Cu-PGE deposits in the Raglan area. R-
factor modeling suggests relatively high R-factors be-
tween 500 and 1000, which are similar to those calculated
for disseminated deposits in the Raglan area.

The mineralized ultramafic body shows only weak LREE
enrichment due to country rock contamination, although
this could be related to post-magmatic alteration.
However, the 5**S values of around 10 to 15%o differ
substantially from the mantle value (0£2%o). This pro-
vides evidence of only minor bulk assimilation of country
rocks. Instead, it is proposed that addition of external sul-
fur and possibly also some copper occurred by
devolatilization of S-rich country rocks. Most likely, these
elements were derived from footwall black schists that
contain 2 % S and 500 ppm of Cu, on average.

Early formed sulfides were most PGE rich and depleted Pt
and Pd in the residual silicate magma. Addition of late S
(and possibly some Cu) increased the sulfur content of the
magma, but not the PGE or Ni contents, which is reflected
in the somewhat lower Pt+Pd and Ni tenors of the more
S-rich samples and negative correlations between the
PGE-Ni tenors and S content, whereas Cu tenors show
slight increase with increasing sulfur content.

The high Pt/Pd ratio of the Lomalampi deposit is a prima-
ry magmatic feature possibly related to mantle melting
processes and/or regional-scale Pt/Pd heterogeneity in
the mantle. Further evidence for this heterogeneity is
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provided by the presence of other PGE-enriched, and at
least in some cases also Pt-dominant, Ni-Cu sulfide de-
posits in the area (e.g., Kevitsa and Sakatti). This could
indicate higher prospectivity for magmatic Ni-Cu-PGE
deposits for the whole Central Lapland Greenstone Belt.
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