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Platinum and nickel are commonly assumed to be immobile in most conditions, especially during low tempera-
ture hydrothermal alteration. However, only a small number of studies have rigorously tested this assumption.
The Ni–Cu–(PGE) sulphide ore body hosted by the Kevitsa intrusion, northern Finland, provides a natural
laboratory to study the behaviour of base metals and platinum group elements (PGE) during low temperature
alteration. This ca. 2060 Ma mafic–ultramafic intrusion, located in the Central Lapland greenstone belt, hosts
disseminated Ni–Cu–(PGE) sulphide mineralisation in the middle part of the main ultramafic body. The
mineralisation, which contains a range of Ni, Cu and PGE grades, is affected by three main alterations
(serpentinisation, amphibolitisation and epidotisation), and is cross cut by various types of veins. The effect of
the circulation of hydrothermal fluids on the distribution of base metals and PGE was studied at two different
scales. Interrogation of an extensive deposit-wide assay database provided information on the deposit-scale
(kilometre scale) effect of these different alteration styles, and a detailed study, involving laboratory X-ray fluo-
rescence (XRF), portable XRF and micro-XRF mapping, of drill-core samples containing cm-scale cross-cutting
veins provided information on the small scale (centimetre to decimetre scale) remobilisation of base metals
and PGEs. Results show that the hydration and carbonation of the Kevitsamineralisedmafic–ultramafic intrusion
did not significantly affect the distribution of Ni and PGE at scales larger than a few mm, and that Cu and Au are
the only metals that are affected by small to large scale remobilisation from centimetre to kilometre scale.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Platinum group elements (PGEs) arewidely used as petrogenetic in-
dicators in ore deposits and their host rocks. Commonly these ores and
rocks have been subjected to hydrothermal alteration, particularly in
the case of Precambrian terranes and greenstone belts. It is a common
assumption that PGEs and nickel are relatively immobile elements, not
easily remobilised by hydrothermal fluids, and this assumption under-
pins their use in petrogenetic interpretations. However, there is good
evidence formobility of PGE andNi under some circumstances. The con-
ditions favourable for hydrothermalmodification of originally magmat-
ic abundances of Ni and PGEs are poorly known, and very few studies to
date have systematically examined their mobility. This study aims to
argeting, School of Earth and
ellence for Core to Crust Fluid
alia.
illant).
address that deficit by investigating distributions of these elements in
fresh and altered rocks from a well-characterised, texturally homoge-
neous disseminated sulphide orebody that has undergone a variety of
styles of localised alteration.

Nickel is known to be among the least soluble first-row transition
metal in most common geological fluids (Liu et al., 2012). Likewise the
platinum group elements are known to have very low solubilities in as-
sociation with common ligands. Reviewing the extensive literature on
PGE solubility in aqueous fluids (e.g. Gammons, 1995, 1996; Mountain
and Wood, 1988), Barnes and Liu (2012) concluded that Pt and Pd
could readily be soluble as bisulphide complexes in acidic fluids and re-
duced conditions, and as chloride complexes in unusually acidic and
oxidised conditions, accounting for the dispersion and concentration
of Pt and Pd in some specific hydrothermal environments. Based on ab
initio molecular dynamic modelling backed up by experiments, Mei
et al. (2015) showed that Pd is mainly carried as the Pd(HS)42−

hydrosulfide complex at neutral-alkaline and reduced (pyrite/
pyrrhotite stable) conditions, and as the PdCl42− chloride complex at
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acidic and oxidised conditions. At 300 °C, significant Pd mobility at ppb
level as Pd bisulfide complexes is predicted under fluid-buffered condi-
tions (e.g., pH ~ 7–8, near HS-/H2S(aq) pH buffer), but only limited Pd
solubility is predicted under rock-buffered conditions (e.g., pH ~4–5,
quartz–feldspar–muscovite buffer).

Many examples show the importance of hydrothermal
remobilisation during the modification or the genesis of Ni–Cu and/or
PGE rich ore. Evidence for variations in metal distribution and tenors
due to hydrothermal remobilisation has been documented at the
Donaldson West Deposit in Québec (Dillon-Leitch et al., 1986), at
various locations within the Sudbury Igneous Complex in Canada,
such as the Fraser mine, the Barnet property, the Strathcona mine and
theMcCreedyWestmine (Farrow andWatkinson, 1997), at Ni sulphide
deposits around the Kambalda Dome inWestern Australia (Heath et al.,
2001; Lesher and Keays, 1984) and at the Jinbaoshan Pd–Pt deposit in
South West China (Wang et al., 2008). Gal et al. (2011) describe PGE
minerals associated with the products of Cl-rich late magmatic or
hydrothermal fluids in contact rocks of the Duluth Complex, although
no whole-rock concentrations were reported. Several PGE-rich ores of
hydrothermal origin have also been described over the years, such as
the PGE-rich ore formed within cross-cutting faults at the Fortaleza de
Minas deposit in Brazil (De Almeida et al., 2007), the low-S Cu–Ni–
PGE footwall ores at Sudbury in Canada (Farrow and Watkinson,
1997; Hanley and Mungall, 2003; Molnár et al., 2001a, 2001b; Molnár
and Watkinson, 2001), the McBratney deposit in Canada (Bursztyn
and Olivo, 2010), and the high Pt concentrations observed in dunite
pipes in the Bushveld Complex which are generally regarded as being
hydrothermal in origin (Schiffries, 1976). Elevated Pt and Pd contents
are found in some porphyry Cu–Au systems (Augé et al., 2005;
Economou-Eliopoulos, 1991; LeFort et al., 2011) and unconformity-
type uraniumdeposits (Jaireth, 1992;Mernagh et al., 1994). Finally, sev-
eral nickel deposits such as the Avebury deposit in Tasmania (Keays and
Jowitt, 2013), the Epoch deposit in Zimbabwe (Pirajno and González-
Álvarez, 2013), the Doriri Creek deposit in Papua New Guinea
(González-Álvarez et al., 2013) and the Enterprise sediment-hosted Ni
deposit in Zambia (Capistrant et al., 2015) have been interpreted as
having a hydrothermal origin.

Given thewide range of examples of hydrothermal remobilisation of
Ni and PGEs, it is necessary to critically examine the common assump-
tion that these elements can be reliably used as alteration-stable trace
elements in petrogenetic studies of hydrothermally altered rocks.
Barnes and Liu (2012) made a case for relative immobility of PGEs
during serpentinisation and talc carbonate alteration of ultramafic
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Fig. 1. A) Location of the Kevitsa intrusion in the Central Lapland greenstone belt, northern Finl
Mutanen, 1997). Section A–B is presented in Fig. 2.
rocks (komatiites) in Archaean greenstone terranes, but apart from
that study no systematic investigations on the scale and the conditions
of PGE mobility in altered rocks exist. Our study uses the Kevitsa Ni–
Cu–PGE ore deposit, Finland, as a natural laboratory to test the behav-
iour of base metals and PGEs during vein-related hydrothermal
alteration.

The Kevitsa mineralised ultramafic intrusion has been the subject of
many studies which provide good constraints on its geometry, internal
compositional variations in basemetals and PGE, intensity and distribu-
tion of the various hydrothermal alteration styles, and on the main
structures possibly affecting the system (Gervilla and Kojonen, 2002;
Grinenko et al., 2003; Hanski et al., 2001; Mutanen, 1997; Mutanen
and Huhma, 2001; Standing et al., 2009; Yang et al., 2013; Santaguida
et al., 2015). The Kevitsa deposit shows a wide range of primary metal
tenors, in texturally homogeneous disseminated ores, with rock types
ranging from essentially fresh igneous pyroxenites and peridotites to ex-
tensively hydrated amphibolites showing a range of different alteration
assemblages (Mutanen, 1997). Hence, this deposit is perfect to study
the effects of hydrothermal alteration on metal tenors and grades of the
sulphides. Our work also addresses specific claims made in previous
work (Mutanen, 1997; Standing et al., 2009) that alteration has resulted
in significant modification of sulphide and metal concentrations.

2. Geological background

The ca. 2.06 Ga Kevitsa intrusion (Mutanen, 1997; Mutanen and
Huhma, 2001) is located in the Central Lapland greenstone belt in
northern Finland (Fig. 1A). It is part of a suite of small- to medium-
sized mafic–ultramafic intrusions occurring in the area, including the
large ca. 2.44 Ga Koitelainen layered intrusion (Mutanen, 1997) as
well as the neighbouring Sakatti intrusion hosting the Sakatti Cu–Ni
deposit (Coppard et al., 2013), which has not yet been dated.

The Central Lapland greenstone belt, which spans a range of ages
from ~2400Ma to ~1800Ma, ismainly composed of volcanic rocks rang-
ing from komatiites (Hanski et al., 2001; Heggie et al., 2013) to rhyolites,
intercalated with thick sequences of quartzitic to pelitic sedimentary
rocks (Hanski and Huhma, 2005; Lehtonen et al., 1998). The Kevitsa in-
trusion was emplaced into mica schists and black schists of the
Matarakoski Formation and is thought to be roughly contemporaneous
with komatiitic volcanic rocks (ca. 2.06 Ga; Hanski et al., 2001) which
occur in the vicinity of the intrusion (Fig. 1). The Kevitsa intrusion oc-
cupies a surface area of approximately 16 km2 and consists of a lower ul-
tramafic unit up to 2 km in thickness, overlain in an uncertain
Contact zone
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Fig. 2. Geometry of the Kevitsa intrusion based on drill hole intersects, surfacemapping and seismic data interpretation, and 3D visualisation of the large scalemine assay database. a) 3D
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relationship by a gabbro unit over several hundredmetres thick (Fig. 1B).
The ultramafic unit is composed of interlayered olivine pyroxenite and
websterite, with a local development of cyclic units, but for the most
part lacking obvious internal layering. The upper portion of the ultramafic
unit contains abundant xenoliths of ultramafic rocks, whereas pelitic xe-
noliths become more abundant towards the base of the intrusion
(Gervilla and Kojonen, 2002). The gabbroic unit is made up of gabbro,
ferrogabbro, and magnetite gabbro (Mutanen, 1997).

The Kevitsa Ni–Cu–(PGE) deposit, also referred to in the literature as
the Kevitsansarvi deposit (Gervilla and Kojonen, 2002), occurs in the
middle part of the ultramafic unit, associated with variably layered
olivine pyroxenites andwebsterites. The deposit consists entirely of dis-
seminated sulphideswith varying Ni, Cu and PGE tenors. Low tenor ores
form near the base of the intrusion and along the margins of the Cu–Ni
mineralisation. Two main types of ore are distinguished within the ore
body, largely on the basis of Ni and PGE tenors. These are referred to
as “normal” (or Cu–Ni) type and Ni–PGE type (Fig. 1). The normal ore
type occurs as a series of continuous bodies that may extend for hun-
dreds of metres and represent the bulk (N90%) of the economic re-
source. The normal ore is characterised by 2–6 vol.% of sulphides
(pyrrhotite, pentlandite, and chalcopyrite) and average Ni and Cu ore-
grades of 0.3 and 0.4 wt.%, respectively. The Ni–PGE ore occurs locally
both in the upper and lower part of the mineralised zone as small, dis-
continuous lens-like bodies ranging from several metres to tens of me-
tres in thickness. The Ni–PGE ore has a similar sulphide content to that
of the normal ore, but the sulphides are predominantly pentlandite, py-
rite andmillerite, and the ores have higher andmore variable Ni grades,
lower Cu grades (Ni/Cu = 1.5–15) and extreme Ni tenors in excess of
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Fig. 3.Drill core photos of the various alteration types and vein types observedwithin the Kevitsa intrusion and studied during this project. a) Patchy amphibole alteration, sample KV148-
474; b) thin quartz-carbonate vein and associated amphibole rich alteration, sample KV304-157.1; c) epidote rich alteration, KV304-142.7; d) thick carbonate vein with an important
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amphibole rich associated selvedge, sample KV148-305.5.
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30%. Extremely highNi contents are also observed in primary silicates in
the Ni–PGE ore type (Yang et al., 2013). It is likely that these Ni–PGE
ores constitute another example of extremely high Ni tenor ores related
to the formation from Ni-enriched magmas at high values of silicate to
sulphide mass ratio (R factor) in the presence of olivine (e.g. Barnes
Vein SBackground

b

Fig. 4. Schematic representation of themethodology used to evaluate the sample precision (rep
and altered (selvedge) areas of the samples collected for the detailed-scale study using portabl
sample KV103-407.2, c) Thin carbonate vein, sample KV148-305.5.
et al., 2013). Pyrrhotite-rich mineralisation associated with country
rock xenoliths, dominantly disseminated but locally net-textured and
semi-massive at the decimetre scale, is widespread through the intru-
sion outside the main ore body, and is referred to as “false ore” by the
mine geologists.
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The greenstone sequence and the Kevitsa intrusion were meta-
morphosed and hydrothermally altered during regional greenschist
facies metamorphism (Mutanen, 1997), producing various
alteration zones and cross-cutting veins. The Kevitsa intrusion has
been interpreted by Mutanen (1997) as a sequence of olivine–
clinopyroxene–orthopyroxene–magnetite cumulates with
intercumulus minerals including plagioclase, biotite–phlogopite,
brown hornblende, Cl-rich amphibole, chlorapatite, monazite, graphite,
and ilmenite. Sulphides occur as interstitial aggregates of cumulus ori-
gin, comprising pyrrhotite, chalcopyrite and pentlandite with minor
low-temperature cubanite and makinawite. During metamorphism
and retrograde processes, primary magmatic minerals were partially
hydrated to serpentine, amphiboles, talc, chlorite and phlogopite,
whereas intercumulus plagioclase grains were altered to chlorite,
clinozoisite–epidote, carbonate and scapolite (Mutanen, 1997). Exten-
sive hydrothermal alteration is mainly concentrated in the southern
part of the intrusion, whereas igneous rocks in the northern part of
the intrusion are largely fresh. Multiple sets of quartz-carbonate veins
and actinolite–chlorite–epidote veins occur throughout the deposit.
The orientation and distribution of these vein sets are poorly
constrained from diamond drilling, but recent mining has revealed
some preferred trends which are the focus of future work.

3. Materials and methods

In this study,we took amulti-scale approach to assess the extent and
nature of metal redistribution through hydrothermal processes.

(1) Deposit scale study: two large databases were interrogated: the
First Quantum Minerals Ltd (FQM) resource drilling assay data-
base (encompassing over 20 years of diamond drilling and
exploration, 1992–2012), and a vast PGE analytical database of
nearly 10,000 6-element PGE analyses from the Geological
Survey of Finland, GTK (Mutanen, 1997). In order to assess any
statistically significant difference between fresh and altered
rocks, these datasets were combined with mine-site logging
codes reporting alteration style and intensity, and variations in
metal tenors and grades.

(2) Detailed-scale study: veins that are cross-cutting otherwise ho-
mogeneous portions of the ore body were sampled in order to
determine if any consistent metal addition or loss signatures
could be detected in and out of vein selvedges. Veins were sam-
pled to be representative of the range of different alteration
styles. Our study involved portable X-Ray Fluorescence (pXRF)
measurements, whole-rock laboratory measurements on major,
trace elements and PGEs in vein selvedges and adjacent fresh
rock, element mapping at hand sample scale using a desktop
microbeam XRF mapping instrument, and petrographic study.
Results are reported using a variation of the “isocon” mass
balance approach estimating element fluxes in metasomatic
environments (Grant, 1986; Gresens, 1967; Gresham, 1986).
3.1. Deposit-scale study

Two large datasets were used in this deposit-scale (km) study: the
resource drilling assaydatabase (as ofMarch2012) and the vast PGE an-
alytical database from the Geological Survey of Finland (GTK) (reported
inMutanen, 1997 and example for drill hole R326 shown in the Supple-
mentary material Table 7). Samples analysed within these datasets give
a very good spatial representation of the Kevitsa ore body (Fig. 2). The
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database provides concentrations in Ni, NiS (nickel in sulphides), Cu, Co,
S, Au, Pd, and Pt for 26,099 samples, and out of these, 9244 have also
been analysed by the Geological Survey of Finland (GTK) for the full
suite of PGE (Pd, Pt, Rh, Ru, Os and Ir) and Au. These 26,099 samples
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Minerals Ltd (FQM) (Gregory, 2011), as well as in the Supplementary
materials.

Three main alteration styles have been logged in the database with
5,321 amphibole-altered samples, 184 serpentinite-altered samples,
and 61 epidote-altered samples. The approach used was to compare
inter-element correlation patterns between Ni, Cu, Co, S and PGE for
fresh samples, and samples representing the twomain alteration styles,
identified during the initial logging of the drill core by mine geological
staff. Due to the prolonged period of drilling, and the fact that multiple
companies with different geologists and logging systems operated,
some classifications uncertainties exist due to inconsistency in termi-
nologies and identifications. However, given the very large size of the



Table 1
Correlation coefficients between thevarious PGEusing theGTK assay database (9244 sam-
ples). Colour codes: white = 0 b R b 0.5; yellow = 0.5 b R b 0.7; red = 0.7 b R b 1.

Pd Pt Ir Ru Rh Os Ni Cu Au

Pd 1 0.93 0.7 0.59 0.48 0.6 0.62 0.18 0.31

Pt 0.93 1 0.8 0.66 0.55 0.68 0.66 0.22 0.35

Ir 0.7 0.8 1 0.9 0.63 0.8 0.69 0.29 0.38

Ru 0.59 0.66 0.9 1 0.59 0.74 0.62 0.28 0.36

Rh 0.48 0.55 0.63 0.59 1 0.49 0.59 0.53 0.5

Os 0.6 0.68 0.8 0.74 0.49 1 0.56 0.25 0.31

Ni 0.62 0.66 0.69 0.62 0.59 0.56 1 0.59 0.52

Cu 0.18 0.22 0.29 0.28 0.53 0.25 0.59 1 0.59

Au 0.31 0.35 0.38 0.36 0.5 0.31 0.52 0.59 1

GTK database – 9244 samples
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data set, and the distinctive appearance of extensively amphibolitised
and epidotisedmaterial relative to fresh ultramafic rock (Fig. 3), this ap-
proach is unlikely to contain any substantial sampling bias. Moreover,
re-logging of drill core sampled in this study, aswell as subsequent cam-
paigns, have verified the general distinction between fresh and intense-
ly altered rocks.

3.2. Detailed-scale study

Representative samples of two vein types (quartz-carbonate and ac-
tinolite–chlorite–epidote veins) were collected. Twenty samples con-
taining cross-cutting veins with visible selvedge were selected for the
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study. The location of these samples within the Kevitsa ore body in rela-
tion to the various ore types is presented in Fig. 2d. These veins cross cut
both themineralised part of the intrusion (normal ore and Ni–PGE ore),
and the barren part. Multiple types of analyses were collected on these
samples. Thefirst screeningwas done by collecting portable XRF (pXRF)
analyses on all 20 samples, both in the selvedge of the veins and in the
unaltered parts (Fig. 4). Results of these analyses were used to estimate
element fluxes by comparing fresh rock compositions with vein
selvedge compositions using an isocon plot technique. A subset of 7
samples was studied and imaged in detail using micro-XRF mapping.
The same samples were then sent to Geoscience Laboratories in
Canada, for precise low-level geochemical analyses to compare with re-
sults from portable XRF, and to study the behaviour of platinum group
elements using the same isocon technique. The isocon techniques as
well as the ‘spider’ isocon plots are explained and described in details
in Supplementary Material.

3.2.1. Portable X-Ray Fluorescence (pXRF) analyses
Our pXRF study followed the analytical protocol described in Le

Vaillant et al. (2014). Portable XRF represents an ideal tool to study
spatial variations in composition of various elements at a centimetre
scale in drill core samples. However, great caution must be taken in
the evaluation of the sample precision of the obtained results. Due to
the size of the analysing window, pXRF analyses on drill core surfaces
(as opposed to finely crushed and pulverised rock) only represent the
composition of a 1.5 cm2 area of the sample, which are generally repre-
sentative for fine-grained homogeneous samples but may not be for
coarser-grained, heterogeneous samples. In the case of the Kevitsa
ultramafic intrusion, the sulphide grains are approximately 0.6 mm in
diameter in the selvedges of veins and 0.8 mm in diameter in the back-
ground area, whereas the average grain size of silicates is approximately
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1mm in diameter. Moreover, sulphide aggregates are relatively hetero-
geneous (pyrrhotite, pentlandite and chalcopyrite mainly). These grain
sizes, which are large, combined with the heterogeneity of the compo-
sition of the rock, will impact sample precision and the analyses will
not be adequately representative of the sample as a whole.
In order to overcome this problem of representativeness of the
analyses, the sample precision was thoroughly evaluated (detailed in
Supplementary Materials), multiple analyses were performed in order
to average the results and the mean of these multiple analyses was
used in the isocon study.
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In order to produce spider-isocon plots, 237 pXRF analyseswere col-
lected with an Olympus Innov-X Desktop X500 X-Ray fluorescence
analyser on coarsely polished half core in both the background area
and the altered area (selvedge) of 21 samples with cross-cutting veins
(average of 11 analyses per sample, all the results are tabulated in the
Supplementary material Table 4). These pXRF analyses gave reliable re-
sults for a range of major and trace elements: Ca, K, S, Fe, Ti, Cr, Mn, Ni,
Cu, Zn, Zr, Rb and Sr. In order to control the quality of the pXRF data, a
comparison study with laboratory data was conducted and is detailed
in Supplementary Material.

3.2.2. Laboratory analyses
Seven of the studied “vein” samples were divided into two (back-

ground and selvedge, excluding the vein) and sent to the Ontario
Geological Survey's Geoscience Laboratories in Sudbury, Canada, for
low-level geochemical analyses. Details of the analytical protocol can



Table 2
Correlation coefficients between the various PGE andbasemetals using theMine assay da-
tabase (26,099 samples). Colour codes: white= 0 b R b 0.5; yellow=0.5 b R b 0.7; red=
0.7 b R b 1.

1 0.46 0.35 0.31 0.45

0.46 1 0.98 0.85 0.64

0.35 0.98 1 0.89 0.65

0.31 0.85 0.89 1 0.85

0.45 0.64 0.65 0.85 1

Assay database serpentine alteration – 184 samples

NiS Pd Pt Au Cu

NiS Pd Pt Au Cu

NiS 1 0.62 0.65 0.61 0.57

Pd 0.62 1 0.94 0.5 0.24

Pt 0.65 0.94 1 0.57 0.29

Au 0.61 0.5 0.57 1 0.67

Cu

NiS

Pd

Pt

Au

Cu

NiS

Pd

Pt

Au

Cu

NiS

Pd

Pt

Au

Cu

0.57 0.24 0.29 0.67 1

1 0.63 0.64 0.62 0.67

0.63 1 0.94 0.59 0.34

0.64 0.94 1 0.65 0.38

0.62 0.59 0.65 1 0.72

0.67 0.34 0.38 0.72 1

1 0.85 0.83 0.81 0.88

0.85 1 0.95 0.85 0.79

0.83 1 0.85 0.82

0.81 0.85 0.85 1 0.86

0.88 0.79 0.82 0.86 1

Mine assay database amphibole alteration – 5,321 samples

Mine assay database all – 22,099 samples

Assay database epidote alteration – 61 samples

NiS Pd Pt Au Cu

NiS Pd Pt Au Cu
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be found in SupplementaryMaterials, and all the results are tabulated in
the Supplementary material Table 6.
3.2.3. Element mapping
Five representative samples were mapped using micro-X-Ray Fluo-

rescence (μ-XRF) analysis. This technique allows the production of ele-
mental maps, which can be used to characterise the samples in detail,
observe spatial variations, and identify associations among elements.
The instrument that was used to collect the data is a Bruker M4
TORNADO™ equipped with a rhodium target X-ray tube operating at
50 kV and 600 nA with a XFlash® silicon drift X-ray detector. Analyses
were then quantified using the Bruker ESPRIT software. Maps were cre-
ated using a 25 μmspot size on a 25 μmraster with dwell times of 10ms
per pixel. Maps are represented as unquantified background-corrected
peak height data for Kα peaks for each element. Quantification of
areas of the maps was done using the proprietary Bruker M4 EDS X-
ray spectrometry software. Spectra for each pixel were combined and
averaged over polygonal areas defined graphically on the raw count
image, peak heights were determined using a proprietary peak strip-
ping algorithm, basic ZAF corrections applied for a pre-determined
range of elements, and results were normalised to 100% on the basis
of oxides. The method is semi-quantitative owing to the relatively
poor analytical precision for the lighter elements, particularly Na, Mg
and Al, but produces highly consistent relative counting statistics for el-
ements heavier than Cl.

4. Results

4.1. Alteration types and veining at Kevitsa

4.1.1. Alteration
The Kevitsa intrusion has undergone multiple types of alteration.

The peridotitic rocks are affected by a pervasive, partial serpentinisation
of olivine. An epidote (-silica) rich alteration is also observed, structur-
ally controlled and associated with NE-trending faults through the de-
posit (Fig. 3c). A widespread amphibole rich alteration is observed
within the whole intrusion, consisting of progressive epitaxial pseudo-
morphic replacement of clinopyroxene and orthopyroxene by tremo-
lite–actinolite and cummingtonite–grunerite respectively, producing a
pervasive or patchy light green colour (Fig. 3 a,b). Finally, a late stage
potassium-rich hydrothermal fluid also circulated through the system
producing veinlets and small shear zones enriched in biotite/phlogo-
pite. The predominant alteration styles that can be consistently logged
and recognised by the mine-site geologists are the serpentinisation,
amphibolitisation and epidotisation. The epidote style (Fig. 3c) is con-
centrated within specific planar zones towards the south end of the
ore body (Fig. 2 c), whereas the amphibole and serpentinite styles are
dispersed throughout the intrusion (Fig. 2 c), and enclose decimetre-
scale patches of essentially fresh igneous rock. The effect of these
three alteration types on the distribution and possible remobilisation
of metals and PGE was studied by combining information on their spa-
tial distribution with the results of the deposit-wide resource drilling
assay database.

4.1.2. Veining
Multiple veins cross cut the intrusion and different types are ob-

served. Out of these different vein types, two were selected for
study.

The most common vein type observed is carbonate (-quartz) veins,
commonly associated with a distinctive selvedge, particularly enriched
in actinolite and chlorite in close proximity to the vein (Fig. 3d, f and
Fig. 5). Amphibole-rich alteration is commonly present in the selvedge
of these carbonate veins. Large amphibole alteration zones containing
closely spaced carbonate and carbonate-quartz veins are common
throughout the intrusion; the veins are intimately associated with the
alteration.

The second set of veins used for the study is mainly composed of ac-
tinolite partially altered to chlorite, with epidote andminor amounts of
carbonates and albite (Figs. 3e and 6). These veins cross cut the Kevitsa
deposit in many areas and are almost always associated with a distinct
amphibole-rich alteration halo. For the purpose of this detailed study
samples were selected that contain cross-cutting actinolite–chlorite–
epidote and quartz and/or carbonate veins associatedwith an alteration
selvedge.

4.1.3. Petrographic study
Within the samples used for the small scale study of vein selvedges,

four representative samples were selected and studied in detail. Two
samples are cross cut by a carbonate vein (KV103-407.2 and KV148-
305.5, Fig. 5) and two are cross cut by an actinolite–chlorite–epidote
vein (KV148-339.9 and KV103-438.4, Fig. 6).Within these four samples,
the mineralogy of the background area is similar, mainly composed of
olivine and orthopyroxene with expitaxial replacement by amphiboles
(cummingtonite and anthophyllite) (Fig. 6). Interstitial sulphide drop-
lets are primarily composed of pyrrhotite, pentlandite, minor chalcopy-
rite, chromite and magnetite. In these four different samples, a similar
progressive alteration of the olivine grains with proximity to the veins
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is observed (Fig. 5). Olivine grains are altered to iddingsite (fine grained
mixture of clay minerals, iron oxides and ferrihydrites), and completely
alteredwithin the close selvedge of the vein. Another common feature is
the pervasive amphibole alteration within the selvedge with character-
istic replacement of the pyroxenes grains by fine grained actinolite–
tremolite assemblages (Fig. 6). Small grains of chlorite and epidote
(only in actinolite–chlorite–epidote veins) are dispersed throughout
the selvedge. In sample KV148-305.5, a very fine-grained, thin selvedge
of actinolite and chlorite is present in close proximity to the vein (Fig. 5c,
d). Finally, the sulphides within the selvedge areas are broken down
into smaller grains, with an increase in the amount of magnetite,
which in places is produced by the oxidation of pyrrhotite grains, and
the development of small grains of ilmenite (Fig. 7b, c, d).
Even though the compositions of the selvedges in the various sam-
ples are similar, the compositions of the veins vary. In samples KV103-
407.2 and KV148-305.5, the carbonate veins contain significant
amounts ofmagnetite, but noother oxides,whereas the actinolite–chlo-
rite–epidote veins in samples KV148-339.9 and KV103-438.4 contain a
more complex assemblage of oxides, including magnetite and ilmenite,
but also a small amount of titanite and very minor haematite (Fig. 7e, f,
g) apparently replacing ilmenite.

4.2. Deposit-scale remobilisation — database study

The study of the composition in PGEs of the Kevitsa intrusion
mineralised area (9,244 samples) revealed strikingly strong correlations
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(Fig. 8). Platinum and Pd are particularly well correlatedwith a 2:1 ratio
(R= 0.93, Table 1), and so are Ir and Pt (R= 0.8, Table 1). These corre-
lations are observed in all the different ore types (normal ore, Ni–PGE
ore and false ore), regardless of their alteration style. Platinum and all
the other PGEs are also correlated with nickel (Table 1). Finally, Cu
and Au also show a correlation with Pt, but a weaker one especially
for “Ni–PGE ores” (Fig. 8), whereas they correlate between each other
(R = 0.59, Table 1). Correlation coefficients calculated for all the PGE,
Ni Cu and Au are tabulated in Table 1.

Finally, in order to evaluate possible decoupling between the PGE,
various ratios were studied and compared for the different ore types.
Pd/Pt is very similar for the three different ore types, with a median of
0.64 for false ore, 0.59 for normal ore and 0.65 for Ni–PGE ore (Fig. 9).
Similarly, ratios between the various IPGE (Iridium-group PGEs) and Ir
(Rh/Is, Os/Ir, Ru/Ir) are very similar for the different ore types. However,
ratios between IPGE and PPGE (palladium-group PGEs) differ between
false ore, normal ore and Ni–PGE ore. The Ni–PGE ore has higher Pd/Ir
and Pt/Ir (as well as Pd/Rh, Pt/Rh, Pd/Os, Pt/Os, Pd/Ru and Pt/Ru) than
the normal and the false ores (Fig. 9).

The effect of alteration on the strength of correlations between PGE
and other chalcophile elements (Cu, Ni, Au) was studied using an even
larger dataset (resource drilling assays on 26,099 samples). Three
main alteration types, amphibole, serpentine and epidote, were consid-
ered. Results show that amphibole altered samples, serpentine altered
samples, as well as epidote altered samples conserve the very strong
correlation between Pd and Pt (Fig. 10), but also between Ni in
sulphides and Pt (Fig. 10), as well as between Cu, Au and Pt (Fig. 11).

Correlation coefficients were calculated between the various PGE
and base and precious metals for the whole database and for
amphibole-, serpentine- and epidote-altered samples only (tabulated
in Table 2). In general, correlations between Ni, Cu, Pd, Pt and Au tend
to be even stronger for altered rocks (not depending on the alteration
type) than for the database as a whole. This difference between fresh
and altered rocks is partly due to the fact that the dataset to evaluate
correlations within fresh samples is a hundred times larger than the
datasets representing altered lithologies. The significant observation is
the extremely tight correlations observed within the altered samples.
For the different alteration type, Pt and Pd show the best correlation
with coefficients varying between R = 0.85 and R = 0.98, whereas
the weakest correlation is between Cu and Pd showing coefficients be-
tween R= 0.24 for the whole database and R= 0.79 for the epidote al-
teration. In conclusion, correlations between the various PGE and other
metals within the intrusion are very strong in both fresh and altered
rocks, locally even stronger for altered samples.

4.3. Detailed-scale remobilisation — vein study

4.3.1. pXRF analyses — element fluxes
For each sample containing a cross-cutting vein with a selvedge, the

multiple results of pXRF analyses on both the altered area (selvedges of
the veins) and the background area were averaged to calculate
selvedge/background ratios,which are then plotted on spider-isoson di-
agrams (Fig. 11). The construction of these diagrams, and the rationale
for using them instead of conventional isocon digrams, are discussed
in the Supplementary Material.

Results are separated as a function of the vein type studied
(actinolite–chlorite–epidote and quartz-carbonate veins). The elements
that seem to bemostly affected by the circulation of thefluids producing
the veins are K, Cu and Sr (Fig. 12), whereas Ni, S, Mn and Fe are very
moderately affected. The main variations observed are summarised
here:

• In the selvedge of actinolite–chlorite–epidote veins (Fig. 12a), both
depletion and gain of Cu, K and Sr are observed, associated with
minor variations in Zn and minor loss of Ni and S.

• The presence of thick carbonate veins is associated with small ele-
mental fluxes, apart from loss of Ni and K for one sample (KV211-
259.9).

• Finally, the presence of thin quartz-carbonate veins also seems to be
associated with small variations in most elements apart from Cu and
S, especially for sample KV304-157.1.

For all the samples, whatever the vein type, K and Sr show a notably
heterogeneous distribution (either slightly enriched or depleted in the
selvedge).
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4.3.2. Laboratory analyses — element fluxes
Results of laboratory analyses collected on a selected subset of sam-

ples from the samples previously analysed by pXRF yielded similar re-
sults and added information on the behaviour of precious metals
(Fig. 13). Significant variations in K, Cu and Au concentrations are
observed between the selvedge and the background areas of the various
veins, and more moderate variations in Na, Mn, Ni, Co, Pd, Pt and S.
Magnesiumdoes not seem to be affected by the alteration, and similarly,
no variations in concentration of IPGE (Ir, Ru and Rh) are observed
(Fig. 13). When studying these spider-isocons in detail, only a few sys-
tematic associations are observed: Cu and Au are either both enriched
or both depleted; Ni and Co, as well as Pd and Pt, behave similarly.

The nature of this part of the studymade it necessary to collect small
samples. Hence, sample precision for variations in base metals and PGE
is relatively poor owing to cm-scale heterogeneity in the modal distri-
bution ofmagmatic sulphides. In order to account for this heterogeneity,
concentrations of all the base and precious metals were plotted against
Rh, in order to visualise relative variability within the highly chalcophile
elements in the sulphide fraction, rather than within thewhole sample.
Rhodiumwas chosen owing to its assumed lack ofmobility during alter-
ation coupled with its strong tendency to be concentrated in sulphide
liquids rather than in platinum group minerals independent of sul-
phides, as can be the case for Ir, Ru and Os (Barnes and Liu, 2012; Li
et al., 1996; Mungall, 2007; Mungall and Brenan, 2014). Dispersion of
the more hydrothermally mobile Pt and particularly Pd should give
rise to scatter around the Rh–Pt(Pd) correlation lines defined by the
fresh background samples. Results show good correlations between
Rh and Ru, Ir, Pd, Pt and Ni for both altered samples (selvedge) and
background samples (Fig. 14). A correlation between Rh and Au still ex-
ists but is not as tight, and there is no correlation between Cu, Co and Rh
(Fig. 14). These results are in agreement with observations made using
the spider-isocon plots.

Finally, in order to evaluate possible decoupling between the various
platinum group elements, PGE/IPGE ratios were studied and compared
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between background and selvedge samples for the twomain vein types
(carbonate-quartz and actinolite–chlorite–epidote) (Fig. 15). For both
vein types, the Pt/Pd ratio of the selvedge compared to the background
for all the different samples clusters well together. Similar results are
observed for ratios of Pd and Pt against Ir and Rh.

4.3.3. Micro-XRF mapping

4.3.3.1. Elemental micro-XRF maps. Four samples were mapped using
micro-XRF, and areas of particular interest were cut for thin sections.
These elemental maps allow 2-D visualisation of the spatial variations
in major (K, Ti, Al, Si, Ca, Mg, Mn and Fe) as well as fewminor elements
(Zr, Cr, Ni, Cu, S, Sr) at 25micron spatial resolution, and permit the com-
parison among bulk compositions of specific sub-areas, such as vein sel-
vedge and background, within themapped areas. Results of thesemaps
are shown in Figs. 16 to 18.

Combined with detailed petrographic study, these maps allow the
interpretation of spatial variations in element concentrations.
Selvedge-background comparisons indicate that Fe andMn are typically
depleted in the selvedge areas compared to the background areas
where they are concentrated in the same mineral phase, olivine. The
alteration produced by the veins within the selvedge produces a de-
struction of the olivine grains, first alteration to iddingsite and then
complete replacement by a fine grain mixture of quartz and chlorite
(cf. Petrographic study section and Fig. 6). An increase of Ca and Si in
the selvedge areas is also commonly observed, which is associated
with the alteration of the pyroxenes to tremolite or actinolite
(cf. Petrographic study section, and Fig. 6).

Variations in the amounts of sulphides and in their composition are
considered by studying 3-elemental maps (Ni, Cu and S). Apart from
sample KV103-407.2 (Fig. 18), the modal proportion of sulphides does
not vary much between selvedge and background areas. However, for
samples KV148-438.4 and KV148-339.9, the sulphides are enriched in
Cu in close proximity to the vein. Even though amounts of sulphides
do not vary much in the samples, their texture differs between back-
ground and selvedge areas (as described above), associated with an en-
richment in magnetite. Finally, sulphides present within the veins are
mostly dominated by Cu-rich sulphides (chalcopyrite).

4.3.3.2. Element fluxes between background and selvedge areas. Areas of
the micro-XRF maps were semi-quantified, and the semi-quantifications
obtained were used to produce a second set of spider-isocon plots
(Fig. 19). The isocons obtained show relatively flat patterns, apart
from Cu that is either enriched or depleted in the selvedge. In samples
KV304-305.5 (quartz vein) and KV418-339.9 (actinolite–chlorite–epi-
dote vein), the inner selvedges are slightly depleted in Mn and Fe, and
the outer selvedge slightly enriched in Mn and Fe. These variations are
due to the alteration of the olivine grains to iddingsite in the outer sel-
vedge (elevatedMn, Fe), in comparison to the absence of altered olivine
replaced by a fine-grain mixture of quartz and chlorite in the inner sel-
vedge (cf. Petrographic study, Fig. 5). A similar process is observed in
sample KV304-438.4 where Cu is depleted in the inner selvedge and
enriched in the outer selvedge, whereas Ni is slightly enriched in the
inner selvedge and slightly depleted in the outer selvedge. Finally, Ni
is also slightly depleted in the selvedge in sample KV304-305.5 and
slightly enriched in the selvedge in sample KV148-339.9. But in general,
all the variations that are observed are small and highly localised.

5. Discussion

5.1. Detailed-scale remobilisation — vein study

Results of the detailed-scale study of the distribution of metals and
PGE, within mineralised samples that are cross cut by hydrothermal
veins, indicate that Cu is the most mobile element, followed by Ni, Pd
and Pt. Individual samples examined in this study show that most of
the observed variations and element fluxes between the background
and selvedge are minimal and only indicate cm-scale redistribution of
the sulphides. In a few samples, Cu and Ni are depleted in the inner
selvedge but enriched in the outer selvedge, which is interpreted as
the result of cm scale reequilibration and remobilisation of the
sulphides. The alteration selvedge observed around the different vein
types are the result of hydration of the rock, replacing pyroxenes by am-
phibole and altering olivine to iddingsite. In the inner selvedge, some
samples show evidence for replacement of pyrrhotite by magnetite.
However, this reaction does not disrupt the relative proportions of Ni
and PGE in the sulphides. Moreover, the alteration textures observed
(epitaxial replacement, mm-scale variation from fresh olivine to
iddingsite to clay, quartz and chlorite) are characteristic of a very low
fluid-rock ratio, and this hydration does not seem to have much effect
on the actual composition of the rock or on the composition and distri-
bution of the sulphides in the sample, apart from Cu and Au concentra-
tions, which clearly have been modified by the vein-forming processes.
Platinum group elements in particular do not seem to have been affect-
ed, or in very minor proportions (Pd and Pt only), by the alteration of
the samples produced by the circulation of hydrothermal fluids. Pd/Pt
ratios are preserved and are very similar between background and sel-
vedge areas of the various samples. Ratios between PPGE and IPGE
such as Ir/Pt ratios are also preserved.

5.2. Deposit-scale remobilisation — database study

Results of the large scale database study indicate that hydrothermal
alteration (serpentinisation, amphibolitisation and epidotisation) of the
mineralised area of the Kevitsa did not affect the distribution of the plat-
inum group elements. There is no systematic difference between the
strongly correlated magmatic trends observed for the PGE between
fresh pyroxenites, amphibolised pyroxenites and zones of epidote alter-
ation. Platinumand Pd are very tightly correlated for all the different ore
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types and the various alterations. As Pd ismore soluble than Pt under al-
most all conditions based on available experimental data (Barnes and
Liu, 2012; Hanley, 2005; Wood, 2002), hydrothermal remobilisation
would produce a decoupling between Pd and Pt concentrations, which
is not observed at Kevitsa. Moreover, a very tight correlation is also ob-
served between PPGE (Pd, Pt) and IPGE (Ir, Os, Ru and Rh). Since Pd and
Pt are significantlymoremobile than IPGE, an important decoupling be-
tween concentrations in Pd, Pt and IPGE would be observed if the PGE
had been remobilised by hydrothermal fluids.

The only decoupling that is observed within the laboratory database
is within the results obtained for samples from the Ni–PGE ore type,
between Pd, Pt and IPGE. Within this ore type, Pd/Ir and Pt/Ir are signif-
icantly higher than in the other ore types (similarly for Pd/Rh, Pt/Rh)
(Fig. 9). This decoupling could be attributed to the addition of Pd and
Pt to the Ni–PGE ore type by hydrothermal processes. This hypothesis
has been suggested before by Gervilla and Kojonen (2002). In their
study, they interpret the PGE-enriched areas of the mineralisation
(Ni–PGE ore) as being the results of remobilisation of PGE by chloride-
rich hydrothermal fluids. These hydrothermal fluids are interpreted as
chloride-rich because of the spatial association between chlorapatite
and enriched Ni–PGE areas of the ore. These fluids would have been co-
eval with the greenschist facies metamorphism affecting the intrusion
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and could have potentially leached out PGE and As from mineralised
zones and precipitated them in discrete Ni–Cu–(PGE)-rich horizons
(Gervilla and Kojonen, 2002). However, this decoupling between
PPGE and IPGE is not combined with decoupling between Pd and Pt,
which would be expected if hydrothermal remobilisation was the
cause of the decoupling, owing to the considerably higher solubility of
Pd than Pt in most plausible hydrothermal solutions.
Moreover, hydrothermal enrichment in Pd, where observed in
previous studies, is commonly associated with an enrichment in Cu
and possibly Au. In the Kevitsa case, the Ni–PGE ore has lower con-
centrations in Au and Cu than the other ore types, not higher. Finally,
the chlorapatite in the Kevitsa intrusion has been interpreted by
Mutanen (1997) as being part of the primary intercumulus phases,
rather than a later hydrothermal phase. In conclusion, the origin of
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the Ni–PGE ore and the decoupling between PPGE and IPGE observed
within it cannot be attributed to hydrothermal processes that have
so far been described.

Another interpretation for the origin of the Ni–PGE ore at Kevitsa
was given by Yang et al. (2013), describing it as being the result of the
assimilation of komatiite-hosted nickel-sulphides from the country
rocks by the melt during emplacement. This interpretation attempts
to address the extremely elevated Ni content of the olivine associated
with the high Ni tenors observed within the Ni–PGE ore, suggesting a
magmatic origin (pre-mineralisation). However, it does not account
for the elevated Pd/Ir and Pt/Ir that are observed during the study. In-
deed, the assimilation of komatiite–hosted nickel–sulphide would
tend to decrease Pd/Ir, not increase it.

6. Conclusions

Combining the results of detailed-scale and mine-scale study of
the distribution of metals and PGE within the Kevitsa intrusion
leads to the conclusion that magmatic processes are interpreted as
being the source of most of the variance observed. This study con-
cludes that:

• low-temperature (greenschist) hydrothermal alteration did not have
a significant effect on the distribution of Ni and PGEwithin the Kevitsa
deposit, other than millimetre-scale redistribution.

• Given the important scatter, and unsystematic variability of Au and Cu
within the large database, as well as the small-scale mobility observed
in the vein study, Au andCu seem to have beenmoremobile, andmight
have been redistributed by hydrothermal fluids in larger amounts and
at a larger scale than Ni and PGE. It is possible that haloes of elevated
Cu and Au concentrationmay extend into country rocks around the in-
trusion andmay constitute a detectable hydrothermal halo, but there is
no evidence of such a halo within Ni-unmineralised rocks in the intru-
sion itself.

• The origin of the atypical composition of the Ni–PGE remains incom-
pletely understood but a hydrothermal origin is unlikely.
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Supplementary data to this article can be found online at http://dx.
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