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ABSTRACT

Compositional zoning and some unusual microtextures are observed in sulfides and sulfarsenides of the platinum-group
elements (PGE) [laurite – erlichmanite, irarsite – hollingworthite, and vysotskite – braggite series] from the Kirakkajuppura PGE
deposit in the Penikat layered complex, Finland. This unique deposit locally contains exceptionally high concentrations of the
PGE in altered sulfur-poor mafic–ultramafic rocks, resulting in numerous unusual species of platinum-group minerals (PGM).
Various mechanisms of charge-balance substitution are formulated to explain incorporation of Ir, Rh, and Fe in laurite –
erlichmanite, and of Ru and Fe in irarsite – hollingworthite. Complexly zoned grains of laurite – erlichmanite and irarsite –
hollingworthite crystallized from a liquid as primary phases in a closed system. The fine-scale zoning observed in the laurite –
erlichmanite reflects rapid fluctuations in f(S2), whereas a decrease in temperature during crystallization may have been crucial in
controlling the behavior and distribution of minor amounts of Fe. Late zones of vysotskite, which are relatively rich in Pd and Ni,
are developed in Pt-rich members of the vysotskite – braggite series and display an intimate association with abundant micro-
aggregates and bands of a hydrous silicate(s). These zones formed by a hydrothermal alteration of the original vysotskite –
braggite. Thus, Pd, Ni, Pt, and the associated lithophile elements were mobile in a late-stage fluid during the alteration.

Keywords: platinum-group elements, platinum-group minerals, sulfides, sulfarsenides, laurite, erlichmanite, irarsite, holling-
worthite, vysotskite, braggite, zoning, substitution schemes, Kirakkajuppura deposit, Penikat layered complex, Finland.

SOMMAIRE

Nous décrivons la zonation et certaines microtextures inhabituelles dans les sulfures et sulfarséniures des éléments du groupe
du platine (EGP) [séries laurite – erlichmanite, irarsite – hollingworthite, et vysotskite – braggite] provenant du gisement à EGP
de Kirakkajuppura, faisant partie du complexe stratiforme de Penikat, en Finlande. Ce gisement unique contient des concentra-
tions anormalement élevées en EGP dans des roches mafiques et ultramafiques relativement dépourvues en soufre, ce qui a
provoqué la cristallisation de plusieurs espèces rares de minéraux du groupe du platine. Nous précisons plusieurs mécanismes de
substitution et d’équilibrage des charges pour expliquer l’incorporation de l’Ir, du Rh, et du Fe dans la laurite – erlichmanite, et
du Ru et du Fe dans l’irarsite – hollingworthite. Des grains de laurite – erlichmanite et d’irarsite – hollingworthite fortement zonés
ont cristallisé à partir d’un liquide comme phases primaires dans un système fermé. La zonation fine de la laurite – erlichmanite
témoigne de fluctuations rapides en f(S2), tandis qu’une diminution en température au cours de la cristallisation pourrait avoir été
critique pour régir le comportement et la distribution des quantités mineures de Fe. Des zones tardives de vysotskite, qui sont
relativement riches en Pd et Ni, sont développées dans les membres riches en Pt de la série vysotskite – braggite et montrent une
association intime avec une abondance de micro-aggrégats et d’accumulations de silicate(s) hydraté(s). Ces zones se sont formées
par altération hydrothermale d’un membre de la série vysotskite – braggite. C’est donc dire que Pd, Ni, Pt, et les éléments
lithophiles associés étaient mobiles dans une phase fluide tardive lors de l’altération.

(Traduit par la Rédaction)

Mots-clés: éléments du groupe du platine, minéraux du groupe du platine, sulfures, sulfarséniures, laurite, erlichmanite, irarsite,
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PGE sulfide species, mainly vysotskite (Barkov et al.
1999a). The other PGM and PGE-rich phases observed
in the Kirakkajuppura deposit are laflammeite, laurite –
erlichmanite, irarsite – hollingworthite, keithconnite, a
Pb-rich phase [Pd20(Te6Pb)7] likely related to keith-
connite, unnamed Rh(Ni,Fe,Cu)2S3, (Pd,Pt)Cu (the Pd-
dominant analogue of hongshiite?), palladoan gold (up
to 9 wt.% Pd), and a series of unusual Fe–Pb–Cu–PGE-
rich chalcogenides, which are related to konderite
(Barkov et al. 2004a).

ANALYTICAL METHOD, COLOR X-RAY MAPS

AND ELECTRON-MICROPROBE PROFILES

The electron-microprobe data were obtained by
wavelength-dispersion spectrometry (WDS) using a
fully automated JEOL JXA–8900 electron microprobe
operated at 20 kV and 30 nA. A finely focused beam
and the following X-ray lines and set of standards were
used: RuL�, OsL�, IrL�, RhL�, PtL�, PdL� (pure Ru,
Os, Ir, Rh, Pt, and Pd), FeK� (FeS2), NiK�, CoK�
(CoNiAs), CrK� (chromite), PbM� (PbS), SK� (PbS),
and AsL� (PtAs2). The raw data were processed and
corrected on-line using the ZAF (JEOL) and CTZ pro-
grams. The minimum limits of detection were 0.02 wt.%
for S, 0.03 wt.% for Fe and Co, 0.04 wt.% for Ni and
Cr, 0.08 wt.% for Rh, and 0.09 wt.% for Ru and As.

We used detailed electron-microprobe profiles
(WDS), done in automatic mode, in order to character-
ize zoning and compositional variations in the PGE sul-
fides and sulfarsenides. A step interval of 1 �m was
chosen for the profiles ab, cd, and ef of Figures 1 to 3,
because of the presence of very narrow zones (e.g., Fig.
3B). A few point analyses made at the contact of the
PGE sulfides with the sulfarsenides were omitted in
order to avoid possible contamination. Also, we used
color X-ray mapping in order to document the fine-scale
zoning and the distribution of major and minor elements.
The zones with the highest concentration of an element
appear white, followed by red, orange, yellow, green,
blue, dark blue, and zones with the lowest concentra-
tion are violet (Figs. 1 to 3).

ZONING IN LAURITE – ERLICHMANITE

Laurite – erlichmanite (hereafter Lrt–Erl) occurs as
(1) individual and notably zoned crystals (Fig. 1), (2)
cores of complexly zoned grains (Figs. 2, 3), which are
mantled by irarsite – hollingworthite (hereafter Irs–
Hlw), and (3) large and euhedral grains with a slight or
irregular zoning (Figs. 4A, B). It is noteworthy that in-
dividual grains of Lrt–Erl at Kirakkajuppura may reach
0.3 mm in size, and these are much larger than grains of
Lrt–Erl observed in other PGE deposits associated with
layered intrusions.

INTRODUCTION

The Kirakkajuppura platinum-group element (PGE)
deposit within the Sompujärvi PGE reef forms part of
the Early Proterozoic Penikat layered complex in the
Fennoscandian Shield (Alapieti & Lahtinen 1986, 1989,
Halkoaho et al. 1990, Alapieti & Halkoaho 1995). This
deposit is extraordinary among PGE deposits hosted by
various layered complexes worldwide. Locally, unusu-
ally high concentrations, exceeding 0.5 kg/t total PGE,
are observed in altered mafic–ultramafic rocks at
Kirakkajuppura. These rocks are very poor in S (typi-
cally less than 200 ppm S), and are nearly free of base-
metal sulfides (BMS). The platinum-group mineralogy
of the Kirakkajuppura deposit is of particular interest
because of the presence of some unique or very uncom-
mon platinum-group minerals (PGM), such as unnamed
Pd–Pb oxide (Barkov et al. 1999a), various Fe–Cu–PGE
thiospinels (Barkov et al. 2000), laflammeite (Pd3Pb2S2:
Barkov et al. 2002) and a likely unnamed (Fe-dominant)
analogue of konderite (Barkov et al. 2004a).

In this paper, we continue our characterization of
various PGM and their associations observed in the
Kirakkajuppura PGE deposit, and present representative
results of a total of eight hundred original wavelength-
dispersion electron-microprobe analyses. Our main pur-
poses here are: (1) to describe various patterns of zoning
and characteristic textures observed in the PGE sulfides
[laurite (RuS2) – erlichmanite (OsS2), and vysotskite
(PdS) – braggite (Pt,Pd)S series] and sulfarsenides
[irarsite (IrAsS) – hollingworthite (RhAsS) series], (2)
to characterize notable compositional features of these
PGM, with emphasis on the distribution and behavior
of minor and trace elements, and (3) to discuss the ge-
netic and crystallochemical implications, some of which
extend our knowledge on these economically important
species of PGM.

OCCURRENCE AND ASSOCIATED MINERALS

The Kirakkajuppura PGE deposit is located near the
interface between ultramafic and gabbroic cumulates,
close to the contact with the country rocks at the north-
ern end of the Penikat complex (Alapieti & Lahtinen
1986, 1989, Halkoaho et al. 1990, Alapieti & Halkoaho
1995). In this deposit, the PGE mineralization is associ-
ated with hydrous magnesian silicates, accessory
chromite, minor chalcopyrite, bornite, millerite, and
secondary chalcocite (Barkov et al. 1999a). The princi-
pal PGM at Kirakkajuppura are vysotskite – braggite,
zvyagintsevite (Pd3Pb), an unnamed Pd–Pb oxide
(Pd2+

7Pb2+O8) formed at the expense of zvyagintsevite,
and various PGE-rich thiospinels, members of the
cuprorhodsite – ferrorhodsite – malanite series:
A(Cu+)B[Rh3+(Pt,Ir)4+]S2–

4 – A(Fe3+
0.5Cu+

0.5)BRh3+
2S2–

4
(Barkov et al. 1999a, 2000). Typically, nearly all sulfur
in the PGE-rich, BMS-poor samples is accounted by the
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Electron-microprobe profile “ab”

The zoned crystal of Lrt–Erl shown in Figures 1A–
D consists of a euhedral core, most faces of which are
subparallel to the crystal edges. The core itself is zoned
and contains three Os-enriched zones (see white and red
zones shown in Fig. 1B). The X-ray maps for Ir and As

are nearly identical (cf. Figs. 1C, D), indicative of a close
relationship between these two elements. Results ob-
tained for the profile ab across the zoned Lrt–Erl crys-
tal (Fig. 1, Tables 1, 2) reveal sympathetic covariations
of Ir (Fig. 5A), Rh, As (Fig. 5B), and Fe (Fig. 5C).
Anticorrelation of Ru and Ir is observed in the area of
analysis no. 40 (Fig. 5A), consistent with an Ir-for-Ru

FIG. 1. A. Back-scattered electron (BSE) image of a euhedral grain of zoned laurite – erlichmanite (LR), which is enclosed by
vysotskite – braggite [(Pd0.58–0.61Pt0.39–0.36Ni0.01)�1.01–1.02S1.01–1.02] (VS). B–D: Color X-ray maps showing the distribution of
Os (B), Ir (C), and As (D) in this zoned grain. Variations in contents of elements are shown by the change in color (white is
the highest, followed by red, orange, yellow, green, blue, dark blue, and violet, which is the lowest). The dashed line (ab)
shows the location of electron-microprobe profile. The scale bar (Fig. 1B) is 20 �m.
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tion with S (R = –0.94), and correlates positively with
both Rh and Fe (R = 0.89 and 0.96, respectively). Iron
correlates positively with As (R = 0.95; Fig. 6B) and
negatively with S (R = –0.89). Also, the Rh–As and Rh–
Fe correlations are positive (R = 0.90 and 0.83, respec-
tively), and the Rh–S correlation is negative (R = –0.84).
The strong interrelationships of Ir, Rh, and Fe with As
are also demonstrated by a nearly perfect positive cor-
relation between (Ir + Rh + Fe) and As (R = 0.99;
Fig. 6C).

The minor Pt content in Lrt–Erl (Fig. 1A) increases
toward the grain boundaries with the host vysotskite –
braggite [(Pd0.58–0.61Pt0.39–0.36Ni0.01)�1.01–1.02S1.01–1.02];
this effect is interpreted to be due to fluorescence inter-
ference from the host vysotskite – braggite. The con-
trasting behavior of Pt and Pd here (Tables 1, 2) is
apparently due to the difference in the respective value
of fluorescent yield, which is much greater for Pt than
for Pd (J.H.G. Laflamme, writ. commun.).

Electron-microprobe profile “cd”

The Lrt–Erl core of this composite grain is crypti-
cally zoned with respect to Os, Ru, Ir, As and S (Tables
3, 4, Figs. 2A–F), and is mantled by a zoned Irs–Hlw,
which is characterized below. Very narrow composi-
tional zones are present in this Lrt–Erl, as is well illus-
trated in the X-ray map for Os (Fig. 2B). The content of
Os generally decreases and that of Ru increases toward
the grain edge (Figs. 2B, D, 7A), and the Ru–Os corre-
lation is negative (R = –0.90; n = 74). Iridium and Rh
vary sympathetically (Fig. 7B). Values of the ir# index
[i.e., 100 Ir / (Ir + Rh), Ir and Rh in apfu] vary slightly
within the Lrt–Erl core (Fig. 7C).

The content of Fe in Lrt–Erl is higher than in the
associated Irs–Hlw. Iron is distributed rather heteroge-
neously, and the Fe content generally increases toward
the grain margin, in common with Ru and in contrast
with Os (cf. Figs. 7D, A). Elevated levels of As are ob-
served locally (Fig. 7E). Iridium correlates positively
with As and Rh (R = 0.97 for both As and Rh: Figs. 8A,
B) and negatively with S (R = –0.96; Fig. 8C). The Ir–
Ru and Rh–Ru correlations are negative (R = –0.63 and
–0.69, respectively; n = 74), whereas the Ir–Os and Rh–
Os correlations are weakly positive (R = 0.24 and 0.32,
respectively). Thus, Ir and Rh likely replace Ru rather
than Os. The behavior of Rh is uniform with that of Ir;
the Rh–As correlation is strongly positive (R = 0.95),
and the Rh–S correlation is negative (R = –0.93). Ar-
senic is anticorrelated with S (R = –0.99; Fig. 8D), in-
dicative of the As-for-S substitution.

In the cd profile, Fe correlates positively with Ru (R
= 0.91; n = 74), negatively with Os (R = –0.94), slightly
negatively with As (R = –0.54) and positively with S (R
= 0.56), but there is no well-defined correlation with
either Ir or Rh. These relationships are in contrast with
those observed for Fe in the ab profile.

Electron-microprobe profile “ef”

The Lrt–Erl series forms a large core in a poly-
mineralic grain of PGM, which is roundish in shape
(Fig. 3A) and mantled by Irs–Hlw (see a description
below), in common with the texture shown in Figure
2A. Cuprorhodsite [Cu(Rh,Pt)2S4] and a complex
konderite-type chalcogenide(s) rich in Fe, Pb, Cu, Rh,
Pd, and Ir occurs at the margin (Fig. 3A).

The Lrt–Erl core is about 0.1 mm in size and com-
plexly zoned, consisting of individual microzones
shown on the X-ray map for Os (Fig. 3B). The presence
of an internal zone (ca. 25 �m in size: “white” in
Fig. 3B) in the center of the larger euhedral “core” (ca.
50 �m: red in Fig. 3B) is noteworthy. Variations in Ru
are mainly responsible for the observed “rhythmic” zon-
ing (Fig. 9A), with a maximum Ru content similar to
that of the Lrt–Erl grains shown in Figures 1 and 2 (up
to ca. 0.7 Ru apfu). In addition, there are also
microzones enriched in Ir and As in the Lrt–Erl core,
with nearly identical patterns of distribution (Figs. 3C,
D), again indicative of a strong relationship between Ir
and As. Also, a strong enrichment in Ru relative to Os
is characteristic (Fig. 9A).

Iridium and Rh vary sympathetically (Fig. 9B), and
values of the ir# index are, in general, tightly con-
strained (Fig. 9C). A heterogeneous distribution of Fe
is characteristic (Fig. 9D). A narrow zone in the center
is enriched in Fe and is relatively poor in Ru and rich in
Os; thus, Fe replaces Ru rather than Os. With the ex-
ception of this zone, a general increase in Fe toward the
margin is clearly observed. The As-enriched microzones
are poorer in S, consistent with As-for-S substitution
(Fig. 9E).

The Ir–As correlation (Fig. 10A) is strongly positive
in Lrt–Erl (R = 0.98; n = 132); in addition, Ir correlates
positively with Rh (R = 0.95) and negatively with S (R
= –0.96). Rhodium also displays a positive correlation
with As (R = 0.92) and a negative correlation with S (R
= –0.91). Neither Ir nor Rh displays a well-defined cor-
relation with Fe. The correlation of (Ir + Rh) and As is
strongly positive (R = 0.97; Fig. 10B), and the As–S
correlation is nearly inverse (R = –0.98).

ZONING IN IRARSITE – HOLLINGWORTHITE

Electron-microprobe profiles “cd” and “ef”

The Irs–Hlw series displays the following charac-
teristics: (1) it occurs as rim-like zones around Lrt–Erl
(Figs. 2, 3). (2) It is very poor in Os and is, in contrast,
relatively enriched in Ru (ca. 0.1 apfu: Figs. 7A, 9A,
Tables 3 to 6). (3) Also, the compositional trends for Ru
and Os are somewhat distinct: the observed decrease in
Ru is sharp, whereas Os displays a gradual decrease
from Lrt–Erl to the associated Irs–Hlw (Figs. 7A, 9A).
(4) It is cryptically zoned, with the Ir content decreas-
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ing (and the Rh content increasing) outward. In both
cases (cf. Figs. 7B, 9B), the maximum content of Ir is
close to 0.7 apfu (i.e., approximately 70 mol.% IrAsS).
(5) Although the contents of Ir and Rh change rapidly
(Figs. 7B, 9B), the ir# index displays gradual trends
(Figs. 7C, 9C), with a general decrease outward, from
Lrt–Erl toward the associated Irs–Hlw. (6) The content
of Fe in Irs–Hlw is several times less than that in the
associated Lrt–Erl (Figs. 7D, 9D). (7) Fe increases to-
ward the margin (Figs. 7D, 9D). (8) Irs–Hlw is charac-
terized by a significant deficit in As and corresponding
excess in S (Figs. 7E, 9E, Tables 3 to 6) and thus devi-
ates from the ideal MeAsS stoichiometry.

DESCRIPTION OF AN UNUSUAL MICROTEXTURE

AND COMPOSITIONS OF SLIGHTLY ZONED

LAURITE – ERLICHMANITE

An unusual texture, hitherto unreported, is shown in
Figure 4A: a large crystal of Lrt–Erl (ca. 250 �m) con-
tains abundant and globular inclusions of a PGM (bright
white) and a hydrous silicate (black: Fig. 4A). Some of
these microglobules (shown by the black arrows:

Fig. 4A) are composed of both phases [PGM and hy-
drous silicate(s)], separated by a straight and uniformly
oriented phase-boundary. Results of quantitative en-
ergy-dispersion (EDS) electron-microprobe analyses in-
dicate that this PGM is an intermetallic compound of
Pd and Pb, having the following composition: Pd 59.92,
Pb 40.08, total 100.0 wt.%. The formula is Pd2.98Pb1.02,
indicative of zvyagintsevite (Pd3Pb), which is a very rare
species in other localities but quite common at
Kirakkajuppura (Barkov et al. 1999a). The hydrous sili-
cate is clinochlore with the following composition (EDS
data, in wt.%): SiO2 25.30, Al2O3 21.16, Cr2O3 0.60,
FeO 17.06, MnO 0.31, MgO 21.32, Na2O 0.43 (K, Ca,
Ti, Ni and Cl were sought, but not detected). The for-
mula is [(Mg3.29Fe1.47Al0.25Na0.09Mn0.03)�5.13Al1.00
(Si2.62Al1.33Cr0.05)�4.00O10(OH)8] (O = 14); the mg#
value [i.e., 100 Mg / (Mg + Fe + Mn)] is 69.

The Lrt–Erl grain hosting the microglobules exhib-
its a slight zoning, with the following ranges of compo-
sition (in apfu): Ru 0.62–0.70, Os 0.22–0.28, Ir
0.04–0.06, and Rh 0.01–0.02 (Table 7), and a zone en-
riched in Ru occurs at the margin (gray: Fig. 4A). In
addition, a total of ninety WDS analyses were made on
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substitution. In other zones of this crystal, Ir seems to
substitute for (Os + Ru) (Fig. 5A). Ruthenium and Os
replace each other and are negatively correlated, with
the correlation coefficient R of –0.86, based on a total
of seventy-two point analyses (hereafter n = 72). Ar-

senic clearly substitutes for S; thus they are negatively
correlated (R = –0.95; Figs. 5B, D).

The behavior of Ir, Rh and Fe is notably uniform
(sympathetic). Iridium displays a strong positive corre-
lation with As (R = 0.99; Fig. 6A), a negative correla-

FIG. 2. BSE image (A) and the color X-ray maps showing the distribution of Os (B), S (C), Ru (D), Ir (E), and As (F) in a zoned
grain of laurite – erlichmanite (LR) and irarsite – hollingworthite (IR). The surrounding material is epoxy. The location of the
electron-microprobe profile (cd) is shown by the dashed line in Figure 2A. The scale bar is 20 �m.
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FIG. 3. BSE image of a concentrically zoned grain of various platinum-group minerals (PGM), consisting of laurite –
erlichmanite (LR), irarsite – hollingworthite (IR), cuprorhodsite [Cu(Rh,Pt,Ir)2S4] (CPR) and a Pb–Fe–Cu–PGE-rich PGM
related to thiospinels (TSP). The dashed line (ef) shows the location of the electron-microprobe profile. The surrounding
material is epoxy. B–D. Color X-ray maps showing the distribution of Os (B), Ir (C), and As (D). The scale bar (Fig. 3B) is
50 �m.
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FIG. 4. A. An unusual texture observed in a large grain of laurite – erlichmanite (LR),
consisting of abundant, globular inclusions of zvyagintsevite [Pd2.98Pb1.02: EDS elec-
tron-microprobe data] (ZV: bright white) and a hydrous silicate (i.e., clinochlore: SIL,
black). The two-phase microglobules, ZV + SIL, separated by a straight border, are
shown by arrows (A). B. A large, euhedral grain of laurite – erlichmanite (LR). The
surrounding material is epoxy. A and B: BSE images.
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another large grain of Lrt–Erl (Fig. 4B). The average
content and the observed ranges (in wt.%) are: Ru 32.40
(31.35–37.79), Os 29.06 (22.90–30.83), Ir 3.02 (2.42–
4.70), Rh 0.81 (0.56–1.28), Pt 0.05 (n.d.–0.23), Fe 0.28

(0.20–0.55), Pd 0.05 (n.d.–0.30), Ni 0.04 (n.d.–0.08),
As 0.0 (<0.09), S 33.85 (33.15–34.91), for a total of
99.56 wt.%. The corresponding ranges in apfu are: Ru
0.60–0.70, Os 0.22–0.31, Ir 0.02–0.05, Rh 0.01–0.02,

FIG. 5. Variations in concentrations of Ru, Os, Ir (A), Rh, As (B), Fe (C), and S (D),
expressed in terms of atoms per formula unit (apfu: �atoms = 3), along electron-micro-
probe profile ab across the zoned grain shown in Figure 1A.
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Pt <0.01, Fe <0.01–0.02, Pd <0.01, Ni <0.01, As <0.01,
and S 2.01–2.04; the mean composition corresponds to
the formula (Ru0.62Os0.29Ir0.03Rh0.015Fe0.01)�0.97S2.03.

ZONING IN VYSOTSKITE – BRAGGITE

Individual grains of vysotskite – braggite (hereafter
Vsk–Brg) at Kirakkajuppura reach 0.3–0.5 mm in the
longest dimension (e.g., Fig. 11). In this deposit, the

Vsk–Brg is commonly rich in Pd, poorer in Pt and very
poor in Ni, and may occur as unusually long (up to about
ca. 1 cm) mega-aggregates associated with hydrous
magnesian silicates (Barkov et al. 1999a).

Zones having a lower average atomic number (gray)
are developed within grains of Vsk–Brg (Figs. 11A–C);
they have irregular and diffuse boundaries with the host
Vsk–Brg and are intimately associated with abundant
micro-aggregates of a hydrous silicate(s). Bands of

FIG. 6. Correlations of Ir and As (A), Fe and As (B), and (Ir + Rh + Fe) and As (C) (in
apfu; �atoms = 3) in compositions of the zoned laurite – erlichmanite from the Penikat
complex. Results of 72 WDS analyses, which refer to the profile ab, are plotted; the
location of this profile is shown in Figure 1A.
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submicrometric grains of a hydrous silicate(s) are
present in these late-stage Vsk–Brg zones; these bands
may be subparallel to each other (black: Figs. 11A–C,
12D). Micro-inclusions of amphibole (rich in Cl) are
also abundant in some PGM from Lukkulaisvaara,

which is a neighboring layered intrusion in the
Fennoscandian Shield (Barkov et al. 2004b).

The late zones of the Vsk–Brg are richer in Pd (i.e.,
in the end-member vysotskite) and, to a lesser degree,
in Ni, and are considerably poorer in Pt (i.e., in the

FIG. 7. Variations in content of Ru, Os (A), Rh, Ir (B), Fe (D), S and As (E), and values of
the ir# index [i.e., 100 Ir / (Ir + Rh)] (C), expressed in apfu: �atoms = 3, along electron-
microprobe profile cd across the zoned grain shown in Figure 2A.
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braggite component) than the host Vsk–Brg (cf. Table 7,
Figs. 12 A–C, 13). We support the recent nomenclature
of Cabri (2002), who defined vysotskite as the Pd-domi-
nant member and braggite as the Pt-dominant member
of the Vsk–Brg series, in accordance with the “50%”
rule of the International Mineralogical Association.

DISCUSSION, IMPLICATIONS AND CONCLUSIONS

Incorporation of Ir in laurite – erlichmanite and limit
of solid solution from (Ru,Os)S2 toward “Ir1–xS2”

Our results are consistent with three charge-balance
mechanisms for the incorporation of Ir in Lrt–Erl.
Laurite (and its synthetic analogue: RuS2) and
erlichmanite (OsS2) are isostructural and have a pyrite-
type structure, consistent with the the formal oxidation
state 2+ for Ru and Os and the presence of (S2)2– dumb-
bells (e.g., Hulliger 1964, Wood & Strens 1979, Bowles
et al. 1983, Holzwarth et al. 1985, Lutz et al. 1990,
Stingl et al. 1992, Colell et al. 1994, Schuler et al. 1997).

(1) The presence of a limited solid-solution between
Lrt–Erl and Irs–Hlw is indicated by the composition
profiles cd and ef (Figs. 8A–D, 10A, B). Iridium is
closely associated with Rh and is likely incorporated via

the following substitution scheme: [(Ir + Rh)3+ + (AsS)3–

= (Ru + Os)2+ + (S2)2–].
(2) The composition profile ab (Figs. 5A–6C) and

the X-ray maps (Figs. 1C, D) indicate that As clearly
exerts a structural control over the incorporation of Ir,
Rh and Fe, which are uniform in behavior; their sum (Ir
+ Rh + Fe) displays a positive linear correlation with
As (R = 0.99: n = 72). However, in contrast to the solid
solution of Lrt–Erl and Irs–Hlw (charge-balance scheme
1), the observed slope is not consistent with (Ir,Rh,
Fe)AsS, but indicates a significant deficit in As (Fig.
6C). Thus, it could be instead a solid solution toward an
arsenosulfide of the type Me(S,As)2, with the approxi-
mate ratio (Ir + Rh + Fe):As of 2.5:1. The excess amount
of S, relative to that given by the charge-balance scheme
(1), is thus likely required in order to maintain
electroneutrality.

(3) Some of the Lrt–Erl grains examined (Figs. 4A,
B, Table 7) are essentially devoid of As. Thus, their el-
evated levels of Ir (up to 5.75 wt.% or 0.06 Ir apfu) must
have been incorporated in the form of a sulfide compo-
nent instead of a sulfarsenide. Munson (1968) reported
the existence of a pyrite-type IrS2 phase (i.e., IrS1.9 with
a equal to 5.68 Å) and confirmed the presence of an-
other pyrite-type compound (IrS3) in the Ir–S system. It
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has been recently shown, however, that the IrS2 phase
is orthorhombic (Pnam), with the structural formula
Ir3+S2–(S2)2–

1/2 (Jobic et al. 1990). In the absence of re-
ports to the contrary, IrS3 is the only S-rich pyrite-type
phase, reported also as IrS2.7 with a equal to 5.59 Å

(Colell et al. 1994, and reference therein). Alternatively,
the formulae of the reported phases IrS2.7 and IrS3 could
be presented as Ir0.74S2 and Ir0.67S2, respectively, con-
sistent with the generalized formula Ir1–xS2, which as-
sumes vacancies in metal sites. This latter model is

FIG. 8. Correlations of Ir and As (A), Ir and Rh (B), Ir and S (C), and S and As (D) (in
apfu; �atoms = 3) in compositions of the zoned laurite – erlichmanite from the Penikat
complex. Results of seventy-four WDS analyses, which refer to the profile cd, are plot-
ted; the location of this profile is shown in Figure 2A.
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corroborated by the disordered distribution of Rh and
the presence of vacancies in the pyrite-type phase
Rh1–xSe2, with 0.02 ≤ x ≤ 0.24 (Kjekshus et al. 1979).

Thus, we suggest that Ir could be incorporated in As-
free Lrt–Erl according to the following scheme of sub-
stitution: [0.667 Ir3+ + 0.333 Me� = (Ru + Os)2+], which
assumes that all Ir occurs as 3+ in Ir0.67S2 (i.e., ideal
“IrS3”). In the case of the other reported S-rich phase
(IrS2.7), the formula Ir0.74S2 indicates an “excessive” Ir
charge, which is inconsistent with the formal 3+ valence
for Ir and implies a mixed-valence character for this
phase. If the solid solution extends toward Ir0.74S2, the
following scheme of substitution is suggested to incor-
porate Ir in Lrt–Erl: [0.52 Ir3+ + 0.22 Ir2+ + 0.26 Me� =
(Ru + Os)2+]. The partial reduction of Ir to 2+ is consis-
tent with the presence of Ir2+ in a newly reported pyrite-
type Ir2+(Te2)2– ditelluride (Jobic et al. 2001).

The existence of limited solid-solutions extending
from (Ru,Os)S2 toward the pyrite-type Ir1–xS2 (“IrS3”)
is confirmed by the synthesis of mixed single crystals

of the type Ir0.667+xRu1–xS2, with 0 < x < 1 (Colell et al.
1994). The synthetic IrxRu1–xS2 phases (0.005 < x < 0.5)
have a pyrite structure, but the presence of small
amounts of orthorhombic IrS2 (cf. Jobic et al. 1990) was
observed in the X-ray-diffraction patterns at higher con-
tent of Ir (Colell et al. 1994).

The limited nature of the Irx(Ru,Os)1–xS2 solid solu-
tions is well recognized in natural samples. A complete
and continuous series of solid solution has been estab-
lished between the RuS2 and OsS2 end-members (Lrt–
Erl series), whereas the content of “IrS2” is less than 20
mol.% in these samples worldwide (e.g., Cabri et al.
1996). We suggest that this limit is a result of the exist-
ence of vacancy-type defects, and related complications
thus arise from the incorporation of Ir by substitution
schemes of the type [0.667 Ir3+ + 0.333 Me� = (Ru +
Os)2+] or [0.52 Ir3+ + 0.22 Ir2+ + 0.26 Me� = (Ru +
Os)2+]. Thus a suggestion on the existence of “complete
solid solution among RuS2–OsS2–IrS2“, made by Jen &
Teng (1973) [cited in Craig & Scott 1974], is unlikely
to be correct.
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The incorporation of Rh in laurite – erlichmanite

Pure RhS2 does not exist in the Rh–S system
(Hulliger 1964), and the powder-diffraction pattern of
the “Rh2S5” phase, synthesized by reaction of RhCl3
with S at 600°C (Wöhler et al. 1933), is similar to that
of pyrite (Juza et al. 1935). This phase has been also
reported as “RhS3”, with a pyrite-type structure and a
equal to 5.58 Å (Berlincourt et al. 1981). Makovicky et
al. (2002) reported that in the system Fe–Rh–S at 900°
and 500°C, the RhS3 pyrite phase has the composition
“Rh2.75S7.25”, which corresponds to a Rh:S ratio (0.38),
closer to Rh2S5 (0.40) than to RhS3 (0.33). Barkov &
Fleet (2004) reported the occurrence of a natural phase
(Pt0.78Rh0.20Ir0.03)�1.01(As1.53S0.47)�2.00, with a Rh:S ra-
tio of 0.43, which represents a solid solution from PtAs2
toward the pyrite-type Rh1–xS2 (i.e., toward “Rh2S5”
rather than toward “RhS3”).

Formulae of the pyrite-type phase of Rh may be rep-
resented as Rh0.667S2 (i.e., ideal “RhS3”) and Rh0.8S2

(i.e., “Rh2S5” and “Rh2.75S7.25”). Consequently, the fol-
lowing two schemes, assuming the presence of vacan-
cies, may be suggested for the incorporation of Rh in
Lrt–Erl: (1) [0.667 Rh3+ + 0.333 Me� = (Ru + Os)2+],
and (2) [0.4 Rh3+ + 0.4 Rh2+ + 0.2 Me� = (Ru + Os)2+].
Scheme 2 suggests the mixed-valence character of the
pyrite-type Rh1–xS2 phase, i.e., Rh3+

0.4Rh2+
0.4S2 with a

ratio Rh2+: Rh3+ of 1:1, consistent with a ratio Rh:Co of
1:1, observed in synthetic Co0.5Rh0.5S2 crystallizing in the
pyrite structure with a equal to 5.639 Å (Hulliger 1964).

The behavior and incorporation
of Fe in laurite – erlichmanite

Our data indicate that substantial levels of Fe are
present in Lrt–Erl of this study (Tables 1–5); note that
contamination (i.e., fluorescence from an Fe-rich phase)
can be ruled out, because the Lrt–Erl grains are enclosed
by epoxy (Figs. 2A, 3A). Also, we observed that Fe is
preferentially incorporated in Lrt–Erl relative to the as-
sociated Irs–Hlw (Figs. 5C, 7D, 9D).

The only reported occurrence of a natural FexRu1–xS2
solid solution is that from the Imandra layered complex,
Kola Peninsula, Russia [(Fe0.81Ru0.14Os0.007
Ir0.004)�0.96S2.04: Barkov & Fleet 2004]. Special condi-
tions are presumably required to stabilize this solid so-
lution. Tsay et al. (1994) experienced difficulties in their
attempts to synthesize samples of FexRu1–xS2 solid so-
lution; they found that only minor Fe substitutes for Ru,
and noted that the distribution of Fe is inhomogeneous.
However, phases of the type FexRu1–xS2, with x = 0.1,
0.2, 0.3, 0.5, 0.9, have been synthesized by Hwang et
al. (1994) using oscillating chemical vapor transport.
Synthetic RuS2 doped with FeS2, FeAs2 and Fe has been
characterized by Schuler & Siebert (1995) and Schuler
et al. (1995). Karup-Møller & Makovicky (2002) ob-
served that the solubility of Fe in synthetic OsS2
(erlichmanite) increases with increasing sulfur fugacity

FIG. 9. Variations in concentrations of Ru, Os (A), Rh, Ir (B), Fe (D), S and As (E), and
values of the ir# index [i.e., 100 Ir / (Ir + Rh)] (C), expressed in apfu: �atoms = 3, along
electron-microprobe profile ef across the zoned grain shown in Figure 3A.
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f(S2) and decreasing temperature (0.2–1.1 at.% Fe at
1180°C, and up to 5.7 at.% Fe at 900°C).

Tsay et al. (1994) reported that minor Fe occurs in
its “normal” ferrous valence state (2+) in synthetic RuS2.
However, Schuler et al. (1997) studied synthetic RuS2
doped with Fe3+ and suggested that a compensation
mechanism takes place, in which the incorporated Fe3+

accepts one electron and converts to Fe2+. It is known
that compensation effects commonly result in an inho-
mogeneous distribution of impurities. The distribution
of Fe is indeed quite heterogeneous in the zoned Lrt–
Erl grains (Figs. 7D, 9D); this feature is consistent with
a compensation mechanism. In addition, the valence of
the incorporated Fe (3+) could well be a reflection of
the oxidizing character of the environment at
Kirakkajuppura, which is evident from the presence of
abundant Pd–Pb oxide (Pd2+

7Pb2+O8 or Pd2+
9Pb2+O10:

Barkov et al. 1999a). Also, the incorporation of Fe3+ in
the Lrt–Erl is consistent with synthesis of the pyrite-like
Fe3+S2–(S2)2–

1/2 phase, which contains Fe3+ and is “in-
termediate” between the layered chalcogenides
[Me4+(S2–)2] and the pyrite-type compounds [Me2+(S2)2–]
(Brec et al. 1989). On the other hand, Fe content, in
general, clearly increases toward the margin in the zoned
grains (Figs. 7D, 9D), and a normal decrease in tem-

perature during the crystallization could be thus crucial
to control the observed distribution and behavior of Fe.
Variations in f(S2) could in general be of less impor-
tance, as is indicated by the antipathetic behavior of Fe
and Os (R = –0.94) in the cd profile of Lrt–Erl (Figs.
7A, D). However, there is an abrupt increase in Fe in
the center of the Lrt–Erl grain of Figure 9D, in the zone
with the maximum content of Os (i.e., “white” zone in
the center of the “red” crystal: Fig. 3B); thus, the Fe
enrichment in this zone could reflect a higher level of
f(S2) during crystallization.

Results of the cd profile reveal the following correla-
tions: Fe versus Ru (R = 0.91), Fe versus As (R = –0.54),
and Fe versus S (R = 0.56: n = 74), which imply a sub-
stitution of the type (Fe + Ru)2+ = Os2+, probably
coupled with a minor S-for-As substitution. The Fe-for-
Ru substitution seems relevant in the Fe–Os-enriched
zone in the Lrt–Erl (Fig. 9D), whereas Fe may substi-
tute for both Os and Ru in the other zones of this grain.

In contrast, Fe is intimately associated with As in
the other grain of Lrt–Erl (Figs. 1A, 5A–C), where struc-
tural factors appear to have exerted a major control over
the distribution of Fe, consistent with a solid solution
toward Me(S,As)2 in the approximate ratio (Ir + Rh +
Fe):As of 2.5:1.

FIG. 10. Correlations of Ir and As (A) and (Ir + Rh) and As (B) (in apfu: �atoms = 3) in
compositions of the zoned laurite–erlichmanite from the Penikat complex. Results of
132 WDS analyses, which refer to the profile ef, are plotted; the location of this profile
is shown in Figure 3A.
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FIG. 12. X-ray maps showing the distribution of Pt (A), Pd (B) and Ni (C) in the zoned
grains of vysotskite – braggite (Fig. 11). The change in color is indicative of
compositional variations: red is the highest concentration, followed by orange, yellow,
green, blue, dark blue, and violet. The silicon X-ray map shown in D illustrates the
bands of submicrometric hydrous silicate(s), which are intimately associated with the
alteration zones in the vysotskite – braggite (Fig. 11B).

tive deficit in As and corresponding excess in S (ca. 0.2
apfu: Tables 3–6, Figs. 7A, E, 9A, E), thus indicating
the incorporation of Ru in the form of the laurite com-
ponent via the following charge-balance substitution:
[Ru2+ + (S2)2– = Me3+ + (AsS)3–]. The amount of ruthe-

FIG. 11. A–C. Examples of compositional zoning in large grains of vysotskite–braggite (VS) from the Penikat complex. Note
the close association of the alteration zones (gray) with abundant micro-inclusions of a hydrous silicate(s) (black). B. Magni-
fication of upper part of the grain shown in A. Note that submicrometric grains of a hydrous silicate(s) form separate bands
in the altered vysotskite – braggite. BSE images; the surrounding material is epoxy.

The incorporation of Ru and Fe
in irarsite – hollingworthite

The content of Ru (+Os) in the zoned Irs–Hlw is
approximately 0.1 apfu, and is accompanied by a rela-
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The presence of other elements
in laurite – erlichmanite

The possible presence of Cr (up to 0.8 wt.%) was
reported in Lrt–Erl from the Baula complex, India (Augé
et al. 2002); also, these authors cited other occurrences
of “Cr-bearing Lrt–Erl” from the Bushveld complex.
This report stimulated us to check for Cr in samples of
Lrt–Erl from the Penikat complex; Cr was carefully
sought, but was not detected in various zones of the five
large grains (Figs. 1 to 4). Sulfides bearing Cr, Ti and V
are extremely rare; for example, pyrrhotite is one of the
most common BMS, but there is so far only a single
reported occurrence of terrestrial pyrrhotite containing
Ti (Barkov et al. 2000). Theoretically, minor Cr could
enter (Ru,Os)S2 (e.g., Schuler & Siebert 1995). How-
ever, Cr has a strong lithophile character, and the incor-
poration of Cr in a sulfide would require the existence
of a highly reducing environment, which is not indicated
by minerals in association with the Lrt–Erl in the Baula
complex. A more detailed characterization of the “Cr-
bearing Lrt–Erl” is required to exclude possible inter-
ference from an underlying mineral(s) enriched in Cr,
which commonly occur in association with Lrt–Erl.

FIG. 13. Compositions of zoned vysotskite – braggite from
the Penikat complex in the Pd–Pt–Ni compositional space
(atom %). Symbols: U: unaltered vysotskite – braggite, Z:
zones of alteration (Figs. 11A–C, Table 8).

nium correlates negatively with that of Rh and, in con-
trast, slightly positively with that of Ir; thus, the incor-
poration of Ru in the Irs–Hlw is likely dominated by the
Ru-for-Rh substitution. This scheme is consistent with
the negative S–As correlation (R = –0.79 and –0.71: Fig
7E, 9E). Evidence for this scheme in the hollingworthite
– laurite – erlichmanite series was also reported from
the Coldwell complex, Ontario, Canada (Ohnenstetter
et al. 1991). However, Ir is dominant over Rh in the
compositions of members of the Irs–Hlw series from
the Penikat complex (Figs. 7B, 9B, Tables 3–6),
whereas the sulfarsenides from the Coldwell complex
are, in contrast, rich in Rh and very poor in Ir.

The following correlations are also observed in the
zoned Irs–Hlw (profiles cd and ef, respectively): Ir ver-
sus Rh (R = –0.98 and –0.96), Ir versus Fe (R = –0.82
each), and Rh versus Fe (R = 0.75 and 0.83). They indi-
cate that the incorporation of Fe in the Irs–Hlw is gov-
erned by the following mechanism of substitution: (Rh
+ Fe)3+ = Ir3+; Fe likely occurs as the arsenopyrite com-
ponent [Fe3+(AsS)3–] in the zoned Irs–Hlw.



534 THE CANADIAN MINERALOGIST

The samples of Lrt–Erl examined from the Penikat
complex are very poor in Ni (Tables 1 to 5). Neverthe-
less, natural occurrences of nickeloan Lrt–Erl can be
reasonably expected, consistent with the experimental
data (Zviadadze et al. 1981, De Los Reyes et al. 1993).
It is known that the NiS–NiS2 buffer curve is located
above the Os–OsS2 and Ru–RuS2 buffers; thus, an el-
evated level of f(S2) would have promoted the solid so-
lution of Lrt–Erl toward vaesite, the pyrite-type NiS2.
Also, re-equilibration between chromite and sulfide
could have resulted in a relative increase in Ni and f(S2)
in the remaining sulfide, thus promoting crystallization
of members of the laurite – vaesite series in chromitite.
This is consistent with the occurrence of ruthenoan py-
rite in a chromitite layer (Barkov & Fleet 2004). Also,
the existence of the laurite – cattierite (CoS2) solid so-
lution may be expected.

Other possible examples of solid solutions among py-
rite-type disulfides and cobaltite-type sulfarsenides

The compositions of some PGE sulfarsenides
reported in the literature are consistent with solid solu-
tions of the pyrite-type disulfide(s) with the cobaltite-
type sulfarsenide(s). For example, a Rh–As-bearing
erlichmanite [(Os0.78Rh0.15Ir0.02Ru0.02Pt0.01)�0.98(S1.81
As0.21)�2.02] from Urals, Russia (Begizov et al. 1976)
shows an atomic (Rh + Ir):As ratio of ca. 1:1, and Rh is
likely incorporated as a hollingworthite component via
a coupled substitution of the type [(Rh + Ir)3+ + (AsS)3–

= (Ru + Os)2+ + (S2)2–]. A related PGM has been re-
ported from Aikora, Papua New Guinea [“ruarsite”:
(Ru0.67Rh0.27Ir0.09)�1.03(S1.61As0.36)�1.97: Weiser &
Bachmann 1999]. The (Rh + Ir):As ratio of this PGM is
1 : 1; it is strongly As-deficient (S-excessive) relative to
MeAsS, and may thus be a Rh–As-rich variety of laurite,
implying a solid solution toward hollingworthite –
irarsite, consistent with the substitution scheme that is
formulated above for the Rh–As-rich erlichmanite.
Also, a sample of “platarsite” has been reported from
Aikora [(Pt0.48Ir0.40Rh0.13Os0.03Ru0.01)�0.98(As1.41
S0.56)�1.97: Weiser & Bachmann 1999], displaying an
essential deficit in S and corresponding excess in As
relative to the ideal formula of platarsite (PtAsS: Cabri
et al. 1977, Cabri & Laflamme 1981). We also note that
the (Ir + Rh):S ratio is 1:1, and this PGM may be thus a
member of the sperrylite [Pt2+(As2)2–] – irarsite –
hollingworthite series, in which (Ir + Rh)3+ substitutes
for Pt2+ and (AsS)3– substitutes for (As2)2–. In addition,
the charge-balance mechanism [Rh3+ + (AsS)3– = Pt4+ +
(As2)4–] was proposed for the incorporation of Rh in the
sperrylite – hollingworthite series (Barkov et al. 1999b).
The electronic structure of PtAs2 is not well understood,
however, and an alternative scheme [Rh3+ + (AsS)3– =
Pt2+ + (As2)2–], which appears more correct, has been
suggested instead (Barkov & Fleet 2004). All of these

examples imply that limited solid-solutions between a
pyrite-type disulfide(s) (or diarsenide) and a cobaltite-
type sulfarsenide(s) may be more common, and wider
ranges of miscibility may exist, than it is presently rec-
ognized.

Origin of the zoning in composite grains of the PGE
sulfides–sulfarsenides from the Penikat complex

The following observations have genetic implica-
tions: (1) The zoned grains exhibit a characteristic
internal arrangement, with cryptic zoning and well-
developed growth-related zoning, which is generally
subparallel to crystal faces (Figs. 1 to 3); (2) “Evolu-
tionary” compositional trends are observed (e.g.,
Figs. 6A–C, 7C, 9C). (3) The alteration of early-formed
zones is lacking. These characteristics imply that the
zoned sulfides–sulfarsenides of the PGE crystallized as
primary phases, from single microvolumes of an iso-
lated liquid or fluid, and at conditions of a closed sys-
tem. The PGE sulfarsenides, which mantle the
associated Lrt–Erl (Figs. 2, 3), clearly formed after these
sulfides. Probably, only limited amounts of As could be
incorporated in the growing PGE sulfides at the given
conditions of crystallization, thus leading to a relative
increase in As to promote the deposition of the PGE
sulfarsenides at a late stage. Typically, these zoned
grains crystallized from the center to the margin, as is
suggested, for example, by the gradual decrease in ir#
toward the edge (Figs. 7C, 9C). This index appears to
be a useful “evolutionary” indicator for the PGE-rich
sulfarsenides. The gradual decrease in Ir and the corre-
sponding decrease in Rh imply a higher temperature of
crystallization of the end-member IrAsS with respect to
RhAsS (cf. Barkov et al. 1999b). The maximum ther-
mal stability of RuS2 is very high (1275°C: Brenan &
Andrews 2001), so that laurite likely crystallized at a
higher temperature than irarsite, consistent with the oc-
currence of Irs–Hlw as the “rims” around Lrt–Erl (Figs.
2, 3). The maximum content of Ru is approximately 0.7
apfu in the notably zoned grains (Figs. 5A, 7A, 9A) and
in the slightly zoned grains of Lrt–Erl (Figs. 4A, B,
Table 7), and this consistency points to uniform condi-
tions of crystallization in terms of levels of f(S2) and
temperature. The maximum content of Ir is also ca. 0.7
apfu in various zones of the Irs–Hlw “rims” (Figs. 7B,
9B), thus implying quite uniform conditions of crystal-
lization of these zones. Pure OsS2 is known to crystal-
lize at a higher f(S2) than RuS2, and the formation of the
fine-scale “rhythmic” zoning in the Lrt–Erl (e.g., Figs.
2B, 3A, B) is thus best explained by the existence of
rapid fluctuations in f(S2) in the environment. Thus, the
Os-enriched zones (such as the Os-rich microzones
shown in Fig. 3B) likely crystallized at a higher f(S2)
than the associated Ru-rich zones.
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Origin of the unusual “globular” microtexture
observed in laurite – erlichmanite

Two alternative explanations may be suggested to
account for the appearance of the unusual microglobules
of zvyagintsevite and clinochlore in Lrt–Erl (Fig. 4A).
(1) These globules could be interpreted as microdroplets
of a complex immiscible liquid(s), containing Si, Al, Fe,
Mg, H2O (i.e., clinochlore components), and Pd and Pb
(zvyagintsevite components), suspended in the Ru–Os-
rich sulfide liquid. They may thus have appeared upon
cooling of a pre-existing single liquid, and the compos-
ite globules could have formed by the separation and
gravity differentiation of the much denser Pd3Pb. The
uniformly oriented phase-boundaries observed in the
two globules (shown by black arrows: Fig. 4A) are in
agreement with this model. Textures of the other
microglobules are not so obvious, however. This model
cannot be presently tested because experimental data on
such complex systems are lacking. (2) Another inter-
pretation is that all of the main constituents of the glob-
ules (Si, Al, Fe, Mg, Pd and Pb, and H2O) were
incompatible during the crystallization of Lrt–Erl from
a liquid or fluid (a hydrothermal origin of laurite appears
possible: Barkov & Fleet 2004). Thus, these elements
were concentrated in various H2O-bearing “bubbles”,
enclosed within the Lrt–Erl. The mg# value of the
clinochlore in a “bubble” (Fig. 4A) is 69, and this value
is very close to that reported for a sample of type
clinochlore associated with the PGE mineralization at
Kirakkajuppura (71: Barkov et al. 1999a). Thus, these
textural varieties of clinochlore were presumably in
equilibrium with each other, and their uniform mg# val-
ues were likely controlled by uniform physicochemical
parameters.

Origin of the zoning in vysotskite – braggite

The textures and, especially, the intimate association
of the “reaction” zones of Vsk–Brg with the micro-ag-
gregates and bands of a hydrous silicate(s) (Figs. 11A–
C) suggest that these zones formed as a result of
alteration of the original (unaltered) Vsk–Brg. The av-
erage contents of the PtS, PdS, and NiS end-members
(in mol.%) are [PtS49PdS48NiS2] for the unaltered Vsk–
Brg, and are [PtS19PdS77NiS3] for the Vsk–Brg associ-
ated with the alteration zones (Figs. 11A, B, 13, Table
7). The findings obtained for the other grain (Fig. 11C)
are consistent, and the average compositions are
[PtS47PdS41NiS11] for the unaltered Vsk–Brg and
[PtS16PdS66NiS18] for the Vsk–Brg from the zones of
alteration.

On the basis of the textural relations and composi-
tions (Figs. 11A, B, 13, Table 7), we suggest that the
original Vsk–Brg reacted with a fluid at a late stage of
hydrothermal alteration. This fluid transported and in-
troduced Pd and, to a lesser degree, Ni, and simulta-

neously removed Pt, which was also mobile during the
alteration. Experimental data indicating that Pd-rich
members of the Vsk–Brg series form at a lower tem-
perature than the Pt-rich members (Cabri et al. 1978)
support this suggestion; an increase in the Ni content
implies a lower temperature of equilibration of the Vsk–
Brg (Verryn & Merkle 2002). The Pd–(Pt) sulfides
could have deposited from a hydrothermal solution at a
low temperature (Tarkian et al. 1996). In addition, the
majority of Vsk–Brg was precipitated at a late stage in
the Kirakkajuppura deposit (Barkov et al. 1999a). In-
terestingly, lithophile elements also were mobile, along
with Pd and Pt, in the hydrothermal fluid, and they
coprecipitated with the Pd–(Ni)-rich sulfides to form the
abundant micro-aggregates, bands and individual
submicrometric grains associated with the late-stage
Vsk–Brg in the zones of alteration (Figs. 11A–C).
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