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AssrRAct

Ruthenian pyrite and an unusual, h-Rh-por nickeloan malanite occur in a cbromitite layer in the Lower Zone of the Early
hoterozoic Tmandralayered complex, northwesternRussia- Avery low amount of thebase-metal sulfideminerals,BMS (chalcopyrite,
pyrite, bornit€, millsrite and peatlandite) and their very small grain-size (typically, <50 pm across) are characteristic feaErqs of
the deposit. T\e BMS we typically enclosed by hydrous silicates (predominantly, Ca-amphibole), but some are also present as
inclusions in cbromite. The platinum-goup mineralq PGM laurite--erlishmanite, sperrylite, cooperite, hollingworthite, plararsite
and isoferroplatinum (?)l are mainly present as minute (l-20 pm) inclusions in hydrous silicates and at the chromit€-hydrous
silicate grain boundaries. The amount of the PGM inclusions in chromite (predominantly, laurite-+rlicbrnanite) is estimated O be
S 10-157o of the PGMtotal. Ruthenian pyrite forms a single grain (10 x 7 W; ll.7-12.4 wtTo Ru) and a Ru-rich zone (2 x 3 gm;
6.6 wt%o Ru) within a zoned pyrite grai-o" which are isolated within Qa-a6p6ibole. The malanite (3.54.9Vo Ni; 0.&-1.67o Co;
0.4-2.4Vok;O.44.1wt.7o Rh) occus as anhedral gmins (5-13 pm), enclosed within fiydrcus silicales. The results argue for the
existence ofa-n extensive solid-solution series between pyrite and larnite--erlichmanite, and between malanite and fletcherite. Texufal
data imply that the Ru-rich pyrite crystallizerl at a postnagmatic-hydrothermal stage, at a moderate temFrature. Postcumulus
re-equilibration beween cbromite and snlfide and enrichment of the environment in volatiles may promote the formation of the
Ru-rich pyrite.

Keywords:r"tkemn platinum-group elements, plarinum-group minerals, base-metal sulfide,s, thiospinels, ruthenian pyrite, malanite,
chromitite layer, layered intrusion, Tmandra complex, Russia.

Sol,rNaens

Nous signalons la pr6sence de pyrite ruth6nienne et de malanite nickelifBre anomalement appauvrie en k et Rh, provenant de
niveaux dechromitite delazoneinf6rieure ducomplexe stratiforme d'Imandr4 d'0ge prot6rozoiquepr6coce, dans le secteurnord-
ouest de la Russie. I-a trEs faible proportion de sulfires de m€taux de base (SMB), c'est-i-dire, chalco'pyrite, pyrite, bomite, milerite
et pentlandite, et leur granulomdtrie trbs fine (en g6n6ral inf6rieure a 50 pm), sont caracteristiques du gisemenl [€s SMB sont
typiquementinclus d"ns des silicates hydroryl6s, surtoutuneamphitrolecalcique, mais ils puventaussi €treinclus dans lacbromite.
Les mindraux du groupe du platine, laudte--erlicbmanite, sperrylite, cooperite, hollingworthite, platarsite et isoferroplatinun(?),
se pr6sentent surtout en micro-inclusions (de I a 20 pm de taille) dgns lg5 5ilig4tes hydroxylds ou le long des contacts entre ceu(-
ci et la chromite. [,a proportion de min6raux du groupe du platine dans la chromite (laurite--erlichmanite, surtout) serait d'environ
lO d,l5Vo du total. Un seul grain de pyrite ruth6nienne a 6t6 d6couvert (10 x 7 pm, ll.7-l2.4Vo Ru, par poids). De plus, un grain
zon€ de pyrite inslus dans I'amnhibole calcique contient une zone riche en Ru (2x3ltm,6.67o Ru). Ia malanite (3.54.9VaNi,
0.8-1,.6Vo Co,0-2.4Vo Ir,0.44.3Vo Rh) se prdsente en grains xdnomorphes (5-13 pm) inclus dans les silicates hydroxyl6s. Ces
compositions semblent indiquer I'existence d'une solution solide 6tendue entre pyrite et laurite--erlicbmanite, et entre malanite et
flercherite. D'aprBs les textures, la pyrite ruthdnienne 2ru2i1 sristallisd d un stade post-magmatique - hydrothermal, a temffra$rc
moddr6e. Un r@uilibrrage post-cumulus imFliquantcbromite et sulires, etun effishissenenldu milieu en phase volatile, pouraient
favoriser la formation de la pyrite enrichie en Ru.

(Iraduit par la R6daction)

Mots-cUs: ruthenium, 6l6ments du groupe du platine, min€raux du groupe du platile, sulfures des m6taux de base, thiospinelle,
pyrite ruth6nienne, malanite, niveau de chromitite, complexe intrusif stratiforme, complexe d'Lnandra, Russie.

I E-mail address: barkov@sveka-oulu.fi
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The platinum-group elements (PGE) are well known
to occur mostly as discrete minerals. To date, there are
approximafely onehmdredplafinum-grcupminerals (PGM)
accepted as valid mineml spscies, and a large number of
incompletely characterized PGE-beafng phases. A list
of the mostcommon PGMin various deposis has recently
been presentedby Cabri (1994). In addition" the PGE nay
occur in the form of solid solution in the major base-metal
sulfides (BMD and someteltnide, arsenide and sulfmenide
minerals and alloys (e.9., Cabri 1992). From both economic
and scientific poins of view, it is of great importance to
know the concentration and distribution of the PGE and
other precious eleme,lrfs in the essential and accessory BMS.
However, theprecious metals are typicallypresentin mce
quantities in the BMS, and precise techniques have to be
used to detect and measure their concentations at very
low levels (e.9., C-al.rj, et aJ. l98y'.,Catri, et aL 1985, Ripley
& Chryssoulis l994,W1son a aL. 1995, C;,trj &McMahon
1995). At the seme fime, pentlandite from some occur-
rences was reportcd to contain very high concentrations
of thePGE(Genkinetal.l974,C-affi etal.l98l,l(nlc,h
l982,Tdd et al. 1982, Catrrj, et oI. 1984, Tdian & Prichard
1987, Aug6 1988; J.H.G. Laflamme, unpubl. data cited
lnca}ri1992).

Here, we describe tle occurrence and chemisfiry of a
Ru-rich pyrite (up to 12.4 wt.7a Ru) from the Early
Proterozoic Imandra (or Tmandrovsky) Iayered complex,
northwestem Russia- Tlpically, pyrite displays very low
(ppb) levels of the PGE (e.9., Wilson et aI. L995), and
we are not aware of any published comFositional data
having been reported f.or PGE-rtch pyrite from other
acunences. Inrecentcomprehensivereviews, Cabri (192,
1994) also did not report the presence of elevated, PGE
contents in pynt".

Anothernotable feafirreof the occurrence reportedhere
is the presence of & Rh-Irjmr malanite (ideally CtrPt z.S +)
that contains signifisanl s.tcentrdtions of nickel (up to
4.9 wLEo).RelatEdPGE thiospinels from other occurrences
(u e t aJ. ln 4, C-affi , et al. I 98 1, Rudashevsky et al. 1985,
Aug6 1988, Coniv241 ft T -fl amme l9fl, Ferrario & Gruti
l990,Hagen et al. 1990, Johan et al. 1990, l,egendre &
Aug€ t992,Weiser & Schmidt-Thom9 L993, Halkoaho
1993, Aug6 & Maurizot 1995, Garuti et al. 1995) show
relatively high contents of rhodium or iridium (or both).

Occunnm{ce AND Assocterp MweRAr-s

A number of mafic-ulnamafic intrusions and their
fragments (e.g.,Mt Bolshaya Varak4 Umbarechensky,
Mt.Deichya, etc.) occur in the Lake Tmandra area (Kola
Peninsula), at the western and southwestern margins
of the Imandra-Yarztga Supergroup of Proterozoic
supracrustal rocks @g. 1). The size of these inffusive
bodies varies from a few to several tens ofkm in length.
According to the interpretation of Doktchaeva et aI.
( I 982, I 985), the bodies represent fragments of a single,

originally very large (ca. l5OO km2), layered lopolith
that was broken up by intense tectonic movements. This
interpretation is based on similal geological stuctures
and compositions of therocks androck-forming minwals,
as well as comparable element-distribution patterns
observed in the different bodies. It seems, however, that
more data, including isotopic compositions, are required
to test the interpretation. Results of U-Pb dating (zircon)
yielded an Early Proterozoic age for the Imandra
complex: 2395 t 30 Ma @alashov et al. 1990) and
2441 + 1.6 Ma (Ameln et aI. L995).Thts is in good agree-
ment with geochronological data reported for comparable
layered intrusions of the Fennoscandian Shield (Alapieti
et aI.1990; Barkov et al. l99la).

The layered series of the proposed knandra lopolith
has been dividedbyDokuchaevaand coworkers into four
zones: 1 ) A Low er Tane (ca. 0. I 5 h in thickness) com-
posed of alternating layers of plagioclase-bearing
pyroxenite, gabbronorite and norite, 2) theMunZnne
(ca. 2 km in thickness), consisfing ofrather homogeneorxi
mesocratic gabbronorite with subordinate melanocratic
and leucocratic gabbronorite layers, 3) the Upper Zone
(ca. O.3 km), consisting of various layers of leucocratic
gabbro and anorthosite, with the thickestlayerof ano,rthosite
(ca. 30 m) located af the uppermost strafigraphic position,
4) the UppermostZnne (ca.0.5 km) of quartz-bearing
gabbro and gabbro-diorite. The total thickness of the
intrusion in the exposed area reaches ca. 3 km^ No olivine-
rich cumulates were observed in the complex. The most
noteworthy characteristic of the complex is the presence
of chromitite layers atthe lowerstructural levels (Kodov
et aI.1975, Dokuchaeva et aI.1985) and a diverse PGE
mineralization closely associated with chromitite (Barkov
et aI. l99lb,1992,1995u 1995b).

Both ruthenian pyrite and nickeloan malanite occur
in a cbromitite layer at the Mt. Bolshaya Varaka deposit.
The chromitite consists of cbromite (ca. 5O madal Vo)
associated with hydrous silicates, mostly calcic amphibole.
Tlpically, no relics ofprimary pyroxenes are preservd but
relict primary plagioclase (An sz.o-s.+Ab sg.6-a7.zAt vo.z)
is presenl The hydrous minerals are characteristically rich
in chomiurq as much as 0.6-1.6 wLVo CrzOswas det€ct€d
in calcic amphibole, and 0.9 wlVo in phlogopite.
Intercumulus apatite from the cbromitite typically contains
chlorine (1-2 wrVo). Apatteicher in chlorine (3.6 wt.7o
Cl and I .8 wrTo F) was encountered in a plagioclase-bearing
pyroxenite from the same deposit. Again of loveringite,
avery rare memberof the crichtonitb group, was idenffied
in spatial association with this Cl-rich apatite. The pre.sence
of end-member chlorapatite, occurring relatively near a
chromitite layer, was reported by Barkov et al. (1995b)
from the Umbarechensky intusion, Imandra complex.
In Bolshaya Varak4 we observed other Cl-rich minerals
near the chromitite layer, i.e., scapolite (2.2 wt.Vo Cl)
replacing primary plagioclase, and ferroan pargasitic
hornblende with 0.9 vt.Vo Cl. This implies that Cl was
an abundant volatile phase during the post-cumulus stage
of formation of the chromitite lavers.
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Ftc. l. A generalized geological map of part of the Fennoscandian Shield showing location sf ths Tmandra layered complex and
other Proterozoic layered intrusions. Modified from Alapieti et al, (1990).
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The BMS are commonly enclosed wirhin the hydrous
silicate minerals in the BolshayaVaraka cbromitite, but
some grains are isolated within cbromite. The very low
emount of the BMS and their fine grain-size (typically
<50 pm across) are particularly notable. T\e BMS are
principally chalcopyrite, pyrite, bornite and millerite;
pentlandite is very rare. Galena was also observed as a
fttre accessory phase. Idendfication of the BMS was based
on both caeful optical observations and elechon-microprobe
analyses. Some BMS show a euhedral habit, but the
presenceofeuhe&albomiteis mostrmcommon; this mineral
typically occurs as anhedral grains in otheroccurrences.
No pyrrhotite was found in Bolshaya Varak4 but it was
observed in the Umbarechensky chromite deposit, along
with cobaltite-gersdorffi te.

The PGM idenffied in Bolshaya Varaka are predomi-
nantly members of the laurite--erlichmanite series, which
are mostly located within 15s hydrous silicates and at
chromite-silicate grain boundaries. In addition, laurite
forms inclusions in cbromite, but does not exceed 157o
of the total amount of the PGM gtzns.It is remarkable
that the members of the laurite--erlicbmanite series are
the only PGM inclusions in chromite, apart from a
ft-Fe alloy intergrown with lauite within a cbromite grain
In accordance with the existing nomenclature (Cabri &
Feather 195), X-ray-diftaction daa ae required to classif
this alloy (i.e., isoferroplatinum verszs native platinum).
Unfornrnately, X-ray-diftaction datacouldnotbe obtained
owing to the very small size effts grain (<10 Um). However,
the stoichiometric composition (Ptz.esRho.rz)t2.97Fe r.oa
strongly suggests thatthis is isoferroplatinum. OtherPGM
found are sperrylite, platarsite, hollingworthite, cooperite

FIc. 2. A single grain of ruthenian pyrite (S) enclosed yithin Qa-amFhibole (Sil). Minute
grains (white) wirhin amphibole, adjacent to the ruthenian pynte, are unidentified
Rh-Ru-bearing PGM. Back-scattered electron image. Scale ban I pm.

and Pd-bearing gold- Some compositional data on thePGM
were presented by Barkov et aI. (I995b).

Rrmm.uaN Pvnrrs eup Pt-kcs
Nrcrs-oeNMar-euns

The ruthenian pyrite occurs both as a single grain
(10 x 7 ttm; Fig. 2) and a Ru-richzone (2x3 pm) within
a zoned pyrite grain (ca.15ltmaaoss; Fig. 3). Both grains
are hosted by calcic amphibole. Thepyrite grainin Figure 3
is intergrown with chalcopyrite that is replaced by a
very fine mixture of a Fe{u hydroxide with a hydrous
silicate (?) along the periphery. A spectrum obtrined in
the mosthomogeneous aeaof the hydroxide shows asmall
cblorine peak, and a quantitative energydispenion (EDS)
analysis Eave ca. O.4 vtt.Vo Cl.

The malanite typically appears as small rounded
(5-8 ttm) or elongate grains (up to 13 pm in lenelh)
isolated in hydrous silicates. Both individual grains and
an intergrowth with erlichmanite were observed. A
cluster-like pattern of distribution of malanite and
associated PGM (Frg. 4) occurs in a hydrous silicate.

Before carrying out the electron-microprobe analyses,
the grains were carefully examined under reflected light
and with scanning electnon microscopy. AI grains andyzd
were observed to be quite homogeneous. No exsolution
phases were recorded in the Ru-rich pyrite grains.

Electron-microprobe analyses (Tables 1, 2) werecarried
out at the Institute of Electron Optics, University of Oulu,
Finland, using a JEOL JSM-6400 scanning electron
microscope equipped with a LINK eXlenergy-dispersion
spectrometer. The analyses were performed at 15 kV and
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Ftc. 3. (a) Zoned pyrite (S), containing zone of ruthenian pyrite (white), inteqrown with
chalcopyrite (Ccp). The latter is replaced by a fine mixture ofFe-Cu hydroxide (Hy) and
hydrous silicate (?). SiI = host hydrous silicate (calcic amphibole); Chr: chromite. (b)
Maenification of zoned pyrite grain in Figure 3a- Note the zone of ruthenian pynte (hghD
within pyrite. Abbreviations are the same as in Figure 3a" Back-scatrercd electron images;
scale bar: 10 pm in a" 1 Um in b.

891
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p16. {.. d sganning electron micrograph showing malanit€ (Mal), erlicbmanite-laurite (Er)
and cooperite (Cp) gra.im hosted by hydrous silicate (Sil). Note minute, cluster-like PGM
grails adjacent to the malanite-erlichmanite intergrowth. Chr: chromite. Scale bar:
10 pm.

1.2 nAb with lO0-second counttimes. Thefollowing linas
(and standards) were used: Rhzar (synthetic RhSb),
PtMa (PtSn), RuZct, IrMa, CuKa, NiKct, FeKa,
CoKct (pure elements) and SKct (pynt"). Owing to the

TABLE l. CHEMTCAL COMPOSmON$ OF
RUTHENIAN PYRITE FROM THE IMANDRA COMPI.E'(

concentraiion of Ru (6.6 wrTo). Re.pesentativecompositions
of theRu-rich pyrite areplouedin Figure 5, in comparison
with compositions of PGE-rich pentlandite. It is important
to note that some of the latter compositions may actually

TABLE 2. CHEMICAL COMPOSITIONS OF MAIANTTE
FROM THE IMANDRA COMPLE(

Ylt.o/o
Fe 36.13
Ru 12.41
s 50.54
Totsl 99.08

36.88
I  1 .83
51.24
99.95

37.n 36.25 37.26 4t.54
11.70 12.34 12.27 6.56
5r.61 50.62 51.10 51.75

l@.53 99.21 l@.63 99.85

27.87 27.62 zE.Ol 30.70
4.U 5.m 5.10 2.68

67.29 67.18 66.90 6.62

ft
R.h
Ir
ql

Ni
Co
Fe
s
Total

55.5
0.5

!d
12.4
4.8

m
o.7

2s.4
9.3

0.20 0.21
0.06 0.06
0.30 0.29
0. t2 0.14
0.05 0.03
2.U2 Z.O2
3.02 3.O2
3.98 3.98

o.?n
0.05
0.31
0.13

0.98 0.9 0.99 l.@
0.02 0.01 0.01
1.00 l.@ l.(n l.@
r.45 1.50 1.50 1.45

' 0.o2

0..t0 0.43 0.43 O.42
0.08 0.07 0.07
0.06 0.05 0.04 0.06
r.99 2.05 2.M 1.95
2.9 3.05 3.U 2.9s
4.@ 3.95 3.96 4.U

cu
Fe
>(r,2)
Pt

9
l0
l l
t2

55.69 ft.n 56.4
nd*t ndr. ndrr
!dr. nd*r trd*r
12.34 12.07 12.14
4.il 4.86 4.91
0.95 0.t0 0.E0
0.91 0.59 0.50

25.32 .36 24.49
99.85 9E.95 99.4E

49.t7 50.52 50.41
4.lr 4.05 4.2t
2.@ 2.43 2.18

r r.4l 12.29 12.03
3.63 3.60 3.47
t.50 r.37 1.63
0.99 l.@ t.03

25.39 25.71 25.65
98.90 l@.97 1@.68

Alono/o
Fo 27.5a 27.80
Ru 5.23 4.93
s 67.19 67.27

Formda.
Fs 0.t3
Ru 0.16
Ilv[et 0.99
s 2.u2

0.t3
0. l5
0.98

0.84 0.83 0.84 0.92
0.15 0.16 0.15 0.0t
0.99 0.99 0.99 l.@
2.C2 2.U2 2.0t 2.@

Atonic proportim @ cms = 7)

0.91
0.09
1.@
t.29

t . *
2.98
4.0t

0.96 0.94
0.04 0.06
t.@ t.00
1.29 1.29

S Rerulb of elEfotr-mimprobe analys€s. l-5: @EpositiN
detsntued in a iingle gain (@ l0 x 7 pf,); 6: Ru-rich m (a
z 

" 
r pn) of mned grain (@ 15 pm across). * Fomrla

elculated on the brois of X cm = 3.

small grain-size, the most finely focused beam was
used in all the analyses. The results were processed by
the ZAF 4 on-line program.

Five analyses of the single grain of ruthenian pyrite,
performed in different parts of the grain, yield approxi-
mately the same Ru conlenE ca. 12 wt Vo (Iable I ). The
Ru-rich zone of the zoned grain shows significanfly lower

S Rsults of el€ton-mimprobe udys. * Btkov et al. (1995b); nd: not
ddecte4 Da: mt @atyzed ** trd: not drtmined by EDS malysis (elmentr with
outrliDg statistie < 3 x mdsid dei6im) WDS malyris of this melnnite ppp;
H.2 wt.%Ir (i.e., <0.@5 dom pd formrla uniq X aroru = 7) and 0.,FO.5
wLo/o Rh (1.e., 4.02 dom ps formla uit).

Rh
Ir
Ni
Co
Fe

x4e)
t I\ilet
s



refer to an unnamed sulfide mineral with a metals:sulfur
ratio of 1:1, but not pentlandite. In view of the Ru-rich
composition and the virtual absence of other PGE, the
Ru-rich Lnandra pyrite may be compared with a ruthenian
pentlanditefromthe Shetland ophiolite (Iahan & kichard
t987).

Results of elecnon-microprobe analyses of malanite
ftom the Imandra suite are [sted in Table 2. All the com-
positions are consistent with the general stoichiometry
of the thiospinel PGM: M zS +lidium and rhodiuru which
show counting statistics less than three times the standard
deviation, were not determined in the EDS analysis of a
mdanite grain (anal. 1-3, Table 2). This grain (ca. 13 trtm
in length) was also analyzed using wavelength-dispelsion
(WDS) techniques. The WDS analyses were carried out
with a Cameca Camebax electron microprobe at the
University of Hambuqg (courtesy of M. Ta*ian), al20 kV
and22.5 nA, using pure elements, pynte and covellite
as standrds; theresults werep,rocessed withaPAPp'rogram"
Four WDS analyses gave 0-{.2 ,ttt.Vo h (1.e., <0.005
atoms performula ldmit qfu;Z atoms =7) and0.445 wLVo
Rh (ca. O.02 apfu).

TWo compositional pecularities of the Imandra
thiospinels are emphasized. (l) They are Pt-rich and

"*sgsdingly 
poor in k and Rh. The members of the

cupro-iridsite - cuprorhodsite - malanite group were
previously known to cover a large area in the
CuIrzS+-CuRhzS+-CuPtzS+ compositional space
(Fig. 6), but Pt-rich phases close to pure malanite were
not reported [e.9., G:anfr et a]. (199) and references thereinl.
The most ft-rich compositions have recently been reported
by Aug6 & Maurizot (1995, Fig. 13; see Fig. 6 of this
paper). (2) They show a relative enrichment in Ni (up to
4.9 wt.Eo) and substantial Co content (l.6wt.Vo).\pi-

893

cally,the PGE thiospinels from otherlocalities show less
than 1 wLTa Ni. However,Aug6 &Manizot (1995) r€eorted
as much as 7.9 wt.% Ni in a highly unusual thiospinel (?)
mineral from the New Caledonia ophiolite complex. The
phase gives a base metals : PGE ra;no of ca.2:l (cf. l:2
in normal PGE thiospinels), and its composition can be
recalculated to the formula (FeNi,Cu)z(Rh,Ir)S+.

Dlscusslox

The rasults p,resented in this paper fudisate that, similar
to the PGE-rich pentlandite reported ftom a number of
@crrrences (Genkin et aI. 1974, Aubut 1979, Cabi et
aI. 1981, Tarkian & hichard 1987, Augd 1988, J.H.G.
Laiflemme, unpubl. data, cited in Cabri t992),pyitemay
also be a very importa:nt carier of PGE.The PGE are
widely assumed to occrn in sotd solution in the pe,ntlandite,
snd this suggestion alpears also to be valid for the Tmandra
ruthenian pyrite. However, most modern microbeom
analytical methods, except for the SIMS tecbnique, for
instance, would not resolve so-calTed invisibleprecious-
metal mineral grains less ttran 0.1 pm in diameter,
colloidal-sizeparticulates orclusters, whichremain possible
alternatives to true solid-solutions (Cabri 1992). ̂

Owing to,tle similar ionic radii of Fe2+ (0.69 A) and
Ru4+ (0.70 A), considered for ttre same coordination
number (Whittaker & Muntus 1970), substitution of Ru for
Fe could be sipificanr The following simple heterovalent
substitution 2Fe2+ = Ru+ is thus proposed to occur in
the ruthenian pyrite. The other important factor is that
pyriteis isostucunal with thecubicRu-Os disulfides laurite
and erlichmanite (RuS2 and OsSz, respectively), which
belong to the pyrite structural group (Pa3). A complete
solid-solution serie,s exists between laurite and edichmanite

RUTHENIANPYRITE. IMANDRA LAYERED COMPLD(

E (Fe,Ni,Cu,Go) S
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(e.9., Bowles etal.I983),thecellsizes of which arevery
close to each other: d between 5.59 and 5.61 A for laurite
and a = 5.62 A for erlichmanite (I-eonard et aI. 1969,
Snetsinger 1971, Bowles et al.1983). Therefore, the
existence of an extensive solid-solution series between
pyite (a = 5.42 A: Ramdobr 1980) and laurite-crlicbmanite
is plausible. By analogy with PGE-rich penrlandite, p)rite
ssntaining PGE other than Ru can also be expected to
occur in nature.

Obviously, particular conditions are required for
crystallization of the PGE-rich pyrite, as well as the other
PGE-banng BMS . The fact that these minerals typically
occur in close assaiation with cbromite (e.g., Genkin 1974,
Tarkian & Prichard 1987, Aug6 1988) may be ofgenetic
importance. The very low sulfide contento very small
grain-size of the BMS, and the Cu-rich character of the
BMS mineralization in Imandra, are consistent with
subsolidus re-equilib'ration (Von Gruenewaldt et al. 1986)
orhigh-tempemfirereaction (Naldret&Von Gruenewaldt
1989) between chromite and sulfide during cooling. Under

such conditions, the removal of Fe from the sulfide may
have caused a local deficiency ofiron and a considerable
increase in the relative amount of the PGE in the remaining
sulfide, favoring incorporation of ruthenium instead of
iron in the structure of the growing pyrite.

ThelmandraRu-rich pyrite is thoughtto have formed
under conditions ofelevated activity offluid, which are
confirmed by the presence ofabundant volatile-bearing
minerals in the chromitite layer and in its vicinity.
Furthermore, this pyrite was only found to be hosted by
hydrous silicates. Regarding the Merensky Reef, Kinloch
& Peyerl (1990) postulated that a strong enrichmsnl in
volatiles may have resulted in the lowering of crystalli-
zation temperatures and delayed crystallization of
high-tempemfirc PGM. Consqtwntly,more PGEremained
in solid solution in the BMS. Catrri (1992) mennoned that
compositional data for penflandite in potholes and the
normal reef seem to be in agreement with thi s suggestion.

In case of the Imandra chromitite, a fluid-rich
environment may have causd at least locally, a delayed
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crysrallization of laurite. The liquidus temperature was
lowered and, hence, there was not sufficient time for
crystallization ofthelaurite.At arelatively low temperafire,
when laurite could not crystallize, but at a stage when
ruthenium was already pre,sen! the ruthenian pyrite formed
An alternative is that Ru was removed from the primary
larite-erlichmanite by alate fluid activity and precipitated
as the ruthenian pyrite.

Owing to a lack of experimental data the temperature
of formation of the ruthenian pyrite is not rigorously
consfrained. At low pressures, norrnal pyrite is stable up
to 7 43' C (e. 9., Kullerud & Yoder 1 959,D eer e t aL 1962).
The characteristic intergrowths of chalcopyrite and pyrite
at Imandra suggest their formation at a temperature of
lss5 rhan 739'C, since ftsss ltIg sannot exist together
above this temperature. No intergrowth relationships
between pyrite and bomitewere observed in the occurrence,
but the close spatial association of these minerals in the
chromitite strongly suggests a maximum temperature of
568'C at which this assemblage may exist in the system
Cu-Fe.-S @eer et al. 1962). However, the high N.u content
should increase to some extentthe temperatrre of formafion
of ruthenian pyrite, compared with that of normal pyrite
and its synthetic equivalent. Neverthelesso the textural
data sfongly suggest that the Ru-rich pyrite formed at a
post-magmatic-hydrothermal stage, and imply amoderate
temperature for its crystallization.

This study establishes the occurrence of ft-rich and
k-Rh-poor nickeloan malanite and confirms continuous
solid-solution in the system C\rRhzS +{ulrzS a{uPtzS +.
The Imandra malanite is unusual among the other PGE
thiospinel minerals, in that it displays a NLfor- PGE @)
type of substitution. This is confirmed by the empirical
formulae (anal. L4,TahIe 2), thecopper content of which
is very close to 1 (0.98-1.00) apfu, whereas the
L(ft,Ni,Co"Fe) is very close to 2 apfu.The extstence of
a solid-solution series between malanite and (Cu)-Ni-
Co thiospinels (flercherite and carrolite: ideaUy CuNi2S4
and CuCozS+, respectively) is clearly suggested by
the data and strongly supported by similarities in the
unit-cell parameters of the thiospinel minerals. Malanite
was previously proposed to be cubic with a = 6.03 A
(lu et al. 1974),but Rudashevsky et al. (1984) proved,
that its cell size is 9.94 A, itl common with those
of cuprorhodsite (a = 9.88 A) and cupro-iridsite
(a=9.92 A). The a cell sizes of flercherite and carrollire
are9.52o and9.477 A, respectively (Craig & Carpenter
1977). NI these thiospinels crystallize in space group
Fd3m. Theref.oreo the structural similaligiss favor the
existence ofwide ranges of solid solution between the
PGE-beaing and (Cu)-Ni{o thiospinels.
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