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ABSTRACT

Oulankaite, a complex base- and precious-metal stannosulfotelluride from the Nadezhda deposit in the Lukkulaisvaara lay-
ered intrusion, northern Karelia, northwestern Russia, exhibits a considerable variation in composition. At the type locality, this
unique species of platinum-group mineral (PGM) is associated with various base-metal sulfides and PGM in hydrothermally
altered pods and stringers of coarse-grained to pegmatitic gabbronorite, located within a sill-like body of microgabbronorite.
Covariations in contents of (Pd + Pt) and (Cu + Fe + Ag) are observed in Ag-poor oulankaite (<0.1 wt.% Ag) and in a new
compositional series of argentoan oulankaite (up to 1.52 Ag atoms per formula unit, apfu: Satoms = 14). On the basis of the new
data, we suggest a revised generalized formula for oulankaite: (Pd,Pt)s,(Cu,Fe,Ag)s .SnTe,S,, with 0 <x < 1. The formula of the
Ag-dominant analogue of oulankaite is similar: (Pd,Pt)s,,(Ag,Cu,Fe)s ,SnTe,S,, with 0 < x < 1. Two different mechanisms of
substitution exist in argentoan oulankaite, Ag-for-Cu and Pd-for-(Cu+Ag), whereas the composition of Ag-poor oulankaite is
dominated by Pd-for-Cu substitution. Argentoan oulankaite ranges up to (Pds 31Ptg 17)s5.48(Ag1.52Cu1 27F€0.63)53.42501 03T€2,0951 98,
which is likely an unnamed species of PGM. Micro-inclusions of Cl-rich ferropargasite (up to 3.25 wt.% Cl) occur in argentoan
oulankaite and Ag-poor oulankaite. The argentoan oulankaite solid-solution probably formed from microvolumes of a late-stage
liquid or fluid rich in Pd, Ag, Cu, Sn, Te, and S, which is consistent with the Pd—(Pt)—Ag mineralization in the Nadezhda deposit.

Keywords: oulankaite, solid solution, sulfotelluride, platinum-group elements, platinum-group minerals, layered intrusion,
Lukkulaisvaara, Russian Karelia, Baltic Shield.

SOMMAIRE

L’oulankaite, stannosulfotellurure complexe de métaux de base et de métaux précieux provenant du gisement de Nadezhda,
complexe stratiforme de Lukkulaisvaara, dans le nord de la Karélie, secteur nord-ouest de la Russie, fait preuve d’une variation
importante en composition. A la localité type, cette espece unique parmi les minéraux du groupe du platine (MGP) est associée
a plusieurs sulfures de métaux de base et de MGP dans des lentilles de gabbronorite a grains grossiers, voire pegmatitiques,
montrant les effets d’une altération hydrothermale, le tout a I’intérieur d’un filon-couche de microgabbronorite. Nos documentons
des covariations en teneurs de (Pd + Pt) et de (Cu + Fe + Ag) dans I’oulankaite a faible teneur en Ag (<0.1%, poids) et une
nouvelle solution solide d’oulankaite argentifere (jusqu’a 1.52 atomes de Ag par formule unitaire, apfu: Satomes = 14). A la
lumiére des données nouvelles, nous proposons une formule révisée pour décrire le pole a faible teneur en Ag:
(Pd,Pt)s5.,(Cu,Fe,Ag)s_,SnTe;,S,, avec 0 < x < 1. La formule de I’analogue a dominance d’argent est semblable:
(Pd,Pt)s,.(Ag,Cu,Fe)s ,SnTe,S,, avec 0 < x < 1. Deux mécanismes différents existent dans 1’oulankaite argentiféere, Ag-pour-Cu
et Pd-pour-(Cu+Ag), tandis que la composition de 1’oulankaite dépourvue d’argent répond a la seule substitution Pd-pour-Cu.
L’oulankaite argentifére atteint la composition (Pds 31Pto.17)s5.48 (Ag1.52Cu; 27F€0.63)53.425n1.03T€2.00S1.98, qui serait probablement
une nouvelle espece de MGP. Des micro-inclusions de ferropargasite riche en chlore (jusqu’a 3.25% Cl, poids) sont présentes
dans les deux especes. Les membres de la nouvelle solution solide se seraient formés a partir de microvolumes d’un liquide ou
fluide tardif enrichi en Pd, Ag, Cu, Sn, Te, et S, ce qui est conforme & la minéralisation en Pd—(Pt)-Ag au gisement de Nadezhda.

(Traduit par la Rédaction)

Mots-clés: oulankaite, solution solide, sulfotellurure, éléments du groupe du platine, minéraux du groupe du platine, intrusion
stratiforme, Lukkulaisvaara, Karélie russe, bouclier baltique.
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INTRODUCTION

Oulankaite, a complex stannosulfotelluride of Pd, Pt,
Cu, and Fe, was reported as a new species of platinum-
group mineral (PGM) from the Nadezhda (“Hope”) Pd—
Pt—Ag deposit, associated with the Lukkulaisvaara
intrusion, Oulanka (or Olanga) group of intrusive com-
plexes, northern Karelia, northwestern Russia (Barkov
et al. 1996). Oulankaite [(Pd,Pt);(Cu,Fe)4,SnTe,S,] is
the only species of stannosulfotelluride among the PGM
(cf. Cabri 2002). Because it is finely twinned, its crystal
structure remains undetermined; the powder X-ray-dif-
fraction data (Barkov ef al. 1996) suggest a tetragonal
symmetry.

The extent of solid solution and element substitu-
tion was not established in the previous study. Here we
report the compositional variations in oulankaite from
the type occurrence on the basis of results of 1078 wave-
length-dispersion (WDS) analyses, made on twenty-five
grains. The new analytical results suggest a revised gen-
eral formula for oulankaite. We also report the exist-
ence of a new compositional series of argentoan
oulankaite, in which Ag substitutes for Cu. Consider-
able amounts of Ag can enter the Cu site, such that an
unnamed Ag-dominant analogue appears to exist. As the
type locality remains the only reported occurrence of
oulankaite, its unusual and complex composition would
appear to require a special environment of crystalliza-
tion.

OCCURRENCE AND ASSOCIATED MINERALS

A large variety of PGM are associated with bodies
of microgabbronorite in the Early Proterozoic Lukku-
laisvaara layered intrusion, hosted by mafic rocks of the
layered series (e.g., Begizov & Batashev 1981,
Grokhovskaya er al. 1992, Barkov et al. 1996, 1999,
2001, 2002). Oulankaite and other PGM occur in pods
(<0.5 m across) and stringers of coarse-grained to peg-
matitic gabbronorite, which locally grades to a plagio-
clase-bearing pyroxenite, located near the center of a
sill-like body of microgabbronorite ca. 150 m thick.
These pods are enriched in platinum-group elements,
PGE (mostly Pd and, to a lesser degree, Pt) and Ag.
They contain base-metal sulfides, and display various
degrees of alteration; their primary texture and relics of
igneous minerals are typically preserved, however. The
igneous silicates of the PGM-bearing pods display the
same range of composition as in the host microgabbro-
norite, thus implying a close genetic relationship and an
apparent equilibrium between the mineralized pods and
the host microgabbronorite. The PGE-Ag-rich pods
contain enstatite: Wo3 74 ¢Eny4.7-76.5FS19.3-21.4 (~50 to 70
vol.%), plagioclase: Angg_s9 (~10 to 40 vol.%), augite:
Wo41.1-43.4En43.9 49 0Fs9.9_12.7 (<10 vol.%), magnetite
(up to ~10 vol.%) and minor quartz. Ferropargasite and
a Cl-dominant analogue of ferropargasite (up to 4.5
wt.% Cl) are present as veinlets and rims on the igneous
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plagioclase, minute but locally abundant inclusions in
chalcopyrite, oulankaite and other PGM, in staurolite,
and in an intergrowth with Pd—Ag tellurides (Barkov et
al. 2001). Almandine is common as a product of replace-
ment of plagioclase. Interestingly, microcrystalline stau-
rolite (0.3 mm), which occurs in intimate intergrowths
with the Al-(Cl)-rich amphibole and almandine, formed
at the expense of the primary plagioclase at a deuteric
stage (Barkov et al. 1999). Epidote and chlorite have
replaced plagioclase. Accessory hercynite (0.2 mm) is
enriched in Zn. Phlogopite contains CI (0.8 wt.%) and
occurs as small (<40 wm) inclusions in chalcopyrite.
Corundum (<0.1 mm) and a polymorph of Al,SiOs (<50
m) are both very rare accessories; an AIO(OH) phase
was observed as a rim around corundum. Actinolite,
tremolite, cummingtonite or anthophyllite (or both) and
talc are a common product of replacement of enstatite.

The PGE-Ag-rich pods and stringers are enriched
in base-metal sulfide minerals (up to ~20-25 vol.%),
mainly chalcopyrite, bornite, millerite, and pentlandite.
Polydymite [(Niy 73Fe0.23)s2.9654.04] 1S common as a
product of replacement of pentlandite. These pods and
stringers contain various PGM, in addition to oulankaite,
including telargpalite [Pd,_,Ag;.+«(Te,Bi)], moncheite
[PtTe,], kotulskite [Pd(Te,Bi)], vysotskite—braggite
[(Pd,Pt,Ni)S], tulameenite [Pt,FeCul], sperrylite [PtAs;],
zvyagintsevite [Pd;Pb], atokite-rustenburgite
[(Pd,Pt)3Sn], the intermetallic phase [(Pd;30Cug.46Pto.21
Feo'oz)z‘z'ggsl’n'o] or (Pd,Pt)5(CU,FC)SH22 Cf. synthetic
“stannopalladinite” of Evstigneeva & Nekrasov 1984],
irarsite [IrAsS], telluropalladinite [PdyTe4], and
tarkianite [(Cu,Fe)(Re,Mo0)4Sg] (e.g., Barkov & Lednev
1993, Barkov et al. 1996, 1999, 2001, Kojonen et al.
2004). Oulankaite and argentoan oulankaite are most
closely associated with telargpalite, moncheite,
kotulskite, irarsite, sperrylite, tulameenite (Figs. 1 to 4),
and, as alluded to earlier, with Cl-rich calcic amphibole
(up to 3.25 wt.% Cl) (Figs. 3D, 5, 6).

OPTICAL PROPERTIES

The total of 25 grains of oulankaite, argentoan
oulankaite and its Ag-dominant analogue have uniform
and characteristic optical properties. Typically, they dis-
play a distinct to strong bireflectance, along with a mod-
erate to strong anisotropy, with a reflection pleochroism
in purplish pink, creamy pink or grayish cream tints. In
reflected light, some of the oulankaite grains may re-
semble pyrrhotite (absent in these pods and stringers).
Crystals of oulankaite typically have a platy habit, and
the presence of fine twins of platy morphology in these
crystals is characteristic (e.g., Figs. 1-3A,C). The re-
flectance and color values for oulankaite and the Ag-
dominant analogue of oulankaite are listed in Tables 1
to 3. The spectra of the two minerals are uniform, but
differ significantly in reflectance values (Fig. 7). Previ-
ous measurements, made on a sample of Ag-poor
oulankaite (Barkov et al. 1996), gave R, (max.) values
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similar to those listed here for the Ag-dominant ana-
logue of oulankaite. Thus, the reflectance values of
oulankaite appear to depend more strongly on precise
crystallographic orientation than on composition.

ANALYTICAL METHODS

In this study, several independent sets of electron-
microprobe analyses were obtained using different
methods (wavelength-dispersion, WDS, and energy-dis-
persion, EDS), in different laboratories, with different
analytical conditions and standards. The quantitative
EDS analyses were carried out using a JEOL JSM-6400
scanning-electron microscope equipped with a LINK
eXL energy-dispersion spectrometer. The analytical
conditions were 15 kV and 1.2 nA, ~1 pm beam size,
100 s count times, and the following X-ray lines: PdL,
PtM, CuK, FeK, AgL, SnL, TeL, and SK. Pure elements,
synthetic PtTe, and CuFeS, were used as standards. The

FiG. 1. Reflected-light microphotograph showing oulankaite
(OUL) in association with kotulskite, KT [(Pd; ooPto.o1
Nico.01)(Teo.64Bi0.34Sb<o.01)], telargpalite (TG) and
tulameenite, TM [Pt} g3Fe; 04(Cug9oNig.10)31.02] from the
Lukkulaisvaara intrusion, northern Russian Karelia. The
host base-metal sulfide is chalcopyrite; silicate minerals are
black. Note the presence of a fine and platy twin in the
oulankaite (shown by the black arrow).

FiG. 2. A. Grains of argentoan oulankaite (OUL) in association with telargpalite (TG) and moncheite (MN) from the
Lukkulaisvaara intrusion: reflected-light microphotograph taken with partly crossed nicols. The host base-metal sulfide is
chalcopyrite. B. The same grains (OUL) show a strong anisotropy: reflected-light microphotograph taken with crossed nicols.
Scale bar (shown in A) equals 20 wm.
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FiG. 3.

A-C. Examples of grains of oulankaite (OUL) displaying intergrowth relationships with various PGM: telargpalite

(TG), moncheite (MN), kotulskite (KT), and irarsite [(Irgg2Pto.11Rh0.05)50.98A51.03S0.9s: a tiny grain shown in Figure 3C,
which is ca. 25 pm in length, and is in contact with the oulankaite]. Tulameenite occurs as a thin rim around telargpalite (Fig.
3A).D. A large grain of argentoan oulankaite (AG-OUL), which displays considerable variations in concentration of Ag (5.4
to 12.2 wt.% Ag) and is closely associated with telargpalite (TG) and a Cl-rich amphibole, AM: up to 3.25 wt.% CI (Table 4).
In all cases (A-D), the host mineral is chalcopyrite. A—D: back-scattered electron images.

EDS spectra were processed with a ZAF on-line pro-
gram. The estimated errors were Pd 0.3, Pt 0.1, Cu 0.4,
Sn 0.2, and S 0.1 wt.%. The observed totals (not nor-
malized) are close to 100 wt.%.

A Cameca Camebax electron microprobe was oper-
ated at an accelerating voltage of 20 kV and a probe
current of 22 nA. The following X-ray lines and stan-
dards were used: PdLa (pure Pd), PtMa (synthetic
PtSn), CuKa (pure Cu), FeKa (FeS,), AgLB (pure Ag),
SnLa (PtSn), TeLa (PdBiTe), and SKa (FeS,). The re-

sults were processed with a PAP on-line program. A cor-
rection for the interference between the PAL and AgL
emission lines was made.

A JEOL JXA-8900 electron microprobe was oper-
ated at 20 kV and 20 nA, and the following X-ray lines
and standards were used: PdLa, PtLa (pure metals),
CuKa, FeKa, SKa (CuFeS,), AgLB (AgBiSe,), SnLa
(Sn0,), and TeLa (PbTe). The results were processed
with a ZAF (JEOL) on-line program, and a correction
for the interference between the PdL and AgL lines was
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FiG. 4. A large intergrowth of oulankaite (OUL) with
telargpalite (TG) and moncheite (MN). The host mineral is
chalcopyrite. Back-scattered electron image.

TABLE 1. REFLECTANCE VALUES OF OULANKAITE AND
Ag-DOMINANT ANALOGUE OF OULANKAITE
FROM LLUKKULAISVAARA, KARELIA, RUSSIA

Ag-poor oulankaite *

Ag-dominant analogue of
oulankaite *

A R% R% R% R% R% R% R% R%
nm (air) (air) (oil) (oil) (air) (air) (oil) (oil)
400 31.8 31.2 22.7 23.0 355 375 219 25.7
420 32.0 31.9 23.0 23.7 36.0 37.8 22.0 262
440 323 324 233 252 37.7 40.5 22.8 282
460 324 345 234 26.6 39.8 432 239 30.8
470 325 35.0 235 27.0 405 44.1 242 31.9
486 327 36.4 238 27.7 41.8 45.4 249 333
500 33.0 374 24.1 282 428 46.9 255 349
520 33.9 38.8 25.1 293 438 48.0 26.2 359
540 348 40.1 26.1 30.4 447 49.3 27.0 374
546 350 403 261 305 450 495 272 381
560 35.6 411 26.5 309 45.6 50.4 277 385
580 36.4 42.0 27.2 319 459 51.3 28.2 396
589 366 423 273 321 460 520 282 401
600 36.9 42.8 27.6 32.8 46.2 525 285 40.9
620 373 43.4 27.6 335 46.2 53.0 28.6 413
640 374 435 27.7 336 46.0 535 28.7 41,7
650 37.4 43.6 27.8 337 45.8 53.5 28.8 41.7
660 37.6 43.7 28.0 33.9 45.7 53.6 28.8 41.7
680 379 437 28.0 339 455 538 28.9 418
700 385 43.7 28.4 342 45.2 53.9 20.0 41.8

“The spectra were obtained with a Zeiss MPM spectrophotometer: WTiC standard (Rsy,
in air = 49.5% and Ry, in 0il = 35.5%).
% The composition of this Ag-free oulankaite is (Pd, 3Pty 555 15 (CUs 4oFeq 56)55 06
Sny g, Te, ;8,4 (anal. 9, Table 5).
* The composition of the Ag-dominant analogue of oulankaite is (Pd; 5Pty ;5)ns 54
(A 121y 4F € 3)35.20 S0y 5T, 55, 07 (anal. 3, Table 9).

made. Concentrations of Ni, Co, Au, Bi, Sb, and As
were found to be below the limit of detection (WDS) in
all of the grains of oulankaite and argentoan oulankaite
investigated.

Fi1G. 5. Oulankaite (OUL) located at the contact of
chalcopyrite and a Cl-rich ferropargasite (1.7-2.2 wt.% CI)
and containing abundant inclusions (black) of a Cl-rich
ferropargasite (1.8-2.1 wt.% Cl). Back-scattered electron
image.

TABLE 2. COLOR VALUES (C illuminant) OF OULANKAITE
FROM THE LUKKULAISVAARA INTRUSION, KARELIA, RUSSIA

x y Y% P.% by
in air R, 0322 0326 354 59 581
in air R, 0330 0338 40.6 112 577
in oil R, 0325 0329 26.3 76 580
in ol R, 0330 0336 30.9 107 578

Reflectance values in air and in oil arc given in Table 1.

TABLE 3. COLOR VALUES (C illuminant) OF Ag-DOMINANT
ANALOGUE OF OULANKAITE FROM LUKKULAISVAARA

X y Y % P.% Ay
in air R, 0.323 0.334 449 8.1 574
in air R, 4.328 0.336 50.0 104 376
in oil R, 0.326 0334 27.3 92 576
in oil R, 0.336 0.344 38.1 144 576

Rellectance vatues in air and in oil are given in Table 1.
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F1G. 6. The association of argentoan oulankaite (AG-OUL.: grain shown in Fig. 3D) with
hydrous silicates (SIL) and chalcopyrite (CCP). Back-scattered electron image.
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FiG. 7. Reflectance spectra for oulankaite (open symbols) and the Ag-dominant analogue
of oulankaite (filled symbols) from the Lukkulaisvaara intrusion. The reflectance was
measured in air and in oil; values (R %) are plotted versus wavelength N in nm.

REsULTS AND DiscussioNn ten grains. The mean composition corresponds to the

formula (Pds o5Pto.19)35.24(Cus.13F€0.58)53.71Sn0.99

Variations observed in Ag-poor and Ag-rich Tes13S1.93 (Satoms = 14). In terms of atoms per for-
oulankaite on the basis of results of EDS analyses mula unit (apfu), the following ranges were observed in

this dataset: Pd 4.80-5.45, Pt 0.07-0.29, Cu 2.61-3.44,
A total of 90 quantitative EDS analyses (hereafter: n  Fe 0.49-0.69, Sn 0.93-1.05, Te 2.04-2.19, and S 1.88-
=90) of Ag-poor or Ag-free oulankaite were made on  1.99. The (Pd + Pt) value varies from 5.03 to 5.63, with
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a mean of 5.24, and the (Cu + Fe + Ag) value varies
from 3.23 to 4.00, with a mean of 3.71 apfu. The ZMe
value (i.e., Pd + Pt + Cu + Fe + Ag) ranges between
8.86 and 9.05 apfu. Pd displays a well-defined negative
correlation with Cu; the correlation coefficient R is
—0.92, which clearly implies the existence of a Pd-for-
Cu substitution. Correlations of Pt—Pd (R = —0.52) and
Fe—Cu (R = -0.64) both are weak and negative, consis-
tent with the incorporation of minor Pt and Fe in the Pd
site and Cu site, respectively. There is a strong negative
correlation (R = —-0.97) between the values (Pd + Pt)
and (Cu + Fe + Ag), expressed in apfu. The concentra-
tions of Te and S do not correlate. However, the com-
positions in this dataset typically exhibit a slight excess
in Te, the average being 2.13 Te apfu, which is coupled
with a corresponding deficit in S (1.93 apfu: n = 90).
This characteristic implies the incorporation of ca. 0.1
apfu of the “excess amount” of Te at the § site. Minor
amounts of Te replace S in vasilite [(Pd,Cu);4(S,Te)s:
Atanasov 1990] and in synthetic CuRh,(S;_,Te )4 (0 <
x < 0.1: Kijima et al. 1996), for example.

The EDS data on argentoan oulankaite (n = 42: three
grains) gave the following mean composition: (Pds s
Pto.15)35.40(Cu1.86Ag1.090F€0.61)33.565n1.00T€2.1251.93
(Satoms = 14). The following ranges in apfu are found:
Pd 5.12-5.37, Pt 0.11-0.18, Cu 1.41-2.59, Fe 0.55-
0.72, Ag 0.42-1.63, Sn 0.96-1.05, Te 2.06-2.16, and S
1.88-2.00. The (Pd + Pt) value ranges from 5.30 to 5.51,
with a mean of 5.39 apfu, and the (Cu + Fe + Ag) value
ranges from 3.41 to 3.73, with a mean of 3.56 apfu. The
3. Me values are tightly constrained (8.89-9.08 apfu). A
strong negative correlation (R = —0.97) exists between
contents of Cu and Ag and clearly indicates that Ag re-

TABLE 4. ELECTRON-MICROPROBE DATA ON MICRO-INCLUSIONS OF
CI-RICH AMPHIBOLE IN ARGENTOAN OULANKAITE, LUKKUILAISVAARA

No. 1 2 ] 2
Si0, wt.% 37.41 37.27 Si apfu 5.88 593
Ti0, 0.01 nd. VAL 212 207
ALO, 16.25 14.60 VAl 0.89 0.67
Cr0, 0.01 0.05 Fe 257 276
£cO 19.58 2074 Mg 1.44 145
MnO 0.07 0.08 Mn 0.01 0.01
MgO 6.17 6.12 Ni 0.03 0.03
NiO 021 021 T <0.01 -
Ca0d 1142 1138 Cr <001 <001
Na,0 1.64 1.66 Ca 1.92 1.94
K0 127 1.45 Na 0.50 051
cl 285 325 K 025 029
0=Cl 0.64 0.73 al 0.76 088
Total 96.25  96.08 mgh 3597 3447

Analyses 1 and 2: micro-inclusions of Cl-rich amphibole shown in Figure 3D. All Fe
is expressed as FeO. The wavelength-dispersion electron-microprobe anatyses were
carried out using a Cameca Camebax microprobe. The analytical conditions were 22
kV and 20 nA, and vanadinite was used as the standard for Cl. The number of cations
was calculated on the basis of O = 23. mg# = 100 Mg/ (Mg + Fe).
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places Cu in the structure. It is noteworthy that Pd does
not correlate with either Cu or Ag in this dataset. As
before, the (Pd + Pt) value correlates negatively with
the (Cu + Fe + Ag) value: R = —0.88.

The following EDS composition of Ag-dominant
analogue of oulankaite (Fig. 3D) is representative: Pd
41.94,Pt 1.72, Ag 13.02, Cu 7.25, Fe 2.53, Sn 8.74, Te
20.32, S 4.67, and total 100.19 wt.%, giving an empiri-
cal formula of (Pds 20Pto.12)35.32(Ag1.50Cu1 50F€0.60)33.69
Sng.97Tes.10S1.92; here, the estimated error for Ag is 0.4
wt.%. These data also suggest that ca. 0.1 Te apfu may
enter the § site.

Variations observed in Ag-poor oulankaite
on the basis of results of WDS analyses

Significant deviations from the ideal formula of
oulankaite are documented by results of 24 WDS analy-
ses (Cameca Camebax microprobe: Tables 5 and 6).
Figure 8 shows that the values (Pd + Pt) and (Cu + Fe +
Ag) vary from 5.16 to 5.73, with a mean of 5.37 apfu,
and from 2.99 to 4.00, with a mean of 3.59 apfu, respec-
tively, and are inversely correlated (R = —0.99). The
correlation of Pd and Cu is also strongly negative (R =
-0.98: Fig. 9). The ZMe value varies from 8.68 t0 9.18,
with a mean value of 8.96 apfu. The average formula,
derived from this set of analyses, is (Pds2oPto.18)s5.38
(Cuz.96Fe0.61A20.01)33.58500.97T€2.0552.02 (n = 24:
Tables 5, 6).

Representative results of a larger dataset (n = 835),
made on 20 grains of Ag-poor oulankaite, are presented
in Tables 7 and 8. These results gave the following av-
erage composition and the ranges (in wt.%): Pd 42.62
(40.70-45.04), Pt 3.02 (1.77-4.24), Cu 15.98 (12.87—
17.84), Fe 2.65 (2.34-3.77), Ag 0.01 (0.00-0.24), Sn
9.96 (9.06-10.33), Te 21.17 (20.10-21.77), S 5.25
(5.05-5.43), and total 100.66, and a formula of
(Pdy4.97Pt0.19)55.16(Cu3.12F€0.50Ag0.001)33.715n1.04T€2.06
Ss.03 (Zatoms = 14). In terms of apfu, the observed varia-
tions are Pd 4.77-5.34, Pt 0.11-0.27, Cu 2.58-3.42, Fe
0.52-0.85, Ag 0.00-0.03, Sn 0.95-1.10, Te 1.99-2.13,
and S 1.96-2.11. The (Pd + Pt) value ranges from 4.95
to 5.51, with a mean value of 5.16 apfu, and the (Cu +
Fe + Ag) value varies within the range 3.26 — 4.00, with
amean of 3.71 apfu. A strong negative correlation (R =
—0.96) is observed between these values (Fig. 8). The
Pd—Cu correlation is also strongly negative (R = —0.86:
Fig. 9). The 3Me value varies from 8.70 to 9.00, with a
mean of 8.87 apfu. In contrast to the EDS data, no defi-
citin S is displayed by the compositions in these datasets
(WDS). In addition, several WDS analyses suggest that
minor In is present in oulankaite: up to 0.48 wt.% (0.05
apfu In), and probably reflects a minor In-for-Sn substi-
tution. The observed contents of In are unlikely to be
analytical artifacts, because they are negatively corre-
lated with the amount of Sn.
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Variations observed in argentoan oulankaite ground” values of <0.1-0.3 wt.% (WDS data). The re-
on the basis of results of WDS analyses sults of WDS analyses are listed in Tables 9 and 10
(Cameca Camebax microprobe: n = 28). There are sig-
Some of the 25 grains analyzed in the present study
were found to contain levels of Ag above the “back-
TABLE 6. ATOMIC PROPORTIONS (EATOMS = 14) OF
Ag-POOR OULANKAITE FROM THE

TABLE 5. CHEMICAL COMPOSITION? OF Ag-POOR OULANKAITE LUKKULAISVAARA INTRUSION, KARELIA, RUSSIA
FROM THE LUKKULAISVAARA INTRUSION, KARELIA, RUSSIA

Pd Pt EPd, Cu Fe Ag XCu, ZMe Sn Tc S

Pd Pt Cu Fe Ag Sn Te S Total Pt Fe, Ag

1 42,58 2.8 1696 246 nd 9.24 20.10 5.08 99.28 ! 500 018 518 334 055 - 389 9.07 097 197 198
2 4249 271 17.07 251 005 9.9 2015 495 9912 2 500 0.17 517 337 056 <0.01 394 9.1 097 198 193
3 42.80 246 1737 250 012 913 2006 506 9950 3 500 0.16 5.16 340 056 001 397 9.13 09 195 196
4 42.83 257 1729 245 nd 9.09 2022 5.02 9947 4 502 016 5.18 339 055 - 394 912 095 198 195
5 4299 292 1696 243 008 881 2011 509 9939 5 505 019 524 333 054 <001 388 9.12 093 197 198
6 42.41 326 17.16 280 nd 881 19.76 504 9924 6 497 021 518 337 063 - 400 9.18 093 193 196
7 42.71 299 17.51 250 nd 8.87 1998 5.04 99.60 7 499 019 518 343 056 - 399 917 093 195 196
8 4274 285 17.07 240 006 876 2008 5.00 9896 & 5.04 0.18 522 337 054 <001 392 914 093 198 196
9 4275 283 1735 252 nd 8.77 20.15 508 9945 9 500 0.18 518 340 056 - 396 914 092 197 197
10 4295 292 1521 282 045 876 2082 501 9894 10 511 019 530 303 064 005 372 902 093 207 198
11 4336 234 1537 276 020 864 2090 5.05 9862 11 515 015 530 3.06 0.63 0.02 371 901 092 207 1.9
12 43.07 233 1582 285 nd 8.65 2087 510 98.69 12 509 015 524 3.13 064 - 377 901 092 206 200
13 44.01 227 1512 311 066 8.65 2071 5.10 99.63 13 517 0.15 532 298 070 0.08 376 908 091 203 199
14 4320 278 1529 287 016 851 2071 5.04 98.56 i4 514 018 532 3.05 065 0.02 372 904 091 206 199
15 42,56 328 1536 277 012 865 2076 504 9854 15 508 021 529 3.07 063 001 371 900 093 207 200
16 42,82 349 1547 269 009 866 2058 510 98.90 16 509 023 532 3.08 061 001 370 9.02 092 204 201
17 4520 261 1225 304 007 973 2116 526 9932 7 542 017 559 246 0.69 <0.01 3.16 875 1.05 211 209
8 4564 268 11.73 276 009 9.66 21.34 526 99.16 18 551 0.18 569 237 063 001 3.01 870 1.05 215 211
19 46.05 257 11.80 264 nd 9.71 21.25 523 9925 19 556 017 573 238 061 - 299 872 105 214 209
20 4553 270 11.67 269 009 9.67 2121 517 9873 20 553 0.18 571 237 062 001 300 871 1.05 215 208
21 4454 259 12.03 296 0.08 957 2129 522 9828 2] 540 0.17 557 244 068 001 313 870 1.04 215 210
22 4504 268 12,16 3.09 007 965 21.36 531 9936 22 539 0.18 557 244 071 <001 316 873 104 213 211
23 4545 266 1178 272 0.1 981 21.15 530 9898 23 549 0.18 567 238 0.63 001 302 869 106 213 212
24 4545 239 1221 264 007 969 2131 523 9899 24 548 0.16 5.64 247 0.61 <0.01 309 873 105 214 209
25* 4372 274 1492 271 011 911 2067 512 99.10 25% 520 0.8 538 296 0.61 0.01 358 89 097 205 202
¢ Cameca Camebax electron microprobe; results quoted in wt.%. n.d.: not detected. $The analytical results (in wt.%) are listed in Table 5 (Cameca Camebax microprobe).
* The average results of the analyses (1 to 24). * The average results of the analyses (1 to 24).
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FiG. 8. Compositional variation of Ag-poor oulankaite from the Lukkulaisvaara layered
intrusion, northern Russian Karelia, in terms of the plot of (Cu + Fe + Ag) versus (Pd +
Pt) (in atoms per formula unit, apfu; Satoms = 14). Results of eight hundred and thirty-
five WDS analyses (JEOL—-8900 electron microprobe: open circles) and twenty-four
WDS analyses (Cameca Camebax electron microprobe: filled circles) are plotted.
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nificant antipathetic covariations in Ag and Cu, and a
strong negative correlation (R = —0.97) is observed be-
tween the amounts of these elements, consistent with
Ag-for-Cu substitution (Fig. 10). Similar to other PGM
at Nadezhda, grains of argentoan oulankaite may con-
tain inclusions of Cl-rich ferropargasite (Fig. 3D). Wide
variations in Ag and Cu contents are observed in a grain
of argentoan oulankaite (Fig. 3D), which consists of Ag-
enriched zones (ca. 10 to 20 wm in size) with up to 12.2
wt.% Ag, corresponding to the composition (Pds 3,
Pto.17)s5.48(Ag1.52Cu1.27F€0.63)53.425n1.03Te2.0081.98 (anal.
8, Table 9), similar to that derived from the EDS data.
Thus on the basis of the ideal formula of oulankaite,
this phase would appear to be an unnamed species of
PGM. It was not possible to characterize it further, ow-
ing to the small size of the grains and the Ag-rich zones.
It remains unknown if the maximum content of Ag en-
countered (1.5 Ag apfu: WDS data, and 1.6 Ag apfu:
EDS data) is the upper limit of Ag-for-Cu substitution.

The mean composition of argentoan oulankaite in the
present dataset is (Pds.3sPto.14)55.52(Cuy45Ag1.23

TABLE 7. CHEMICAL COMPOSITION® OF Ag-POOR OULANKAITE
FROM THE LUKKULAISVAARA INTRUSION, KARELIA, RUSSIA
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Feo64)s3329n1.02T€2.10S2.03, with Cu Qllghtly dominant
over Ag. The values (Pd + Pt) and (Cu + Fe + Ag) range
from 5.42 to 5.63 apfu, and 3.18 to 3.42 apfu, respec-
tively, and display a well-defined negative correlation
(R =-0.82). As shown in Figure 11, both (Pd + Pt) and
(Cu + Fe + Ag) display significant deviations from the
ideal proportions of oulankaite, suggesting that the Ag-
for-Cu substitution is combined with a more complex
substitution of Pd for Cu + Ag (+Fe).

Representative results of another dataset, based on
188 point analyses of argentoan oulankaite (WDS:
JEOL-8900 microprobe), are listed in Tables 11 and 12.
The Ag-bearing compositions having at least 0.25 wt.%
Ag are included in this dataset. The mean composition
and the observed ranges are the following (in wt.%): Pd
42.78 (41.00-43.92), Pt 2.33 (1.59-4.26), Cu 10.52
(7.05-16.63), Fe 2.66 (2.43-3.05), Ag 6.14 (0.25—
11.68), Sn 9.78 (9.12-10.30), Te 20.66 (19.89-21.46),

TABLE 8. ATOMIC PROPORTIONS? (ZATOMS = 14) OF
Ag-POOR OULANKAITE FROM THE
LUKKULAISVAARA INTRUSION, KARELIA, RUSSIA

Pd Pt Cu Fe Ag Sn Te S Total

I 4134 298 1725 240 nd 9.84 2128 518 10027
2 42,08 263 1739 240 nd 9.88 2124 523 10085
3 4203 278 1753 253 nd 9.93 2126 521 101.27
4 4424 256 1336 334 nd 1003 2072 507 99.32
5 4208 253 1725 249 ad 9.97 2148 525 101.05
6 4158 274 1711 248 nd 9.89 2140 526 10046
7 4171 354 1665 257 nd 9.94 21.10 520 100.71
& 4243 278 1630 259 nd 991 2126 529 10056
9 4306 260 1513 277 nd 1002 2111 523 9992
10 4333 341 1477 273 nd. 1006 21,10 529 100.69
11 4470 264 1360 273 nd 1006 2112 522 100.07
12 4483 265 1349 271 nd 1007 2133 521 10029
13 4504 269 1348 272 nd 1007 2119 522 100.41
14 4284 245 1657 239 nd 1016 2087 510 100.78
15 4289 244 1715 280 nd 1001 2111 522 101.62
16 4220 276 1740 245 nd 1004 2099 510 10094
17 4350 203 1641 257 nd 9.89 21.14 515 100.69
8 4259 346 1613 2359 nd 9.88 21.01 524 10090
19 4345 263 1561 2.87 nd 9.87 2090 521 100.54
20 4340 208 1656 264 nd 9.96 21.14 532 101.10
21 4415 256 1328 290 nd 1003 2090 517 98.99
22 4493 256 1353 273 nd 1021 2128 523 10047
23 4195 295 1680 236 nd 9.70 2094 529 9999
24 4150 317 17.05 258 nd. 9.96 2125 531 100.82
25 4363 203 1644 260 nd 9.98 21.060 529 10097
26 4312 268 16.05 266 nd 9.80 2094 524 10049
27 4148 303 17.04 240 nd 1003 21.04 525 10027
28 4127 311 1733 271 nd 9.80 2125 529 100.76
29 4480 262 1351 275 nd. 1004 2125 523 10020
30 4468 267 1390 307 nd 1003 2122 519 100.86
31 43.01 331 1597 257 nd 991 2091 5.8 100.86
32 4284 254 1731 250 nd 991 2097 5.8 101.25
33 4405 282 1346 305 nd 995 2091 515 9939
34 4153 320 1723 263 nd 1005 2130 527 10121
35 4336 336 1468 273 nd 1007 2122 520 100.62
36 4415 267 1569 260 nd. 9.96 2113 527 10147
37 4444 266 1415 320 nd 1017 2120 530 101.12
38 4355 336 1446 270 nd 1020 21.34 524 100.85
39 4368 334 1397 276 nd. 1017 2139 533 100.64
40 4161 318 1720 264 nd. 993 2121 530 101.07

Pd Pt XPd, Cu Fe Ag 3XCu, XMe Sn Te S
Pt Fe, Ag
1 482 019 501 337 053 - 390 891 1.03 207 2.00
2 48 0.17 503 337 053 - 390 893 1.02 205 201
3 4.84 0.17 501 338 055 - 393 894 1.02 204 199
4 527 012 539 267 076 - 343 882 107 206 201
5 485 0.16 501 333 055 - 3.88 889 1.03 207 201
6 483 017 500 333 055 - 3.88 888 1.03 207 203
7 4.86 022 508 325 057 - 3.82 890 1.04 205 2.0t
8 494 0.18 512 3.18 057 - 375 8.87 1.03 206 204
9 506 017 523 298 0.62 - 3.60 883 1.06 207 204
10 508 022 530 290 061 - 351 881 1.06 207 206
11 530 017 547 270 0662 - 332 879 1.07 209 205
12 531 0.17 548 268 061 - 329 877 1.07 211 205
13 533 017 550 267 061 - 328 878 1.07 209 205
14 497 016 513 330 053 - 383 89% 106 202 197
15 491 015 506 329 061 - 390 896 1.03 202 199
16 488 017 505 337 054 - 391 89 1.04 203 196
17 505 013 518 319 057 - 376 894 1.03 205 198
18 496 022 518 3.1 057 - 372 890 1.03 204 203
19 507 017 524 305 064 - 369 893 1.03 203 202
20 500 0.13 513 320 058 - 3.78 891 1.03 203 2.03
21 529 0.17 546 266 066 - 332 878 108 209 205
22 531 0.17 548 268 061 - 329 877 1.08 210 205
23 490 0.19 509 328 053 - 381 890 102 204 205
24 480 020 500 330 057 - 3.87 887 1.03 205 2.04
25 5.04 013 517 3.18 057 - 375 892 103 202 203
26 502 017 519 3.13 0359 - 372 891 1.02 203 203
27 483 019 502 332 053 - 385 887 1.05 2.04 2.03
28 477 020 497 335 060 - 395 892 1.01 205 203
29 531 017 548 268 062 - 330 878 1.07 2.10 2.06
30 524 017 541 273 069 - 342 883 1.07 208 2.02
31 5.02 021 523 372 057 - 369 892 1.04 204 20!
32 493 016 509 334 055 - 380 898 1.02 201 198
33 525 0.18 543 269 069 - 338 881 1.06 208 204
34 479 020 499 333 058 - 391 890 1.04 205 202
35 510 022 532 289 061 - 350 882 1.06 208 203
36 511 0.17 528 3.04 057 - 361 889 103 2.04 203
37 518 0.17 535 276 071 - 347 8.82 106 206 205
38 512 022 534 285 060 - 345 879 1.08 209 204
39 515 021 536 276 062 - 338 874 1.07 210 208
40 480 020 500 332 058 - 390 890 103 204 203

¥ The analytical results (in wt.%) are listed in Table 7 (JEOL-8900 electron
microprobe). These results are quoted in atoms per formula unit.
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S 5.08 (4.83-5.37), and total 99.95, and the formula is
(Pds.18Pto.15)35.33(Cua.12Ag0.74F€0.61)33.475n1 06 T€2.00
Ss.04 (Zatoms = 14). In terms of apfu, the following
variations are observed: Pd 4.82-5.40, Pt 0.11-0.27, Cu
1.46-3.23, Fe 0.55-0.71, Ag 0.03-1.41, Sn 1.01-1.10,
Te 2.03-2.13, and S 1.99-2.09. The (Pd + Pt) value
varies from 5.02 to 5.51, with a mean of 5.33 apfis, the
(Cu + Fe + Ag) value varies from 3.27 to 3.83, with a
mean of 3.48 apfu, and ZMe ranges from 8.70 to 8.93,

TABLE 9. CHEMICAL COMPOSITION' OF Ag-RICH OULANKAITE
FROM THE LUKKUTLAISVAARA INTRUSION, KARELIA, RUSSIA

Pd Pt Cu Fe Ag Sn Te 8 Total
I 4351 235 612 267 1132 9.06 2003 477 9983
2 4287 234 596 271 1110 909 2030 489 9926
3 4287 222 591 262 1149 912 2019 485 9927
4 4399 179 639 261 1038 9.02 2053 4.81 9952
3 4370 190 640 256 993 924 2038 492 99.03
6 4392 198 633 265 972 9.07 2027 4.88 99.02
7 43.54 1.57 602 257 1113 9.00 2036 483 99.02
& 4201 241 6.00 262 1215 9.05 1983 472 9879
9 4254 241 633 2064 1117 907 1983 4383 9882
10 4220 241 637 262 1164 903 2013 492 9932
11 42.74 251 651 264 1086 9.17 20.02 4.83 9928
12 42,16 232 600 256 1152 9.05 20.04 4386 9851
13 4292 202 665 265 1055 910 20.08 495 9892
14 4256 191 644 255 1052 919 2033 490 9840
15 4158 254 586 263 1221 905 1980 498 98.65
16 4366 230 815 296 827 921 2038 493 9986
17 4346 206 853 266 762 926 2034 496 9889
18 4313 213 778 264 900 917 2017 497 9899
19 4300 1.90 626 281 1144 905 1993 491 9930
20 4343 186 649 266 1096 9.00 1999 4.89 9928
21 4346 199 725 268 979 891 2021 492 9921
22 4349 191 882 262 677 935 2027 496 98.19
23 43.25 234 948 271 5.41 9.33 20.62 505 98.19
24 4291 216 681 3.02 1031 923 2006 494 9944
25 4256 197 654 3.08 1073 899 19.92 504 9883
26 4326 193 765 250 860 920 19.77 491 9782
27 4358 188 9.00 248 640 917 20.11 491 9753
28 4387 209 742 301 828 926 2043 498 9934
29% 4308 211 692 268 997 912 2015 490 9893

¥ Cameca Camebax electron microprobe; results quoted in wt.%
* The average results of the analyses (1 to 28).
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with a mean of 8.81 apfu. The concentrations of Cu and
Ag display a near-perfect negative correlation: R =
—-0.99 (Fig. 10), indicative of the Ag-for-Cu substitu-
tion. The correlation between the values (Pd + Pt) and
(Cu + Fe + Ag) also is strongly negative (R = —0.94:
Fig. 11).

TABLE 10, ATOMIC PROPORTIONS® (£ATOMS = 14) OF ARGENTOAN
OULANKAITE FROM THE LUKKULAISVAARA INTRUSION,
KARELIA, RUSSIA

Pd Pt XPd, Cu Fe Ag ZCu, ZMe Sn Te S

Pt Fe, Ag

544 0.16 560 1.28 064 140 332 892 1.02
538 0.16 554 125 065 137 327 88t 1.02
539 015 554 124 063 142 329 883 1.03 212 202
550 012 562 134 062 128 324 886 1.01 214 199
548 013 561 134 061 123 318 879 1.04 213 205
550 0.4 564 137 063 120 320 884 102 212 203
547 011 558 127 062 138 327 885 101 213 201
531 0.17 548 127 063 152 342 890 1.03 209 198
536 0.17 553 133 063 139 335 888 1.02 208 202
10 528 016 544 134 062 144 340 884 1.01 210 204
17 536 0.17 553 137 063 134 334 887 1.03 209 20!
12 533 016 549 127 062 144 333 882 1.03 211 204
13 537 0.14 551 139 063 130 3.32 883 1.02 2.09 205
14 536 0.13 549 136 061 131 328 877 1.04 214 205

2.09 198
212 204

© 00 a R b e N

15 524 017 541 124 063 152 339 880 1.02 208 208
16 536 0.15 551 1.68 069 100 337 88 101 209 2.01
17 538 0.14 552 1.77 063 093 333 885 1.03 210 2.04
18 535 0.4 549 162 062 110 334 883 1.02 209 205
19 537 0.13 530 131 067 141 339 889 1.01 207 203
20 542 013 555 136 063 135 334 8§89 100 208 203
2/ 540 013 553 151 063 120 334 887 099 210 2.03
22 540 013 553 1.83 062 0.83 328 881 1.04 210 204
2 535 0.16 551 196 064 0.66 326 877 1.03 213 207
24 532 015 547 142 071 126 339 886 1.03 208 203
25 530 0.13 543 136 073 132 341 884 100 207 208
26 544 013 557 161 060 1.07 328 885 1.04 207 205
27 545 013 558 188 0.59 079 326 884 1.03 210 204
28 543 014 557 154 071 101 326 883 1.03 211 204
29% 538 0.4 552 145 064 123 332 884 102 210 203

¢ The analytical resuits (in wt. %) are listed in Table 9 (Cameca Camebax microprobe).
* The average results of the analyses (1 to 28). These resulls are quoted in atoms per
formula unit.
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FIG. 10. Ag—Cu correlation (in apfu; Satoms =14) in compositions of members of the
argentoan oulankaite series from the Lukkulaisvaara intrusion. Results of one hundred
and eighty-eight WDS analyses (JEOL-8900 electron microprobe: open diamonds) and
twenty-eight WDS analyses (Cameca Camebax electron microprobe: filled diamonds)
are plotted.
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Figures 10 and 11 compare the results of the two
WDS datasets for argentoan oulankaite. Though the
larger of these sets displays a greater variation of com-
position, these results are in general agreement.
However, there is disagreement concerning element-
correlation relationships of Pd and Ag in the argentoan
oulankaite. Results of one of these datasets (n = 188:
JEOL-8900 microprobe) suggest the existence of a posi-
tive correlation between Pd and Ag (R = 0.8). Such cor-
relation would seem to suggest that the incorporation of
Ag is controlled in part by Pd in the substitution of (Pd
+ Ag) for Cu. This possibility is not supported by the
other dataset (WDS: Cameca Camebax microprobe; n
= 28), however, and by the EDS data as well, which all
indicate that there are no clear correlations between Pd
and Ag in argentoan oulankaite.

TABLE 11. CHEMICAL COMPOSITION® OF Ag-RICH OULANKAITE
FROM THE LUKKULAISVAARA INTRUSION, KARELIA, RUSSIA

Pd Pt Cu Fe Ag Sn Te S Total
I 42.64 177 730 269 1084 942 20.14 490 99.70
2 41.77 236 719 268 1092 961 2020 487 99.60
3 4206 203 722 266 1113 950 2008 488 99.56
4 4212 219 741 287 1168 945 1989 490 100.51
3 4206 224 7.8 270 1061 956 2030 491 99.56
[4 4268 242 726 271 1043  9.62 2022 4.84 100.18
7 4221 233 738 268 1033 961 2036 491 9981
8 4224 228 739 272 1010 968 2015 489 9945
9 4323 175 752 272 990  9.67 20.19 492 99.90
10 4271  1.82 753 283 972 953 2029 493 9936
1 4281 175 749 277 965 949 2001 497 9894
12 4364 161 770 269 946 966 2030 498 100.04
13 4247 197 780 256 934 957 2031 500 99.02
14 4294 193 809 257 923 970 2027 497 99.70
15 4265 1.88 836 253 9.00 962 2033 488 9925
16 4292 190 786 259 917 968 2009 492 99.03
17 4392 174 792 275 862 956 2030 498 99.79
18 4311 162 813 270 842 941 2051 494 9884
19 4293 185 844 267 839 960 2076 504 99.68
20 4294 18 878 261 825 977 2069 511 100.03
21 4325 201 870 266 8.01 9.78  20.68 5.14 100.23
22 4279 199 9.08 2.63 777 980 2062 500 99.68
23 4300 192 931 265 739 971 2046 506 99.50
24 4311 188 942 266 727 970 2060 518 99.82
25 4299 1.88 956 266 7.6 983 2054 511 99.73
26 4382 1.68 940 272 693 974 2080 505 100.15
27 4343 186 972 265 674 978 2065 515 9998
28 43,53 1.85 979 268 649 981 2066 508 99.89
29 4290 191 1014 267 623 982 2070 5.02 99.39
30 4316 2.00 1054 267 590 10.00 20.68 5.18 100.13
31 4268 232 1051 256 570 9.86 20.64 506 99.33
32 4326 224 1065 291 562 987 2065 518 100.38
33 4340 221 1088 289 525 989 2070 5.18 100.40
34 4343 236 1133 283 493 988 2059 5.14 10049
33 4298 232 1142 282 471 985 2069 513 99.92
36 4350 233 1175 276 444 994 2074 511 100.57
37 42,62 417 1234 243 265 969 21.02 506 99.98
38 4294 256 1389 251 194 1003 21.19 524 100.30
39 4329 267 1401 254 102 1005 2129 525 100.12
40 4193 369 1511 264 042 997 21.17 526 100.19

# Results of electron-microprobe analyses (JEOL-8900).
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Substitution mechanisms in Ag-poor oulankaite and
argentoan oulankaite

A broad range of Pd-for-Cu (+Fe) substitution is
characteristic of Ag-poor oulankaite (Figs. 8, 9). The
compositions imply that Pd occurs at both the Pd and
Cu sites of oulankaite: the Pd site is completely occu-
pied by Pd (+Pt) (i.e., 5 apfu), and excess Pd enters the
Cu site.

We also conclude that two different mechanisms of
substitution likely exist in argentoan oulankaite, and
these operate independently of one another: an exten-
sive substitution of Ag for Cu in the Cu site is com-
bined with substitution of Pd for Cu + Ag (+Fe) (Figs.
10, 11). The existence of these two mechanisms of sub-
stitution agrees well with all of the datasets obtained
here.

TABLE 12. ATOMIC PROPORTIONS (ZATOMS = 14) OF ARGENTOAN
OULANKAITE FROM THE LUKKULAISVAARA INTRUSION,
KARELIA, RUSSIA

Pd Pt XPd, Cu Fe Ag XCu ZMe Sn Te S

Pt Fe, Ag

528 012 540 151 0.63 132 346 886 1.04 208 2.01
519 016 535 150 063 134 347 882 1.07 209 201
522 014 536 150 063 136 349 885 106 208 201
517 015 532 152 067 141 360 892 1.04 204 2.00
522 015 537 149 064 130 343 880 1.06 210 2.02
528 016 544 150 064 127 341 885 1.07 209 199
523 016 539 1.53 063 126 342 881 1.07 210 2.02
525 015 540 1.54 064 1.24 342 882 1.08 209 202
533 012 545 155 064 120 339 884 1.07 208 2.01
10 529 012 541 156 067 1.9 342 883 1.06 209 2.02
11 531 012 543 156 0.66 1.18 340 883 1.06 207 205
12 536 011 547 1.58 063 1.15 336 883 1.06 208 203
13 527 013 540 162 061 114 337 877 1.06 210 206
14 529 013 542 1.67 060 1.12 339 881 1.07 208 203
i5 528 0.13 541 1.73 060 1.10 343 884 1.07 210 200
16 332 013 545 1.63 061 112 336 881 1.08 208 203
17 540 0.2 552 1.63 064 1.05 332 884 1.05 2.08 2.03
18 534 0.1 545 169 064 103 336 881 1.05 212 203
19 527 012 539 1.73 062 1.02 337 876 1.06 212 205
20 524 0.3 537 179 061 099 339 876 1.07 211 207
21 527 013 540 177 062 09 335 875 (.07 210 208
22 524 013 537 186 061 094 341 878 1.08 211 203
23 526 0.13 539 191 062 089 342 881 106 209 205
24 524 012 3536 192 062 087 341 877 106 209 209
25 523 012 535 195 062 086 343 878 1.07 2.08 206
26 532 011 543 191 063 083 337 880 1.06 211 203
27 526 012 538 197 061 081 339 877 106 209 207
28 528 0.12 540 199 062 0.78 339 879 1.07 209 2.05
29 523 013 536 207 062 0.75 344 880 1.07 210 2.03
30 520 013 533 213 061 070 344 877 108 2.08 2.07
31 520 015 535 214 059 069 342 877 1.08 210 2.05
32 519 0.5 534 214 067 0.67 348 882 1.06 2.07 2.06
33 520 0.14 534 218 066 062 346 880 1.06 207 206
34 520 0.15 535 227 065 058 350 88 1.06 205 204
35 516 015 531 230 065 056 351 882 1.06 207 205
36 5.19 0.15 534 235 063 052 350 884 106 207 2.02
37 5.15 027 542 250 056 032 338 880 1.05 212 2.03
38 508 0.17 525 275 057 023 355 880 1.06 209 206
39 513 0.17 530 278 057 012 347 877 107 210 206
40 494 024 518 298 059 005 362 880 1.05 208 206

=R JRN RS NNV N

¥ The analytical results (in wt.%) arc listed in Table 11 (JEOL-8900 electron
microprobe). These results are quoted in atoms per formula unit.
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(Cu +Fe + Ag)
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FiG. 12.  Plot of values of atoms per formula unit: Sn, Te, S, (Cu + Fe + Ag), (Pd + Pt), and
the total of metals, calculated on the basis of Satoms = 14, versus the number of analy-
ses. The numbers 1 — 1026 refer to results of WDS analyses done using the JEOL-8900
electron microprobe. The numbers 1027 — 1078 refer to results of WDS analyses done
using the Cameca Camebax electron microprobe. The bulk of these compositions (1—
1078) are free of Ag or are poor in Ag (<0.25 wt.% Ag). The compositions of argentoan
oulankaite and Ag-dominant analogue of oulankaite are mostly plotted at the numbers

181-575 and 1051-1078.

Levels of Fe and Pt, total content of metals,
and implications for a minor vacancy at the Cu site

In contrast to Ag, the incorporation of Fe in
oulankaite and argentoan oulankaite appears to be lim-
ited (up to 3.8 wt.% Fe, i.e., 0.85 Fe apfu). Also, there is
no evidence that Pt can be a principal component of
these minerals (£4.3 wt.% Pt: 0.27 Pt apfu). However,
uniform levels of these minor elements are invariably
present, and could be a significant factor in the stabili-
zation of the oulankaite solid-solution.

The 3 Me value appears to display a relationship with
the Pd + Pt value. In Figure 12, we have summarized all
the results of WDS analyses (n = 1078). They suggest
that the 2Me value is slightly lower in compositions
richer in Pd + Pt, which are correspondingly poorer in
(Cu + Fe + Ag). These Pd(+Pt)-rich compositions are
thus slightly metal-deficient relative to the ideal value
SMe = 9 apfu, and show a larger extent of deviation
from this value (Fig. 12). In contrast, the compositions

richer in (Cu + Fe + Ag) appear to be closer to the as-
sumed ideal stoichiometry (9 metal apfis: Fig. 12). The
results of the two different sets of WDS data are consis-
tent with this relationship (Fig. 12), which is thus un-
likely to be an artifact resulting from analytical
problems. Thus, the minor vacancy at the Cu site could
be related to the incorporation of the excess Pd at this
site according to the following coupled substitution:
Pd** +[J =2 Cu*.

Levels of Sn, Te, and S, and generalized formulae
of oulankaite and argentoan oulankaite

Contents of Sn, Te and S are virtually constant in
oulankaite and argentoan oulankaite (Fig. 12), and they
are in accord with the inferred ideal proportions. Some
of our analytical data (EDS) imply that there is slight
excess in Te (up to ca. 2.1 apfu Te) with respect to S,
which is in turn slightly deficient; these variations are
not supported by the bulk of the WDS analyses,
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however. In some cases, these minor deviations could
be accounted for by analytical inaccuracy (EDS). The
constant levels of Sn, Te and S observed in composi-
tions of oulankaite and argentoan oulankaite (Tables 6,
8, 10, 12) imply that these elements occupy specific
positions in the structure. In addition, the mutual pres-
ence of Sn and S is unusual for a PGM, although it is
reported in unnamed PtSnS (cf. synthetic PtGeS with
the structure of cobaltite: Entner & Parthé 1973) from
the Bushveld complex, South Africa (Barkov et al.
2001).

The following formula for oulankaite and argentoan
oulankaite (Pd, Pt)s,.(Cu,Fe,Ag)s ,SnTe,S,, with 0 < x
< 1, is based on the observed variations and deviations
from the ideal stoichiometry (Figs. 12, 13). The gener-
alized formula of the Ag-dominant analogue of
oulankaite is (Pd, Pt)s,,(Ag,Cu,Fe)s ,SnTe,S,, with 0 <
x< 1.

Origin of the Ag enrichment in argentoan oulankaite

The reported series of argentoan oulankaite provides
anew example of Ag-for-Cu substitution. Substitutions
of this type are generally uncommon, presumably be-
cause of the large difference in atomic radius of Ag and
Cu, although quite familiar in tetrahedrite (e.g., Pattrick
& Hall 1983). Wide ranges in the Ag-for-Cu substitu-
tion have been recently reported in the lenaite — chal-
copyrite, acanthite — chalcocite (or argentite — digenite)
and miargyrite — chalcostibite solid-solution series from
near-surface Ag deposits (Samusikov & Gamyanin
1999). On the basis of textural characteristics, these
authors concluded that the Ag-rich members of these
compositional series precipitated at a late stage, com-
monly in the form of a rim on the Cu-rich members.

THE CANADIAN MINERALOGIST

The Pd-Ag-rich pods at Lukkulaisvaara formed by
crystallization of isolated volumes of H,O-saturated
melt, in situ, and Cl was an important component of
fluid at a postmagmatic hydrothermal stage, at which
most of the PGM, including the Pd—Ag tellurides and
associated oulankaite, were deposited or redeposited
(Barkov et al. 1999, 2001). These pods and stringers
are notably enriched in both Pd and Ag; in this deposit,
these elements are closely associated with each other to
form widespread intergrowths of the Pd—(Pt)- and Ag-
rich tellurides, which are associated with the Cl-rich
ferropargasite (e.g., Figs.1 to 5) and a Cl-dominant ana-
logue of ferropargasite (up to 4.5 wt.% C1). Occurrences
of various tellurides of Pd, commonly in association
with pegmatitic patches, are typical of many PGE de-
posits (e.g., Stone et al. 1996).

The observed association of argentoan oulankaite
with telargpalite and the Cl-rich ferropargasite is con-
sistent with an environment of high activity of Ag and
of volatiles (e.g., Figs. 2, 3D, 6). Telargpalite, which is
the main carrier of Ag in the pods and stringers, cuts
almandine and thus probably formed at a temperature
lower than temperatures of the garnet-hornblende and
garnet—staurolite equilibria in this rock (~560 to 670°C:
Barkov et al. 1999, 2001). This suggestion is consistent
with the replacement of moncheite by telargpalite, ob-
served in the polymineralic intergrowths that contain the
oulankaite (e.g., Figs. 3A,C).

The argentoan oulankaite may be a primary PGM
deposited from microvolumes of a late-stage liquid or
fluid enriched in Pd, Ag, Cu, Sn, Te, and S at an ad-
vanced stage of postmagmatic crystallization. An alter-
native interpretation is that the argentoan oulankaite
solid-solution is of secondary origin, formed as a result
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FiG. 13.  Compositional variation of oulankaite and argentoan oulankaite in terms of the

plot of (Cu + Fe + Ag) versus (Pd + Pt) (apfu, Satoms = 14). Results of one thousand
and twenty-six WDS analyses (JEOL—-8900 electron microprobe: open circles) and fifty-
two WDS analyses (Cameca Camebax electron microprobe: filled circles) are plotted.
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of a subsolidus reaction involving a pre-existing
oulankaite poor in Ag and a residual liquid or late-stage
fluid enriched in Ag. Such an interpretation is corrobo-
rated by the heterogeneous distribution of Ag (5.4 to
12.2 wt.% Ag), observed in a grain of argentoan
oulankaite (Fig. 3D).
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