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ABSTRACT

Rare Pd-Ag tellurides, telargpalite and the phase PdsAgTe, occur in pods <0.5 m across and stringers of altered coarse-
grained gabbronorite enriched in base-metal sulfides (up to ~25 vol.%) in the Nadezhda deposit, located in a sill-like body of
microgabbronorite within the layered series of the Lukkulaisvaaraintrusion, Karelia, Russia. The magmatic texture and relics of
igneous minerals are preserved in the pods. The associated minerals are various platinum-group minerals (PGM), arare Re-rich
sulfide, and highly aluminous secondary minerals, e.g., amandine, Cl-rich ferropargasite, microcrystalline staurolite, and corun-
dum, which formed at the expense of primary plagioclase and enstatite at a deuteric stage. Micro-inclusions of Cl-rich amphibole
are common in various PGM and associated chalcopyrite at Nadezhda. The telargpalite displays an atomic ratio (Pd + Ag):(Te +
Bi + Pb) of 3. The Ag—Pd correlation is negative and strong, and implies a limited Ag-for-Pd substitution in telargpalite, the
empirical formula being Pd,_Ag1.x(Te,Bi,Pb), where 0 < x < 0.3. A limited Pd-for-Ag substitution appears to occur in the
unnamed PdsAgTe,. The maximum reflectance of the Pd-Ag tellurides increases with an increase in their Pd:Ag ratio. The
telargpalite may cut amandine, and thus seems to have formed at a temperature lower than the temperature of equilibration of
garnet—hornblende and garnet—staurolite (~560 to 670°C). The unnamed PdsAgTe, occurs in a close association with a Cl-
dominant anal ogue of ferropargasite (up to 4.5 wt.% Cl; 1.2 Cl atoms per formula unit). The pods and stringersrich in Pd, Pt and
Ag probably formed by crystallization of isolated volumes of H,O-saturated melt, in situ. The Pd-Ag tellurides formed in a
volatile-rich deuteric environment, at relatively low temperatures, and Cl was prominent in the fluid causing the alteration.

Keywords: platinum-group minerals, Pd—Ag tellurides, telargpalite, PdsAgTe,, Cl-rich amphibole, layered intrusion,
Lukkulaisvaara, Karelia, Russia, Fennoscandian Shield.

SOMMAIRE

De rares tellurures de Pd-Ag, y compris latelargpalite et une phase méconnue, PdsAgTey, ont été mis en évidence dans des
lentilles de moins de 0.5 m detaille et des veines de gabbronorite a gros grains altérée et enrichie en sulfures de métaux de base
(jusgu’ aenviron 25% par volume) dans le gisement de Nadezhda, situé dans un massif de microgabbronorite en filon-couche de
lasérie stratifiée du complexeintrusif de Lukkulaisvaara, en Karélie, Russie. Latexture magmatique et les reliques des minéraux
ignés sont préservées dans ces lentilles. Y sont associés des minéraux du groupe du platine, un rare sulfure enrichi en rhénium, et
des minéraux secondaires fortement alumineux, par exemple almandin, ferropargasite riche en chlore, staurolite microcristalline,
et corindon, qui se seraient formés aux dépens du plagioclase et de I’ enstatite primaires. Des micro-inclusions de ferropargasite
riche en chlore sont répandues dans divers minéraux du groupe du platine et dans la chalcopyrite associée a Nadezhda. La
telargpalite posséde un rapport atomique (Pd + Ag):(Te + Bi + Pb) de 3. La corréation Ag—Pd est négative et excellente, ce qui
implique une subtitution de Ag pour Pd limitée danslatelargpalite, |aformule empirique étant Pd,_«Ag1.x(Te,Bi,Pb), 0 < x< 0.3.

§  E-mail address: barkov@eps.mcgill.ca
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Une substitution limitée de Pd pour Ag affecte le minéral sans nom, PdsAgTe;,. Laréflectance maximale destellurures de Pd-Ag
augmente avec une augmentation du rapport Pd:Ag. Latelargpalite semble recouper I'amandin, et pourrait ainsi avoir cristallisé
a une température inférieure al’ équilibre grenat—hornblende et grenat—staurolite (~560 a 670°C). Le minéral sans nom montre
une associ ation étroite avec |’ anal ogue & dominance de chlore delaferropargasite (jusqu’ @a4.5% Cl en poids; 1.2 atomesde Cl par
unitéformulaire). Leslentilles et lesveinesriches en Pd, Pt et Ag auraient cristallisé a partir de volumes isolés de magma saturé
en H,0, in situ. Les tellurures de Pd-Ag se sont formés dans un milieu deutérique riche en phase volatile, a une température
relativement faible. Le chlore semble avoir été important dans la phase fluide responsable de I’ altération.

(Traduit par la Rédaction)

Mots-clés: minéraux du groupe du platine, tellurures de Pd-Ag, telargpalite, PdsAgTey, amphibole riche en Cl, complexe igné
stratiforme, Lukkulaisvaara, Karélie, Russie, bouclier fennoscandien.

INTRODUCTION

The two known platinum-group minerals (PGM) and
unnamed phases in the system Pd-Ag-Te are rare.
Telargpalite [(Pd,Ag)s(Te,Bi,Pb)] was first discovered
in the Noril’ sk complex of Siberia, Russia (Kovalenker
et al. 1974), and was subsequently reported from the
Lukkulaisvaara layered intrusion, in Russian Karelia
(Begizov & Batashev 1981, Barkov & Lednev 1993). A
micrometric grain of telargpalite has been documented
in afluid inclusion in a sulfide mineral from the Cold-
well complex (Watkinson & Jones 1996). Sopcheite
(Ag4PdsTey) wasfirst described from Sudbury, Ontario,
as unnamed Ag,PdsTey (Cabri & Laflamme 1976), and
was named after the Sopcha Pd—Pt deposit in the
Monchegorsk layered complex, Kola Peninsula, Russia
(Orsoev et al. 1982). Since then, a number of occur-
rences of sopcheite have been reported from Canada
(Dunning et al. 1984, Mulja& Mitchell 1990) and from
Russia (Trofimov et al. 1990, Barkov & Lednev 1993).

In this paper, we focus on the occurrence, associa-
tion, and characteristics of Pd-Ag tellurides (telargpalite
and unnamed PdsAgTey,), which are associated with an
unusual CI—Al)-rich assemblage of secondary miner-
als from the Nadezhda platinum-group element (PGE)
deposit, Lukkulaisvaaraintrusion, Oulanka (or Olanga)
layered complex, northern Karelia, Russia.

OCCURRENCE

The Lukkalaisvaara layered intrusion is Early Pro-
terozoic in age (2437 £ 11 Ma: U—Pb dating of zircon
and baddeleyite: Barkov 1992). The intrusion is pre-
dominantly composed of various gabbronorites and sub-
ordinate olivine-rich cumulates, which occur at alower
stratigraphic level (Fig. 1). Mgjor zones of PGE miner-
alization, present in this intrusion, are associated with
bodies of microgabbronorite hosted by mafic rocks of
the layered series (e.g., Begizov & Batashev 1981,
Grokhovskaya et al. 1992, Barkov et al. 1995a, b,
Barkov et al. 1996, Glebovitsky et al. 2001).

In the Nadezhda PGE deposit (Fig. 1), telargpalite
and the unnamed PdsAgTe, occur in pods and stringers
(<0.5 m across) of coarse-grained to pegmatitic gabbro-

norite gradational into plagioclase-bearing pyroxenite
that are located within a sill-like body of microgabbro-
norite, close to its center. The sill-like body, <0.2 km
thick, is located within a gabbronorite sequence of the
layered series.

Compared with the surrounding mafic rocks of the
layered series, the microgabbronorite is characterized
by low concentrations of incompatible elements (Zr, Ti,
etc.) and relatively high values of normative diopside
(Barkov 1992). On the basis of these distinctions and
field observations, this sill-like body of microgabbro-
norite was considered to represent a batch of new
magma (Barkov 1992).

TABLE 1. PRIMARY AND SECONDARY MINERALS
N PGE-RICH ALTERED COARSE-GRATNED GABERONCORITE
TROM THE LUKKULAISYAARA LAYERED INTRUSION

Mineral P S Details®

Enstatite [=] W, 2y b By oms sF S0 14 (50 10 70 vol. %)

Plagioclase [ Aligy 10 Ang, (~10 10 40 vol %)

Augite = W3 454EMiss woF 8y qae (210 val %o}

tlagnetite [=] Tp 1 - 10 v %

Ferropargasite [ Matrx minerals, veins and rims the primary

[Cl-rich) plagioclase, mitute subhedra 1o enhedral
inclusions in chalcopyrite, oulankaite and other
platinum-group minerals, and inclusions in
staurolite

Almandine [ Produst ol replacement of primary plagioclase
(graiiz up io ~4 mm}

Stauralite [E]  Formed at the expense uf primaty plagioclase and
enstatite. Subhedrl crystals { <G.3 mo} end
mtergrowths with At-rich amphiboles and
almandine

Epigote = Treduct of replacement of primary plaginclase

Chinrite [ Product of replacemnent of primary plagioclase

Hercynite (Zn-rich) [ Anhedral prains (<0.2 mm)

Phlogupite (C-tich} = Small (=40 ) inchesions in chaleopyrite

Corundum [=] Anhedral grains {20.1 mrm)

ALSIO, [l Anhedral wrains {250 )

AlCCOH) [8  Rim around corundurn

Actinolite [B  Product of replacement of primary enstatite

Tremalite E  Product of replacement of primeary ehstalite

Cummingranite or

anthophylite [ Produet of replacement of primary enstatite

Tale @  Pscedomarph after enstatite

Cuattz [= Graing anif veinlets (0.2 0.3 mm).

§ Barkow et el (1909}, P! primary, S: secondacy (alteration-induced).
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Fic. 1. Geological map of the Lukkulaisvaara layered intrusion (Klyunin et al., unpublished map; reproduced from
Grokhovskaya et al. 1992); location of the intrusion in the Fennoscandian Shield is shown by afilled star in the inset. 1:
gabbronorite of the Marginal zone, 2: Peridotite zone, 3: Pyroxenite zone, 4: Lower Norite zone, 5: Critical zone, 6: Upper
Norite zone, 7: Gabbronorite zone, 8: Gabbro zone, 9: coarse-grained gabbro, 10: microgabbronorite, 11: diabase dikes, 12:
diorite plagioclase porphyry and granophyric granite, 13: volcanic rocks, 14: diorite gneiss and plagiogranite, 15: faults.
Location of the occurrence of Pd—Ag tellurides, the Nadezhda PGE deposit, is shown by an open star.

Typically, the pods and stringers display a sharp
contact with the host microgabbronorite, which isrela-
tively fresh (Fig. 2). Primary rock-forming silicates of
the telluride-bearing pods display the same range of
composition asin the host microgabbronorite (Table 1),
which implies a close genetic relationship and an ap-
parent equilibrium between the pods and their host rock
(Barkov et al. 1999).

The pods and stringers are enriched in the PGE and
Ag, mostly in Pd, and contain abundant base-metal sul-
fides (BMS), dominantly chalcopyrite, bornite, miller-
ite and subordinate pentlandite (up to ~20-25 vol.%). A
member or members of the linnaeite group and sphaler-
ite are accessories, magnetite is abundant in places (up
to 10 vol.%). Though the PGE-rich coarse-grained rocks
may display various extents of alteration, their primary
texture and relics of igneous minerals (plagioclase and
orthopyroxene) aretypically well preserved (Fig. 2). An
unusual assemblage of aluminous secondary minerals,
including Al—(Cl)-rich amphibole, almandine and mi-
crocrystalline staurolite, is present in aPGE-rich coarse-
grained gabbronorite in association with various PGM
(Barkov et al. 1999).

The PGE-rich pods and stringers contain a wide
variety of PGM (Table 2), including a number of rare
species, such asthe Pd-Ag tellurides oulankaite [ (Pd,Pt)s

(Cu,Fe, Ag)sSnTe,S;] (Barkov et al. 1996) and its Ag-
dominant analogue (Barkov et al., unpubl. data), and an
unnamed rhenium-rich sulfide [(Cu,Fe)(Re,M0)4Sg]
(Barkov & Lednev 1993).

TABLE 2. MINERALS QF PRECIOUS METALS IN THE PGE-RICH
ALTERFED COARSE-GRATNET GARRRONORITE,
NADEZHDA PGE DEPOSIT, LUKKULAISYAARA INTRUSION

Common Subordinate Rare

Telarppalite
Mancheite
Oulankaite’
Eotulskite

Braggite series
Tulameenite
Sperrylite
Zvyagintagvite
Atpkite rustenburgite
Intermetallic phase®
Ag-rich oulankaite
Irarsite
Telluropalladinite (7)
Unnamed {Cu Fe)(BeMo},5,**

[t =] @

[ = =
[=1 [=] [s] [=] [=] fof [} ]

¥ Barkov et &, {1956),
* “Stannopalladinite™ (Pd, Uy, 0 P, Fey w80, 5, [or (Bd Pty CuSng|.
** Barkov & Lodney {(993),
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Fic. 2. Photomicrograph showing a contact between the host microgabbronorite (MGN) and a coarse-grained orthopyroxene-
PGE-rich gabbronorite (grading to plagioclase-bearing pyroxenite), PPX, at Lukkulaisvaara. The primary texture of the coarse-
grained rock (mineralized pods and stringers) is well preserved, and the host microgabbronorite is quite fresh. OPX:
orthopyroxene, PL: plagioclase, BMS: base-metal sulfides. Thin polished section; paralléel nicols.

ANALYTICAL METHODS
Pd-Ag tellurides

Variousanalytical facilitieswere used to analyzethe
Pd-Ag tellurides. A JEOL—8900 electron microprobe
was operated at an accelerating voltage of 20 kV and a
beam current of 30 nA. The X-ray lines used were PdLa,
AgLB, PtMa, TeLa, PbMa and BiMa. Pure elements,
synthetic AgBiSe; (for Ag and Bi) and galenawere used
as standards.

A JEOL-8600 electron microprobe was operated at
an accelerating voltage of 25 kV and a beam current of
30 nA (35 nA for Pt and Bi). The X-ray lines used were
PdLa, AgLB, PtLa, TeLa, and BiMa. The standards
were pure elements.

The quantitative energy-dispersion analyses were
carried out using a JEOL JSM—6400 scanning-electron
microscope equipped with aLINK eXL energy-disper-
sion spectrometer. Analytical conditions were 15 kV
and 1.2 nA. The X-ray lines were PdL, AgL, TeL and
BiM. The standardswere pure elementsand PtTe,. Count-
ing periods of 100 seconds were applied. The beam size

was about ~1 wm. The spectrawere processed by ZAF—
4 program and Link 1SIS (version 3.00) on-line program.

Cl-rich amphibole

A JEOL-8900 €electron microprobe was operated at
an accelerating voltage of 20 kV and a beam current of
22 nA (spot size: 1um). The following standards were
used: diopside (Si, Mg, and Ca), synthetic TiO, (Ti),
orthoclase (K and Al), Fe;O3 (Fe), chromite (Cr), albite
(Na), spessartine (Mn), NiO (Ni), CaF; (F), and vana-
dinite (Cl).

A JEOL-733 electron microprobe was operated at
an accelerating voltage of 15 kV and beam current of
15 nA. The following standards were used: wollasto-
nite (Si, Ca), MgO (Mg), orthoclase (K), jadeite (Na),
pure Fe, Mn, and Ni, and Al,O3. The amphibole was
analyzed for chlorine using tugtupite (SPI Supplies) and
KCI as standards.

A JEOL-8600 electron microprobe was operated at
an accelerating voltage of 15 kV (20 kV for Ni), and a
beam current of 10.5 nA (35.5 nA for Ni). We used as
standards augite (Si), forsterite (Mg), orthoclase (K),
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albite (Na), fayalite (Fe), diopside (Ca), rhodonite (Mn),
pure Ni, anorthite (Al), and sodalite (Cl).

THE PALLADIUM—SILVER TELLURIDES
Telargpalite: textural relationships

Though telargpalite is rare in other complexes, it is
oneof the principal PGM in the Nadezhda PGE deposit.
Typicaly, telargpalite formsinclusions (up to ~0.2 mm
across) in chalcopyrite and occurs in intergrowth with
other PGM, such as moncheite, kotulskite, oulankaite,
argentian oulankaite, and tulameenite. Examples of
intergrowths of telargpalite and moncheite are shown
in Figure 3. Moncheite is characteristically surrounded
and “corroded” by telargpalite in such intergrowths
(Figs. 3b, c¢), and these PGM may commonly contain
micro-inclusions of hydrous silicates, quite abundant in
places (e.g., Fig. 3b). The presence of a thin rim of
tulameenite is noteworthy; it is only developed along
thetelargpalite—chal copyrite border and is absent where
thetelargpaliteisin contact with silicate minerals (Figs.
3a, b). This rim thus seems to have formed by a
subsolidus reaction involving the adjacent chalcopyrite
as a source of Cu and Fe present in the tulameenite.
Telargpaliteis quite commonly associated with hydrous
silicates and other secondary minerals, especially with
a Cl-rich amphibole (2.1-3.2 wt.% Cl: Figs. 4c, €; see
below). Interestingly, telargpalite may cut almandine
(Fig. 4f).

Telargpalite: composition and formula

About ten grains of telargpalite from Lukkulaisvaara
were analyzed in this study; representative results are
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presented in Tables 3 to 5. Compared with telargpalite
from the Noril’ sk complex, thetype locality, telargpalite
at Lukkulaisvaarais poor in Pb (Table 5).

Two formulae have previously been proposed for
telargpalite from Noril’sk: (Pd,Ag,Bi,Pb)4.xTe and
(Pd,Ag)s(Te,Bi,Pb) (Kovalenker et al. 1974). The sim-

TABLE 3. SELECTED RESULTS OF ELECTRON-MICROPRCBE
ANALYSES OF TELARGPALITE
FRUM THE LUKKLULAISY AARA INTRUSION

o B4 P Ag Te Bi h Total
! 42 6% n.d. 30.08 27.50 057 nd 106,83
2 41492 n.d. 976 2483 433 nd. 106,84
3 4228 (.22 inas 2683 0,29 072 104
4 40.98 nd. 30T 24 64 3.68 118 10054
3 40,58 nd. 3049 23.96 259 284 10046
[} 4046 n.d. ED 2352 339 TR 10047
7 4281 n.d. 015 24.72 3.78 026 10672
& 4237 nd. e 2513 39z n.d. 10639
3 41.75 029 ZBYS 2420 565 113 9397
£ 4301 .23 2026 4467 3.53 n.d. 100.70
i 40,91 0.25 ingl 1354 3.0 242 10023
iz 42 66 .21 2867 24 9% T8z nd. 1044
i3 43.30 0.28 2018 2724 65 nd 100638
4 43.58 nd. 2048 270 049 024 10ge0
5 433 nd. 25939 2740 .21 nd. 10131
1) 4341 n.d. 29.38 27.56 nd nd 100.35
i7 43.49 nd. 29.10 2740 nd nd, 99.90
% 429 nd. 3017 2742 nd. od, 100.50
i 43.01 nd. 2055 2694 .51 023 10028
20 4041 nd. 3130 23 a0 275 302 10108
24 43.19 0.23 28,62 27.28 .24 n.d. 100,56
Mepnd 4273 n.d. 2082 26.32 146 046 100.79

The rewlts of wavelenglh-dispersion analyses {in weight %5) wers acquired with a
JOOL 1XA-%900 electron microprobe. nd.: <0.2 wt.%. As and Se were sought, bat
nor detected.

¥ The nverage result of 4 lanalyscs.

Fic.3. a A veinlet of base-metal sulfides (mostly chalcopyrite: ccp), which extendsfrom the coarse-grained gabbronoriteto the
host microgabbronorite, across their contact shown in Figure 2. Note alarge intergrowth of platinum-group minerals (PGM:
white) at the boundary of this veinlet. b. Magnification of the grain shown in Figure 3a. Partly resorbed moncheite (mn) is
surrounded by telargpalite (tl), and tulameenite (tlm) rimsthe telargpalite along its contact with the host chal copyrite (ccp). c.
Telargpdite (tl) rimsand “corrodes’ moncheite (mn). TIm: athin rim of tulameenite, ccp: chalcopyrite. Back-scattered elec-
tron (BSE) images.
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plified formula (Pd,Ag)4.«Te is commonly cited in the
literature; this formula was assumed on the basis of a
similarity between X-ray powder patterns of telargpalite
and synthetic Pd,Te of Grenvold & Rost (1956) (Genkin
et al. 1981).

The atomic ratio (Pd + Ag) : (Te + Bi + Pb) in the
compositions of telargpalite from the Lukkulaisvaara
intrusion is close to 3 (Tables 3-5), consistent with ob-
servations reported from this intrusion (Begizov &
Batashev 1981, Barkov & Lednev 1993); they are not
consistent with the (Pd,Ag,Bi,Pb)s.xTe and
(Pd,Ag)xTeformulas. In addition, a substitution rela-
tionship involving Pd (Ag) and semimetals is consid-
ered highly unlikely; in this respect also, the formula
(Pd,Ag,Bi,Pb).xTe seems unlikely to be correct.

Though the concentrations of Pd + Ag vary little, a
strong negative correlation between Pd and Ag is ob-
served (correlation coefficient R = -0.97: Fig. 5), indi-
cating the existence of limited Ag-for-Pd substitution

TABLE 4. COMPOSITHYN OF TELARGPALITE FROM THE
LUKKULAISYAARA INTRUSICN, EXPRESSED IN TERMS OF

ATOMIC PROPORTIONS*

Na. Id Pt Ag z Te B Ph xz

1 1.7¢ - 1.24 EXE .96 0l - 047
2 178 - 1.23 an 0,58 009 - 097
3 1.78 <001 1.26 3.04 0894 <001 .02 (156
E) 1.7 - 1.20 .04 084G 0oR 0,03 087
5 174 - 1.2% 303 0.8 026 1.0G .88
a 174 - 1.28 EXE .84 nn7 .08 0.97
3 132 - 12z 304 0.8% 008 =0m 0.6
g 180 - 1.22 302 0.89 00w - 08T
¥ 1.7¢ =001 123 302 0.87 nog 0.02 087
it 182 =00l 122 o4 0,87 0.08 - 085
i PF6 <00l 127 103 .84 ooy 0.06 0e7
f2 182 =00 1.21 303 0.89 0.ay - 093
iz 142 =nel 121 1.03 095 £.01 - 0.96
4 182 - 122 104 0.94 001 =0l 095
FE) 181 - 1.22 3103 006 <D0l - 0.9
14 1.2 - 1.22 104 (.54 - - 096
7 183 - 121 EXi) 0.56 - - 056
18 1.5} - 1.25 305 0,96 - - 0156
1w 1.81 - 1.23 3.04 .05 0ol =0l 056
20 172 - 1.31 .03 0,84 0 &0 .07 087
2] 181 =001 123 X 005 =00l - 0935
Mean? 18 - 124 304 0.9z 0.03 a0 0,56

The analytical dala are listed in Tahle 3. ¥ The average result of 41 analyses.
* The atumic propottivng are based on four atoms per formyla unit.
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in telargpalite. Thus, Ag likely occupies a separate site
in the crystal structure, and the likely formula of
telargpalite is Pd,_«Ag1.x(Te,Bi,Pb), where 0 < x < 0.3.

Unnamed PdsAgTe,: textural relationships

The unnamed PdsAgTe isarare PGM in the string-
ersand pods of coarse-grained altered gabbronoriterich
in the PGE and Ag (Table 2). This telluride occurs in
therocksenriched in BMS. The Pd-Ag telluride is asso-
ciated with kotulskite, telargpalite and other PGM, and
typically occurs in small anhedral grains (0.1 mm)
enclosed within chalcopyrite (commonly near its bor-
der with silicate minerals). The Pd-Ag telluride may
exhibit vague crystal outlines, which are not well de-
veloped, however (Fig. 4a). This telluride also occurs
as minute grains (<10 wm) that form part of a poly-
mineralic intergrowth of telargpalite, moncheite,
oulankaite, and tulameenite.

The close association of the unnamed PdsAgTe,with
unusually Cl-rich amphibole (up to 4.5 wt.% Cl; see
below) is particularly noteworthy (Figs. 4a, d).

Optical properties and microhardness
of the Pd-Ag tellurides

In reflected light, the phase PdgAgTe, is distinctly
bireflectant and pleochroic from light gray with a

TABLE 5 RESULTS OF QUANTITATIVE ENERGY-DISPERSION ANALYSES
OF TELARGPALITE FROM THE LUKKLUTLATSVAARS INTRUSION

Weighi % Atonic proportions, apfi
No i 2 3 4 5 E f 2 3 + ¥
Pd 40.92 41.47 40.B0 4145 391 Pd 1% 178 17T LTR LT
Ag 2047 2889 2871 2834 300 Ag 125 122 123 121 111
Te 2377 24.13 2288 2430 2015 BEMe 301 300 300 299 303
Bi 5Tl 5%5F T35 4352 40

Pb nd nd nd nd 61% Te 086 086 ORI 0ET 074
Bi 013 013 016 014 09
Sum 098710044 99740081 S9.40 Pb - - - .14

= nes 099 099 101 057

¢ Telarypalite from Wonil'sk (average of two representative compasitions from
Genkin ef o 1981). n.d.- not detected. ¥ The atomic proportions arc based on four
Al per Farmula unit {eprfe).

Fic. 4. Textura relationships of Pd-Ag tellurides at Lukkulaisvaara. a Unnamed Pd-Ag telluride, tr (PdsAgTe,), contains an
inclusion of kotulskite (k) and occurs at the contact between the Cl-rich ferropargasite (am: up to 4.5 wt.% Cl) and almandine
(alm). BSE image. b. X-ray map for chlorine (Cl), combined with a complementary map for Pd, showing a close association
between the Pd-rich tellurides, PGM (shown in Fig. 4a) and the Cl-rich amphibole. The vertical scale bar is 20 pm. c. Micro-
inclusions of Cl-rich ferropargasite (am: up to 3.3 wt.% Cl) in argentian oulankaite (oul) and telargpalite (tl). ccp: host
chalcopyrite. BSE image. d. Unnamed PdsAgTey (tr) replacing chalcopyrite (ccp) at the contact of the Cl-rich ferropargasite
(am: up to 4.5 wt.% CI) and almandine (alm). br: bornite with very fine lamellae of chalcopyrite. BSE image. e. Telargpalite
(tl) at the contact of magnetite (Mgt) and chal copyrite (ccp). Notetiny crystals of aCl-rich ferropargasite (am: upto 3.15wt.%
Cl) enclosed by the chalcopyrite. BSE image. f. Telargpalite (tl) cuts amandine (alm) and fills afracture in this almandine.
There are tiny inclusions of moncheite and tulameenite in this grain of telargpalite. Secondary-electron image.
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Fic.5. Correlation between concentrations of Pd and Ag (in atoms per formulaunit, apfu;
basis: 3 atoms = 4) in telargpalite from the Lukkulaisvaara intrusion (filled symbol:
WDS data only, this study). Open symbol: telargpalite from Noril’ sk (average result of
two representative analyses: Genkin et al. 1981).

TABLE 6 REFILFECTANCE DATA FOR THE
IMNYWAMTD Pd- Ag TELLURIDE (PdgAgTe,) FROM LUKKULAISVAARA

A nm R, % Ry % R, % Ry %

{airy (wir) {oil} (oil}
400 40.1 5.0 290 342
420 40.3 433 293 343
daid 417 47.3 i1z ise
460 42,8 441 EER| 391
479 432 489 340 40.1
480 44.0 0.7 350 41.4
Rt 45,1 52.4 366 433
2D 46.% 54.1 385 452
5443 483 538 407 471
B 49,9 56.7 423 452
580 513 5.1 439 458
389 320 8.5 4.3 n2
600 527 0 436 50.8
620 54.1 &0,1 46.8 520
G441 551 a5 477 52.5
650 356 §0.7 480 527
660 56.2 41.0 483 hER|
GAD 572 617 490 335
700 58.2 62.4 497 54.1

Spectra obtained with ¢ Zeiss VIPM spectrophatometer: WTIC standard (#,, in air
= 49.5%, and Ry in oil = 35 5%).

brownish hue to light grayish brown. Its anisotropy is
distinct to strong, from light bluish gray to brown. Quan-
titative measurements of reflectance in air and in ail
were performed on arandomly oriented grain (Table 6).
The color valuesof thistelluridearelistedin Table 7. In
addition, reflectance measurements were carried out on
another grain of this Pd-Ag telluride, found in the same
specimen, and the R, (max.) values of this grain are
nearly identical to those of the first grain (Table 6).

TABLE 7. COLOR VALUES (ILLUMINANT: 7} OF UNNAMED
Pd-Ag TELLURIDE (Pd,AgTe,) FROM LUKKULAISVAARA

x v i P.% 2

in air R, 0.330 0.333 496 0o 580
Rz 0317 0334 564 G4 577

i oil R, 11,340 {344 458 156 579
0.342 478 13.5 577

Ry 0335

Retlectance values ate listed in Talble 6.

Figure 6 presents a comparison of the reflectance
values (in air) obtained for the unnamed PdsAgTe,
(Table 6) with those of the other Pd—-Ag tellurides. Re-
flectance values of three grains of telargpalite from
Noril’ sk and Lukkulaisvaara, Russia, (Kovalenker et al.
1974, Begizov & Batashev 1981, Cabri 1981) and of
three grains of sopcheite from Levack West and Lac-
des-lles, Canada (Dunning et al. 1984) wereused in this
comparison. Sopcheite from the type locality gave a
spectrum similar to those of other samples of sopcheite
(Dunning et al. 1984). In contrast to sopcheite, which
has a pronounced anisotropy, telargpalite seems to be
optically isotropic.

Telargpalite has higher values of reflectance than
sopcheite (Fig. 6), and the unnamed PdsAgTe, displays
the highest reflectance among these tellurides. The ex-
istence of a relationship between maximum values of
reflectance and chemical composition of these Pd-Ag
tellurides is clearly suggested by this comparison. The
reflectance values increase with an increase in the pro-
portion of Pd (and decreasein that of Ag) and thus seem
to beafunction of the atomic Pd:Ag ratio, which equals
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Fic. 6. Comparison of reflectance spectra (measured in air) for unnamed PdsAgTes (TR:
filled circles and bold curve) with those of other Pd—Ag tellurides reported in thelitera-
ture. TL (open squares): telargpalite from two localities in Russia (Kovalenker et al.
1974, Cabri 1981, Begizov & Batashev 1981). SP (open triangles): sopcheite from two

locdlitiesin Canada (Dunning et al. 1984).

~0.75 for sopcheite, ~1.4 for telargpalite, and ~6 for the
unnamed PdsAgTe;.

A range from four indentations, obtained for the
unnamed PdsAgTe, with a Neophot-2 tester (load: 20
g), is 347-369, mean 360 kg/mm?. An additional mea-
surement was carried out on another grain using aL etz
Durimet tester, and gave asimilar result: VHNs = 413
kg/nzwmz. The average of these measurementsis 371 kg/
mm2,

Composition and formula
of the unnamed Pd-Ag telluride

Wavelength-dispersion (WDS) and quantitative en-
ergy-dispersion (EDS) methods of electron-microprobe
analysisand variousfacilities, analytical conditions and
sets of standards were applied to analyze the unnamed
Pd-Ag telluride. Five grains were analyzed. Represen-
tative results of these analyses arelisted in Table 8; they
show that the proportion of Aginthistellurideisnearly
invariant (7.5-7.8 wt.%), consistent with results of a
previous analysis of this unnamed telluride (7.9 wt.%
Ag: Grokhovskayaet al. 1992). The results of theWDS
and EDS analyses are in good agreement with each
other, though the EDS data suggest a somewhat lower
content of Pd in this Pd-Ag telluride (Table 8). The

unnamed tellurideis compositionally very distinct from
telargpalite and sopcheite (Fig. 7). Thelikely ideal for-
mulais PdsAgTey, which requiresan atomic (Pd + Ag) :
Teratio of 1.75. Some extent of Pd-for-Ag substitution

TABLE B, AYERAGE RESLILTS OF ELECTRON-MICROPROBE
ANALYSES OF UNNAMED Pd Ag TELLURIDE
FROM TURKKLLATSVAARA

%o, Method of  Mumber of Pd Ap Te Sum
analysis analyses

i WS n=17 3228 754 4365 10047

2 WDS n=9 Slan 768 41.03 10620

3 EDE i 15 51.00 7.70 41.03 G073

4 EDS R=3 31.1% 783 41.48 106050

5 - - 52.12 784 40,39 10037

The analyses that led to composilion 1 were carried out using a JEQL -8900 electron
migroprobe. Pt, Bi, b, Se, and As were sougtr, but nut delecied {detection limirs:
Pt 007 wit.%, As and Pb 0.05 wi.%, Bi 0.04 wr.%, and Se 0.03 we.l4).

The snalyses that led to cotmposition 2 werg made with a JEQL-8600 clevtron
migroprobe. Bi and Pt were scught, but not detected (deteetion limits: PL0O.O3 wia
and Bi 6.02 wi.%).

The analyses that led to compogilions 3 and 4 were made with & JEOL JSM-6400
scanning-electron microscope equipped with & LINK XL energy-dispersion
spectrometer.

The cunditions uf analysis 5 of unnamed Pd-Ag telluride by Grokhovskaya et al
(1992} were nnt specified.

WOS: wavel

grh-dispersion EDS: quantitati gy-dispersion analyses.



648 THE CANADIAN MINERALOGIST

Ag
1007~
. "\_\ 10
90— - - - -
) ,// .' \ 20
BO—¥ - - - -
A N 30
S oo Y40 :
A Y, *
60 ¥ N v-{;
. d R O S 0] < 3
§0 ¥ . L
- L cp - N 80
40 ' 8P S
g \, 70
30— - - - O &
B 3
- *, 80
PO - el R IS FERI P '
: kY
TR . \90
o * --------------------- "\—
U TN 100
ST I A IS st At M A J
90 80 70 60 50 40 3 20 10
Te (+ Bi + Pb)

Fic. 7. Compositions of unnamed telluride [PdsAgTey] (TR: 1), telargpalite (TL: 2) and
sopcheite (SP: 3) from the Lukkulaisvaaraintrusion in terms of the Pd — Ag—Te (+ Bi
+ Pb) compositional space (atomic proportions). Telargpalite and the unnamed
PdsAgTe, are from the Nadezhda deposit (this study), and sopcheiteisfrom the Vostok
deposit, Lukkulaisvaaraintrusion (Barkov & Lednev 1993).

may occur in this telluride, to give Pdg:xAg1xT€s
(Table9). An dternative ideal formulais Pd;3Ag,Tey,
which reguires the atomic ratio (Pd + Ag) : Te of 1.67;
thisvariant of theformulaseems|ess preferable, though
it is not inconsistent with our analytical results.

The compound PdsAgTe, has been not synthesized
so far. A phase having a similar stoichiometry is syn-

TABLE 9. COMPOSITION OF TIE UNNAMED Pd-Ap TELLURIDE
FROM LUKKULAISVAARA, EXPRESSED IN ATOMIC PROPORTIONS

thetic PdsAgPbs, whose crystal structure isahomeotype
of the filled NiAs structure (Sarah et al. 1981).

THe AssociATION oF Pd—Ag TELLURIDES
wiTH Cl-RicH AMPHIBOLE AND GARNET

The Cl-rich amphibole

The amphibole associated with the unnamed tellu-
ride and telargpalite (e.g., Figs. 4a, b, d, €) corresponds
to ferropargasite rich in Cl and Al (Tables 10, 11). The
maximum content of Cl in this amphibole reaches 4.5
wt.% Cl (1.24 atomsof Cl per formulaunit, apfu). Chlo-

T atoms = 11 I atoms - 24

rineisdistributed quite heterogeneously in these grains,

v s T T P A e especidly inagrain shownin Figure 4b. The content of

Cl (WDS datd) in this grain ranges from 2.67 to 4.38

, s14 087 70l 308 40 191 569 wt.%, mean 3.69 wt.% (15 analyses: tugtupite standard),
2 5.07 0.89 .06 ;1:04 13.25 Las 280 from 2.62 to 4.52 Wt%, mean 3.64 wt.% (29 analy%s.
K 604 090 694 406 1318 1es &85 K(C| standard), and from 1.83 to 4.48 wt.%, mean 3.60
3 o5 bs Se e 1 1 ser  WL%Cl (16 analyses sodalite standard). These analyti-

The analytical results are listed in Table 8. The atomic propertions are expressed in
atoms per formula unit.

cal results are internally consistent. The small crystals
of amphibole associated with telargpalite (Fig. 4€) aso
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TABLE 10. COMPOSITION OF MICRO-INCLUSIGNS OF CI-RICH FERROPARGASTTE
IN PLATINUM-GROUE MINFRALS AT LUKKULAISVAARA

80, ALO, FeO MnO MgO N0 Ca0 Nz0 KO € 0=Cl Sum
1 3755 1664 1789 008 657 031 1103 LSl 103 188 042 9407
2 3720 1628 1888 012 646 037 1116 172 099 213 048 9473
3 447 1743 1429 010 868 025 1190 122 054 060 014 9634
4 3812 1728 1733 010 602 030 1108 153 104 179 040 9420
5 3230 1594 1919 007 640 032 Ll46 172 133 266 060 U68%
6 306 1477 2082 007 &0 032 1154 L&) 1T 334 015 9727
7 3864 2071 1777 009 S8l 025 ILTl 143 108 166 037 9RA0
8 3867 2080 1773 000 567 027 1175 139 120 168 038 9888
9 3565 202t 1837 012 SRS 031 1148 162 L10 180 041 9940
0 1785 92025 1882 012 518 026 1154 184 L13 216 049 UR3S
i w689 1850 7105 00§ 459 031 LE46 201 120 315 071 9923
2 3627 1867 2140 015 441 030 1142 187 118 30l 068 5830
13 3650 1852 2114 016G 457 029 1154 193 119 308 070 9822
14 3760 1847 1976 042 575 83l 1171 E7@ 100 202 048 9874

Numbers 1-6: micro-inclusions in oulankaite and argentian oulankaite (Figs. 8, 9, 4c). Numbers 7-10: rim at the
border of plagioclase and chal copyriteinimmediate contact with oulankaite (Figs. 8, 9). Numbers 11-14: subhedral
inclusions in chalcopyrite near telargpalite (Fig. 4e). All Fe is expressed as FeO. Lower totals in some of these
compositions reflect the small grain-size. The compositions (in wt.%) were obtained by wavelength-dispersion

analyses (JEOL-8900 electron microprobe).

contain a high concentration of Cl, up to 3.15 wt.%
(Table 10).

Micro-inclusions of the Cl-rich amphibole
in platinum-group minerals

The presence of abundant micro-inclusions of hy-
drous silicates (dominantly the Cl-rich ferropargasite)
in the BMS, especialy in chalcopyrite (e.g., Figs. 8, 9),
and in various PGM (e.g., Figs. 3b, 4c, 8, 9), isan im-
portant feature of the PGE mineralization associated
with the pods and stringers at the Nadezhda deposit.
Micro-inclusions of amphibole in the PGM are charac-
teristically rich in Cl: 0.6 to 3.3 wt.% (anal. 1-6,
Table 10).

Two morphological forms of ferropargasite are
closely associated with oulankaite (Figs. 8, 9): (1)
micro-inclusions, which are partly subhedral, and are
particularly numerous in this PGM and the host chal-
copyrite, and (2) arim around the oulankaite—-{chal copy-
rite), which is developed at the contact with a primary
plagioclase [(Cao.67-0.68Na0.30-0.34F€0.02K 0.01)31.01-1.04
Siz28220Al1710g: results of two WDS analyses). The
micro-inclusions have a composition similar to that of
the rim of amphibole (cf., anal. 2 and 10, Table 10),
suggesting similar conditions of crystallization and a
|ate-stage formation for this mineral association.

Composition and element correlations

The Al—Cl-rich amphibolethat occursin varioustex-
tural associationsin the Nadezhda deposit isferroparga-
siteand its Cl-dominant anal ogue, which thus could well
be a new mineral. The WDS analyses reveal a strong

variation in Cl (e.g., Table 11) and covariations in the
content of Cl and of Fe and K. The correlation between
Cl and FeO (wt.%) is positive and strong (Fig. 10). The
analytical results listed in Table 11 show the existence
of strong positive correlations: Cl-Fe (correlation coef-
ficient R = 0.90), CI-K (R = 0.86), and CI-'VAI (R =
0.76).

The garnet that occurs in a close textural relation-
ship with the Pd-Ag tellurides (Figs. 4a, f) isalmandine
(Table 12), whose composition is similar to other ex-
amples of garnet from the Nadezhda deposit (Barkov et
al. 1999).

DiscussioNn AND CONCLUSIONS

Composition and maximum reflectance
of the Pd-Ag tellurides

Our observations (Fig. 6) suggest the existence of a
relationship between the composition and maximum
reflectance value of the Pd-Ag tellurides. A decreasein
the content of Ag and a complementary increase in Pd
accompanies an increase in the maximum value of re-
flectance.

Substitution relationships of Pd and Ag
in the Pd-Ag tellurides

The empirical formulae of telargpalite Pd,_Ag1+x
(Te,Bi,Pb), where 0 < x < 0.3, and the unnamed
Pds.xAg1xTey (0 < x < 0.15) suggest that isomorphous
substitution involving Pd and Ad exists in these Pd-Ag
tellurides. Limited Ag-for-Pd substitution likely occurs
in telargpalite, as is indicated by the strong negative
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Fic.8. a Numeroustiny inclusionsof aCl-rich ferropargasite
(dark gray) in chalcopyrite (ccp) and oulankaite (oul).
Amphibole rich in Cl aso occurs as a rim (am) along the
contact between chal copyrite —(oulankaite) and a primary
plagioclase (Angs 7-s8.7AD30.3-33.30r1,0). Secondary-elec-
tron image. b. X-ray map for chlorine (Cl) over part of the
same area as in Figure 8a, showing the presence of Cl in
the microcrystalline amphibole and in the rim of
amphibole.

correlation between the concentrations of Pd and Ag
(Fig. 5). Limited Pd-for-Ag substitution also likely oc-
cursin the unnamed PdsAgTe, (Table 9).

Textural relations of the telargpalite and almandine

The textural relationships documented here clearly
imply the late crystallization of the Pd—-Ag telluridesin
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Fic.9. a Micro-inclusionsof Cl-rich ferropargasite (am: 1.8—
2.1 wt.% Cl) in oulankaite (oul: white); magnification of
the grain shown in Figure 8a. Secondary-€lectron image.
The rim of amphibole (am) in immediate contact with the
oulankaite—(chal copyrite) contains approximately the same
level of Cl (1.7-2.2 wt.% Cl) as the micro-inclusions. ccp:
chalcopyrite. b. X-ray map for chlorine (Cl) of part of the
area shown in Figure 9a, indicating the presence of Cl in
the microcrystalline amphibole, including submicrometric
(1-2 pm) inclusions in the oulankaite.

the Nadezhda deposit (Figs. 3a, b, 4a-f). Temperature
of equilibration of the dmandine — Cl-rich pargasite —
staurolite assemblage at Nadezhda, estimated on the
basis of calibrations for the garnet—hornblende and gar-
net—staurolite equilibria, ranges from ca. 560 to 670°C
(Barkov et al. 1999). The grain of telargpalite that cuts
amandine (Fig. 4f) seemsto have crystallized at atem-
perature lower than that at which the almandine and the
associated Al-rich secondary minerals achieved equilib-
rium. Signs of the replacement of moncheite by
telargpalite, which are quite commonly observed in this
deposit (Figs. 3b, c), aso agree well with therather late
crystalization of telargpalite.
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TABLE 11. COMPOSITION OF THE C1-RICH FERROPARGASITE
ASSOCIATED WITH THE UNNAMED #d-Ag TELLURIDE AT LUKKULAISVAARA

S0, ALD, FeO MO MpO 50 Cal Ne0 KO0 1 HO 0=Cl Sum
f 334 1637 2205 018 ES1 433 1080 132 080 287 125 D60 J00AZ
2 3594 1673 ZI66 Ole 413 234 1162 195 loo 1EY 08% 086 9919
3 3an 1s11 2304 019 436 037 1153 204 114 389 085 088 9877
4 3550 1624 2372 007 412 015 1170 188 L1l 404 082 091 9874
5 3001513 2344 014 432 035 1163 201 117 432 073 097 9838
i 3499 1637 2268 0Ol 402 043 1155 194 112 438 071 099 9781
7 3508 1528 2417 na 437 034 1136 230 120 362 092 082 9349
8 3685 1593 2246 na 508 035 1150 201 69 341 100 Q7T 9874
7 3485 1681 2431 026 406 042 1140 205 108 4ns 081 092 9319
I 3741 1564 2236 0323 517 028 1164 202 405 34 100 079 9949
if 3740 1678 2148 0320 563 026 1165 188 103 304 113 069 9970
iz 3504 1623 2384 021 412 D26 1147 210 119 448 069 141 9RSZ
i3 3212 leSH 1968 06 673 031 1les 17% 065 183 148 041 0088
i4 3660 1509 2379 01% 469 029 1158 210 126 391 0% 08 09950
i5 36.07 1643 2387 024 447 02 [LET 207 133 400 087 090 10028
S Al YAl Fe  Mn i Ca Na 4 <l [e)F ]
/ 5974 2026 0581 ZETI 0024 1279 0041 197D D550 D159 D705 1285
2 5705 2205 0976 3101 0022 0953 0021 2008 0603 0208 1047 0953
3 5838 2162 0917 1137 0026 1.053 0048 2003 0641 0236 1069 0.931
é 5778 2222 0913 3229 0023 099¢ 0020 2056 0598 0230 1114 (.88
5 5508 2092 0827 3307 0019 1053 0048 2.039% 0635 0244 1,198 0.302
[ 5743 2257 (9T 3113 0022 0983 0057 031 0617 G235 1,218 0TAZ
7 5869 2031 0309 3300 - 1063 0045 1987 0665 0250 LNl 0999
& 5910 2090 0923 3M4 - 1215 0045 1,977 0625 0192 0427 1073
2 5674 2326 0901 3310 0036 0985 0035 1989 0647 0224 1120 0.830
i 5950 2041 089S 2976 0031 1237 0036 L3837 0624 0213 0938 )06l
it 5885 2115 0OUR 2827 0027 0320 0.033 1964 0574 0207 0811 1.189
12 5743 2257 0879 3268 0029 1.006 0034 2014 0667 0249 1244 0756
3 6422 1573 1031 2334 0021 1544 0038 1973 0334 0030 0477 1523
It 5911 2080 (784 3113 0026 1129 0038 2004 0658 0260 LOTR 0522
i5 3781 2219 0886 3200 (0033 1068 0.036 1987 04643 0272 1087 093

Nurnbers 1-9: the analyses were done wilh & JEOT, 733 micraprobs. The concemtration of Cl was established using
tugtupite [SPT Supplics: anal. }—6} and KCl (anal. 7-9) #3 stpndards. Numbers 10-15: the analyses were done with a
JEQL-8600 microprobe. ‘Ihe concentration of C1 was established using sodalite as u standard. F was scmght, but not
detected {detection fimit: 0.1 wt.% F). All I'e is expressed as Fol). H.0O (wt.%) was calculated on the basis of charge
balance. Formulas werg caleulated on Lhe basis of (0 — OH 4+ Cly = 24, na.: not snalyeed, The prains analyzed are
shown in Figures 4a, d. The compositians (in wt.%) were obtained by wavelength-dispersion analyses.

Implications for the existence
of a Cl-rich environment

The sill-like body of microgabbronorite in the
Lukkulaisvaara intrusive complex seems to have crys-
tallized rather rapidly, resulting in the fine-grained and
locally microgranular textures. The extent of concen-
tration of magmatic volatilesin the body may have var-
ied significantly, producing the mineralized pods and
stringers of the coarse-grained to pegmatitic mafic rocks
associated with the microgabbronorite.

The Pd-Ag tellurides occur in association with an
unusual assemblage of the Al-rich secondary minerals
in the Nadezhda PGE deposit, which includes the mi-
crocrystalline staurolite, Cl-rich ferropargasite, alman-
dine, among others (Table 1). These secondary minerals
are considered to have formed by local reactions
involving the breakdown of the primary plagioclase and
enstatite in a hydrous environment at a deuteric

(postmagmatic-hydrothermal) stage of crystallization
(Barkov et al. 1999). The presence of trace corundumis
consistent with the leaching and ultimate loss of Ca, Na
and other elements via the fluid phase.

The high concentration of Cl intheferropargasitein
the PGE-rich pods and stringers indicates that Cl has
been an important component of a hydrous fluid in the
deuteric environment. The intergrowth relationship of
the Pd-Ag tellurides with such a Cl-rich amphibole (up
to 4.5 wt.% ClI), and the presence of the abundant mi-
cro-inclusions of the Cl-rich ferropargasite in the PGM
(e.g., Figs. 4af, 8, 9), suggest that these PGM precipi-
tated from (or were remobilized by) the heated brine.

The positive correlations between Cl and Fe, Cl and
K, and Cl and '"VAI in the compositions of the Cl-rich
ferropargasite at Nadezhda are indicative of a structural
control for the incorporation of Cl in the crystal struc-
ture, consistent with the crystal-chemical findings of
Oberti et al. (1993). The maximum concentration of Cl
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Fic. 10. Correlation between contents of Cl and FeO (in
wt.%) in Cl-rich amphibole from coarse-grained (PGE-
rich) gabbronorite, Nadezhda deposit, Lukkulaisvaara in-
trusion.

in the amphibole from Nadezhda is higher than that re-
ported for amphiboles from most of other PGE deposits
in the Bushveld and Sudbury complexes (Ballhaus &
Stumpfl 1986, Springer 1989, Li & Naldrett 1993,
Watkinson 1994). McCormick & McDonald (1999)
have recently reported the occurrence of amphibole hav-
ing acomparable content of Cl (4 wt.%), from the Fraser
mine of the Sudbury complex.

The source of the Cl

Nearly end-member chlorapatite was observed to be
an abundant intercumul us phase in ultramafic cumulates
of the Lukkulaisvaara intrusion (Barkov et al. 19953).
In addition, intercumulus apatite is present in various
mafic rocks of the layered series at Lukkulaisvaaraand
contains an elevated concentration of Cl (1.1to 4.1 wt.%
Cl: Barkov et al., unpubl. data). These observations
seem to be consistent with a primary magmatic source

THE CANADIAN MINERALOGIST

TARLE 12. COMPOSITION OF GARKET
ASSOCIATED W1TH Pd-Ag TELLURIDES AT LUKKLTAISVAARA

Non ! 2 i 2
SiQ, wi% 3830 3800 51 apf 603 6.03
Til, .03 004 ~al - -
AlLD, 21.85 21149 il 400 3.96
Cry 0.04 n.d. Fe 352 3.80
Feld 27,06 28.67 g 120 .45
M) 2.08 477 Mn 027 G654
Mg 5l L9 Ca 0.54 111
N0 <0t < {1 K <001 <(1.01
Ca0 564 651 Na - -
Wa.(d nd. n.d. Mi - -
KO 0.02 0.0 Cr <001 -

Ti <001 =01
Sum 100.68 101.30

Column 1: amandine shown in Figure 4f. Column 2: almandine shown in Figure
4a. Results of wavelength-dispersion analyses (JEOL—8900 microprobe). All Feis
expressed as FeO. The number of cationswas cal culated on the basis of 24 atoms of
oxygen per formula unit (apfu).

of the Cl and indicate arelative enrichment in Cl in the
intercumulus liquid at a postcumulus stage of crystalli-
zation of the intrusion.

We suggest that aninitial enrichment in Cl may have
occurred during crystallization of the sill-like body, in
isolated volumes of the remaining volatile-saturated
magma, from which the PGE-rich coarse-grained
gabbronorite crystallized. A subsequent enrichment in
Cl likely occurred at a postmagmatic stage of crystalli-
zation of the coarse-grained podsand stringers, and gave
rise to various textural manifestations of the Cl-rich
ferropargasite associated with the PGM.
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