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Abstract

Detailed mineralogical analyses ol cooperite, braggite, and vysotskite, together with phase

equilibrium studies, reveal that, though there is no uncertainty regarding the identity of

cooperite (PtS;P4r/mmc), one may consider braggite (Pt,Pd)S and vysotskite PdS to be

nicfeloan members of an isomorphous solid-solution series (Pd,Pt)S (P4z/ m)' The results also

suggest that this solid-solution series (braggite series) may be subdivided by restricting the

name vysotskite to those members with less than about l0 mole percent PtS. Cooperite and

braggite can both form at magmatic temperatures of 1000"C or above, but vysotskite is only

fo.ir"a at submagmatic tempiratures, possibly by crystallization from a residual immiscible

sulfide-rich melt or by solid-state reaction.

Introduction

Cooperite, braggite, and vysotskite are the only Pt-

Pd sulfide minerals with ideal compositions in the

system Pt-Pd-S. Cooperite is ideally PtS, braggite
(Pd,Pt)S, and vysotskite PdS. All analyses, however,

report the presence of significant amounts of Ni, so

mineralogically they must be considered as being in

the system Pt-Pd-Ni-S. We aim to clarify the no-

menclature and to present new data on the composi-

tions of the minerals. It is a pleasure to be able to do

so in the Frondel-Hurlbut issue of The American

Mineralogist, because these two distinguished miner-

alogists have clarif ied so many similarly confusing

issues in the nomenclature of minerals.

Braggite and cooperite are both important plati-

num-group minerals (PG-minerals) and are known

from many areas of'the world; in the great Merensky

Reef deposits of the Bushveld Igneous Complex in

the Transvaal they are major ore minerals. Vysotskite

has not so far been found in sufficient quantities to be

considered an important ore mineral. First discov-

ered in the Noril 'sk deposits of the USSR and re-

ported by Genkin andZvyagintsev (1962), vysotskite

has since been reported, but not documented in de-

tail, from the Stil lwater Complex of Montana (Cabri

and Laflamme, 1974) and the Lac des Isles deposit,

Ontario (Cabri and Laflamme,1976).
In this note we report new data on all three miner-

als from the Precambrian Stil lwater Complex of

Montana. Page et al. (1976) discussed the variations

of PG-elements in the different mafic and ultramafic

layers of the complex. In the layers identif ied by Page

et al. as the Banded and Upper Zones we have identi-

fied, for the first time, the three minerals in the same

deposit. The three minerals have not been found in

contact so it is probable that the assemblage does not

represent equil ibrium, and its true significance can

only be guessed at.

Previous mineralogical studies

Cooperite

Cooperite was discovered in samples from the

Bushveld by Cooper (1928) and named by Wagner

(lg2g) following a suggestion by a Mr. Wartenweiller

in a published discussion following presentation of

Cooper's paper. Bannister and Hey (1932) deter-

mined the mineral to be tetragonal with a : 4.91 and
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c : 6.10A. Though they recognized that this was a c
face-centered cell and that the true primitive cell was
a : 3.47, c : 6.10,4., space group p4r/mmc, they
nevertheless used the centered cell in order to empha-
size the relationship to the unit cell of platinum.
Berry and Thompson (1962) reported a unit cell with
a :  3 .48  and c  :  6 .  l lA ,  Z :2 ,  in  c lose  agreement
with the primitive cell of Bannister and Hey. In their
powder pattern, however, they observed but could
not index three l ines at 2.81(2),  1.765(6),  and
1.397A(Vr) respectively. Genkin (1968), reporting on
cooperite from two different locations in the Noril 'sk
area, presented two new powder patterns. Neither
pattern included the two weak lines (2.81 and
1.397A) of Berry and Thompson, suggesting they
were probably due to impurity admixtures in the
Berry and Thompson sample. Both of the Noril 'sk
sample patterns contained the strongest line reported
by Berry and Thompson, observed at 1.763 and
1.770A respectively, thus strongly suggesting that it
belongs to the pattern. The solution to the problem
becomes apparent from the work of Grdnvold et al.
(1960), who studied synthetic PtS, for which they
obtained a cell with q : 3.4700 and c :6.1096,{. The
Grdnvold powder pattern contains a strong reflection
at 1.7544, which is indexed as (103).

Cooperite makes up a significant fraction of the
PG-minerals present in areas of the Bushveld Com-
plex where the Merensky Reef is mined le.g. 13.36
volume percent average from four areas in the West-
ern Transvaal, Vermaak and Hendriks (1976); 10.3
volume percent at the Western Platinum mine, Bry-
nard et al. (1976); and 25 volume percent at the Atok
Plat inum mine, Schwel lnus el  al .  (1976)1.In spi te of
the significance of cooperite in the Merensky Reef,
the only published microprobe analyses are those of
Schwellnus et al. (1976) and Brynard et al. (1976),
together with a single analysis by A. M. Clark re-
ported by Cabri (1972). The five cooperite analyses of
Schwellnus et al. (1976) are from samples from the
eastern Bushveld, and they reveal a range ofcomposi-
tion for Pd (by weight) from 0.15 to 5.78 percent and
for Ni from 0.68 to l.l8 percent; the analyses also
reveal Pb (1.14 to 1.35 percent) and Bi (0.41 to 0.71
percent). Six analyses of cooperite from the western
Bushveld by Brynard et al. (1976) have a narrower
range for Pd from 0.5 to 1.5 percent, with Ni ranging
from 0.6 to 1.6 percent and traces of Rh.

Braggite

Braggite was named by Bannister and Hey (1932)
for a tetragonal mineral with a : 6.37, c : 6.584,

space group P4r/m, Z : 8, and a composition ap-
proximating ". . . (Pt,Pd,Ni)S containing about 20
percent Pd and 5 percent Ni . . . ." Braggite is even
more abundant than cooperite in some mines of the
Bushveld Complex. It averages 35.9 volume percent
of the PG-minerals from four areas in the Western
Transvaal (Vermaak and Hendriks, 1976) and 60 vol-
ume percent at the Atok Platinum mine in the eastern
Bushveld (Schwellnus et al., 1976).

The crystal structure of braggite was determined by
Chi lds and Hal l  (1973) on a sample from the Potgie-
tersrust district, Transvaal. They reported cell param-
eters of a :  6.380(l) ,  c :  6.570(l)A, Z: 8.  Chi lds
and Hall also proposedthat2 Pd atoms were ". . . the
minimum requirement in the formation of the pdS
(braggite or vysotskite) structure rather than the ptS
(cooperite) structure." However, four of the six brag-
gite analyses reported by Schwellnus et al. (1976\
have less than two atoms of Pd per cell, thus casting
considerable doubt on the Childs and Hall sugges-' tion.

Vysotskite

In 1962, Genkin andZvyagintsev reported the min-
eral vysotskite, for which they indicated the formula
(Pd,Ni)S, though they did not consider Ni to be an
essential constituent. They found the mineral to be
tetragonal with a : 6.371 and c : 6.5404, and the
powder pattern was very similar to that reported for
braggite. The powder pattern was also very similar to
that of synthetic PdS, for which Gaskell (1937) had
reported a : 6.43(2) and c : 6.63(2)A, space group
P4r/m, Z : 8. These data suggested strongly that
braggite and vysotskite were members of an iso-
morphous series of which PdS was the end-member
composition.

Phases in the system Pt-Pd-S

The ternary phase relations for Pt-Pd-S at 1000"C
were reported by Skinner et al. (1976). Those at
800'C have now been completed and are reported in
Figure l. No solid phases more sulfur-rich than PtS
or PdS appear, thus we can confine discussion to the
phase-volume PtS-PdS-Pd-Pt. Four phases appear:
a continuous alloy from Pt to Pd, a liquid field lo-
cated on the Pd-PdS join, and two sulfides. The first
sulfide is a solid solution identical with cooperite
extending from PtS, along the composition join to-
ward  PdS,  to  (P t ' . zoPdo.a0)S a t  1000.C and
(Pto.b4Pdo.G)S at 800oC. The second is a phase identi-
cal in properties to braggite. At 1000'C the braggite-
like phase ranges in composition from (Pdo.ooPto 60)5
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P t  t o  i l  a r r o y  r  o ;-- Pd

Fig.  l .  Phase re lat ions in the Pt-Pd-S system at  1000'  and

800'C. The braggi te sol id solut ion at  800"C includes vysotski te.

PtS : PdS, in atomic percent, for specific points are: A : 70: 30; B :

60:40;  C = 16:84;  D :  54:46:E = 24: '76.

to (Pdo.roPto.r.)S, but does not reach the composition
PdS. PdS is stable below 912 + 5oC, and at 800oC the
braggite-like solid solution ranges from PdS to
(Pdo.?.Pto.ro)S.

Two conclusions can immediately be drawn from
the synthesis studies. First, braggite and cooperite are
not polymorphs, even though the Pd-rich limit of
cooperite might slightly overlap the Pt-rich limit of
braggite. Second, pure PdS, with powder patterns
identical to vysotskite, is compositionally continuous
with a phase identical in all X-ray properties with
braggite. Clearly, therefore, the identity of braggite
and vysotskite as minerals must rest on their compo-
sition ranges.

Analyses of PG-sulfide minerals

We had available to us samples of PG-minerals
from the Stillwater Complex, the Rustenburg area of
the Merensky Reef, Potgietersrust, and Lac des Isles.
The Stillwater samples were collected in 1975 from
the West Fork adit of the property worked by Johns-
Manvi l le Corporat ion (1,2,4) and supplemented by
samples 5, 6 and 7 provided by the Corporation.
Using local mine terminology, sample I came from
the Bastard zone, which is a thin (2-6 in.) pyroxene

cumulate layer situated some 6 feet stratigraphically

below the main olivine cumulate horizon (main

marker) which contains large pyroxene oikocrysts;

sample 2 came from the "dark anorthosite" which

forms part of the ore horizon immediately above the

main marker; and sample 4 came from an adjoining

section of the same ore horizon, referred to as the

"tri-colored anorthosite." The three samples pro-

vided by the Corporation are located as follows:

sample 5(1824-PP-20) is a sulfide concentrate milled

and floated from a bulk sample taken from the West

Fork adit. Sample 6(DDH 77-73-13) is from the

Camp zone, located within the lower part of the

Banded zone and 4.7 miles WNW along strike from

the West Fork adit. Sample 7(789-T-l-l) is from a

pyroxene cumulate layer in a trench in the southeast

corner of claim Coors 8, located 6.5 miles WNW

along strike from the adit.
The Lac des Isles vysotskite sample was discovered

in a partly crushed dril l  core sample, Pl4-7, and the

Rustenburg (M19398) and Potgietersrust (MI9388)

samples were PG-mineral concentrates from the

Royal Ontario Museum collections'
The samples that needed crushing and concentra-

tion were processed as outl ined by Cabri and La-

flamme (1974). X-ray powder diffraction data were

obtained by the fi lm method using Gandolfi and

Debye-Scherrer cameras. Film-shrinkage corrections

were applied and the unit-cell parameters were re-

fined by a least-squares computer program Pnnllt

(Stewart et al., 1972).
The compositions were determined using a Materi-

als Analysis Company Model400 electron probe mi-

croanalyzer, operated at 25 and 20 kV with a speci-

men current of about 0.03 microamperes' The

following l ines and synthetic standards were used:

P tLa (P to  rPdo .BS ,  P t rFe ,  P t rFe ,  P tbFe r ) ;

PdLa(Pto ?Pdo.sS, PdS, metal); SKa(Pto.?Pdo.gS, PdS);

CuKa(Pt, oFeo raCuo.l.); FeKa(PtrFe, PtuFer). Correc-

tions to these X-ray data were applied with a modi-

fied version of the Eltpeon VII computer program of

Ruckl idge and GasParr in i  (1969).

Results

Fifty grains of Pt-Pd sulfides from the Stil lwater

samples were analyzed and the results are plotted in

Figure 2. In addition, analyses of grains from the

Rustenburg, Potgietersrust, and Lac des Isles samples

are also plotted in Figure 2, together with analyses

reported by Laputina and Genkin (1975)' Brynard e/

al. (1976) and Schwellnus et ql ' (1916). Some analyses

S



CABRI ET AL.: COOPERITE, BRAGGITE, AND VYS}TSKITE 835

are given in Table I while Table 22lists all the analy-
ses. A considerable number of grains were not ho-
mogeneous, especially grains of vysotskite and brag-
gite. These are identified as filled circles with a HOM
index )3 in Figure 2, and the range of variability
between Pt and Pd, in particular, is demonstrated by
the bars in Figure 3. A few grains were X-rayed to
confirm identifications and to provide X-ray data.

It is apparent that cooperite approaches an ideal
Ni-free composition more closely than do braggite
and vysotskite, and no difficulty or uncertainty
clouds its identity. From analyses to date, it appears
that braggite and vysotskite contain a minimum of
about l0 mole percent Ni replacing the other metals.
The spread shown by these analyses, when plotted in
the PdS-PtS-NiS composition triangle (Fig. 3), high-
lights the problem concerning the nomenclature of
vysotskite-braggite.

Both braggite and vysotskite were named without
specification of compositional ranges, prior to knowl-
edge of phase relations in the Pt-Pd-S system, and
prior to the extensive microprobe analyses now avail-
able from a wide range of samples. It has generally
come to be accepted that braggite is (pt,pd,Ni)S
(P4"/m space group), with a composition between the
compositional end-members PdS and ptS. It is inter-
esting to note, however, that the average composition

'A copy of Table 2 is avai lable as Document AM-7g-077 from
the Business Office, Mineralogical Society of America, 1909 K
Street N.W., Washington, D. C. 20006 please remir $1.00 in
advance for the microfiche.

Al "/"

Pds

Fig. 2. Cooperite, braggite, and vysotskite analyses plotted in the
PtS-PdS-NiS composition triangle.

from rn situ analyses for 19 homogeneous grains is
very close to that given by Bannister and Hey (1932).
The data plotted in Figure 2, despite the uncertainties
shown in Figure 3, do suggest compositional group-
ings which might be used to clarify the nomenclature
of braggite and vysotskite.

Vysotskites are, as defined by Genkin and Zvya-
gintsev, (Pd,Ni)S compounds. All analyzed samples
contain a small amount of Pt as well, but in naturally
occurring samples a distinct break separates vysot-
skites from braggites (Fig. 2). Thus, vysotskites can
be defined as all members of the braggite solid solu-
tion series containing less than l0 mole percent PtS.

o
a

K
P
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x
o

Table l .  Electron probe analyses ofcooper i te,  braggi te,  and vysotski te

STITLWATER ANALYSES (HOM <3)
STILLWATER ANALYSES (HOM >3)
LAC DES ISLES ANALYSIS

P t
! ' l e  i  9 h t  p e r c e n t

P d  N i  S T o t a  I P t
A t o m i c  p r o p o r t i o n s

P d  N i  X M

C o o  p e r  i  t e

H i g h  P t
L o w  P t
A V E ( i 4  a n a l .  )
G r a i n  C *

B r a g  q  i  t e
H i g h  P t
L o w  P t
A V E ( 1 9  a n a l . )
G r a i n  H *

V y s o t s k i t e

H i g h  P d  ( c r .  6 ) *
L o w  P d
A V E ( 3  a n a l . )

8 5 . 8  0 . 7 7
7 1 . 8  4 . 0
8 3 . 5  i . 4
8 3 . 5  1 . 4

6 8 . 1  8 . 5
4 0 . 9  3 3 . 9
5 6 . 4  2 0 . 3
o q .  o  I  J . 5

2 . 0  6 9 . 5
4 . 3  6 5 . 7
z . z  b / . b

0 . 5 0  1 4 .  I
7 . 3  t 7 . 3
1 . 2  1 4 . 5
0 . 6 4  1 4 . 2

5 . 6  1 6 . 7
5 . 1  1 9 . 6
5 . 1  1 8 . 2
3 . 9  l 7 . l

3 . 9  2 3 . 7
5 .  3  2 3 . 7
5 . 9  2 4 . 1

0 . 9 8  0 . 0 2
0 . 6 9  0 . 0 7
0 . 9 4  0  . 0 3
0 . 9 6  0 . 0 3

0 . 6 7  0 .  I  5
0 . 3 4  0 . 5 2
0 . 5 1  0 .  3 4
0 . 6 3  0 . 2 4

0 . 0 1  0 . 8 9
0 . 0 3  0 . 8 4
0 . 0 ?  0 . 8 5

0  . 0 2  1  . 0 2  0 . 9 8
0 . 2 3  0 . 9 9  t . 0 t
0 . 0 4  l . 0 t  0 . 9 9
0  . 0 2  I  . 0  I  0 . 9 9

l 0 t . t 7
1 0 0 . 4
I  0 0 . 6

9 9 . 7 4

9 8 . 9
o o  R

1 0 0 . 0
q q  I

0 0  I

9 9 . 0
9 9  . 8

0 .  1 8  1  . 0 0
0 .  l 4  I  . 0 0
0 . 1 5  1 . 0 0
0  . 1 2  0 .  9 9

0 .  0 9  0 . 9 9
0 . 1 2  0 . 9 9
0 . t 3  I . 0 0

1  . 0 0
1 . 0 0
I  . 0 0

. 0 1

. 0 1

. 0 1

. 0 0
B i  ,  P b  s o u g h t  f o r  b u t  n o t  d e t e c t e d .  A n a l y s e su s e d  i n  a v e r a g i n h a d  H 0 M < 3 .
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Fig. 3. Cooperite, braggite, and vysotskite analyses with HOM

) 3 are plotted in the PtS-PdS-NiS composition triangle to show

the range of  inhomogenei ty,  mainly between Pt and Pd.

Braggite would then refer to all compounds in the
series with a PtS content in excess of l0 mole percent.

The reason for two compositional groups in a con-
tinuous solid solution series is an interesting point,
and a possible answer is suggested by the phase rela-
tions in Figure l. Braggites formed at magmatic tem-
peratures of 1000'C or above must all contain l6
mole percent PtS or more, because phases containing
lower Pt contents are not stable (Skinner et al.,1976).
However, as temperatures decline, a sulfide melt can
remain stable down to almost 600oC, and, as pointed
out by Skinner et al. (1976), this melt probably plays
an important role in the crystallization sequence of

Table 3. X-rav nowder diffraction data of cooperite

r  d m e a s  d c a l c  h k l r  d m e a s  d c a l c  h k l

BRAGGITE, AND VYSOTSKITE

PG-minerals. One of the phases that will crystallize
from the cooling sulfide melt is a braggite-series min-
eral. As the temperature drops, the braggite mineral
will be increasingly Pd-rich and will, in fact, fall in the
vysotskite composition range. Thus, we suggest that
most braggites are probably formed at high, mag-
matic temperatures, while all vysotskites are formed
at sub-magmatic temperatures. Unless an early-
formed braggite grain happens, by chance, to be adja-
cent to a late-formed vysotskite grain and thereby
able to become homogenized, we should expect to
observe separate compositional populations of brag-
gite and vysotskite, even if the two should be found to
coexist in the same rock.

Crystal chemistry

The cooperite X-ray powder diffraction pattern
(Table 3) is free of the extraneous lines observed by
some previous workers and is also the first X-ray
pattern reported from an analyzed grain ofcooperite.
The braggite X-ray powder diffraction pattern (Table
4) has better resolution than the pattern listed in PDF

9-421 fe.g. the (102) and (210) reflections are re-
solvedl. The vysotskite X-ray powder diffraction pat-

tern is compared to that of Genkin and Zvyagintsev
(1962) which has four bracketed unindexed reflec-
tions (Table 5), presumed to be beta. The consid-
erably higher intensity flor the (200) reflection for the
Noril 'sk sample is probably due to its enhancement
by the beta for the (210). Unit cells and other physical

data are listed in Table 6, the space group assign-
ments for cooperite and vysotskite having been con-
firmed by single crystal examination with a pre-

cession camera in this study' The cooperite cell
dimensions are very close to those reported by Grdn-
vold et at. (1960) for synthetic PtS. Braggite cell
dimensions compare favourably with those reported
by Childs and Hall (1973) for a grain with a similar
composition. Except for some differences in in-
tensities, the powder pattern for vysotskite is the
same as that reported for Genkin and Zvyagintsev's
(1962) in PDF l5-151, though the calculated c-di-
mension in Table 6 is a little longer than that given by

Genkin andZvyagintsev. These data show that, while
it is possible to distinguish cooperite from braggite, it
is impossible to differentiate between braggite and
vysotskite by X-ray methods, because substitution of
Pt for Pd leads only to very small shifts in cell edges
in the braggite-vysotskite cell structure.

Childs and Hall (1973) inferred the structure of
braggite from Gaskell's (1937) determination of the
structure of PdS. They tested five different configura-

3
3

l 0
6
2
I
o

5
3
7
3

I
2
3

2

3 . 4 5  3 . 4 6
3 . 0 5 1  3 . 0 5 2
3 . 0 1 3  3 . 0 ]  3
2 . 4 5 0  2 . 4 5 0
2 . 2 9 0  2 . 2 9 0' 1  

. 9 1 | 1  . 9 1 0
1 . 7 5 3  I . 7 s 4
1 . 7 3 2  1 . 7 3 2
l .  f , z o  |  .  J Z o
1  . 5 0 7  r .  s 0 7
1 . 2 9 5  1  . 2 9 5
1 . 2 3 1  1  . 2 3 2
1  . 2 2 4  1 . 2 2 5
I . l 5 0  r . 1 5 ]
1 . 1 4 4  1 . 1 4 5' I  

. 1 3 7  | . t 3 7
I  . 0 9 6  1  . 0 9 6

1 . 0 3 0  I . 0 3 1  1 3 ?' I  
. 0 1 8  r . 0 1 7  0 0 6

I  . 0 0 4  
' l  

. 0 0 4  0 3 3
0 . 9 5 9 2  0 . 9 5 9 r  1 2 5
0 . 9 5 5 7  0 . 9 5 5 4  2 2 4
0 . 9 4 9 6  0 . 9 4 9 4  2 3 1
0 . 9 3 9 7  0 . 9 3 9 7  l l 6
0 . 8 9 0 1  0 . 8 9 0 1  I 3 4
0 . 8 7 7 1  0 . 8 7 7  4  0 2 6
0 . 8 6 9 1  0 . 8 6 9 0  2 3 3
0 . 8 6 6 4  0 . 8 6 6 3  0 4 0
0 . 8 4 5 6  0 . 8 4 5 7  0 1 7
0 . 8 3 9 0  0 . 8 3 9 1  0 3 5
0 . 8 3 2 7  0 . 8 3 2 6  l 4 l
0 . 7 8 9 3  0 . 7 8 9 0  3 3 2
0 . 7 8 2 8  0 . 7 8 2 7  2 2 6
0 . 7 7 7 0  0 . 7 7 6 8  1 4 3
0 . 7 7 5 0  0 . 7 7 4 9  2 4 0

0 1 0
002
0 l I' I  

l 0
0 1 2
1 1 2
0 1 3
0 2 0
0 0 4
0 2 2
l t 4
123
2 2 0
0 l s
024
2 2 2' I  

30

' I  
1 4 . 6  m m  D e b y e  S c h e r r e r

r a d i a t i o n ,  I  =  1 . 5 4 0 5 .
f r o m  P o t g i e t e r s r u s t .

c a m e r a ,  N i  - f i  l  t e r e d  C u
R O M  M  1 9 3 8 8 , 9 r .  C  i n  T a b l e l ,
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l l 2
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2 2 2
203
302
230
2 1 3
3 1 2
231
0 0 4
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4 1 0
3 3 0
1 3 3
3 3 1
1 2 4

4 1 2
a 5 J

332
5 0 0
4 l 3
5 0 1
J J J

1 5 1
025
234' |  

25
052
1 5 2
044
1 4 4
0 0 6
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i l 6
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253
026
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Table 4. X-ray powder diffraction data of braggite

d m e a s  d c a l c  h k l I  d m e a s  d c a l c  h k L

BRAGCITE. AND VYSOTSKITE

point out that this would also require additional dis-
ordered replacement of the Pt positions by Pd. This
can only be confirmed by further crystal structure
investigation of different ordering models.

Mineral associltions

Though the three minerals occur in the Stil lwater
samples, they were not observed to coexist. Cooperite
Pto.eEPdo.olNio orSo.r, and braggite Pd'.doPto.a8Nio.roSr.o,
were found coexisting in only one sample (No. a).
Cooperite and also braggite occurred as contiguous
grains in the Rustenburg samples, but microanalyses
revealed very l itt le compositional variation in the
coexisting mineral pairs, though the compositions of

Table 5. X-ray powder diffraction date of vysotskite

L A C  D E S  I S L E S * N O R ] L ' S K * *

4 .  5 5
3 . 7 1
3 . ? 8
3 . t 8
2 . 9 1 4
2  . 8 4 8
2  . 6 4 9
2 . 6 1 0
2 .  1 4 8
2  . 0 6 6
2 . 0 1 5

. 9 2 1

. 8 5 4

. 7  9 9

. 7 8 0

. 7 6 4

. 7 3 1

. 7 1 4

. 7 0 5

. 6 3 8

. 5 8 9

. 5 4 2

. 4 9 9

. 4 7 9

. 4 6 0

. 4 2 0

4 . 5 6
3 . 7 1
3 . 2 8
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1 . 2 3 6  1 . 2 3 7
1 . 2 2 6  1 . 2 2 6' I  

. 2 1 0  1 . 2 1 2
I  . 2 0 0  1  . 2 0 2
l  .  t 9 1  1  .  1 9 1' r  
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. 1 6 5  1 . 1 6 7' 1  
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I  . 0 9 4  r  . 0 9 3' l . 0 8 5  

1 . 0 8 4' I  
. 0 7 9  I  . 0 7 8' I  
. 0 6 1  I . 0 6 3

1  . 0 5 2  I  . 0 5 3' l . 0 4 5  
I . 0 4 7

r . 0 3 9  L 0 4 0' I  
. 0 3 3  I  . 0 3 4

I  . 0 0 0  I  . 0 0 0
0 . 9 8 7 4  0 . 9 8 7 9
0 . 9 6 4 3  0 . 9 6 4 9

d m e a s ,  d c a l c . h k z' 1  
1 4 . 6  m m  D e b y e  S c h e r r e r  c a m e r a ,  N i - f i l t e r e d  C u

r a d ' i a t i o n ,  I  =  ' 1 . 5 4 0 5 ;  
B  =  B r o a d .  R 0 l 4  1 4  1 9 3 8 8 ,  g r .  H

i n , T a b l e  l ,  f r o m  p o t g i e t e r s r u s t .  A d d i t i o n a l  2 3
r e r t e c t t o n s  a r e  n o t  r e c o r d e d .

5
5 * * r
2

i 0
1 0

7
8
2
6

1 3 . 2 2 )
3 . 1  6  3 .  1 9 4

(  2 . 9 3  )
2 . 9 1  2 . 9 1 5
2 . 8 6  2 . 8 5 1
2 . 6 4  2  . 6 4 7
2  . 6 ' t  2  . 6 1  7

( 2 . 3 e )
2 . 1 5  2 . t 4 8

(  2 . 0 6  )
2 . 0 2  2 . 0 2 1
1 . 8 5 9  1 . 8 5 5' i  

. 8 0 1  r . 8 0 1
I  . 7 8 r  

' t  
. 1 8 2

1 . 7 6 6  1 . 7 6 8
1 . 7 3 2  1 . 7 3 1
1 . 7 1 7  1 . 7 1 6
I  . 6 3 6  I  . 6 3 5
I  . 5 9 4  I  . 5 9 4
1 . 5 4 3  1 . 5 4 6
I  . 5 0 9  I  . 5 0 5
1 . 4 6 3  1 . 4 6 6
L 4 1 9  1 . 4 t 8
1  . 3 9 6  l  3 9 7
1 . 3 7 4  1 . 3 7 3
1 . 2 7 3  1 . 2 7 5
1  . 2 6 0  |  . 2 6 1
1  . 2 5 2  1  . 2 5 2
1  . 2 3 7  |  . 2 3 7
1  . 2 2 7  1 . 2 2 8
|  . 2 0 9  |  . 2 0 9
r  . 1  9 8  1  . 2 0 0
1 . 1 8 5  1 . 1 8 7
1 . r 6 5  1 . 1 6 7
I . l 3 8  I . 1 4 1
1 . 1 2 1  1 . 1 2 3
l . l l l  t . l t 3' I  

. 0 9 8  1 . 1 0 0
I  . 0 8 8  I  . 0 8 9
r  . 0 8 0  1  . 0 8 4
L 0 7 r  1 . 0 7 4
1 . 0 5 8  1 . 0 5 9
1  . 0 4 7  1  . 0 4 9
]  0 4 4  1 . 0 4 8

< l

9
1 0

7
8

6

3 . 1 9 200

1 0 2
2 1 0
1 1 2
2 1 1

2 1 2

2 . 9 1 4  2 . 9 1 4
2 . 8 4 6  2 . 8 4 8
2 . 6 5 0  2 . 6 5 2
2 . 6 1 ?  2 . 6 1 2

2 . 1 5 0  2 . 1 5 0

2 . 0 2 0  2 . O 2 0
1 . 8 5 7  1 . 8 5 6
] .  8 0 4  I  . 8 0 3
1  . 7 8 2  1 . 7 8 2
1 . 7 6 5  1 . 7 6 6
|  . 7 3 6  I  . 7 3 5
1 . 7 1 6  1 . 7 1 6
I  . 6 4 0  I  . 6 4 1
I  . 5 9 3  1  . 5 9 2
I  . 5 4 4  I  . 5 4 4
r  . 5 2 3  |  . 5 2 3
L  4 6 3  |  . 4 6 3
1  . 4 2 2  1  . 4 2 2
1 . 3 9 7  1  . 3 9 7

t ions of metal ordering for an ideal composition of
PtsPdrNi58.  Their  conclus ions that  a min imum of  two
Pd atoms were required, and that the Pd atoms pref-
erentially occupy the 2(d) positions in space group
P4"/m while Pt and Ni were disordered over the2(e)
and 4Q) positions, were made partly on the basis of
crystallographic considerations (e.g. R values, iso-
tropic temperature factors, etc.). The limited infor-
mat ion avai lable at  the t ime of  Chi lds and Hal l 's
study on the compositional range of braggite had a
bearing on the selection of the different ordering
models tested. Our analytical results suggest that the
proposals regarding the minimum number of Pd
atoms and the exclusive replacement of Pt by Ni need
to be re-examined. These proposals cannot both be
true at the same time because the most Pt-rich com-
positions have formulae approximately (Pt,Ni)0.,
Pd. .15,  resul t ing in  only  0.8 Pd atoms per  uni t  ce l l .  I f
one assumes that all the Ni replaces Pd only, the
resultant formula approximates Pto.r(Pd,Ni)o.rS, cor-
responding very nicely to the Pt-rich l imit found by
Skinner et al. (1976) at 1000'C in the Pt-Pd-S sys-
tem. It is, however, more l ikely that the formula for
the Pt-rich l imit of braggite may approximate
(Pt,Ni)0.?5(Pd,Ni)o.2bs, a formula which would fit the
analytical, phase equil ibrium, and structural require-
ments for a minimum of 2 Pd atoms/unit cell.
Though this possibil i ty is attractive, Childs and Hall

* S a m p l  e  P ' | 4 - 7  ,  g , r .  6 ,  5 7  . 3  m m  G a n d o l  f  i  ,  l , , l n - f  i ' l  t e r e d  F e
r a d i a t i o n ,  I  =  1 . 9 3 5 9 7
* * G e n k i n  &  Z v y a g i n t s e v  ( 1 9 6 2 ) ,  F e  r a d i a t i o n ,  5 7 . 3  m m
c a m e r a .  * * * P r o b a b l y  e n h a n c e d  b y  b e t a  c o n t r i b u t i o n  o f  ( 2 l O )
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I  . 2 3 8
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. 2 6 2
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. 2 3 8

3 0 r
2 2 2
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2 3 0
2 1 3
3 1 2
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4 0 0
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3 3 1
1 2 4
4 1 2
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s 0 0
4 1 3
5 0 l
3 3 3
5 l  I
025
2 3 4
052
1 5 2
0 4 4
1 4 4
0 3 5
0 5 3
0 0 6
t  s 3
r 0 6
1 1 6
0 6 1
6 t 0
253
6 1 1
I26
0 4 5
620
r45
5 4 0
3 3 5

1 . 2 1 3  1 . 2 1 3
1 . 2 0 2  1  . 2 0 2
1 . 1 8 7  1 . 1 8 7
r . i 6 5  L r 6 7
1 . 1 4 2  1 . 1 4 2
1  . 1 2 4  1 . 1 2 4
L r i 5  l . t l 6
1 . . I 0 0  1 . 1 0 1
I  . 0 9 4  I  . 0 9 4
I  . 0 8 3  I  . 0 8 4

I  . 0 6 4  I  . 0 6 3
1  . 0 4 6  1  . 0 4 7

I  . 0 4 0  I  . 0 4 0

r . 0 2 1  1 . 0 2 1
1 . 0 1 3  1 . 0 1 2

1 . 0 0 1  1 . 0 0 1

0 . 9 8 7 8  0 . 9 8 8 0

9  1 . 0 3 1  1 . 0 3 4
2  1 . 0 1 5  r . 0 1 7

4  1 . 0 0 6  r . 0 0 8
2  r . 0 0 1 f t  I  . 0 0 5
5  0 . 9 9 3  0 . 9 9 0

f B r o a d ,  + t P u b l  i  s h e d  a s  (  5 0 4  )
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Table 6. Physical data for the Pt-Pd sulfide minerals

C o m p o s i  t i  o n

S p a c e  C e l l  D j m e n s j o n s  A

G r o u p  a  c

C e l  I  v o l .
A A u /z

D x
3

g c m

c o o p e |i t e I P t O . g O P d O . O I N i O . 0 2 S 0 . 9 9

b r a g g i t e 2 P t o . o g P d o . z + N i o . t z s t . o l

v y s o r s k i t e 3 P d o . a g P t o . o t N i o . 0 9 S I . 0 1

P 4 r l m n c  3 . 4 6 5 ( 3 )

P 4 r / m  6 . 3 6 7 ( 3 )

P 4 r l m  6 . 3 6 8 ( 3 )

6 . 1 0 4 ( 3 )  7 3 . 2 8 6

6 . 5 6 1 ( 6 )  2 6 5 . 9 7 4

6 . 5 6 2 ( 3 )  2 6 6 . 0 9 8

3 6 . 6 4 3  1 0 . ' l 2 3

3 3 . 2 4 6  9 . 3 8 3

3 3 . 2 6 2  6 . 7 0 5

2

I

6

l . P o t g i e t e r s r u s t ,  R 0 M  M . l 9 3 8 8 ,  g r . C ;  2 . P o t g j e t e r s r u s t ,  R O M  M ' l 9 3 8 8 ,  g r . H ;  3 . L a c  d e s  I s l e s ,  P 1 4 - 7 ,  9 r . 6 .

the braggites were significantly different to the
St i l lwa ter  sample .  Cooper i te  ranged f rom
Pto.r?Pdo.o2Nio.orSo.r" to Pto.esPd'.0rNio.02So ee and brag-

gite from Pto.u.oPdo.3oNio.ruSr.o, to Pto.srPdo.z6Nie 1aS1.or.
The signif icance of this cannot be assessed without

further detailed sampling and mineralogical studies.
The occurrence of Pt-Fe alloy with cooperite or

braggite was not uncommon in the Stil lwater sam-
ples. These assemblages were further examined be-
cause Skinner et al. (1976) found that cooperite *

isoferroplatinum + pyrrhotite was a stable assem-
blage in the Pt-Fe-S ternary at 1000'C. The Pt-Fe
alloy grains coexisting with cooperite and braggite
(Figs. 4, 5) were analyzed and, in all cases, were
found to have compositions within the isoferroplati-
num field reported by Cabri and Feather (1975), in
good agreement with the synthetic work of Skinner el
al. (1976). Typical compositions ranged from Ptr.r2
(FerorNioorCuo.or) to Pt2.?6Pd'.0?(Fe'.seNi6.66Cu6.62).
The fifteen grains analyzed were too small (from less
than 5 X 5 pm to about 30 X 80 pm) to extract for X-
ray diffraction in order to determine whether the Pt-
Fe alloy was primitive cubic isoferroplatinum or face-
centered cubic ferroan platinum.

Conclusions

The composition ranges and mineral assemblages

of the PG-sulfide minerals agree reasonably well with

data obtained from equil ibrium phase studies. The

data suggest that in layered intrusive rocks, both

cooperite and braggite can be formed at magmatic

temperatures of 1000oC or above, while vysotskite is

only formed at sub-magmatic temperatures and

probably arises by crystall ization from a residual im-

miscible sulfide-rich melt that separated from the par-

ent magma.
We conclude that Ni is not an essential element in

the formation of cooperite, braggite, or vysotskite,

because each of the phases can be prepared, Ni-free,

in the laboratory. Presumably the high Ni-contents

reflect the origin of the three minerals as phases

formed in mafic or ultramafic igneous rocks rich in

Ni. Should any of the minerals be formed in other

kinds of geological environments, where Ni was not

readily available or was already tied up in other min-

erals and removed from reaction, we suggest that Ni-

free or at least Ni-poor braggite, vysotskite, and

cooperite could be exPected.
Finally, we conclude that braggite and vysotskite

are simply compositional variants of the same phase,

Fig.  4.  Pt-Fe al loy inc lusion (whi te)  in braggi te ( l ight  grey)-

s i l icate intergrowth.  The l0 pm long inclusion in Pt-Fe is  pent-

landi te.  Samole 1824-PP-20.  St i l lwater  Complex.

Fig.  5.  Pt-Fe al loy inc luded in braggi te coexist ing wi th pyrrho-

t i te (upper r ight ,  P).  Sample 2,  St i l lwater  Complex.
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(Pd,Pt,Ni)S, of which the end-member composition,
PdS, has not been found in nature. We suggest that
the family of minerals be called the braggite series
and that all compositions containing less than l0
mole percent PtS be called vysotskite.
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