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AssrRAct

The Pd-As-Sb system contaius many known
compounds and to it several minerals have re-
cently been ascribed. The poor r-ray powder
diffraction characteristics of these minerals as
well as the occurrence of structurally distinct, but
compositionally very close phases, makes their
characterization very difficult.

The folloqdng minerals were studied: stillwa-
terite, P(Ase, a new mineral, hexagonal, with
a - 7.399(4), c - 10.311(11A, space eroop it
or P3; an unnamed PdrAq mineral, orthorhom-
bic, with a = 11.261(4), b = 3.857(1), c =
11.346(lA; palladoarsenide, PdAs; unknown
(Pd, Ni, As) and (Pd, Cu, As) minerals; sperrylite,
PtAs2; unnamed PdsSba, with_ hexagonal axes a
- 7.565(1), c = 43.2O7(3)A; and mertieite II,
Pds(Sb, AsL, with hexagonal axes s - 7.546Q't,
c - 43.18(1)4.

The results of some experiments in the Pd-As-
Sb system are discussed with reference to min-
erals studied or reported in the literature.

Rfsuu€

Le systdme Pd-As-Sb continent plusieurs compo-
s6s connus et plusieurs mindraux viennent r6cem-
ment de lui 6tre attribu6s. La caract6risation dq ces
min6raux est trds difficile du fait des pauvres
caract6ristiques de la diffraction des poudres par
rayons-X et de la pr6sence de phases de composition
trds serr6e et de structure diff6rente.

*The mineral aud name were approved by the
Commission on New Minerals and Mineral
Names, I.M.A.
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Irs min6raux suivants ont 6t6 6tudi6s: stillwa-
terite PdsAss, lm nouYeau miniral hexagonal, avec
a-: z,zgg(4), c = 10.311(15)4, de sroupe spatial

P3 ou P3; un min6ral innom6 PdEAse, orthorhom'
bique avec a : ll,26l(4), b = 3.857(1), c =
tt.f+O(tA; palladoars6nide, PdzAs; les mindraux
inconnus (Pd, Ni, As) et (Pd, Cu, As); sperrylite,
PtAq; le min6ral innomm6 Pdssbs, avec- des axes
hexagonales a = 7.565(I), c = 43.2O7(3)A; et mer-
tieite II, Pd8(SbrAs)a, avec des axes hexagonales a
- 7.546Q), c = 43.18(1)4.

I*s r6sultats de certaines exp6riences dans le
systbme Pd-As-Sb sont discut6s relativement aux
min6raux 6tudi6s ou rapport6s dans les publications
sur le sujet.

INTRoDUcTIoN

This paper reports on an unnamed PdaSb"
mineral from Sudbury, Ontario, and on tbe
platinum-group (PG) arsenides found in heavy-
mineral ionCentrates from the Banded and
Upper zones of Stillwater Complex, Montana.
Ttese zones consist of nontes, gabbros and
anorthosites. More detailed information on the
geological and mineralogioal literature ,of the
Stillwater area is reviewed by Cabri & I-aflamme
(1974b). These authors describ€d platinum-
group native alloys from the same area and
fsted four PG-mineral groups: a) the native
alloys; b) the tellurides; c) the sulphides; -and
d) tle arsenides. The PG-arsenides reported here
are the new mineral stillwaterite* (Pd&Asa), pal-
ladoarsenide (Pd"As), an unnamed PdaAsr min-
eral, a (Pd,Ni,As) mineral, an illdefined @d'
Cu,As) mineral, and sperrylite (PtAsr). Data for

321



322 THE CANADIAN MINERAI.OGIST

TABLE'1. ELECTR0N PR0BE AMLYSES: RELATIVE,C0US|ING.ERR0R
IN UEIGHT PER CENT AND HOMOGENEITY INDEX.

lllneral Ana'l . No.
No. Spots

5 0.4'l
5  0.38

l0  0 .39
12 0.36

I
2
3
4
5
6
7
6

1 0
t 1
t l' t2
l 3

I

2
?

4
5
I
2
?
4

stl 5 0.4't 'l

5  0 .40  0
6 0.40
7 0.40
7 0.40
7 0.40
8 0.4]
7 0.40
4 0.4'l
7  0.41
6  0 .41
7 0.39
9 0.39
5 0.4't

0 . 1 4
0 .  I 4
0 .  t 4
0 . 1 4
0 . 1 2
0 . 1 2
0 .  l 3
0 . 1 2
U .  I J

0 .  1 3
0 . 1 3
0 .  l 2
0 . 1 2
0 .  t 4
0 . 1 4
0 . 1 3
0 .  l 3
0 .  l 4
0 . 1 5
0 . 1 5
0.04
0.04

0,02 ' l

0 .08  I

0
I

I 0.04 31

0.05 I  0 .04
0 .05  1  0 .06

0.05 I  0 .06

I

I

PdsAsz

PdzAs

h : ' t  T T

0 .  l 0 I  0 .05
5 0.42 0
5  0 .39  I  0 .11
5  0 .37  0  0 .11
4  0 .38  2  0 .11

I
I
0

0.04
0.03
0.05

0 . 1 9  I
0 . 1 5  1

*cF= rfir
d; where NFtotal counts and n'ho. of spots; reported in weight per

cent. This relative counting error may be considered to correspond to the
standard deviat ion (o).

an unnamed Pdz(As,Bi) mineral will be reported
at a later date.

New data are al3o presented for mertieite II
from Goodnews Bayn Alaska, and for prelimin-
ary experiments in.the Pd-As-Sb system.

Merrnrers AND METHoD oF INvEsrrcATroN

The PG minerals from the Stillwater Com-
plex, characterized in this work, came from the
same samples previously describ,ed by Cabri &
Laflamme (1974b) as well as from other similar
samples. The concentrates, polished sections,
reflectance, micro.indentation hardness, and r-
ray powder data were all obtained by methods
described previously. The unnamed pd8sb,
mineral from Sudbury was obtained from a
sample labelled "Copper Cliff Concentrate',
after handpicking grains under a binocular mi.
croscope. The mertieite was obtained from the
U.S. National Museum, Smithsonian Institution
(NMNH #1,32499).

Compositions were determined with the same
electron probe and operating conditions using
the following x-ray lines and (synthetic stand-
ards): PdZo, AsKc (PdaAsr, PdeAss, and pdr
As..rnSbo.r,); HgZa @dgHgTes); ptLao SnZa
(PtSn); PdZc, SbIc @d*eSb, pdaSba); CuKa
@da.eoCuo.rsSb:); SbZa, AuLq CuKa, NiKa,
AgLaq TeZa, and BiLa (pure metals). Synthe-
tic PdrAsr had to be freshly polished before use
because it tarni"hes, even when carbon coated.

Corrections to these x-ray d.ata were applied
using the EMPADR VII computer progrart of
Rucklidge & Gasparrini (1969). The- homo-
geneity of the analyzed minerals was determined.
from the homogeneity index built into the pro-
gram by use of the relation HOM-c/.,N/n
after Boyd et al. (1,969), where o : standard
deviation of a set of counts, N = mean of the
num'ber of counts and n = number of readines
in a set. Therefore the HOM is a measure 6f
the observed vs. the yariance predicted from
counting statistics. A HOM 23 is equivalenr
to )3cr in observed variance and thus such
samples are non-homogeneous. In most cases
HOM was less than 3 Clable I) and these are
considered homogeneous grains.

Pr,arrNuv-GRoup ARsENTDEs AND ANrlltoNmss

The PG-arsenides foun.d in our studies of
Stillwater Complex samples are mainly of pal-
ladium, only one being the platinum di-arsenide
(speuylite). These palladium arsenides are char-
acterized by either having numerous minor-
element substitutions for Pd Oy Pt, Au, Cu, Hg)
or for As (by Sn, Sb, Te, Bi), but th,ey some,
times occur as pure Pd-As minerals, within the
detection limits of the electron probe for such
elements. The optical, physical and chemical
properties, as far as these were deiermined. wilt
be described separately for each arsenide.



Our studies of Sudbury-area PG-minerals
have revealed only one Pc'arsenide, sperrylite.
We have found more variety among the PG-
antimonides but, in contrast to the one platinum
arsenide, they are all palladium minerals: un-
named Pdesbe (Cabd & I.aflamme L974c), ttn'
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named Pd(Sb,Bl,Te) (Cabri et al. 1973) and
sudburyite, PdSb (Cabri & Laflamme I974a).

Mertieite II from Goodnews Bay district,
Alaska, was also studied to compare with the
Sudbury and Stillwater palladium arsenides anC
antimonides.

NEW DATA ON PALLADIUM ARSENIDES AND ANTIMONIDES
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Frc. 1. Photomicrograph of a stillwaterite grain (ef,ey) associated with native gold. (Anal. No. l, Table

2. R.O.M. No. M33559).

Frc. 2. Photomicrograph showing lsinning in stillwaterite.

Frc. 3, Photomicrograph illustrating a complex multimineralic assemblage. UKI = Au'bearing unnamed

Pd5As,, UKz - pailatloarsenide, IJI(Z = unnamed PdrAs", spy = sperrylite, cp - chalcopyrite, x

= unknown. Partly crossed nicols.

Frc. 4. Photomicrograph with a complex assemblage: kotulskite (whtte) in contact with unknown (PdNi"

As) mineral (wh-ictr itsett contains a hole). The largest light €rey area is palladoarseni& with some

intirgrowths of unknown (Pd,CuAs) mineral (dark grey)'and an elongate inclusion of another un-

known mineral only visible under x-nicols (gr. 8, Anal. 2, Table 4).
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Frc. 5. Ploto-micrograph showing a sperrylite inclusion in a lamella of unnamed PdoAsg which occurs in
a matrix of intergrowths of unknown @d,cu,As)-1-unnamed pd6,As2 (g. 12, Anal.4; Table 4).

ftq 9. Photomicrograph illustrating the banded or colloform textures developed by unknown (pd,Cu,
As) mineral (dark erey) witl unnamed pdsAsr.

ARSENIDES FRoM THE Srnr,werpt Couprrx

Stillwaterite

Thirteen grains of stillwaterite were stu'died
gd type maGrial is preserraed at the Royal
Ontario Museum, Toronto, (M33559) and at
the U.S. National Museum, Washington, D.C.
(NMNH #13250q. The mineral oscurs as
small anhedral grains, 4OX7S to LZOXZiS
microns. Closely associated minerals are gold,
other palladium arsenides, and silicates (Fig.
1). The mineral is named after the Stillwater
Complex.

Ulder reflected light, in air, the rnineral is
light creamy grey; shows no.birreflectance, and
is weakly anisotropic witl colour effeds from
dark grey to brownish grey. Under oil immsl-
sion the anisotropy is distinc! with brownish
black colours and a blue to yellow$rown tinge.
One grain was twinned (Fig. 2). Reflectance
measulements in air with a silicon standard
(mean of four grains) are: 470nm 51.6, SZJ;
546nm 52.5, 53.2; 589nm 53.1, 53.7; 650nm
54.4, 55.0/o. Micro-indentation ha.rdness meas-
urements gave VIINao = 384 (360-416) for
seven indentations measured on two grains.

Quantitative electron probe analyses on thir-
teen grains showed the mineral to be pde(As,Sb,
Te,Sn,Bi)g Clable 2), corresponding to an ideal
end-member of PdeAsg and to the phase pdr.esAs

synthesized by Saini et al. (L964a). All grains
except one (Anal. 3, Table 1) proved to be
homogeneous and stoichiometric within anal-
ytical error. The range of Pd/As from 7.M/
3.O0 to 8.1313.00 in Table 2 is considered
reasonable for electron probe analyses of such
materials.

Single*rystal precession studies show that
stillwaterite is hexagonal. The symmetry of the
diffraction spots indicated Laue group 5 and
the extinction conditions gave Pf or P3 as pos-
sible space groups. The cell dimensions of grain
3- (Iable 2), deJermined from an .r-ray diffrac-
tion powder 1i1o1 rrsing a Gandolfi cainera, are
a = 7.399(4), c = 10.311(15)4, and corres-
pond well with those of synthetic Pd,Ass: c =
7.426(4), c = 10.316(7)A (Debye-Schener
camera, Table 3). Bot! powder patterns are very
similar to the unindexed pattern for Pdq.ssAs re-
ported by Saini et al, (1964a), though there is
not €xact correspondence between all the reflec-
tions for stillwaterite and synthetic PdaAsg. For
example; the (030) and (114) reflections are not
resolved for stillwaterite, but are for slmthetic
PdaAss. This is ascribed to a better Debve-
Scherrer pattern being obtained from anneaied
material in contrast to the poorer Gandolfi r-ray
pattern of natural material. A Gandolfi x-
ray pattern of a stillwaterite grain with the low-
est analyzed As content (Anal. No. 13) is si-
milar to that shown in Table 3. This grain has
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a - 7.39(L), c = 10.30(1)4, and thougb its
diffraction pattern was generally weaker, some
reflections were resolved better; e.g. (030) and
(114) were resolved, though not with the same
intensities as for synthetic Pds,Ass. The cal-
sulated densities for stillwaterit€ and synthetic
Pd*Ass, based on tlree formula units per unit
cell, are 10.96 and 10.88 g/cm3, respecfively.
The measured density for synthetic PdoAss is
10.4 g/cma.

Unnsned PdaAss

Several grains of a palladium arsenide were
found which have compositions very close to
PdaAsg, but some contain minor amounts ol
Au, Hg, Pt and Cu replacing Pd, and Sn re-
placing As (fable 4). This mineral rvas never
found as free grains and occurred in three
associations: with palladoarsenide, sperrylite
and chalcopyrite; with stillwaterite; and with an
ill-defined tarnished palladium arsenide, with
or without sperrylite. The last association (with-
out sperryliie) is probably the most cortmon,
but the nature of the intergrowth and of the

tarnished mineral itself (descri'bed below) did
not permit many reliable analyses.

The unnamed PdcAsa minslal in reflected
light appeared pale cream to crea,m-coloured
in air, anO in oil. No bireflectance was observed
in air, but in oil immersion this varied from
nil to very weak. Anisotropism in air varied
from distinct (or moderate) to strong with
colours varying from grey (or dull gxey)- to
blask (or brownish black). The anisotropism
and colours were similar under oil immersion.
TVo further qualitative observations are rele-
vant: a) the presence of Au (e.g., in grain UKI
vs. UKZ) increases the reflectance and bire-
flectance; this was very marked in the associa-
tion with palladoarsenide (Fig. 3), where the
Au-bearing-Pd&Asa G-I'KI) was consider.ed frm
optical obiervations to be the same mineral as
the palladoarsenide (UK2) but different from
the Au-free Pd6.Ase GtKa prior to analysis; b)
the unnamed Pds.Asz (and. 5, Table 4) is more
reflectant and anisotropic than the stillwatcrite
(anal. 4, Table 2) to which it is attached.

A poor r'ray powder di{fraction pattern was
obtained (Iable 5), and indexed on an ortho-

IABTE 2. ETECTRON PROBE NALYSES OF STILLIATERITE

!lo. 6r. 8o., slze ln lln| t{elght per cent atonic-Proportlons* --
assoclaied mlnerais. pd d 5O Te Sn Bt Totat pd As Sb Te Sn Bl

6 sr .5.  l l0x l90
+Pdz(As 'Br)

2

3

4

I

9

l0

1 2

l 3

gr.  2,701200,
*Au+sl

gr. 3t, ll0xl35

9r.4, 601115 €l

9r .9,65r l l0
+Pd5AsZtsl

gr.4', l35xl70
+incl .?

9r.6,120x265

9r.7, 801190
+3l

gr.9', l35rl45
+?

gr. l0,80x120

gr.ll, 60x90

gr. t i l ,55165
+sl

gr.9F*, 60x]85
+sl

79.2 m.7 n.d.  n.d.  n.d.  - -

79.0 21,2 n.d.  n.d.  n.d.  - -

78.5 19.7 1.4 0.33 n.d.  - -

78.9 21.0 r .d.  n.d.  n.d.  - -

76 .8  17 .8  2 .7  n .d .1 .5  0 .24

76,1 17.3 2.8 n.d.  2,3 n.d.

79.1 20.8 n.d.  n.d.  n.d.  n.d.

99.9 8.09 3.00 --

100.2 7.88 3.00 --

99.93 7.99 2.85 0.12 0.03 --

99.9 7.94 3.00 --

99.V 7,92 1,62 0.24 --  0.13 0.01

99.1 7.88 2.53 0.25 --  O.22 --

99.9 8.05 3.00 --

77.5 17.2 3.1 n.d.  2.3 n.d.  100.1 8.0I  2.52 0.27 --  0.2I  - -

78.8 20.5 n.d.  n.d.  n.d.  n.d.  99.3 8.13 3.00 --

78.8 20.6 n.d.  n.d.  n.d.  n.d.  99.4 8.07 3.00 --

7s.5 20.6 n.d.  n.d.  n.d.  n.d.  99.1 8.05 3.00 --

78.3117.3 0.7 l . l  3.0 ' r .3 101.7 7.95 2.50 0.06 0.10 0.27 0.07

76.2 17.0 1.6 0.30 3,8 n.d.  98.9 7.84 2.49 0.14 0.02 0.35 --

* Sum of As+SSTelSn+Bl : 3.00, * Graln a-rayed ' see Table 3, t ) ,  Pt  :  0.08 r t .S

n.b. - l. n.d. : el€ment sought for, but not detected. 2. .other elements sought for' but'- 
;;a'detecteai nu,As'cu,ii ' l{i tii all anatvses' Analvses l{os' l-4 also Hg
sought for' but not detected.

Abbr€vlauons used ln this and subsequent tables: Au.: gold, sl : slllcate, Pd5As2=
;";i-ii;i[r;in"i. r or r; uninoin-in"iuston, pd?(As;Bl) ' unnaned Pd2(As,Bl).-spy =

sp€ryllte' cp. chalcopyrlte' Fili;; piitiaoarientid' iarirtsnea ? " unknom (Pd'cu'As)

;iil;i: ;it : sttllmt!-rlte,'(i;' '!i i,Asi-; ili;own (!a'Ht,ns).nlneral, kot : kotulsklte'
li";'i i i"iii, poi': poiirtte-t, Fi-s': irndetermlned Fe sulphlde'
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TAELE ;3 .  X-RAY POI{DER DATA STILLWATERITE AND SYNTHETIC Pd

Stll lwaterlte

q 7.399 ta,r'  d  t o . 3 l l  t i 6 )

2.700
2.521

2.355
2.1 89

c . l  l 5

1 .991
r . 818
1.747

PdSAs3 Synthetlc

a 7.426 (4)
d  10 .316  (7 ) .

3.215
3.013
2.728
2.522
2.431
2 . 6
2.1 98
2.'t44
2.'t't8
I  Onq

1.827
1,757' I  
.719'I 
.685

t . o o  I

1.633
1.588
1.560
|  .5J5
I tn?

1.457
1.436
i  .418
r.404
1 .356
1.299
1.264

1 .152
l .  l . l 3 s  1 .137
t  r .060 1.058
r 1.043 1.043

1.031
,r  1.019 1.021
h r .003 1.002
I 0.9765 0.9772
2 0.9493 0.9483

0.9381
. 0.9118

* 0.9034 0.9036
0.w2

4 0.8{'58 0.8830
I 0.8757 0,8757
I 0.8660 0.8670

0.8633
rrB 0.8559 0.8569

0.8459
28 0.8458 0.8441

0.841 9
!a 0.8313 0.8299

227  I  1 . 152  1 .154
r?8  I  1 . 138  1 .139
335 1 1.06t  1.06t
i38 I 1.04{t 1.045
0010 lr 

'1.032 
1.031

251 \ 1.025 1.025
336 ,' 1.001 1.004
r60 kB 0,9778 0.9805
065 39 0.9527 0.9512
345 1 0.9404 0.9409
351 t  0.9152 o.9l5. l
239 I 0.9060 0.9052
]49 4 0.8885 0.8877
165 4 0.8858 0.8858
262 lB 0.8785 0.8788
0410 2 0.8683 0.8632
263 & 0.862? 0.8633
u7 2 0.8588 0.8591
lzl^ & 0.8487 0,848e
zrru I 0.8457 0.8454
257 rrB 0.8433 0.8441
1410 rr 0.8323 0.8312

Sti l lwaterlte pd#S

I d*u, daal" tn& I dr""a dcarc I  d* " ,  dca lc l tk t  Id r " "a  dca lc

3.2A4 020
3.006 112
2.721 022
2 .518  l 13
2.422 120
?.357 121
2.'t92 122
2.136 030
2 .115  l 14
1.980 123
1.820 221
1.751 l3 l
1.718 006
1.680 132
1.659 016
1.628 2?3'| 
.58? 041

1 .558  l t 6
1.530 042
1.503 224
l./t63 134
1.435 017
1.4t4 232
1.401 126'I 
.351 233

1.295 143
r-?63 ot I

'I

,e
2

!!

It

2

h 0.8205 0.8208
tr 0.8183 0.8186
3 0.8128 0.8131
3 0.8066 0.8078
2 0.8023 0.8039
4 0.8000 0.8004
2 0.7979 0,7979
2 0.7943 0.7943
1 0.7907 0.7915
'6 0.7885 0.7886
1 0.7874 0.7874
\ 0.7848 0.7u4
38 0.7825 0.7828

1.2U
r.233
r.224
t.203
1 .160

,t 1.242 1.247
28 r .ZU 1.237
3 1.222 1.??9
4 l .?08 1.207
38  t . 162  1 .164

0.8013 0.8010
0.7999 0.7976

0.7972
0.79M 0.7915
0.7905 0.7904
0.7866 0.7859

0.7v9
0.7818 0.7818

0.7801

2

I

l 0

I
I

052
330
331
241
333

2
\,
a

I

z6
2

't 3.22
3 3.0t3
3 2.727
3 2.522
2 2.434

l0 2.360
5 2.205
7 Z.'t44
I 2.126
4 1.988
3 1.8?6
4 1.760
h  1 .718
2 1.688
I  t . o o c

2  1 .635
l . 1 . 5 8 6
,r '1.563
tt 1.532
3 1.s08
28 I.469
!1 I . '143
ta 1.421
2 1,401
J  t . J 5 /

I  1.300
zB 1.263

0.8178 451
0.8161 265

0.8100 0.8102 452
0.8050 0.80/B 361

27.524(l)4, The adimension and the hexa-
gonal sy.mmetry w€re confirmed by precession
camera study, but the c-dimension could not be
defined more precisely other than determination
that it is a multiple of el3.7A. Several attempts
to produce perfect single crystals using a Bridge-
man teshnique modified for small samples were
unsuccessful.

080
fiz
03t2
o82
231'l
363
175
454
083

rhombic cell with a= 11.261,(4), b = 3.g57(1),
c = tL;?46(5)A. The symmetry and approxi-
mate cell pamrneters were determined bv- exam-
ining the crystal with a prece$sion cam;ra. The
t-ray powder diffraction pattern and tle sym-
metry are in contrast to ttrat of synthetic pd6.Asr.
The powder data for Pd5.As, wire indexed on
a hexagonal cell with a : 7.3L8(I), c =

TABLE 4. ELECTRoN PRoBE ANALYSES 0F pdgAsz AND PALLADOARSENIDE

Anal .  g r .no . ,  s ize  ln  w,
No. assoclated mlnerals pd pt Au

. TNNAMED pdrAsz
welqht Der cent

Hg Cu As Sn Sb Te Bi Total pd
atomlc DroDortlons

P t  A u  H g  C u  t  A s S n  t'|

4

5

gr.U(l, 30x30,
+spyrcp+Pd.As+si  70.1 0.246.8 2.7 0.21 21.2 --  - -  n.d.  - -  10t .25 4.66 <.Ol  0.24 0.09 o.o2 s.07?.oo --  2.00gr.UKZ.,45x75,
+spyrctr |Pd2As+sl  79.0 n.d.  n.d.  n.d.n.d.  22,2 --  - -  n.d.  - -  . l0 l .Z 

E.oZ __ --  6.02 z.oo --  2.009 r . 7 ,55x100 , r
+tarnlshed? 68.4 n.d.  7,4 2.3 0.13 ?l .o o.3r  n.d.n.d.  - -  99.54 4.54 --  0.27 o.0B o.o1 4.s0 1.gs o.e,2.009 r , 12 ,25x50 ,
rspv+tarnished? 68.6 n.d.  7.8 r .3 0.09 zo.B0,26 n.d,n.d.  n.d.99.85 4.60 --  0.?9 o.o5 0.or  4.e6 1.99 o.or  s. r ,Gr.9, 25r30t
rstr+sr  68.0 n.d.  6.9 2.5 n.d.  ?0.6 n.d.  n.d.n.d,  - -  98.00 4.65 --  0.26 o.o9 --  5.00 2.OO --  2.00

N l  a l s o  n . d .

Anal. gr.no., slze ln ]jn,
l lo. assoclated minerals pd p! Au

PALLADOARSENIDE
welqn[ Der cent

H9 Cu As Sn Sb Te Bi Total pd pt Au Hg cu t As sb Te ,

atomic DrcDortlons

I gr.UK?, 30x30,
+spl^cprPd5A5z+sl  74.0 0.10 0. i l  n.d.0.34 24.4 n.d.  - - .  , t .3 - -  ,100.25 

?.07<.01 <.ol  -_ o.o1 2.08 o.g7 --  O.O3 ' .A '2 sr.8, 65xll0
r(Pd,Nl ,As)rkot  73.1 n.d.  n.d.  n.d.n.d.  25.0 n.d.o.6r t  0.59 --  99.33 2.00 --  - -  2.00 o,st  0.015 0.015 r .0a

n.b. Nl t Ag also sougtri for, but not detected
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Palladoarsmide

The mineral palladoarsenide, described by
Begizov et al. (1974), was discoYered in the
"veinletdisserninatbd" penttrandite-chalcopyrite
ores in the footwall "excontact" of the north-
western side of the Talnakh intrusion. The min-
eral is equivalent to the low-temperature poly-
morph of PdrAs, synthesized and. described by
Saini et al. (1964a).

Two grains of palladoarsenide were found
closely associated with other minerals such as
sperrylite, chalcopyrite, unnamed PdaAs:, (Pd,
Ni,As), kotulskite, gold, and silicates. The
grains were too small and intergrown for re-
moval and confirmation by t-ray diffraction.
The electron probe analyses Cfable 4) and op-
tical properties suggest that the grains are palla-
doarsenide. The analyses show that minor quan-
tities of Pt, Cu or Au may substitute for Pd,
whereas minor Sb or Te may substitute for As.
Tho four analysei of Talnakh palladoarsenide
reported by Begizov et al. (1974) showed minor
substitution of only Au and Ag for Pd; how-
ever, the totals are between 1.2 and 2.2 wt %
less than 1.0OVo,

Unknown (Pd,Ni,As) rnineral

One grain of this mineral was observed in a
complex intergrowth with kotulskite, the un-
named (Pd,Cu,As) mineral, and palladoarsenide
(Fig. 4). The mineral was too small for complete
character'uation and appeared light yellow to
greyish under reflected light in oil immersion.
It is either isotropic or weakly anisotropic, and
analysis gave: Pd 48.6, Ni I7.4, As 32.7, Te
0.38 - total 99.08 wl Vo. This analysis sug-
gests a formula of (Pd,Ni)g(As,Te) or PdNi(As,
Te), but these formulae must be considered very
tentative because of the limited data availabls.

U nknown (Pd,Cu,As) mineral

Several grains of this mineral were found
in one of the concentrates and were nearly al-
ways closely associated with the unnamed
Pdr.Ass mineral. The mineral appears to be an
alteratiou product or a secondary mineral and
it had a pitted or intergrowth texture with a dull
grey colour under reflected light (Fie. 5). It
also frequently exhibicd a banded or colloform
texture with the unnamed PdrAsz mineral (Fig.
6) and tarnished with time and exposuie to air.
Although these physical and textural properties
made electron probe analysis unreliable, it reas
possible to determine that Pd was the major
element with Cu and As in minor and nearly
equal quantities by weight.

TABLE 5. X-MY PoIIDER DATA FoR UNMI'IE0 PdsAs2

a  1 1 . 2 6 1  ( 4 )
d*u, llkL

,  3 . 857  ( l ) o 11 .345 (5 )
d*u, w'l dcal c

'1.472
'| 

.408
I .366
I . J J O

1.295
1 .222
t .  t o l

1 . 1 4 5
l . l l l'| 

.089
l 050
l . 0 l l
0 .9936
0.94 I  7
0.9309
0 . 9 1 0 1 *
0 .7772

l 0

1

8

I B

< l
< l
I

3.565 301 3.563
3.066 211 3.064
2.778 212 2.776
2.702 013 2.701
2.613 3l l  2.617
2.528 402 2.522
2,433 312 2.431
?.24't ll4 2.239
2.119 214 2.1 '17
I .947 510 I  .945
1.878 121 

',l 
.878

I .804 122 1.802' I  .735 315 |  .7U
1.698 '123 I .698
I .639 322 1.642
1 .602 514 1.604' I  .539 613 I  .541

< l  I . 4 1 0
I  I . 3 6 3

<1 1 .334
1 1 .297
1  1 . 2 2 2

< l  t . t o o

I  1 . 1 4 5
<] I . ' , |I I
< l  1 .089
< lB 1 .050
< l B  l . 0 l l
<l 0.9938
<1 0 .9419
< l  0 .9295
< l  0 .9102
9 0 .7770

7 I l
108
523

2't8
902
9'12
904
531
823
129
923
634
6 1 . 1 0
827
144
745

filtered radiatlon.
r sii additlonal weak reflections not reported. Cell refinerent
uslng 28 reflectlons.

Sperrylite

Sperrylite is a common mineral in many pla-
tinum-bearing deposits and its presence in the
Stillwater samples is not unexpected. There are,
however, few electron probe analyses of sperry-
lite in the literature, most of the analytical in-
formation on the mineral having been obtained
by bulk chemical methods. Table 6 lists seven
analyses of Stillwater sperrylite; it is noteworthy
that two analyses contain minor quantities of
rhodium, and that tle rhodium is not homo-
geneously distributed. This occurrence of rho-
dium is in addition to its presence in the pla-
tinum alloys (Cabri & Laflamme, L974b).

New MTNSRAL (?) rnou SuPsuRY

Unnamed Pd"Sbs

A single grain, 19'0x300;r,m, found in a sam-
ple of "Coppet Cliff Concentrate" from the
Sudbury area, gave electron probe results idel-
tical to the synthetic standard Pdssbs. Under the
binocular microscope the mineral alryeared
metallic with a pinkish cast, and in polished

No.  mlnera ls

1 55xl l 0,cp
2 I l0x l65
3  1 1 0 x l  l 0 ,

si+tamished?
4 l l0x l65
5 82x165

s l '
6  60x165,

s l
7 100x200

Fe-5

57.0
( 6 7

s6 .5

n.d. 42.6 99.6
n ,  d .  43 .0  99 .7
0 . 5 6  4 3 . 0  9 9 . 1 6

(.2?-1.28)
n .d .  43 . ' l  99 .6
0 .39  43 .3  99 .59

( .  l  r  -1 .07)
n .d .  43 .5  100.3

n.d. 42.3 99.3

1 . 0 0  -  1 . 0 0  1 . 9 9

5 6 , 8

5 7 . 0

99 0 .01  r .0 ,  1 .99

.00  -  1 .00  1 ,99

.00  -  1 .00  1 .93

Pattern obtained with 57.3 mn Gandolli carnera uslng cu' Ni-

Sb,sn' and Cu not detected.
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sertion under reflected light, it had a pale cream
to white colour in air and in oil immirsion. No
bireflectance was observed and it was moder-
a,tely anisotropic (reddish brown to light sxev) in
air. Under oil immersion the anisotropi*-'ias
slighfly stronger but the colours weru ihe sam".

Reflectanco measurements were made using
a silicon standard on the mineral and on svn-
thetic Pde,Sbs. These were for the mineral (aver-
qge of four separate measurements) at 47}nm
47.7, 52.2; 546nm 49.7, 53.5; 589nm 50.9,
54.6; 650nm 52.6, 56.4Vo and for rhe synthetic
PdeSbg (average of measurements on three
g"ins) at 470nm 50.3,52.1;546nm 52.2, 54.0;
589nm 53.2, 55.1; 650nm 54.6, 55.8Vi. Ten.
micro-indentafion hardness measurements were
made on the synthetic Pdssba and gave VHNso
= 516 (501-545).

Tho r-ray diffraction pattern of unnamed

Pde,Sbg was indexed as hexagonal witl a =
7.565(L), c = 43.?.07(3)A with a rhombohe-
dr.af l{tice. The powder pattern is compared
with that of mertieite II and synthetic pA"SU,
in Table 7. The calculated densirv is 11.32
g/cms, based on Z = 12.

Rp-ANer,vsrs oF MERTTETTE

Mertieite II

TVo of the four mertieite grains analyzed by
Dxborough et al. (L973), and referred by them
1s Group II, were re-analyzed by us using dif-
ferent synthetic standards (Iable 8). ThesJ new
analyses show very small differences in weight
per celt to ttrose reported by Desborougb and
co-workers 'but, nevertheless, these result in
sipificant differences in stoichionetrv. CIrr
analyses indicate thal mertieite II is rioicnio-

TABLE 7 .  x -RAY POI{DER DATA FOR } IERTIEITE I I  AND sYNTHETIc  AND NATURAL Pd^sb

a 7.546
a  43 .18 I

a 7.601
a 42.904

a  7 .565  ( l
a 43.207 (3

NRL I 4neas dcalc r 4neas dcalc r d,neas dcalr ,iki f, dmeas dcalc r d,neas dcalc r d,neas dcatc
l l 6
024
0'1.14
oz10
2't1
214
12s
11.15
2014
300
21.10
lZ l l
0u6
I 1.18
12,14
1022
r 3 l
?26
2020
315
l 5 r

1?20
?2,1s
2122
321
22].8
327
04t4
0030
3Zl0 l
23n I
23r4 |
lr30 |
0132 |
2il7 |
1415 |
$ o l

al
2
I

t 0

9'l

2.596 2.605
2.46 2.466
2,407 2.407

2.286 2.288
2.247 2.243
2.177 2.178
2.148 2 .1M

5 2.022 2.024
3 1 .930 1 .928
3 1 .874 1 .879

<tB 1 .825 1 .825

<' l  1.773 1 .773
<l 1.736 '1 .739

4 1 .577 1 .577

4 1.496 ' t .498
I  1 .483 1 .4831
<'r 1.45s 1.45i]

4 1.439 ' l  .439 j
3  1 . 4 t 3  r . 4 1 6 1
3 r.345 r.3481
( l  1 .318  I . 321  

|
|  1 .278  1 ,278 l |

I

l<l
l<l
29
?
4
2
2
9
J

l 0
1
I
<l
4
4'l
2

<l

3.€4 3.356
3 . 1 4  3 . 1 4 7
2.78  2 .778
2.609 2 .611
2,480 2.M4
2.42s 2.424
2.385 2.389
2.281 2.285
2.243 2.243
2.191 2.194
2.147 2.152
2.096 2.097
2.074 2.079
2.0 '15  2 .019
t .929 1 .931
1.866 1 .869
1.826 1.824

1.796 1 .797

<18'1.622 't.624
5 1.582 1.582
< l  1 .533 1 .535
2 1 .5@ ' t .509
4 r.485 1.486
I  1 .465 1 .466
<l 1..450 1.450
4 1.429 ' t .430

tB 1 .406 1 .408
t I .354 't .354
r  1 .337 1 .338
l  I . 3 1 5  t . 3 1 4

t  1 .283 1 .283
t 1.267 1.267

l ' t  2,476 2.472
l2  2 .414 ? .414
14 z.s6e z.3so
I  2.293 2.291
7B 2.238 2.246

1 2.144 2.148

48 2,025 2.026
2 1.930 1.93' l
I I .883 'l . 88]

< t  1 .829 1 .829

<1 1 .779 1 .778

38 1 .577 1 .580

2 
' t .4S5 

1 .485

< l  1 .293 1 .293
|  1 .279 1 .280

<r 1.416 1.4401
3 r .420 r .4191
2 r .404 l .4o4l
I  I . 3 5 1  I . 3 5 1  |

4022
2032
336
41.18
339
5014
30:10
33t 2
5'l I
I 328
155
517
4214
5't.10
402e
r 235
600
3132
345
2329
253
526
t?38
4130
l6 l
r 523
zil5
6l.l t
2518
443
440
446 |
535 |
24311
15291
I 4i'6 |
4?321
4040 |

3 1.2s7 1.2s6
<1 1.249 1.247

7 1 .200 t .?00
1 1 .188 r . r87

< t  1 . 1 6 3  1 . 1 6 3
< l  1 . 1 5 4  1 . 1 5 3
< l  1 . 1 4 6  t . 1 4 6
< l  1 . t 3 4  1 . 1 3 2

< l  1 .082  I . 082

7 1.226 1.226

< l  1 .056  1 .056
3 I .043 

' t .044

<1 0.9678 0.9659
<l 0.9583 0.9591

<1 0.9436 0.9432
6 0.935s 0.9352
2 0.9283 0.92821

I
| 0.9227 0.92171
2 0.9192 0.917e||
2  0 . 9 1 1 3  0 . 9 n 0 1
<l 0.9010 o.9006l

' |  
I . t 5 l' t  t .14 t

<1 1.122
2 1 .102
3 1 .094
3 1 .081

'r .152
r  .141
r . l 2 l
1 .099
1.097
I .081

3B 1 .051 1 .05 t
< l  1 .04 t  1 .042
<1 1 .027 1 .028
<1.  1 .0 ' t3  1 .013
2 1 .004 1 .004
<l 0.9983 0.9987
28 0.9885 0.9892
2s 0.972't 0.9723
3 0.9637 0.9641
38 0.9483 0.9482

r 0.9419 0.9420

4 0.9254 0.9253

0.9172 0.91731
0.9118 0 .91201
0.s992 0.89871

6  1 . 2 3 0  1 . 2 3 0

3  1 . t 8 2  1 . 1 8 2

|  < l  1 . 258  1 .257
l 2  1 . 2 4 4  1 . 2 4 2

2 1.209 1.209
38 I . ' t  97 I .198

2
2
?

48 1.258 1.258

I  1 .238 1 .241

< 1  1 . ? 1 7  1 . 2 1 9

4 1,20s 1.202
1  1 . 1 9 8 ' t . 1 9 0

< t  I . t 7 8  1 . 1 7 6

<l ' l  .104 I .105
<t  1 .09 t  1 .091
2 1.080 l .{a3
< l  1 .070 1 .070
3 1 .058 t .058
2 1.048 1.046

39 0.9356 0.9376

1 0.9237 0.9234
<1 0.9193 0.9192
3 0 .9119 0 .912s

29 I .158 I .  t56
I  1 . t 5 0  1 . 1 4 9
I  1 . 1 3 4  1 . 1 3 5

u ra in  ou  t t aD le
Pattern obtalned

l) 24 addlt
'{lth il4.6

angle ref'
l f

ectlons not reported; cell reflnement uslng 42 reflectlons
*

*

ulqrrr oD trdpre o, z,r aoqrElonal nl.gl_angle ref lect lons not reported; cel l  ref lnenent uslng 42 ref lect lonPattern.obtatned wtth 114.6 m cand6lf l  iarneri  ul ini-cu, Nl_ft i tered'raoi i i f in.
::,?::l:ltT,l.hlgh angle-reflections not reportedi cell reflnement using 53 reflectlons. cu, Nl-filteredradlatlon with-I14.6 rnn pebye - Scherrer type camera-
tron sudDury' Ontarlo. 14 addltional hlqh ahqle reflectlons not-reported; cell reflnement using 34reflectlons. Pattern obtatned vtth lt4.d m,, d;d;iii canera ustn!'Cu,-ffi riii"r"o radtafion.
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l '{o. cr. No.,
slze ln !n Pd

TABLE 8. ELEfiRON PROBE NALYSES OF MERTIEITE It.

atoni c
Proportlons*

As Totrl Pd 5b As

sr.6B*, 120x280 7I.6 n.d. 25.9 2.9 100.4 8.03 2.54 0.46
9r .68*  71 .4  n .d .  25 .9  2 .9  100,2  8 .01  2 .54  0 .46
9r .68*  72 .5  <0 . t  25 .0  2 .8  100.3  8 .42  2 ,54  0 .46
9r .7 ,  80x220 71 .7  n .d .  25 .9  2 .9  100.5  8 .04  2 .54  0 .46
9r .7*  73 .0  io . l  25 .0  2 .8  100.8  8 .48  2 .54  0 .46

rsum of SbrAs . 3.00, sgraln e-rayed, n.d. . not detected
#Detailed data glven to Smlthsonian lnstltutlon
(1i x-ray l lnes and standards used: PdLq, SbLd (synth.pd2.9sb),

A3K4 (synth. PdS. #t.ASSb. st ), CuKd (synth.Pd4. gSCu.t SsbZ. O)
(2) x-ray llnes and standards used: PdLa, SbLo (srnth. PdrSbr).

AsKs (synth.Pd5.OA.t.AgSb.St ).
(3) Desborough et al. (1973)e

metric Pds(Sb,As)r rather than having the more
general formula of (Pd,Cu)r+o(Sb,As)z-, pro-
p6€d earlier.

The r-ray diffraction pattern (fable 7) of
grain 6B has been indexed on a rhonbohedral
cell with hexagonal axes of a = 7.546(2), c =
43.18(1)4. This unit cell was determined by
single-crystal precession photogapbs of a frag-
ment of grain 68 and was confirmed in a more
comprehensive rc4ay stucfirre investigation
currently in progress. This unit cell may be
related to the earli€r propmal of Desborough
et al. (1973) that the mineral was pseudohexa-
gonal, possibly monoclinic, with pseudohexa-
gonal d = 15.04, C = 22.414 by the relation-
ship a' =?a, and C =Vzc. The density of mer-
tieite II was calculated using our hexagonal
parameters and an idealiz,ed Sb:As ratio of 5:1,
indicated from the structure studies, which sug-
gest a special position for the As atoms. This
densig based on 2 - 12, is 11.2glcm'.

SYNTnEsrs E)cERuuENTs

Synthesis experiments had to be performed
because of tle complexity of tle minerals en-
countered in this study, as well as the necessity
of having synthetic standards of similar compo-
sitions for r-ray and electron probe standards.
Limited exlnriments rrere made by reacting
high-purity elements in evacuated silica-glass
tubes. Tho charges were examined periodically
and the content$ were subjected to various grind-
ing, pelletizing and annealing operations. It was
also discovered that phase relations in the
Pb-Sb system were not known sufficiently well
and there were even less published data on the
Pd*As-Sb syst€m.

The Pd-Sb sys'tenr

The Pd.Sb phase diagram reviewed by Han'
sen & Anderko (1958) contains the following

phases: (Pd,Sb) solid solution, Pdssb, PdrSbe
(stable between 550 and 845"C), PdSb, PdSb,
and Sb. Pratt et al. (1968) extended the (Pd,Sb)
solid-solution field to 17 at. Vo Sb with no tem-
perature dependence at 800-1000"C Bl-Boragy
et cl, (1970) reported the presence of PdsSbs
(P6"crn with a - 7.@e, c - 13.86"4), and a
structurally related phase Pds+Sbz- (a = 7.6a,
c = 42.3aoA) butno mentionwas made of P&Sba
reported earlier by Schubert et al. (1953). Etr-
Boragy & Schubert (1971) presented new data
on the system between PdgSb and PdsSbu at 5ffi
to 80OoC. Four phases were reported, each with
a solid-solution field: Pds,9b, Pde.Sba, Pdr+Sb:-,
and PdsSba They stated that the strustures of
both PdsSbs and Pds+Sbg- are unique, but that
both structures are related to that of PdgSbs.

A few syntheses were made at 6@ and 700'C
between 25 and 40 at. Vo Sb. At 700"C Pd"Sb
is not stoichiometric, the composition being
nearer to Pdr.eSb. PdoSbg and Pd$bz were syn-
thesized as homogeneous phases at 70OoC.
Pdssbs was indexed as rhombohedral with hexa-
gonal axes of a = 7.60(1), and c = 42.9C//J)A
Cfable 7), in good agreement with the cell di-
mensions of El-Boragy & Schubert (1971): a =
7.57e, c = 42.8&A The calculated density of
PdeSb" is 11.29 g/cm'3 using our cell dimensions
wifh Z : 12. Attempts to synthesize PdrSbg at
700 and 600oC, and at 700"C for other closely-
related composititons, were not successful in
that two- and three-phase assemblages were ob-
tained. Electron probe analysis suggested that
one of these phases may have a stoichio'metry
close to PdzSbr but this area of study was not
pursued further.

The Pd-As system

Saini et al. (1964a) reported intermediate
phases in the Pd-As system: PdAsg, PdnAs (cu
and B), Pdr.As:, Pdr.65As, Pd&As, and PdaAs.
Their data are similar to those of Raub & V/ebb
(1963) except for a reported Pd?As phase which
may be PdpAs or the Pdo,As reported by El-
Boragy & Schubert (l97tr. The polytypism re-
ported by Saini et al. (1964b) for PdoAsg is dis-
cussed below.

We have successfully synthesized homogene-
ous single phases for the following composi.
tions: PdgAs, Pd&Asa (the Pdr.'gAs above),
PdaAs:, and PdaAs.

The Pd-As-Sb systenl

There are very fittle data in the literature on
this ternary system. Furuseth et d. (1967) re-
porled a complete solid-solution between PdAsr
and PdSbs at 6OO.C. Desborough a al. (L9731

wel ght
'per cent

Cu Sb

I
2

4
5

( l )
12't
(3)
( l )
(3)
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made some preliminary syntlesis experiments
but these produced results which were either too
finely crystalline or too inhomogeneous for
single-crystal .r-ray diffraction studies.

We have limited our experiments in the ter-
nary system to a series of five compositions
along the Pds"Asr - PdsSbr joir; shown as trian-
gles in Figure 7. The charges were prepared by
combining weighed quantities of previously-
synthesized PdeAs, and PdsSbz in silica tubes
which were evacuated, sealed and heated at
7IA"C, Table 9 gives the elemental weighed
amounts for PdgAs, and PdsSbz and the weighed
quantities of PdrAss and PdgSbz for the five
compositions, as well as their respective atomic
proportions. The charges were quenched, ground
and pelletized and re-annealed after periods of

4, 65, and 56 days. A final annealing period of
two years and four months completed these ex-
periments. The charges were examined by ore
microscopy, electron probe, and r-ray diffrac-
tion. Single-phase homogeneous products were
obtained for PdcA&.asbo.sr ?nd for PdsSbr.*
Aso.oo. The intermediate compositions, however,
consisted principally of large homogeneous
grains with compositions near the bulk compo-
sition of the weighed-in components, but with a
few intergranular areas containing a fine-
grained multiphase mixture which must have
been liquid at the annealing temperature. These
intergranular areas were analyzed and their
approximate bulk compositions are plotted as
an x in Figure 7 with a dotted line leading to
the bulk composition of the initial charge.

Pd (or Fd, Pf,Au,Ag.Cu,Hg,Pb,Rh)

(Fd,Sb)s.s.

MERTIEM U- I
MERTIEM It.2

STILLWATERTE

IJN|'|AMED

MLLAMARSENIDE-I
FAUADoAFIIENIDE.2

rd;fiE;
A T ' '  ,

Tlooc

ATOM PER CENT

UNMIIED russbl

SNBPMLLADINITE.2

Sb(or Sb.TeSrBl)

- l

As

Frc. 7. The palladium-rich part of the Pd-As-Sb composition diagram. Sguares refer to known synthe-
tic compounds in the Pd-As and Pd-Sb binaries, and triangles represent bulk compositions of s1m-
theses at 710'C itr this study. Dashed lines extending from three triangles represent lat the cross) ihe
analyzed composition of the minor phase(s), interpreted as being liquid at 7l0oQ, which were'used
to estimate the extent of the liquid field at that temperature. The @d,Sb) and stillwaterite solid-
solution fields are shown-as hatching. Compositions of all natural phases (except stillwaterite) are
i9glcated by circles: (PdsPbo.4)As (Genkin 1968); unnamed PdsAsa, paUaOoarseniOe-2, mertieite'Il-l' (this study); arsenopalladinite, stibiopaladinite-2, isomertieite (Clark et at, l9Z4); rinnamed pdrsb;
(Cabri & Iaflamme 1974); mertieite II-1, stibiopalladin;te-l (Desboirolgh er at, til}); vincentite II
(Stumpfl & Tarkian t974); In-39, N-375, and N-681 are "mertieites" Jf Razin & Dubalrina (1974):
stibiopalladinite-3 Crarkian & stumpfl 1975). The minerals of yu er at. (1974), discussed with
Pd&As, are not shown in this Figure.
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TABLE 9. COI"IPOSITIONS AI.IO CRYSTALLOGMPHY OF QUENCHED PHASES SYNTHESIZED AT 7'IO'C ATONG THE Pd5AS2-Pd5Sb2JOIN

weight per cent
?dsAsz Pd5Sb2 | Pd As 5b

atondc proportlons
Pd As sb

diffraction sub-cell dlrenslons i
sjmbol aeat c' t+

00.0
7 2 . 0
46.8
27.4
1 7  . 4

aelo
7 2 . 6
82.6
9't .4

|  00 .0

78.03 21.07
75.39  15 .82  8 .79
73.01  10 .28  

' ,16 .71

7 l . ' , f8  6 .01  22 .81
70.24 3.81 25.95
68.85 0.57 30.58
68.60  -  31 .40

5.00  2 .00
5 . 0 0  1 . 4 9
5 . 0 0  1 . 0 0
5.00  0 .60
5.00  0 .39
5.00  0 .06

.n
,00
.40
. o t

.94

.00

P6lt*
P6lB*
R*

P6/*e*

7.31  8( l  )  I  3 .762 ( l  )  
' 1

7 .385 (2 )  |  3 .793(6)  3
7 ,468(2 t  13 .916(4)  3
7 . 5 3 1 ( 3 )  1 4 . 0 7 5 ( 5 )  5
7 . s 5 6 ( r  )  1 3 . 9 9  ( l  )  9
7 . 5 9 5 ( r )  1 3 . 8 8 0 ( 4 )  |
7 .603( l  )  13 .853(4)  I

+ T r u e  c  =  f l x c t

These results axe interpreted as indicating
that, at 7LO'C, the liquid field in the Pd-As
binary extends into the Pd-As-Sb ternary. The
presence of quenched liquid in the three charges
with intermediate compositions may have re-
sulted either from a deviation ftom 5:2 stoichio-
metry or from weighing elTors in the synthesis
of the original As and Sb end members.

The large homogeneous grains in the five syn-
thetic products along the PdsAs"-PdoSb join
gave sharp r-ray dilfraction patterns which were
studied by the precession method, using MoKa
and CuKa radiations. The good diffraction
charocteristics of ttrese grains are thougbt to be
the result of the 2gaonth annsaling period at
710"C. The c-dimensions and extinction condi-
tions were determined in some cases with the
aid of enlarged photographic prints of single-
crystal films. The cell parameters obtained by
the single-crystal method were refined using the
powder diffraction data. The results are listed
in Table 9.

PdaAsr.aeSbo.sr, PdnAsSb, Pds.Aso.gs'Sbr.or ond
PdsAso.o"Sbr.oa show the same diffraction aspect,
P6/*c*, correspon9ing to space groups P6rl
mcm, P6acm ot P6c2, whereas PdoAso.oSbr.a is
R** corresponding to Rim, R3m or R32. The
extinction conditions for ,Pd'Ass were not de-
termined due to the poor crystallinity of thE
synthetic phaseo which had not been subiected
to the long annealing period of the intermediate
compositions. All the phases, however, qossess
a coilrmon sub-cell a7i1a a!e1.4, C-13.9A, and
a more pronounced sub-cell with dt=Vsd, C'=
,h,d, sfuilar to those of PdaAsz reported by
Saini et al. (1964b). The true cells have a:d
md c-nxC as shown in Table 9. Saini et al.
(1964b) reported that PdoAsz showed polytypism
with a-7.31(1) and c-values of 10.34, 13.70,
27.48 and 96.21\ corresponding to a basic re-
peat di$tance of. 3,434 along the c-axis. The
c-dimensions obeerved in the present study can
also be expressed in tems of -3.5A. The cell
dimensions generally increase with increasing
Sb content in the structure, varying from r/:
7.32 and C=13.764 for PdpAsa to d=7.60 and
/=13.85A for Pd$ba except that the Cdimen-

sion of PdeAso.eSbr.s which has rhombohedral
symmetry, is somewhat larger.

The close relationships of these phases are
apparent in their r-ray powder-diffraction pat-
terns. The powderdiffraction patterns of Pds,Ass
aro poorly defined but are essentially similar to
those given by Saini et al. (19646. The powder
data for Pdr.Aso.ooSbr.se are similar to those of
PdoSbg and the latter confirm the results given
by El-Boragy et al. (1970). The powder data for
Pd6.AsSb and Pd&Asr.arsbo.sr ?r€ similar to each
othet, whereas tlose of Pds.Aso.oSbr.e are differ-
ent, ispecially in d-values less than f.4A. The
strong lines with similar d-values for all frve
interrrediate phases can be indexed with the
same indices using the common sub-cell (d, C),
except for a few lines in the PdaAso.oStl.e pat-
tern due to the different symmetry.

Tho products heated at7lO"C, after grinding,
were subsequently annealed at 325oC. These
annealed and quenched products gave different
r-ray powder patterns to those of the corres-
pondlng 7tO'C products, indicating some changes
had taken place and that this system is even
more complex at lower temperatures.

DrscussroN

Minerals reported in the literaturg as well
as those found in this study, which belong to
the Pd-As-Sb system, have been plotted in Fig-
ure 7 together with some synthetic composl-
tions. Minor quantities of Ft, Au, Ag, Cu, Hg,
Rh and/or Pb, when presenf have been cal-
culated as Pd and minor quantities of Tg Sn,
and/or Bi have been calculated as Sb. Inspcc-
tion of Figure 7 reveals a considerable number
of minerals, not all of which have clearly iden-
tifiable synthetic equivalents. A statement of
our understanding, at present, of each of these
minerals and synthetic phases is pertinent.

Pda,.r{s utd (Pd,Sb) s.s.

Theso phases arE not known as-mineral spe-
cies.
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(PdaPbo.a)As

An incomFletely characterized minsml 1e-
porie{ by Genkin (1968) which may be related
t9 P$Asr or to vincentite of Stumpfl & Tarkian
(1974), or to some of the (pd,Fb)r(As,Te,Bi)
minerals reported by Kovalenker et al. (1972).

PdsAs

A phase well-known in the synthetic pd-As
system for which tetragonal symmetry has been
reported (Saini a al. Lt64a), but for which no
gnel{og@ equivalent has yet been clearly
identified. Ya et oJ. (1974), however, have de-
scribed PdsAs and Pda(As,Sb) from mafic-ultra-
mafic rocks in China. They proposed the name
guanglinite for PdgAs and reported the mineral
to have orthorhombic symmetry though their
powder data are closely related to synthetic
tetragonal PdsAs.

Strllwaterite

fdeal end-member pdaAsg and equivalent to
synthetic PdeAs, which may coniain minor
quantities of Sb, Te, Sn, Bi to the extent shown
in Figure 7. Ttie individual stillwaterite analyses
are plotted on a more expanded scale in Filure
8. The small deviations from the g:3 stoiclio-
metry (cl. also Table 2) arc considered to be
largely analytical.

TIIB CANADIAN MINERALOCIST

At(q Rt Pt.A0,A{,
Ct{Hg'Ft)

II

H'(Assb)rat3

Unnamed Pd*4.s2

The unnamd Pd&As, phase may be consid-
ered a new mineral. It is felt however, that this
miner,al should not be named until type arseno-
palladinite has been re.examined. The fact that
syntheses of Pd"Ass did not produce single crys-
tals, but a phase whose t-ray diffraction pattern
may be indexed as hexagonal (in contrast to
ths orthorhombic symmetry of the mineml), i3
not,unique because several minerals have yet
to be synthesized or have polymorphs which
have not been synthesized.

Palladoarsenide

Palladoarsenide is equivalent to the low-tem-
perature polymorph of synthetic pdrAs as
originally defined by Begizov et al. (t974). Ttre
very slight deviations from the 2:1 stoichiome-
try in Xhe original analyses, as well as in ours,
may be due to analytical erors.

Arsenopalladinite

Arsenopalladinite was redefined bv Clark er
aL. (L974) as Pdu(As,Sb)z and triclinic with a =
7.399, b = t4.O63, c = 7.352)y q, = 92oO3',
p = 118"5'7', y = 95o54'. Thirteen grains were
analyznd with the results reported as the mean
values and range. Thorrgh the mean value is
yery close to the 5:2 stoichiometry Fig. g), it
is not possible to ascertain the exict range-ior
the individual analyses from the published data.
ff one takes the maximum Pd with the minimun
Cu, As, and Sb values reported, the resulting
hypothetical analysis is more pd-rich than
stillw-aterite, suggesting either an overlap with
the 8:3 stoichiometry or the possibility that
some analyses represent hard-to-detect two-
phase intergrowths. The lack of a published
gow{er pattern because of tle poor x-ray dif-
fraction characteristics of the- mineral' also
makes firrther ccrmparison to stillwaterite im-
possible at this time. This comparison may be
possible on completion of a re-examination of
gls3gopalladinite (A. M. Clark, personal comm.e
r97s).

Isomertieite

The new mineral isomertieite was described
by Clark et al. (7974). as (pd,Cu)s(Sb,As)g with
As = Sb, cubic, space group Fd3m, a =

! -2:28.3 (1'! 4.. How-ever, _th9 pineral was weaHy
anisotropic in reflected fight, only one grain
being isotropic. The synthetic compound dhor"
composition is clgse. to that of isomertieite in
Figure 7 is stronlly anisotropic under reflected

TERTE|IE I
(AV) 

\

ATOM PER CENT
dA

cag

.+
ftc. 8. A more detailed area of the pd-As-Sb com-

po-sition diagram (Fig. 7) showing individual
.stillw-ateri-te analyses (black circles) with respect
1o the line defining 8:3 stoichiometrv. The
straight'line from the word STILLWATERITE
locates the average valire for the 13 analyses and
(2) refers to two erains with identical inalvses.
Also shown are the locations of the anaivses
(black triangles) of the unnamed pds,As, and of
palladoarsenide-2 (open tnande), Oot6 o1 rhis
study. The other minerals plotited are from
anrlyses reported in the literatme,as detailed in
the legend for Fig. 7.
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Pt[Te

tight. The averag€ composition of isomertieite
fr-om pubtshed data is plotted in Figure 8; the
composition appears to lie between a 5:2 and
an 8:3 stoichiometrY.

Mertieite

The new minetal mertieite was described by
Desborough et al. (1973) as occurring in two
compositional groups (Group I and Group II)'
with a best approximation for the mertieite for-
mula being (Pd,Cu)s+;(Sb,As),-', where r =
0.1-0.2. They suggested that mertieite is pseudo-
hexagonal, b*.ibly monoclinic, - with pseudo'
hexalonal a-- 15.b4, c - 22.4llu The average
analyses reported for mertieite I and mertieite
II are plotted in Figure 7, whereas the very
small differences obtained by our re-analysis
of mertieite II (cl. Table 8) suggest an 8:3 stoi-
chiome@. The completion of a crystal-structure
analysis bf mertieite II, currently underway -in
our laboratories, should provide additional in-
formation on the mineral.

Razin & Dubakina (1974) reported an anal-
ysis of mertieite from Ingali (In-39) to which

they assigned an ideal formula @d,Cu)a+,
(SbAs), ana two analyses of lnertieite-from
it"itt"[ N-735 and N681), for which the

ideal formula (Pd$g)o-,(Sb,As), was proposed'

These analyses ate shown on Figure 
-7 u$ th:y

do, indeed, lie in two groups. The Ingali min-
erat i. neater mertieite I whereas the two
Noril'sk minerals appear to have stoichiometries
closer to 5:2 than the 8:3 of mertieite II' If
the Noril'sk minerals have, indeed, a 5:2 stoi-

chiometry, their relationship to stibiopalladi-
nite, rather than to mertieite II, should be -care-
fully ev.aluated. Razin & Dubakina (1974)
poiited out the similarity of .r-ray powder dif--fraction 

patterns of their mertieite samples to
those of be.sboroueh et al. (1973) and to stibio-
palladinite. It is most important, therefore, that-a 

re-examination be made by single-crystal
methods.

Vincentite

Vincentite was describ€d as a new mineral
bv Stumpfl & Tarkian (1974) with a proposed
general iormula of (Pd,Pt)a(As,Sb,Te) and the

fl)c&

ATOM %

lPd,PrbAt!Sbo.t

Vll,lCEiInTE trV
tvrNcE'nnE r

(Ftl,Pt[Sb

Flo. 9. Sone mircrats reported in the (Pd,Pt)sSHPdJ0sTe-(Pd,Pt)sAs __*-.Po.ti i* diagrqn"

Analyses No. 1, 2 & 3-;f.; ; rlu Fa,pb)r-6{f",ni) ninirat ryptryd by Kovalenke-r et-al' -(I972r'
Vincentito I and II optr""i A" t"o:*Avriii riporteit bi Stumpfl & Tarkian (1974). On:this diagram
(Pd,Pb)sAs sf Qsnkin (1968) would lie on the apex of the triange' :
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lpecifig compositional requirements that Pd ) that all these have the same structure. Some
Pt and that As:(Sb*Te) = 1:1. This proposed differences in intensities for certain reflections
compositional range requires that the name among the three patterns may be due either to
vince:tite- be applied to minerals with com- tho eifects of As'substitution for Sb, or ro sys-positions between (and including) the end-mem- tematic intensity erron because of 

-incomplite

bers @d,Pt)aAso.oSbo.s to (Pd,Pt)rAso.oTeo3 as powder diffraciion by the Gandolfi carne'a.
shown in Figure 9. The proposed compositionat Sfrouto further worf confirm the suggested
range for vincentiie is rather unusual ai it repre- structural similarity, re-definition of mert]eite II
sents a presumed solid-solution series, each end- will be necessary iogether with pdosbs as ideal
member of which lies at the mid-point of sys- end-member. It'wou-ld also be helpful if mer-
lms wloge own phase relations are unknown. tieite I were 1s-€laminsd in the lilht of thesc
One of - the _two published vincentite analyses new findings.
(referred to here as vincentite II) may also be
plotted on a Pd-As.Sb.diagram by substituting (Jnknown (pd,Cu,As) mineralTe for Sb (Figure 7) where it lies Letween m€r-
tieite II and mertieite (In-39). Fleischer (1974)
has noted that vincenti@ needs further study,
especially single-crystal work and synthesis,

Stibiopalladinite

_ Stibiopalladinite was formerly thought to be
Pdssb, but recent analyses @esborough er c/.
1973 and Clark er aL. 1974) on mateiial from
the Potgietersrust district of South Africa sug-
gest a stoichiometry closer to pd$br. The aver-
age values obtained from seven and six grains
by these authors, respectively, are plotted in
Figure 7. Neither analysis is preciseiy pdssbz,
and both lie between PdsSbz and pdrsbr. El-
Pgtug-y et al. (197O) reported another phase.
Pdr+Sbz-, structurally related to pdssba but still
considered n u.rique phase in the pd_Sb system.
El-Boragy & Schubert (1971) detailed the-boun-
daries of the solid-solution field of this phase
between 500 and 800oC. Tarkian & Stumpll
(1975) reported a stibiopalladinite analysis from
the Driekop mine which is more As-rich and
plots slightly under the Pdssbr-pdrAs, line in
Figure 7. We have recalculated their analvsis
(from their Table 8) as (Pdr.rrCu.r.Pt.ou)"=n.ro
Sbr.a2.As.ra. It is therefore essential that type
stibiopalladinite be re-examined in great deiail,
preferably by re-analysis with good synthetic
standards whose compositions are close to that
of the mineral, as well as by a detailed x-ray
analysis, especially by single-crystal methods.
The latter is most important because, as dis-
cussed by Razin & Dubakina (1974), stibio-
palladinite is also structurally related to ,.mer-
tieito" and to a mineral described as pdr..,
(Sn,AgSb)s.

Unnamed PdSbs

The close similarity of the powder patterns
and unit cells of mertieite II, synthetic PdeSbs,
and unnamed FdeSbs (Iable 7) strongly suggest

This minslal is too poorly characterized to
warrant showing its location in the pd-As-Sb
composition diagram.
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