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ABSTRACT

The phase equilibria in the system Ag—Pd—Se were studied by the evacuated-silica glass tube method at 350, 430, and 530 °C.
In the system we synthesized four ternary phases: Ag,PdsSey (chrisstanleyite) and the new phases AgPdsSe, (Ag,Pd),>Seq, and
AgePd74Se;. The AgPds;Se phase forms a Ag;_,Pds..Se (x = 0-0.15) solid-solution series. The (Ag,Pd),,Ses phase forms a
(Ag11Pdi140)22Se6 (0.2 = x = 3.9) solid-solution series, the solubility of Ag decreasing with increasing temperature. Palladseite
(Pd;7Se;s) forms a limited solid solution and dissolves up to 7 wt.% Ag, and the phase PdoSe, dissolves up to 3 wt.% Ag. The
Ag,PdsSe4 phase, an analogue of the mineral chrisstanleyite, forms stable associations with naumannite (Ag,Se) and veerbekite
(PdSe,); it also coexists with palladseite (dissolving 7 wt.% Ag). The phase is stable up to 430 °C. Phase relations determined
the mineral assemblages that can be expected to occur in nature. Ternary AgPd;Se and (Ag,Pd),,Seg phases and the binary PdSe,
Pd;Sey, and Pd34Se;; phases can be expected in associations with the mineral palladseite, among other selenides. Finding these
phases in nature is highly probable in telethermal selenide veins and unconformity-related uranium deposits, at conditions of high
Se/S fugacity ratio, an oxidizing environment, and Se-rich fluids, forming at low temperatures. The AgePd74Se,, phase forms
stable associations with AgPd;Se and Pd;Se,. It also coexists with PdsSe and PdoSe,. The AgsPd74Sey) phase is stable above
430 °C. Under natural conditions the AgsPd74Se,o and PdgSe, phases can be expected to occur in less traditional environments
than are usual for selenides, forming at higher temperatures (above 430 °C).

Keywords: Ag-Pd—Se system, phase relations, phase diagram, platinum-group minerals, chrisstanleyite, palladseite, Ag—Pd
selenides

INTRODUCTION

In addition to the native elements Ag, Pd, and Se, the
Ag—Pd-Se system comprises four minerals: palladseite
(Pd;7Se;s), verbeekite (monoclinic PdSe,), naumannite
(AgySe), and chrisstanleyite (AgoPd;Sey). In nature,
minerals belonging to the Ag—Pd—Se system occur in
various geological environments. Palladium selenides
are known to occur in auriferous mineralizations, also

known as “jacutinga” type ores, in Minais Gerais and
Serra Pelada in Brazil (Clark et al. 1974, Davis et
al. 1977, Olivo & Gauthier 1995, Cabral et al. 2002,
Cabral & Lehmann 2007) and have been observed in
carbonaceous Precambrian black shales in the Voronezh
crystalline massif in Russia (Rudashevskiy et al. 1995).
Chrisstanleyite was found in gold-bearing carbonate
veins in Middle Devonian limestones at Hope’s Nose,
Torquay, Devon in England (Paar et al. 1998), and
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has also been reported from the Musonoi Cu-Co-
Mn-U mine of the Shaba province in the Democratic
Republic of Congo (Roberts et al. 2002), Tilkerode
in the eastern Harz Mountains in Germany (Stanley
et al. 2002), in selenide mineralization at El Chire in
Argentina (Paar et al. 2004), in uranium mineralization
at Predborice, Czech Republic (Paar et al. 2005), the
East Pilbara region of Western Australia (Nickel 2002),
and from Gongo Soco in Minas Gerais, Brazil (Cabral
& Lehmann 2007). Verbeekite is known from its type
locality, the Musonoi Cu-Co-Mn-U mine in the Demo-
cratic Republic of Congo (Roberts et al. 2002) and
Hope’s Nose in Devon in England (Paar er al. 1998).

Selenides are closely associated with sulfides,
oxides, tellurides, and native elements in a variety of
mineral assemblages; Se, being strongly chalcophile,
often substitutes for S in sulfides. Simon et al. (1997)
reviewed the mineralogy of selenides in natural ore
deposits using the thermodynamic data and calculated
equilibria for binary selenides presented by Simon &
Essene (1996).

Selenides are formed from hydrothermal fluids at
conditions of high Se/S fugacity ratio. According to
the study of Simon et al. (1997), an oxidizing environ-
ment (close to the anglesite-galena buffer) and Se-rich
fluids are essential to form most selenide minerals.
Selenium-rich, relatively reduced (below the hematite-
magnetite buffer) hydrothermal fluids can deposit only
Ag selenides; no other selenide minerals can deposit
from such fluids. Selenides are found in four main types
of deposits: telethermal selenide veins, unconformity-
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related uranium deposits, sandstone-hosted uranium
deposits, and epithermal Au-Ag deposits (Simon ef al.
1997). Telethermal selenide vein-type deposits include
the well-known selenide-bearing deposits in the Harz
Mountains in Germany (Clausthal, Lerbach, Tilkerode,
Trogtal, and Zorge; Tischendorf 1959, Wallis 1994,
Stanley ar al. 2002), and in Bolivia (El Dragén, Grund-
mann et al. 1990; Pacajake, e.g., Ahlfeld 1941) and
Argentina (La Rioja province, e.g., Paar et al. 1996),
or the selenide occurrences at Hope’s Nose in Devon,
England (Stanley ez al. 1990). Unconformity-related
U deposits contain selenide-bearing mineralization in
the Bohemian Massif (Predborice, Petrovice, Habry;
Kvatek 1979, Johan 1989), in the Massif Central in
France (e.g., Johan et al. 1982), and in the Athabasca
area of Saskatchewan (e.g., Robinson 1955). Palla-
dium selenides are known to occur predominatly in
telethermal selenide veins and unconformity-related U
deposits; in these deposits they formed at low tempera-
tures, below 300 °C (Simon et al. 1997).

In this contribution we present phase relations in the
Ag—Pd-Se system in three isothermal sections.

PREVIOUS EXPERIMENTS
The binary Pd—Se system
The binary system Pd—Se was revised and evaluated
by Okamoto (1992) based on the data of Olsen et al.

(1979) and Takabatake et al. (1987); the binary diagram
is shown in Figure 1. The system comprises eight inter-
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mediate phases: Pd4Se, PdgSe; (stable in the temperature
interval from 390 to 635 °C), Pd;Se,, Pd34Se;;, Pd;Sey,
Pd;;Se;s, PdSe, and PdSe,.

The binary Ag—Pd and Ag—Se systems

Karakaya & Thompson (1988) reported complete
(Ag, Pd) solid solution. In the Ag—Se system only two
Ag,Se phases exist with two polymorphic modifica-
tions (o and B) (Karakaya & Thompson 1990, Hansen
& Anderko 1958).

The ternary Ag—Pd—Se system

Phase relations in the ternary Ag—Pd—Se system have
not been studied to date. Paar et al. (1998) described
the ternary mineral chrisstanleyite (AgoPdsSes), and
Laufek er al. (2011, 2013) published a preliminary
report concerning the crystal structures of the AgPd;Se
and (Ag,Pd)»;Seq phases.

The structural data for phases and minerals in the
Ag—Pd-Se system are summarized in Tables 1 and 2,
respectively.

METHODS AND TECHNIQUES
Experimental
Experiments were performed in evacuated and
sealed silica glass tubes in horizontal tube furnaces,

following the method of Kullerud (1971). To prevent
loss of material to the vapor phase during experiments,

the free space in the tubes was reduced by placing close-
fitting glass rods over the charge. The temperatures were
measured with Pt-PtRh thermocouples and are accurate
to within + 3 °C. Charges of 100 to 200 mg were care-
fully weighed out from the native elements. We used
silver powder (Aldrich Chem. Co., 99.999% purity), Se
pebbles (Aldrich Chem. Co., 99.999% purity), and Pd
powder (Aldrich Chem. Co., 99.95% purity) as starting
materials. The starting mixtures were first melted at
1200 °C for three days. Then the products from the
1200 °C melting were ground in an agate mortar under
acetone and reheated to 350 °C (for 120 days), 430 °C
(90 days), and 530 °C (70 days). In order to attain equi-
librium, the experimental products were reground under
acetone and reheated to the required temperature. After
heating, quenching was done by dropping the capsules
in cold water. A list of representative experimental
starting materials and products is given in Table 3 and
plotted in Figure 2. Phases in the experimental products
were characterized by X-ray powder diffraction, in
polished sections examined in reflected light, and with
electron-microprobe techniques. In a few experiments
exsolution was observed that was caused by the slug-
gish quench from 430 or 530 °C. When the experiment
was repeated and rapidly quenched the exsolution was
no longer observed.

X-ray diffraction analysis
Each experimental product was primarily studied

with powder X-ray diffraction (XRD). Powder X-ray
diffraction data for the products were collected with

TABLE 1. CRYSTALLOGRAPHIC DATA FOR SYNTHETIC PHASES
IN THE SYSTEM Ag-Pd-Se

Unit cell parameters

Phase Crystal Structure Reference
a(d) b4 c(A) B ()
BAg,Se cubic Im3m 4.983 1
aAgoSe  orthorhombic  P24242 4333  7.062 7.764 2
PdqSe; trigonal 3
pPdsSe unknown
oPd;Se tetragonal PZZ1 c 5.2302 5.6461 4*
Pd;Se; monoclinic P24/a 9.4539 53520  5.4967 93.509 5%
Pd3sSer  monoclinic P24/n 21454 55052 12.0348  99.454 5*
Pd;Seqs  orthorombic P24224 6.8618 5.3793  10.1613 6*
Pd¢7Seqs cubic Pm3m 10.6048 7™
PdSe tetragonal Pd4,im 6.7248 6.9128 8*
PdSe, orthorombic Pbca 57394 5.8624  7.6926 9*
AgoPd3;Ses  monoclinic P24lc 5.6872(2) 10.410(1) 6.3545(3) 114.91(1) this study
AgPd;Se cubic Pa3 8.6289 10
(Ag,Pd)Ses  cubic Fm3m 12.3169 11

Notes: Crystal structure data are from: 'Rahlfs (1936), 2Wiegers (1971), 3Takabatake et al.
(1987), *Grenvold & Rest (1962), 5Sato et al. (1989), *Matkovic & Schubert (1978), "Geller

(1962), 8ljjaali & Ibers (2001), °Grgnvold & Rast (1957), '°Laufek et al. (2011), "Laufek et al.

(2013)

*Unit cell data are taken from Vymazalova et al. (2011).
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TABLE 2. CRYSTALLOGRAPHIC DATA FOR MINERALS IN THE Ag—Pd-Se SYSTEM

Unit cell parameters

Mineral Crystal Structure Reference
a(A) b (A) c(A) B(°)
naumannite Ag.Se orthorombic P24242 4.333 7.062 7.764 1
palladseite Pd47Seqs cubic Pm3m 10.635 2
verbeekite PdSe, monoclinic C2/m, C2 or Cm 6.659 4.124 4.438 92.76 3
chrisstanleyite AgoPdsSey monoclinic P24/c 6.676 10.342 6.341 114.996 4

Notes: "Wiegers (1971), 2Davis et al. (1977), *Roberts et al. (2002), “Topa et al. (2006).

TABLE 3. RESULTS OF SELECTED EXPERIMENTS IN THE Ag-Pd-Se SYSTEM

Starting

Experiment No. I Temperature/°C Phase assemblages
composition
A9 Ag222Pd3335€44.4 350 AgoPd3Sey
430 Ag,Se, Pdi7Seqs, PdSe,
530 Agzse, Pd17se15, PdSez
A10 Ag4oPd4oSegg 350 (Ag ,Pd )zzSee
430 (Ag,Pd)2;Ses, Ag-Pd
530 (Ag,Pd)2,Ses, Ag-Pd
A11 Agzopdsssezs 350 (Ag,Pd)zzSEB, AgPd3Se, Pd17Se15
430 (Ag,Pd)zzSes, AgPd3Se, Pd17Se15
530 AgPd3Se, AgoPd,Se, L (Pd,Se)
A12 AggoPd303e50 350 AggPd3$e4, AQQSe, Pd392
430 AQZSe, Pd17SE15, PdSe,
530 Ag,Se, Pdi7Seqs, PdSe,
A13 A930Pd4ose30 350 (Ag,Pd)zzSee, Pd4;Se1s
430 (Ag,Pd)22Ses, Pdi7Sers
530 (Ag,Pd)22Ses, Pdi7Sers
A14 Ag33v3Pd25Se41_7 350 Agde3Se4, Ange
430 AQZSe, Pd17Se15, PdSez
530 AQZSe, Pd17Se15, PdSez
A15 Agzopd4ose40 350 (Ag,Pd)zzSEG, Pd17Se15, AQZSe
430 (Ag,Pd)zzsee, Pd17Se15, AQQSe
530 (Ag,Pd)zzSea, Pd+7Seqs, AQZSe
A16 AgzoPd208e60 350 Se, AQZSe, PdSe,
430 Se;, Ag,Se, PdSe;
530 Se;, AgzSe, PdSe;
A17 AgePd478e47 350 Pd17Se15, PdSez
430 Pd17Se15, PdSez
530 Pd17Se15, PdSez
A18 Agzz,5Pd34Se43,5 350 Agde38e4, AQZSe, Pdq7Se1s
430 AQZSe, Pd17Se15, PdSez
530 AQQSe, Pd17SE15, PdSez
A19 Aggopdeosezg 350 Ag Pd;Se
430 AgPds;Se
530 AgPd;Se
A20 Agsopdzosezg 350 (Ag,Pd )22896, Agzse, Ag-Pd
430 (Ag,Pd)22Ses, AgoSe, Ag-Pd
530 (Ag,Pd)2,Ses, AgzSe, Ag-Pd
A21 Ag3opd508620 350 (Ag,Pd)zzSee, AgPd3Se
430 (Ag,Pd)22Ses, AgPd3Se
530 (Ag,Pd)22Ses, AgPd3Se
A22 Agzopd5ose30 350 (Ag,Pd)zzSes, AgPdgse, Pd17Se15
430 (Ag,Pd)2;Ses, AgPdsSe, Pdi;Seqs
530 (Ag,Pd)2,Ses, Pdi7Seqs, L

Heating time: 120 at days 350 °C, 90 days at 430 °C, 70 days at 530 °C
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TABLE 3. — continued

Experiment No. Starting composition Temperature/°C

Phase assemblages

A23 Ag10Pdeose30 350 AgPdsse, Pd17Se15, Pd34Se11
430 AgPdsse, Pd17SE15, L
530 AgPd;Se, Pd7Sess, L
A24 Agz5Pd45Se3o 350 (Ag,Pd)Zzsee, Pd¢;Se1s
430 (Ag,Pd)2Ses, Pdi7Se1s
530 (Ag,Pd)2Ses, Pdi7Se1s
A25 Ag7Pd7gSe23 350 AgPd3Se, Pd34Se11
430 AgPd3Se, Pd;Sey, L
530 AgPd3Se, Pd;Sey, L
A26 Ag15Pd7OSe15 350 AgPd:;Se, Pd4Se, Ag-Pd
430 AgPdgse, AgePd74Sezov Ag-Pd
530 AgPd;;Se, AgePd74Se20, Ag-Pd
A27 AgaoPdssSeqs 350 (Ag,Pd)22Ses, AgPd3Se, Ag-Pd
430 (Ag,Pd)22Ses, AgPd;Se, Ag-Pd
530 (Ag,Pd)22Ses, AgPd;Se, Ag-Pd
A28 Ag7Pd738e20 350 AgPdaSe, Pd7Se2
430 AgPd3Se, Pd7Se2
530 AgPd3;Se, Pd;Se;
A29 Agde455653 350 PdSez, Pd17Se15
430 PdSez, Pd17Se15
530 PdSeg, Pd17Se15
A30 Ag55Pd308615 350 (Ag,Pd)zzSEa, Ag-Pd
430 (Ag,Pd)z;Ses, Ag-Pd
530 (Ag,Pd)22Ses, Ag-Pd
A31 Agde5sSe42 350 Pd17Se15, Pd7Se4
430 Pd17$e15, L
530 Pdi7Sess, L
A32 Ag33Pd468921 350 (Ag,Pd)zzSee, AgPd3$e
430 (Ag,Pd)22Ses, AgPd3Se
530 (Ag,Pd)2:Segs, AgPd3Se
A33 Ag1Pd51Se48 350 Pd178e15, PdSe
430 Pd;Ses, PdSe
530 Pdy7Se1s, PdSe
A34 AgsPd73Sesq 350 AgPd;Se, PdsSe, traces Ag-Pd
430 AgsPd74Sey, traces PdgSe;
530 AgsPd74Sey, traces PdgSe;
A35 A933Pd333e33 350 (Ag,Pd)zzSes, Pdq7Seqs, AQZSe
430 (Ag,Pd)zzSes, Pd17Se15, AQZSe
530 (Ag,Pd)zzSee, Pd47Se1s, AQZSe
A36 Agsopdzosz 350 (Ag,Pd)zzSee, Pd47Se1s, Agzse
430 (Ag,Pd)zzSEa, Pd17Se15, AQZSe
530 (Ag,Pd)22Ses, Pdi7Se s, AgoSe

Heating time: 120 at days 350 °C, 90 days at 430 °C, 70 days at 530 °C
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a Philips X Pert diffractometer using CuKo radiation.
The data were collected in the 20 theta range from 10
to 140°, with a step of 0.02°. The whole-profile-fitting
method (WPPF) was applied to calculate unit-cell
parameters from powder data, using the FULLPROF
program (Rodriguez-Carvajal 2006).

Electron-microprobe analyses

Chemical analyses were performed witha CAMECA
SX-100 electron probe microanalyzer (EPMA) in

wavelength-dispersion mode using an electron beam
focused to 1-2 um. Pure elements were used as stan-
dards. Concentrations were quantified on the PdLa,
AgLp, and SeLa lines with an accelerating voltage of
15 keV and a beam current of 10 nA on the Faraday
cup. In each sample, compositional data were collected
from several grains within a polished section (minimum
n =5) and then averaged. Electron probe microanalysis
data are presented in Table 4.
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RESULTS AND DISCUSSION

Phase relations

The Ag—Pd-Se system was studied at 350, 430, and
530 °C. Phase assemblages based on EPMA and powder
XRD data are listed in Table 3; phase compositions are
given in Table 4. The starting compositions are plotted
in Figure 2. Three isothermal sections at 350, 430, and
530 °C are presented in Figure 3.

Phase relations at 350 °C

The isothermal section for 350 °C is shown in
Figure 3a. At 350 °C, the system contains three ternary
compounds: Ag,Pd;Ses, (Ag,Pd)2Ses, and AgPd;Se.
Stable assemblages are listed in Table 5. The phase
Pd;;Se;s, the analogue of palladseite, dissolves up to 7
wt.% Ag; the range of solid solution does not change
with increasing temperature. The solid solution of

Sey

(b)

FiG. 3. Isothermal section of the phase diagram of the ternary
Ag—Pd-Se system at: (a) 350 °C, (b) 430 °C, and (c) 530
°C. Due to the long-term kinetics in the Pd-rich corner
the tie-line (AgePd74Seo + Ag—Pd) is shown as tentative.
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Agy_,Pd;.,Se ¢ extends from AggsePds.16S€p.9s up to
composition Agj o;Pds00Sep 99 and remains constant
with increasing temperature. The (Ag)Pd;1+x)s22S€6
solid solution extends from (AgsooPdi3.13)s22.125€5 88
(342 wt.% Ag) to (Ag|4'83Pd7'32)222‘16565'85 (559 wt. %
Ag) at 350 °C; the solubility of Ag decreases with
increasing temperature (Fig. 4).

Phase relations define the mineral assemblages that
can be expected to occur in nature. Binary and ternary
phases which are unknown as minerals coexist with
phases that do occur naturally. For example, Pd;Se4
and Pds4Se;;, unknown as minerals, coexist with pallad-
seite, and (Ag,Pd),,Seq coexists with naumannite and
palladseite. Ternary phases AgPd;Se and (Ag,Pd)»;Ses
and the binary phases PdSe, Pd;Ses, and PdssSe; can
be expected in associations with the mineral palladseite,
among other selenides. Finding these phases is highly
probable in telethermal selenide veins and unconfor-
mity-related uranium types of deposits.
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Phase relations at 430 °C

The isothermal section for 430 °C is shown in Figure
3b. Phase relations are similar to those for 350 °C;
however, at this temperature phases Ag,Pd;Sey (stability
limit: 430 °C), Pd;Se4 (stability limit: 415 °C, Olsen et
al. 1979), and PdssSe;; (stability limit: 430 °C, Taka-
batake et al. 1987) are no longer stable. On the contrary,
phases AgePd7s4Ses and PdoSe, become stable. At
385 °C (Okamoto 1992) a binary eutectic liquid between
Pds4Se | and Pd;Se, appears in the system. Subsequently
assemblages Ag,Se + PdSe, + AgoPds;Ses; AgrPd3Ses +
PdSe; + Pd7Se 5 «; AgZSe + Agde3Se4 + Pd7Se;s )
Pd]7Se15 ss T Pd7Se4 + Pd34Se|1; and Agl,XPd3+XSess
+ PdssSe; 1+ Pd;Se; disappear from the system and
new assemblages appear in the system (Table 5). At
430 °C, the solid solution (Ag;i.Pdii.x)522Se¢ slightly
decreases compared to at 350 °C (Fig. 4); the range
extends from (Ags 9oPdi3.11)522.115€5.89 (33.9 wt.% Ag)
t0 (Ag13.20Pdg 03)522.205€578 (50.0 wt.% Ag).

TABLE 4. COMPOSITIONAL DATA FOR THE STUDIED PHASES

wt.% Ag Pd Se apfu
No. Min Max Std.dev. Min  Max Std.dev. Min Max Std.dev.  Total Ag Pd Se}(Ag,Pd)
Agzpd3534

A9 25.46 25.05 25.86 0.34 37.94 37.31 38.57 0.54 36.40 36.05 36.41 0.17 99.79 2.02 3.05 3.94

A12  25.39 25.36 2542 0.02 37.94 37.54 38.17 0.28 35.82 35.72 35.95 0.09 99.15 2.03 3.07 3.90

A14  24.66 23.91 25.15 0.54 37.89 37.75 38.07 0.14 36.11 35.76 36.69 0.42 98.65 1.97 3.08 3.95

A18  23.77 23.21 2421 0.42 38.03 37.59 38.72 0.49 37.07 37.05 37.11 0.02 98.87 1.89 3.07 4.03

(Ag,Pd)2.Seg
A10  40.89 40.45 41.67 0.45 42.42 41.83 42.84 0.37 16.01 15.85 16.16 0.11 99.32 10.82 11.39 5.79  22.21
A13  47.64 46.58 48.50 0.33 35.16 34.76 3540 0.28 16.47 16.20 16.99 0.37 99.27 12.61 9.43 596  22.04
A15  48.41 48.22 49.59 0.38 33.84 33.22 34.45 045 16.63 16.00 17.22 0.44 98.88 12.86 9.11 6.03  21.97
A20 55.89 56.07 56.30 0.11 27.30 27.08 27.67 0.30 16.05 16.18 16.23 0.03 99.77 1483 7.32 585 22.16
A21  35.12 34.75 3549 0.31 47.89 47.42 48.08 0.20 16.37 16.34 16.39 0.03 99.38 9.28 12.82 590 22.10
A22  34.22 33.94 34.50 0.28 49.38 49.36 49.40 0.02 16.43 16.37 16.48 0.05 100.03 8.99 13.13 588  22.12
A24  39.26 38.62 39.90 0.64 44.44 4429 4458 0.15 16.64 16.26 17.01 0.38 100.33 10.13 11.87 6.01 21.99
A27  35.65 35.61 35.70 0.05 47.4547.04 47.86 0.41 16.24 16.24 16.25 0.00 99.35 942 1271 586 22.14
A30 49.04 48.64 49.23 0.29 33.29 32.79 33.69 0.37 16.13 16.05 16.22 0.07 98.47 13.10 9.01 5.89 22.11
A32  36.47 35.63 36.77 0.34 47.38 45.31 46.51 0.09 16.00 15.97 16.02 0.02 99.85 9.67 12.49 585  22.15
A35  47.42 47.20 47.64 0.22 35.59 35.39 35.80 0.21 16.62 16.43 16.82 0.19 99.64 1250 9.51 5.99  22.01
A36  48.08 47.71 48.75 0.48 35.30 34.98 3565 0.27 16.52 16.45 16.62 0.07 99.90 12.65 9.41 594  22.06
AgPds;Se

A11 2146 21.35 21.55 0.08 62.98 62.47 63.20 0.30 15.36 15.23 15.63 0.16 99.80 1.01 3.00 0.99

A19  21.14 21.00 24.27 0.12 63.85 63.33 64.04 0.31 15.02 14.88 15.13 0.10 100.00 0.99 3.04 0.96

A21 2142 21.35 2155 0.09 62.73 62.47 63.16 0.30 15.39 15.33 15.63 0.18 99.54 1.01 3.00 0.99

A22 21.3521.43 21.52 0.04 62.53 63.07 63.20 0.07 15.36 15.23 15.26 0.01 99.86 1.01 3.01 0.98

A23  18.91 18.72 19.09 0.15 65.42 65.07 65.81 0.30 15.50 15.45 15.59 0.06 99.83 0.89 3.12 1.00

A25 18.82 18.37 19.05 0.32 65.93 65.65 66.13 0.20 15.24 15.14 15.34 0.08 99.99 0.88 3.14 0.98

A26  18.36 18.18 18.53 0.17 66.28 66.19 66.37 0.09 15.19 15.17 15.21 0.02 99.82 0.86 3.16 0.98

A27 21.64 21.35 2192 0.29 63.13 63.11 63.16 0.03 15.28 15.23 1533 0.05 100.05 1.02 3.00 0.98

A28 18.35 18.18 1552 0.17 65.72 66.16 65.28 0.44 15.16 15.15 15.17 0.01 99.23 0.87 3.15 0.98

A32 2144 21352153 0.09 62.98 61.80 63.16 0.18 15.24 15.15 15.33 0.09 99.72 1.02 3.00 0.99

A34  18.47 18.37 18.53 0.07 66.06 65.65 66.37 0.30 15.20 15.15 15.25 0.04 99.73 0.87 3.15 0.98

d.l.: below detection limit
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TABLE 4. — continued

wt.% Ag Pd Se apfu
No. Min  Max Std.dev. Min  Max Std.dev. Min  Max Std.dev.  Total Ag Pd Se
AgePd74Sez
A34* 6.70 6.44 691 014 77.85 77.28 7847 0.36 15.25 15.21 15.34 0.04 99.80 6.29 74.14 19.57
Ag.Se
A12 73.33 72,95 73.52 0.27 0.16 0.10 0.28 0.08 26.08 26.01 26.23 0.10 99.58 2.02 0.98
A14 73.27 73.01 73.53 0.26 d.l. 25.85 25.51 26.19 0.34 99.23 2.01 0.99
A16 73.14 7294 73.52 0.27 0.22 0.10 0.28 0.08 26.15 26.01 26.24 0.10 99.52 2.01 0.01 0.98
A20 72.84 7297 72.99 0.01 d.l. 26.46 26.48 26.49 0.01 99.45 2.01 0.99
A35 7417 72.97 7487 0.70 d.l. 26.11 25.75 26.48 0.36 100.31  2.02 0.98
A36 72.54 7297 73.02 0.02 0.10 26.41 26.48 26.51 0.02 99.49 2.00 1.00
Ag-Pd
A20 79.95 79.49 80.40 0.46 19.48 19.43 19.53 0.05 0.65 0.62 0.68 0.03 100.08 0.79 0.20 0.01
A26 30.59 30.40 30.77 0.15 67.91 67.40 68.29 0.38 1.01 1.00 1.02 0.01 99.52 0.30 0.68 0.01
A27 63.68 63.67 63.70 0.01 35.82 3547 36.14 0.34 0.50 0.46 0.50 0.01 100.19 0.63 0.36 0.01
A30 72.49 72.34 7274 0.25 25.75 25.57 25.93 0.18 045 042 046 0.02 98.69 0.73 0.26 0.01
Pd17Se15
A13 7.07 655 6.86 0.16 55.31 54.72 5580 0.45 36.14 3590 36.48 0.25 98.52 2.01 15.95 14.04
A15 6.10 593 6.23 0.15 56.29 56.20 56.72 0.26  36.56 36.46 37.40 0.47 98.95 1.73 16.15 14.13
A17 515 484 546 022 56.26 56.00 56.80 0.30 37.06 36.91 37.18 0.09 98.47 1.46 16.18 14.36
A18 6.88 6.82 694 0.06 54.05 53.59 5451 0.46  38.48 38.30 38.65 0.18 99.41 1.93 15.35 14.72
A22 570 551 580 0.13 57.35 57.30 57.39 0.04 36.44 36.35 36.58 0.10 99.49 1.60 16.38 14.02
A23 511 4.68 545 0.32 57.34 57.14 5755 0.17 37.03 36.81 37.30 0.20 99.49 144 16.34 14.22
A24 641 593 6.88 048 5596 55.69 56.23 0.27 36.56 36.47 36.64 0.09 98.92 1.81 16.05 14.13
A25 494 468 520 0.26 5745 57.34 5755 0.10 37.14 36.98 37.30 0.16 99.53 1.39 16.36 14.25
A29 252 238 279 019 5851 58.26 58.96 0.32 38.00 37.92 38.07 0.06 99.04 0.71 16.69 14.61
A31 454 440 468 0.14 57.99 57.81 58.17 0.18 36.34 36.10 36.59 0.25 98.87 1.31 16.73 13.97
A35 6.16 6.02 6.34 0.13 56.31 55.84 56.60 0.33 37.17 36.50 37.58 0.48 99.64 1.73 16.02 14.25
A36 7.01 6.16 6.85 0.16 56.17 56.54 55.79 0.38 37.00 36.97 37.03 0.03 100.17  1.99 15.98 14.19
d.l.: below detection limit
* experimental product at 430 °C
TABLE 4. — continued
wt.% Ag Pd Se apfu
No. Min Max  Std.dev. Min Max Std.dev. Min  Max Std.dev. Total Ag Pd Se
Pd34Se11
A23 d.l. 80.71 80.58 80.85 0.14 19.06 19.01 19.12 0.05 99.78 34.14 10.86
A25 0.29 0.22 0.38 0.07 81.34 81.27 81.46 0.09 18.78 18.76 18.79 0.01 100.41 0.12 34.23 10.65
Pd;Se
A26 d.l. 84.61 83.88 85.67 0.55 15.29 15.02 1540 0.13 99.91 4.02 0.98
A34 d.l. 84.65 84.32 85.15 0.31 15.33 15.15 1551 0.12 99.98 4.02 0.98
Pd7Se2
A28 0.12 0.06 0.18 0.06 82.41 82.03 82.79 0.38 16.97 16.96 16.98 0.01 99.50 0.01 7.04 1.95
Pd7364
A31 d.l. 69.90 69.44 70.98 0.47 29.45 29.19 29.77 0.10 99.71 7.03 3.97
PdSez
A12 d.l. 40.21 39.96 40.48 0.21 57.95 57.96 58.18 0.19 98.18 1.02 1.98
A16 d.l. 40.92 40.33 41.63 0.54 58.18 57.89 58.64 0.33 99.17 1.03 1.97
A29 d.l. 41.21 40.78 41.63 043 58.27 57.89 58.64 0.38 99.57 1.02 1.98
PdSe
A33 d.l. 57.70 57.19 58.13 0.36  41.85 41.65 42.15 0.19 99.55 1.01 0.99
Pngez
A3* d.l. 85.10 58.04 85.17 0.07 14.07 13.99 14.14 0.08 99.17 9.00 2.00

d.l.: below detection limit
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TABLE 5. STABLE ASSEMBLAGES IN THE SYSTEM Ag—Pd-Se at 350°C, 430°C, and 530°C

Stable assemblages in the Ag-Pd-Se system

at 350 °C

at430 °C

at 530 °C

Se + PdSe; + Ag,Se
Ag,Se + PdSe; + AgyPd;Sey
PdSe + PdSe; + Pd{7Se15 ss
Agde38e4 + PdSe; + Pd{7Se5ss
AQZSe + Agde38e4 + Pd{7Se15ss
AQZSe + (Agde)zzSes sst Pd17Seqsss
Pd17Se1s ss + Pd7Sey + Pd3sSeq
(Ag,Pd)ZZSeB sst Pd173915 sst AgPdSSe ss
AgPd3Se s + Pd17Se1s ss + PdasSeq
AgPd3Se ss + Pd3sSeqq + Pd;Se,
AgPd;Se ¢ + Pd;Se; + PdsSe
AgPd;Se s + PdsSe + (Ag,Pd) alloy
AgPdsSe s + (Ag Pd)22Ses ss + (Ag,Pd) alloy
AgySe + (Ag Pd)2Ses ss + (Ag,Pd) alloy

Se;+ PdSe, + AgxSe
Ag,Se + PdSe; + Pd17Ses ss
PdSe + PdSe; + Pd17Se15 ss
(Ag Pd)22Ses ss + Pd17Se1s 55 + AgPdsSe s
AgzSe + (Ag Pd);2S8eg ss + Pd17Seqs s
AgPdsse sst Pd17se15 ss Ly
AgPdaSe ss + Pd7Ses + Lg
AgPdaSe ss + Pd7Se;, + Agspdusezg
Agspdusezo + Pd;Se + Pd;Se,
AgePduSezo + Pd;Se + PdgSe; s
AgsPd7sSey + PdgSe; s + (Ag,Pd) alloy
AgPd;Se s + (Ag,Pd) alloy + AggPd74Sezq
AgPdsSe s + (Ag Pd)22Ses s + (Ag,Pd) alloy
AgoSe + (Ag Pd)22Ses ss + (Ag,Pd) alloy

Se;+ PdSe; + Ag,Se
Ag,Se + PdSe; + Pdi7Seqs ss
PdSe + PdSe; + Pd{7Se15 ss
(AgPd)z;Ses ss + Pd17Se1s ss + L2
(AgPd)22Ses ss + AgPdsSe ss + Lo
Pd178915 sst AgPdase sst L2
AgSe + (Ag Pd)22Ses ss* Pd17Sers ss
AgPd;Se s + Pd17Seqs ss + L1
AgPd3Se ss + Pd7Sep + Ly
AgPd3Se ss + Pd;Se, + AganuSqu
AgsPd7sSey + PdsSe + Pd;Se;
AgsPd74Sey + PdsSe + PdgSe; s
AgsPd74Sey + PdgSe; ¢ + (Ag,Pd) alloy
AgPd;Se s + AgePd74Sey + (Ag,Pd) alloy
AgPd;Se s + (Ag,Pd)22Ses ss + (Ag,Pd) alloy
AgzSe + (Ag Pd)2Ses ss + (Ag,Pd) alloy

The subscript “ss” indicates a solid solution.

600
e (Ag,Pd)22Se6 ss at 350°C
550 A —6—(Ag,Pd)225e6 ss at 430°C
—6—(Ag,Pd)225e6 s at 530°C Ge——69o
500 -
8450 .
= SO—o—0—=©
400 -
350 - LRE—AA— A
300 T T T T T
0.00 10.00 20.00 30.00 40.00 50.00 60.00
Ag (Wt.%)

FIG. 4. Solubility of Ag in a (Ag Pd)»,Se solid solution with increasing temperature.

Phase relations at 530 °C

The isothermal section for 530 °C is shown in
Figure 3c. At this temperature three ternary phases,
(Ag,Pd)2Seq, AgPdsSe, and AggPd74Sey, are stable
in the system. The ternary eutectic liquid appears in
the system between (Agii«xPdi1sx)522S€6ss, AZ1-xPdsx

Segs, and Pdj;Se;s . Subsequently, assemblages L,
+ Aglltdellixse6 ss + Pdi7Se;s ss; L, + Ag“ide“tx
Seg ss + Agi_xPd3ixSe §; and Ly + Pdy7Seys o +
Ag «PdsSe s become stable (Table 5). The solid
solution (Agii+xPdi1:x)522Ses extends from (Agg.og
Pdi3.11)522.115€5.80 (33.9 wt.% Ag) to (Agi320Pds 93)522.22
Ses 7 (44.6 wt.% Ag) at 530 °C.
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MINERALS AND PHASES, POTENTIAL NEW MINERALS
Binary phases

Palladseite. The experimental results show that the
synthetic analogue of the mineral palladseite, Pd;;Se;s,
forms a limited solid solution and dissolves up to 7
wt.% Ag. Silver substitutes for Pd and also for Se in
the structure of Pd;7Se;s. In nature palladseite always
contains some Cu (up to 4 wt.%), Hg (up to 3 wt.%;
Davis et al. 1977, Olivo & Gauthier 1995), and also
Pt (up to 3.5 wt.%), Ag, and Fe (Cabral et al. 2002,
Cabral & Lehmann 2007). According to data available
for natural palladseite, these elements substitute for both
Pd and Se. Palladseite is stable up to 680 °C (Olsen
et al. 1979). Palladseite was described from Itabira as
an unnamed mineral by Clark et al. (1974), and was
later identified as palladseite by Davis er al. (1977); it
was also subsequently observed by Olivo & Gauthier
(1995), Cabral et al. (2002), and Cabral & Lehmann
(2007). In the Caug iron mine in Itabira palladseite,
palladian gold, and arsenopalladinite were formed
during the main hypogene ore-forming event, where Pd
(and Au) was likely transported as chlorine complexes
by oxidized saline brines, and palladseite deposited as
a result of changes in pH or oxygen fugacity (Olivo &
Gammons 1996).

Verbeekite. According to the XRD powder data, the
synthetic phase PdSe; at the studied temperature interval
350-550 °C is orthorhombic (Table 1; Grgnvold & Rgst
1957, Vymazalova et al. 2011). Its natural monoclinic
analogue (Table 2), the mineral verbeekite (Roberts et
al. 2002), could not be synthesized. Even long term
(nine months) heating at 100 °C was not successful in
obtaining the monoclinic variety of the PdSe, phase.
The mineral verbeekite is rather rare; it was reported
from the Musonoi deposit (Roberts et al. 2002) and
Hope’s Nose (Paar et al. 1998); in both localities it
is considered to be a primary phase. At Hope’s Nose,
fluid inclusion studies (Stanley et al. 1990) suggest that
selenide minerals formed from hydrothermal solutions
at low temperatures in a range from 65 to 120 °C. This
supports the experimental study and the formation of
veerbekite below 100 °C.

Naumannite. The phase Ag,Se was observed only
in its low temperature orthorhombic modification, an
analogue of the mineral naumannite, in all experiments.
It was not possible to obtain the cubic beta modifica-
tion of the phase Ag,Se experimentally, as the process
of rapid quenching causes the phase to transform to
its orthorhombic, low-temperature alpha modification
(Billetter & Ruschewitz 2008).

Under natural conditions the presence of naumannite
defines the minimum Se fugacity conditions required
to form selenide-bearing deposits (Simon at al. 1997).
Naumanite is one of the dominant selenide minerals
in Au-Ag epithermal deposits. Those types of deposits

characteristically have a low fugacity Se/S ratio that
prevents formation of other selenides, thus allowing
significant amounts of Se to substitute for S in sulfides
(Simon et al. 1997).

PdgSe;. The PdoSe, phase is stable in temperature
range 390 to 635 °C (Takabatake et al. 1987). A natural
occurrence of PdygSe, was reported from the Serra
Pelada Au-Pd-Pt deposit, northern Brazil by Cabral et
al. (2002) and Cabral & Lehmann (2007). The thermal
stability of the phase is not in agreement with the
temperature of formation of the Serra Pelada miner-
alization (below 150 °C) (Cabral & Lehmann 2007).
The phase PdoSe, is probably stabilized by another
element (Pt or Au) at lower temperature in nature, or
it corresponds to other palladium selenides (likely the
phase PdsSe), but an X-ray study of the natural phase
is desirable.

Ternary phases

In the Ag-Pd-Se system four ternary compounds
were detected: the phase Ag,Pd;Sey, analogue of
the mineral chrisstanleyite, and the phases AgPd;Se,
(Ag,Pd)nSeG, and AgsPduSezg.

Chrisstanleyite. The powder XRD data for Ag,Pd;Se,
at 350 °C are in agreement with the crystal structure data
determined by Topa et al. (2006) for natural Ag,PdsSeq,
the mineral chrisstanleyite. The unit cell parameters for
synthetic chrisstanleyite are given in Table 1. The phase
is stable up to 430 °C. The phase Ag,PdsSe, forms stable
association with naumannite (Ag,Se) and veerbekite
(PdSe,) (Fig. 5a). It also coexists with palladseite
(dissolving 7 wt.% Ag) (Fig. 3a). In nature chrisstan-
leyite occurs with veerbekite (from Musonoi, Roberts
et al. 2002; Hope’s Nose, Paar et al. 1998) and other
palladium selenides, such as milotaite (from Predborice,
Paar et al. 2005), jaguéite (from El Chire, Paar et al.
2004), tichendorfite (from Harz Mountains, Stanley e
al. 2002, and Gongo Soco, Cabral & Lehmann 2007), or
oosterboschite (Copper Hills in the East Pilbara region,
Nickel 2002 and Musonoi, Roberts et al. 2002), among
other selenides, native gold, and silver.

AgPd;3Se. This phase has a compositional range from
Ag 18.3 wt.% to Ag 21.6 wt% (Table 4). The crystal
structure of the phase was determined by Laufek et
al. (2011; Table 1). The AgPd;Se phase is cubic; the
solid solution Ag;_,Pd3,,Se extends to x = 0.15, while
the unit cell parameter changes from a 8.632(1) A (at
x =0; 18.3 wt.% Ag, experiment A28) to 8.6155(6)
A (at x = 0.15; 21,4 wt.% Ag, experiment A21). The
unit cell parameters increase with higher Ag contents.
The range of solid solution is consistent in the studied
temperate range (350-530 °C; Fig 3.a, b, c¢). The stron-
gest five lines of the X-ray diffraction pattern [d in A
(1) (hkl)] are: 2.3925(85)(302), 2.3057(100)(231,321),
2.1569(51)(004), 2.0925(46)(410,322), 1.8829(49)
(241,421).
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The AgPd;Se phase coexists with (Ag,Pd),,Se¢ and
palladseite, Fig 5b. The phase also forms stable associa-
tions with palladium binary selenides (Fig. 3a) unidenti-
fied in nature to date. In such mineral assemblages the
phase AgPd;Se can be expected to be found in nature,
particularly in the presence of palladseite and its condi-
tions of formation, like auriferous mineralization in
Minas Gerais and Serra Pelada in Brazil.

(Ag,Pd)»2Ses The ternary (Ag Pd),,Seq phase forms
a broad solid solution (Ag;1+Pdj1+)22Se¢ where 0.2 = x
>3.9. Silver substitutes for Pd in the (Ag}1.Pd;14)22S€e6
structure with an almost constant Se content (Table 2).
The solubility of Ag decreases with increasing tempera-
ture (Fig. 4). The (Ag Pd)»,Sec phase is cubic; the crystal
structure was determined by Laufek et al. (2013). The
strongest five lines of the X-ray diffraction pattern [d in
A (D) (hkD)] are: 2.8267(28)(331), 2.3704(100)(511,333),
2.0524(73)(600,442), 1.8779(23)(335), 1.4513(55)
(660,822). The unit cell parameters linearly increase
with the Ag content from a 12.2697(5) A (34 wt.%
Ag, experiment A22) to 12.4143(9) A (56 wt.% Ag,
experiment A20).

(AgPd)2,Seq forms stable associations with pallad-
seite and AgPd;Se (Fig. 5b). In nature it can also be
expected in mineral assemblages with the mineral
palladseite. It also coexists with naumannite.

AgsPd74Sez. This ternary phase appears in the
system at 430 °C. Its crystal structure is unknown
and requires further investigation. Our evaluation of
the X-ray powder-diffraction data, in terms of crystal
structure determination and peak indexing, was not
successful. Auto-indexing did not succeed. Some
difficulties in X-ray data evaluation of the phase
AgePd74Serp may have been caused by the presence
of PdgSe; in the sample. The strongest five lines of the
X-ray diffraction pattern [d in A(I)] are: 2.3318(68),
2.2935(91), 2.2845(100), 2.2587(61) 2.1004(64).

The phase forms stable associations with AgPd;Se
and Pd;Se,. It also coexists with phases PdsSe and
PdoSe,. In nature the phase can be expected in a less
traditional environment than is known for selenides,
at temperatures of formation above 430 °C, likely in
association with the phase PdgSe,.

CONCLUSIONS AND IMPLICATIONS

1. The phase relations in the system Ag—Pd—Se have
been studied at three isothermal sections at 350, 430,
and 530 °C.

2. Four ternary phases were identified in the system:
Ag,PdsSey, the analogue of the mineral chrisstanleyite,
and phases AgPd;Se, (Ag,Pd)»Ses, and Ag;Pd73Sex.
The phase Ag,Pd3;Se, is stable up to 430 °C and at this
temperature Ag7Pd73Seyo appears in the system.

3. The phase Pd;;Se;s, the analogue of palladseite,
dissolves up to 7 wt.% Ag, and the phase Pdo¢Se,
dissolves up to 3 wt.% Ag. The phase AgPd;Se forms a
narrow solid solution Ag;_,Pds,,Se where x varies from

0 to 0.15. The range remains constant with increasing
temperature. The phase (Ag,Pd),,Ses forms an extensive
solid solution (Ag;i+Pd}i+)22Ses with 0.2 = x = 3.9, at
350 °C. The solid solution decreases towards Ag with
increasing temperature. Silver substitutes for Pd in the
AgPd;Se and (Ag,Pd)»,Ses structures.

4. The phase Ag,Pd;Sey, the analogue of the mineral
chrisstanleyite, forms a stable association with nauman-
nite (AgxSe) and veerbekite (PdSe,); it also coexists
with palladseite (dissolving 7 wt.% Ag). This phase is
stable up to 430 °C.

5. Phase relations determined the mineral assem-
blages that can be expected to occur in nature. Ternary
phases AgPd;Se and (Ag,Pd);,Seq and binary phases
PdSe, Pd;Ses, and PdssSe;; can be expected in asso-
ciations with the mineral palladseite, among other
selenides. Finding these phases is highly probable in
telethermal selenide veins and unconformity-related
uranium types of deposits, at conditions of high fugacity
Se/S ratio, an oxidizing environment, and Se-rich

(Ag,Pd),,Se, — Loa®

«

coe
SRR

/

A22 350°C m

Fig. 5. BSE (backscattered electron) images illustrating
the assemblages (a) chrisstanleyite (Ag,Pd;Ses) +
naumanite (Ag,Se) + PdSe,, (experiment A12, 350 °C),
(b) AgPd;Se ss + palladseite (Pd;7Se;s) ss + (Ag,Pd)xSeq
ss (experiment A22, 350 °C).
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fluids, forming at low temperatures. These phases can
be expected particularly at mineralizations where other
Pd selenides are already known to occur, such as Au-Pd
mineralization in Itabira, Minais Gerais (Brazil), sele-
nide mineralization in the Harz Mountains (Germany),
Hope’s Nose (England), La Rioja province (Argentina),
or Musonoi (D.R. Congo). The appearance of Pd (-Ag)
selenides can be also expected in black shale deposits
like Kupferschiefer-type deposits or other metal-rich
black shales.

6. The phase AgePd74Se;o forms stable associations
with AgPd;Se and Pd;Se,. It also coexists with PdsSe
and PdySe,. This phase is stable above 430 °C. In nature,
AgsPd74Sey and PdgSe; can be expected to occur in a
less traditional environment than is known for selenides,
forming at higher temperatures (above 430 °C).
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