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Stability and solubility of arsenopyrite, FeAsS, in crustal fluids
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Abstract—The stability and solubility of natural arsenopyrite (FeAsS) in pure water and moderately acid to
slightly basic aqueous solutions buffered or not withahd/or H,S were studied at temperatures from 300

to 450°C and pressures from 100 to 1000 bar. The solubilities of FeAsS in pure water and dilute HCI/NaOH
solutions without buffering are consistent with the formation of the As((d})) species and precipitation of
magnetite. At more acid pH (pE2), arsenopyrite dissolves either stoichiometrically or with formation of the
As-FeAsS assemblage. In,8trich and H-rich aqueous solutions, arsenopyrite dissolution results in the
formation of pyrrhotite fpyrite) and iron arsenide(s), respectively, which form stable assemblages with
arsenopyrite.

Arsenic concentrations measured in equilibrium with FeAsS in slightly acid to neutral aqueous solutions
with H, and H,S fugacities buffered by the pyrite-pyrrhotite-magnetite assemblage are 0:0@6002,
0.0055=+ 0.0010, 0.07+ 0.01, and 0.32+ 0.03 mol/kg HO at 300°C/400 bar, 350°C/500 bar, 400°C/500
bar, and 450°C/500 bar, respectively. These values were combined with the available thermodynamic data on
As(OH),°(aq) (Pokrovski et al., 1996) to derive the Gibbs free energy of FeAsS at each corresponding
temperature and pressure. Extrapolation of these values to 25°C and 1 bar, using the available heat capacity
and entropy data for FeAsS (Pashinkin et al., 1989), yields a valu€ldf..6 + 6.0 kJ/mol for the standard
Gibbs free energy of formation of arsenopyrite. This value implies a higher stability of FeAsS in hydrothermal
environments than was widely assumed.

Calculations carried out using the new thermodynamic properties of FeAsS demonstrate that this mineral
controls As transport and deposition by high-temperatire- 800°C) crustal fluids during the formation of
magmatic-hydrothermal Sn-W-Cu-(Au) deposits. The equilibrium between As-bearing pyrite and the fluid is
likely to account for the As concentrations measured in modern high- and moderate-temperatuzel(£50
350°C) hydrothermal systems. Calculations indicate that the local dissolution of arsenopyrite creates more
reducing conditions than in the bulk fluid, which is likely to be an effective mechanism for precipitating gold
from hydrothermal solutions. This could be a possible explanation for the gold-arsenopyrite association
commonly observed in many hydrothermal gold depositSopyright © 2002 Elsevier Science Ltd

1. INTRODUCTION namic data for the system AB8,-As,S;-H,O at subcritical
temperatures (Pokrovski et al., 1996). At temperatures higher
than 250 to 300°C, however, arsenic sulfides (orpiment and
realgar) are extremely soluble, and the most common As-
bearing mineral formed from near-critical and supercritical
hydrothermal fluids is arsenopyrite (FeAsS). Unfortunately, the
thermodynamic properties and stability of this mineral are
poorly known. The aims of this paper are to determine the
stability and solubility of arsenopyrite at conditions typical of
its formation in natural hydrothermal environments and to
apply these data to better understanding the behavior of As and
associated elements (Fe, S, Au) in crustal fluids.
Arsenopyrite is the ubiquitous As-bearing mineral in a vari-
ety of hydrothermal environments, from high-temperature mag-
matic-hydrothermal porphyry-style Sn-W and Giiu) depos-
its to mesothermal polymetallic Cu-Pb-Zn-Ag and gold

The motivation for this study is the improved understanding
and quantification of the geochemistry of arsenic and associ-
ated elements during their transport by crustal fluids and the
formation of hydrothermal ore deposits. Knowledge of the
identity and thermodynamic properties of As agueous com-
plexes and solid phases is a key for predicting the behavior of
As in a variety of environments such as hydrothermal and
volcanic systems, toxic waste sites, and hydrometallurgical
processes. Arsenic is transported in hydrothermal fluids mainly
as As(lll), forming hydroxide and sulfide complexes (Ballan-
tine and Moore, 1988; Spycher and Reed, 1989a, 1989b; Pok-
rovski et al., 1996, and references therein). Thermodynamic
analyses imply that As hydroxide complexes are likely to be the
major species in most natural hydrothermal solutions, espe-
cially at temperatures above 150°C (Heinrich and Eadington, . ) " L
1986; Akinfiev et al., 1992). Recently, it has been shown that deposits. The formation conditions of arsenopyrite in these

As(OH).%(aq) is the dominant As(lll) species in aqueous hy depoosits correspor'ld toa temperatu.re range fre@b0 to
drothermal fluids up to at least 300°C (Pokrovski et al., 1996; 290 (_:(SCOH' 1983, Sha.l’p etal., 1985; Heinrich and Eadington,
Gout et al., 1997). These results, combined with the corre- 1986; Kerr et al.,, 1999; Audédat et al., 2000, and references

sponding thermodynamic properties of As oxides and sulfides, 1€r€in)- At lower temperatures<@50 to 300°C), arsenian
allowed the generation of a self-consistent set of thermody- PYite iS @ common As-bearing phase in gold meso- and epi-
thermal sulfide deposits and modern hydrothermal sources

(Ballantine and Moore, 1988; Fleet et al., 1989, 1993; Mumin

* Author to whom correspondence should be addressed (gleb@cnrs- €t al., 1994, and references therein), with maximum As con-
orleans.fr). tents up to 8 wt.% (Fleet et al.,, 1989). Although different
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chemical states of As in pyrite and arsenopyrite have been namic parameters for FeAsS(mon). These new data, combined
proposed (Wu and Delbove, 1989; Johan et al., 1989; Fleet etwith available geological information on mineral parageneses

al., 1993), recent spectroscopic measurements (Fleet et al.,of As-rich ore deposits and As contents measured in fluid

1989; Simon et al.,, 1999) together with molecular orbital inclusions and modern hydrothermal sources, are used to pre-
calculations (Tossel et al., 1981) and crystal structure refine- dict As-bearing phase equilibria and As transport in geologic

ments (Fuess et al., 1987) suggest a valence statéor As fluids.

and, most likely, a solid solution between pyrite and arsenopy-
rite. The most interesting feature of these arsenian minerals is
their close association with gold in meso- and epithermal

deposits. Ample literature exists on gold-arsenopyrite and gold-

pyrite relationships and the chemical state of Au in these " oa from o Nikol o Pb7n hdroth ' t
H H P _rnte samples from the Nikolaevskoe -£N hydrothermal aeposl ar
minerals. Many studies have revealed sirong posiiive correla East, Russia), the Ingichka W skarn-hydrothermal deposit (middle

tions between Au and As contents in pyrites from different  agja), and the Salsigne Au hydrothermal deposit (France). X-ray dif-
meso- and epithermal Au deposits (e.g., Cathelineau et al., fraction (XRD) and electron microprobe (EMP) analyses showed that
1989; Wu and Delbove, 1989; Cook and Chryssoulis, 1990; all arsenopyrites were highly crystalline, homogeneous, and slightly

2. MATERIALS AND METHODS
2.1. Solid Phases

Dissolution experiments were performed on three natural arsenopy-

Mao, 1991; Fleet et al., 1993). The presence of both chemically enriched in sulfur relative to As, with the following average composi-
bound and native gold in arsenopyrite and As-pyrite has been
demonstrated (Cabri et al., 1989, 2000; Fleet and Mumin, 1997;
Genkin et al., 1998; Simon et al., 1999). The physical-chemical
reasons for the Au-As links and possible mechanisms of Au
precipitation and incorporation in arsenopyrite are, however,
poorly known, and the existing hypotheses remain often con-
troversial (e.g., Cathelineau et al., 1989; Arehart et al., 1993;
Fleet and Mumin, 1997; Maddox et al., 1998). Accurate knowl-
edge of the thermodynamic properties and solubility of ar-
senopyrite in the ore-forming fluids is a step toward a quanti-
tative understanding of the Au-As relationships.
Thermodynamic information on arsenopyrite and other
(sulfo-)arsenides (FeAs, FEAL0ASS, etc.) is, however, very

scarce. Studies have attempted to characterize the phase equi-

libria in the dry system Fe-As-S at temperatures above 500°C
(Clark, 1960; Morimoto and Clark, 1961; Barton, 1969;

Kretschmar and Scott, 1976; Scott, 1983) and thermal decom-
position of FeAsS at 600 to 800°C (Strathdee and Pidgeon,
1961; Zviadadze and Rtskhiladze, 1964; Pashinkin et al.,
1979). The standard thermodynamic properties of FeAsS de-
rived therefrom, however, exhibit large uncertainties because
of the slow equilibration kinetics of arsenopyrite in a dry

tions (in atom %): Fe= 32.9+ 0.3, As= 32.0* 0.5, and S= 35.1

+ 0.7, which corresponds to Fef\sS, o+ No trace elements>0.03
wt.%), such as Pb, Zn, Co, Ni, Mn, Cu, Mo, Sh, and Au, were detected.
Arsenopyrite crystals were slightly ground, and fine particles were
removed by ultrasonic cleaning in acetone.

The pyrite-pyrrhotite-magnetite assemblage (PyPoMt) to buffer H
and H,S activities in the arsenopyrite dissolution experiments was
prepared from Normapur Reagents FeS angDf@nd a natural pyrite
(FeS) mixed in equal weight proportions (1:1:1). About 20 to 50 g of
this mixture were finely ground and kept in a titanium reacteBQ
cn®) with an aqueous solution of 0.00@-HCI and 0.01m H,, for 7 to
14 d at 400C and 500 bar. XRD, scanning electron microscopy (SEM),
and EMP analyses of the final product showed the presence of well-
crystalline magnetite, pyrite, and hexagonal pyrrhotite.

2.2. Analytical Methods

Aqueous As concentrations were measured using flame atomic ab-
sorption spectroscopy (AAS), colorimetry, and titration with iodine,
depending on As and sulfur contents in the experiments. Arsenic
standard solutions for AAS and colorimetry were prepared by weight
dilution of a 1000-ppm As(lll) solution obtained by dissolution of a
Merck As,O; powder in 0.01m NaOH. Most experimental solutions
containing from 5 to 150 ppm of As were analyzed for total As by AAS
using acetylene-air flame, an absorption line of 193.7 nm, and a
deuterium cathode for background correction. Reproducibility of this
method was~5%, and the detection limit defined at the 8tandard

sulfide system and the inaccuracy of calculated or measureddeviation was 1 ppm. A few solutions with As concentrations lower

fugacities of sulfur and arsenic gaseous species. Moreover, the

extrapolation of these high-temperature properties taC2i8°
affected by significant uncertainties. As a result, the thermody-
namic properties of arsenopyrite reported in the literature are
inconsistent and controversial. For example, the widely cited
value of the standard molal Gibbs free energy of formation of
arsenopyrite at 25°C and 1 bar proposed by Barton (1969),
A;G; 505 (FEASS)= —109.6 kd/mol, is~60 kJ/mol () more
negative than the corresponding value given by Wagman et al.
(1982):AG; 505 (FeAsS)= —50.0 kd/mol. Such a discrepancy
hampers any thermodynamic modeling of water-rock interac-
tions involving FeAsS.

The present study was initiated to better characterize the
thermodynamic properties and stability of arsenopyrite at hy-
drothermal conditions. For this purpose, solubility of arsenopy-
rite was measured from 300 to 450°C in aqueous solution with
and without pyrite-pyrrhotite-magnetite assemblage to buffer
hydrogen and sulfur fugacities. The results obtained, together
with the corresponding data on thermodynamic properties of
As(OH),°(aqg) and recent heat capacity measurements en ar
senopyrite, allow generation of a consistent set of thermody-

than 10 ppm and some selected more concentrated solutions were also
analyzed colorimetrically by the molybdate blue method using ascorbic
acid as the reducing agent (Pokrovski, 1996). The reproducibility and
detection limit weret2% and 0.05 ppm As, respectively. Both total As
(As" + As™M)) and A$Y) can be analyzed by this method. Arsenic-
rich (m,s > 0.01m) and sulfur-poor solutions were also analyzed for
As(lll) by titration with iodine (Charlot, 1966) with a reproducibility of
+1%. Neither colorimetry nor titration detected As(V) in experimental
solutions in the limit of=2%. Arsenic(lll) concentrations of the same
experimental solutions analyzed by the three methods were always the
same within5%.

Aqueous iron concentrations in the range 0.05 to 10 ppm were
measured by acetylene-air flame AAS at 248.3 nm with a reproduc-
ibility of *2% and a detection limit of 0.03 ppm Fe. Calibration
solutions were prepared by dilution of a 1000-ppm Fe Prolabo AAS
standard solution using the same reagent concentrations as in the
experimental solutions (HCI, NaOH, B, H;AsO;).

Concentrations of aqueous$ which is the dominant sulfur species
at theT-pH-f,, conditions of our experiments (Kishima, 1989; Kolonin
et al., 1989), were determined (a) by titration with iodine fgiSHich
experiments, (b) indirectly from the quantity of precipitated,®s
when quenching or sampling As-rich experimental solutions (see sec-
tion 2.3), or (c) from the weight loss of arsenopyrite in FeAsS-
H,O(=HCI) dissolution experiments (see also section 3.1). The repro
ducibility of these three methods was abot®20% of the total BS.

Values of pH in selected quenched or sampled solutions (see below)



Stability and solubility of arsenopyrite in crustal fluids 2363

2.3. Experimental Procedure

(i . =

Arsenopyrite dissolution experiments were performed at tempera-
L Closure ring tures from 300 to 450°C and pressures from 100 to 1000 bar in
Ti obturator— oxygen-free, deionized water or HCI/NaOH solutions with or without
; ) pyrite-pyrrhotite-magnetite buffering, or in solutions containing excess
) H,S or H, (by adding to the reactor the corresponding amount gBAI
; ) or Al metal, respectively, see Table 1). Precipitation experiments were
; N performed using concentrated solutions of arsenious acid nf0.2-
Sample holder > HsAsQ;, see Table 2). Most measurements were carried out using 20-
to 30-cn? Ti alloy (Ti, Mo, Al, VT-8) autoclaves quenched at the end
of each run (Fig. 1). The reactor volume was measured before the
experiment by filling the autoclave with deionized, degassed water at
Aqueous solution controlled temperature (22 1°C). Arsenopyrite crystals were put in a
titanium sample holder fixed to the upper part of the reactor so that they
did not contact the solution at ambient temperature. Two to four g of
pyrite-pyrrhotite-magnetite mixture (if present) were placed at the
bottom of the autoclave. Experimental solutions were flushed with Ar
or H, for 30 min, rapidly weighted, and loaded in the reactor: Ar
senopyrite/solution weight ratios ranged from1:400 to 1:3 (see
| PyPoMt buffer Tables 1 and 2). Pressure was calculated from the degree of filling of
assemblage the autoclave according to the PVT properties of pure water (Kestin et
al., 1984) and assuming that the low concentrations of solutes (HCI, As,
H,S < ~0.1 mol) did not significantly modify these properties. The
uncertainty of pressure estimation was aba@0 bar. The permeabil-
ity of hydrogen through the autoclave was tested in runs in pure water
or 0.01m HCI by adding metallic aluminum to the reactor. In all tests
performed at 350 to 450°C and lasting for at least 1 to 2 months, the
were measured at ambient temperature £22°C) using a Schott 61 solutions after experiments demonstrated the presence of important
combination glass electrode. These values corresponded to those estiamounts of H bubbles rapidly escaping the autoclave after opening.
mated using the initial solution composition and the concentrations of The reactor walls after experiment always presented the characteristic
the dissolved components (HCI/NaOHH,AsSO, + F&" + H.,S). blue-gray color typical of the Ti-oxide protective layer. These tests,

Ti-alloy reactor—}—»

Fig. 1. Schematic drawing of a titanium-alloy autoclave used for
arsenopyrite solubility measurements.

Table 1. Results for FeAsS dissolution experiments in nonbuffered aqueous solutions, and with g>aebs3H

Run FeAsS/solution Pressure Duration As Fe As/S Phases identifiéd
number Initial solution composition ratio (R) (bar) (d) (mol/kg) (mol/kg) mol ratid® after experiment
350°C

4 Pure HO 1:280 300 7 0.0018 5.610 0.55 asp, mt

7 Pure HO 1:150 300 12 0.0015 3:410°° 0.43 asp, mt

10 Pure HO 1:140 300 37 0.0020 2:910°¢ 0.32 asp, mt

11 Pure HO 1:140 300 37 0.0025 6:110 ¢ 0.39 asp, mt

8 0.002m HCI 1:195 300 12 0.0024 7:510°4 0.35 asp, mt

5 0.01m HClI 1:175 300 7 0.0024 271073 0.53 asp

12 0.01m HCI 1:100 320 37 0.0042 40103 0.20 asp

6 0.05m HClI 1:165 300 7 0.0047 56103 0.59 asp, as

9 1073 m NaOH 1:240 300 12 0.0012 <0.2-10°° 0.28 asp, mt
400°C

421 HO 1:20 100 12 0.0130 <0.2-10°° 0.72 asp, mt

419 Pure HO 1:50 200 10 0.0120 3410°° 0.97 asp, mt

420 Pure HO 1:35 210 9 0.0180 <0.2-10°° 1.00 asp, mt

401 Pure HO 1:95 300 7 0.0071 3.610 ¢ 0.78 asp, mt

403 Pure HO 1:100 300 7 0.0063 3.710°° 0.56 asp, mt

402 Pure HO 1:150 500 7 0.0050 4510°© 0.74 asp, mt

413 Pure HO 1:280 500 3 0.0033 4510°¢ 0.75 asp, mt

412 Pure HO 1:195 500 12 0.0051 3:30°° 0.79 asp, mt

416 Pure HO 1:75 490 7 0.0045 1.210°¢ 0.78 asp, mt

422 Pure HO 1:120 980 10 0.0067 6:40 © 0.73 asp, mt

407 0.001m HCI 1:190 495 7 0.0061 19104 0.33 asp, mt

425 0.01m HCI 1:235 500 24 0.0130 4:110°3 0.40 asp, mt

405 103 mHCI + 0.1 mH,S 1:340 500 7 0.0022 7410°° — asp, po

406 10 mHCI + 0.22mH,S 1:260 500 7 0.0014 2.810°° — asp, po

426 103 mHCI + 0.50m H,S 1:120 500 10 0.0009 9:810°¢ — asp, po

423 0.1mH, 1:50 200 10 0.0008 <0.5-10°© — asp, mt (lo?)

404 103 mHCI + 0.1mH, 1:360 490 7 0.00006 2:21074 — asp, mt, lo
450°C

3 Pure HO 1:28 500 25 0.08 1.810°° 0.83 asp, mt

®asp= arsenopyrite; py= pyrite; po= pyrrhotite; mt= magnetite; lo= loellingite (FeAs); as = native arsenic; 2= uncertain.
PAs/S ratio is determined from FeAsS weight loss after experiment, As and Fe measured concentrations, and the mass balance according to Egns.
1,2, 0r3.
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Table 2. Results for FeAsS dissolution/precipitation experiments in aqueous solution in the presence of the pyrite-pyrrhotite-magnetite assemblage.

Initial solution FeAsS/solution  Pressure  Duration H,S?
Run number composition ratio (R) (bar) (d) As (mol/kg) Fe (mol/kg)  (mol/kg)
300°C dissolution
301 Pure HO 1:130 280 37 0.00026 1:30°°
302 0.001m HCI 1:170 430 70 0.00041 9.4-10°°
303 0.001m HCI 1:50 355 70 0.00040 6.9-10°©
304 Pure HO 1:55 250 70 0.00098 47-10°°
305 Pure HO 1:23 570 70 0.00075 6.2:-10°°
3 0.00049 —
COR-# Pure HO 1:20 390 5 0.00056 —
10 0.00057 — 0.002%
350°C dissolution
A 0.001m HCI 1:20 500 7 0.0048 1.2-10*
B 0.001m HCI 1:20 500 14 0.0070 8.0-10°°
14 0.001m HCI 1:18 515 125 0.0049 7.5-10°¢ 0.0063
C 0.01mHCI 1:20 500 7 0.0016 1.410°%
D 0.01m HCI 1:20 490 14 0.0037 8410°°
E 0.01mHCI 1:20 510 21 0.0046 25-10°°
F 0.01mHCI 1:20 550 30 0.0048 25-10°°
13 0.01m HCI 1:25 670 71 0.0067 3.4-10°% 0.010
3 0.0030 <1-10°°
COR-4 Pure HO 1:15 490 5 0.0037 <1-10°¢
8 0.0059 1.7-10°© 0.0082
12 0.0050 48-10°° 0.0060
350°C precipitation
17 0.01m HCI, 0.2 m H3AsO; 1:62 430 43 0.14 3.210°° 0.009
15 0.01m HCI, 0.2 m HzAsO;q 1:80 485 71 0.12 1.810°2 0.012
16 0.01m HCI, 0.2 m H3AsO; 1:20 580 125 0.10 14103 0.013
400°C dissolution
427 Pure HO 1:210 485 38 0.012 9.310°
414 0.001m HCI 1:180 500 14 0.0049 15104
410 Pure HO 1:175 500 7 0.0018 1910°°
417 Pure HO 1:170 490 24 0.0043 1610
415 Pure HO 1:150 500 14 0.0050 9:10°°
428 Pure HO 1:150 300 37 0.0070 4:710°°
411 0.001m HCI 1:130 500 7 0.0062 3410°*
429 Pure HO 1:95 1050 38 0.016 6.810°°
430 0.001m HCI, 4.1 m NaCl 1:17 500 65 0.057 6:410 3
431 Pure HO 1:12 500 34 0.032 2.7107° 0.021
432 0.001m HCI 1:14 500 57 0.038 1510°° 0.021
433 0.001m HCI 1:7 500 70 0.069 42-10°° 0.020
1 0.059 1.410°°
COR-2 0.001m HCI 1:8 450 2 0.068 7.5-10°¢
3 0.075 1.1-10°° 0.024
6 0.073 1.1-10°° 0.017
450°C dissolution
6 Pure HO 1:39 510 8 0.055 1.810°°
7 Pure HO 1:32 520 15 0.093 1.410°°
1 Pure HO 1:24 520 25 0.125 2.010°°
11 0.0001m HCI 1:13 525 46 0.180 4410°°
9 0.001m HCI 1:40 530 46 0.096 8.910°°
13 0.001m HCI 1:11 540 48 0.330 1.5-10* 0.120
14 0.001m HCI 1:6 540 63 0.320 45-10°° 0.135
12 0.001m HCI 1:3 530 63 0.320 59-10°° 0.105

®Calculated from the difference between As concentrations in acid and alkaline filtrates and assuming that all sulfide was trapBetbhydd
during solution cooling (see text for details).

bDetermined by titration with iodine.

Uncertainties for the kB concentrations reported in the table are about 20 to 30% of the value.

°COR = runs were conducted using a flexible-cell autoclave (Coretest; see text).

Arsenic concentrations in bold, italic type were assumed to be at equilibrium and were used in the calculation of the Gibbs free energy of
arsenopyrite (see text and Table 3).

although qualitative, showed that both hydrogen diffusion through the agreement with experiments (by measuringgressure) performed by
reactor’s walls and Ti-hydride formation were negligible in our exper- Gibert et al. (1998) on much thinner Ti cells in a Coretest apparatus
iments. The impermeability of our autoclaves to hydrogen is also in (see below).
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The autoclaves were placed in temperature-controlie2C), pre-
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figure and Table 1 shows that As and Fe concentrations attain

heated ovens. At the end of the run, the reactor was quenched in cold 5 steady state within a week. Although no rigorous kinetic tests

water, separating the FeAsS crystals from the solution. The quenched

solutions always contained yellow colloidal /8, which formed on

were performed for other solution compositions (HCI, NaOH,

cooling. The solutions remained homogeneous, however, and no sig- Hz: H2S), following the results obtained in pure water, it was

nificant accumulation of the arsenic sulfide colloids at the bottom of the
reactor was observed within at least an hour after quenching. The
solution was rapidly extracted from the reactor and divided into three
parts. One part{3 mL) of the quenched solution was used to measure
pH. The second part was acidified with 1 mol/L HCI to a pt2 and
filtered through a 0.3sm cellulose filter to remove the arsenic sulfide
(solution A). The third part was basified with 1 mol/L NaOH to a pH
~11 to 12 to completely dissolve the & precipitate and filtered
through a 0.45.m filter (solution B). The PyPoMt mixture (if present)
and reactor’s walls were then washed with a weighed amount of 0.01
mol/L NaOH to remove the residue of precipitated,8s(solution C).

All three solutions were weighed, diluted, and analyzed for As and Fe.
Total As concentration in the experiment was calculated from those
determined in solutions B and C and using the corresponding dilution
factors, solution weights, and the mass of fluid loaded in the reactor.
For most experiments, the quantity of As derived from the analysis of
the washing solution (C) did not exceed 20% of the total value. In
As-rich experiments (As/S, > ~1), all sulfur is likely to precipitate

in the form of AsS; when cooling to room temperature. This is in
agreement with the rapid formation and low solubility of amorphous
As,S; in acid to neutral solutions at ambient temperature (eng,s in
solution in equilibrium with AsS;(am) at 25°C< 3 X 10~ * mol; Eary,
1992). Therefore, the difference in the As quantity between solutions B
+ C and A, which corresponds to 4S;, was used to estimate the 6l
concentration in some of As-rich experiments (see Table 2). In several
sulfur-rich experiments, $ concentrations were also determined by
titration with iodine (see section 2.2) and were found to be close to the
initial H,S loaded in the reactor (see Table 1). Iron concentrations

assumed that 7 to 10 d were sufficient to attain a steady state at
temperatures 350 to 450°C. This is also in agreement with a
previous study of FeAsS dissolution in pure water at 350°C and
500 bar (Pal'yanova and Kolonin, 1992) in which a steady state
was attained within 10 d with similar solid/solution ratid? (
~1:50 to 200).

It was found that inpure water and 0.001-m HCI or NaOH
solutions at 350°C, 400, and 450°C and in 0.01-m HCI at
400°C and all pressures investigated (100 to 1000 bar), ar-
senopyrite dissolves with formation of magnetite (Fig. 3a),
according to the reaction

FeAs o:S; o7 + 4.242H0 = 0.333Fg0, + 0.97As(OHj(aq)
+ 1.07HS(aq) + 1.717H(aq). (1)

This reaction is consistent with the predominance of
As(OH),°(aq) and HS(aq) species for arsenic (Pokrovski et
al.,, 1996) and sulfur (Kishima, 1989; Kolonin et al., 1989;
Gibert et al., 1998), respectively, at the experimental conditions
of the present study. In some experiments, howeve§ ¢bn
centrations calculated according to Egn. 1 using the measured
As concentrations and weight loss of arsenopyrite crystals were
found to be slightly higher (As/g, ~ 0.4 to 0.9; Table 1) than

analyzed in solutions A and B were always the same, demonstrating the those that should stem from the nonstoichiometry of our ar-

absence of Fe adsorption on or coprecipitation with colloidglSAs
The presence of iron(ll)-hydroxide colloids in the quenched solutions

can be also excluded for the same reason. Because the formation of

colloids of metallic hydroxides is generally very sensitive to pH, the
similar Fe concentrations obtained from acid (A) and basic (B) solu-
tions demonstrate that such colloids are likely to be negligible in the

guenched experimental solutions. Iron concentrations, measured in

solution (C) from experiments without PyPoMt buffering, were in most
cases negligible, demonstrating the absence of iron phases precipitatio
on the reactor walls during quenching.

A few experiments were also performed using a rocking flexible-cell

n

senopyrite (FeAs$sS; o» AS/S = 0.90). Similar solution en
richments by S vs. As (As/S- 0.3 to 0.8) were reported by
Kolonin et al. (1989) and Pal'yanova and Kolonin (1992) in
their studies of FeAsS(Fe,0O,) dissolution in HO = HCl/
NaOH from 200 to 350°C, on the basis of analyses g& Hy
titration with iodine in solutions quenched after experiments.
The As/S ratios derived in their work and the present study are
likely to be explained by the formation of an FeAs-like solid
phase or As-enriched zones on FeAsS. Indeed, EMP analyses

hydrothermal apparatus (Coretest). Details on the vessel design andgf arsenopyrite crystals from severa)®+HCI dissolution runs

experimental procedure are given elsewhere (Gibert et al., 1998).
Solids and solution were loaded in~al00-cnf titanium reaction cell,

carried out on zones near crystals’ surface8 (o 10um from

inserted into a 316SS autoclave filled with water (used as the pressurethe crystal edge) demonstrated in some cases strong variations

medium), and placed in a rocking, temperature-controlle@°C)

in arsenopyrite compositions with an enrichment by arsenic:

furnace. Pressure was imposed in the external vessel using a waterFe As, .0 1.0-02 These As-rich zones, however, were er

pump and maintained withirt10 bar. Samples~5 mL) were peri-

odically taken through an external Ti sampling tube and valve. Because

in all experiments, AsS; precipitated during sampling, the extracted
solutions were treated similarly to solutions A and B from the exper-
iments in closed reactors (see above).

After each experiment, the FeAsS crystals and PyPoMt mixture were
carefully examined using optical microscopy, EPM, SEM, XRD, and

Raman spectroscopy to check for newly formed phases and determine

their composition.

3. EXPERIMENTAL RESULTS

3.1. Arsenopyrite Solubility in H,O-HCI/NaOH- and H,/
H,S-Bearing Solutions Without PyPoMt

The results of FeAsS dissolution experiments at 350, 400,

ratically distributed, and other near-surface zones demonstrated
compositions identical to those of the pristine arsenopyrite. The
erratic As enrichment of the FeAsS surface is also confirmed by
the strong variations of the As/S solution ratios reported in
Table 1. Such variations indicate that the observed As-rich
compositions are metastable, and their formation is likely to be
caused by different As and S dissolution rates, with a more
rapid departure of sulfur into the solution, which can occur
during the initial stages of the dissolution process. At final
stages of dissolution, when solution concentrations approach
equilibrium, As and HS dissolution rates should become sim
ilar, and the formation of such As-rich zones ceases. However,
because of the “refractory nature” of Fe-As phases and the slow
kinetics of solid-phase transformations (see below), this newly

and 450°C in the absence of PyPoMt are summarized in Table formed As-rich arsenopyrite does not disappear completely but

1. Arsenic concentrations, determined in FeAsS dissolution

is no longer involved in the arsenopyrite-solution equilibrium.

experiments in pure water at 350 and 400°C, are plotted as aThis hypothesis is also in agreement with thermodynamic cal-

function of dissolution time in Fig. 2a. The examination of this

culations (see below) that demonstrate that FeAs-like phases
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Fig. 2. Arsenic concentrations measured as a function of time in arsenopyrite dissolution runs conducted in pure water
without buffer (A), in H,O-HCI solutions in the presence of PyPoMt assemblage at 300 and 350°C (B), and at 400 and
450°C (C). The symbols denote different runs at indicated conditions (see text and Tables 1 and 2 for details). The dashed
lines are drawn to aid the eye. It can be seen that similar steady states for As concentration are attained afTiffe same
conditions for experiments carried out either by quenching (closed reactor) or sampling (Coretest) and with different
solid/solution ratios and acidities-HCI concentration).

are not stable in equilibrium with FeAsS and®HCI(NaOH) In 0.01-m HCI solutions at 350°Quns 350/5 and 350/12),
solutions. Following these considerations and the small and As and Fe total concentrations were found to be similar, and no
irreproducible quantities of these As-enriched zones detected in new phases were observed after experiments (Table 1). This is
our FeAsS dissolution experiments in pure water and HCI/ consistent with a stoichiometric dissolution of arsenopyrite:
NaOH solutions, we decided to not consider their formation in the

equilibrium calculations (see below). Therefore, further analysis of " _

thqese experiments in n(onbuffere(} solutions is based onymajor':eASJ'WSl'07Jr 3H,0 + 2H" + 2CI" = FeCl(aq)

phase compositions and measured As and Fe concentrations. + 0.97As(OHj(aq) + 1.07H,S(aq) + 1.48H(aqg). (2)
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Fig. 3. Scanning electron microscope photomicrographs of the surfaces of arsenopyrite crystals (A to E) and arsenopyrite-
pyrite-pyrrhotite-magnetite assemblage (F) after typical dissolution/precipitation experiments (see Tables 1 and 2). (A)
Magnetite (octahedrons) growing on the surface of arsenopyrite at 400°C and 500 bar imaH@Solution (run 425).

(B) Magnetite (octahedrons) and pyrrhotite growing on the surface of arsenopyrite at 350°C and 500 bar imaH@O01-
solution in the presence of PyPoMt buffer (run 350/14). (C) Pyrrhotite (hexagonal plates) and magnetite (small grains in
between) formed on the surface of arsenopyrite after 24 d of experiment at 400°C and 500 bar in water in the presence of
PyPoMt (run 417). (D) Growth and thickening of pyrrhotite crystals on the surface of arsenopyrite after 37 d of experiment
at 400°C and 500 bar in water in the presence of PyPoMt (run 427). (E) Pyrrhotite and magnetite coating the surface of
arsenopyrite in a 0.00fx HCI solution at 450°C and 500 bar in the presence of PyPoMt (run 450/14). (F) Back-scattered
electron image of a polished section of PyPoMt assemblage and newly formed arsenopyrite (white) after a precipitation
experiment at 350°C and 500 bar (run 350/16). Ararsenopyrite; Py= pyrite; Po= pyrrhotite; Mt = magnetite.
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At higher HCI content (0.05 msmall amounts of native As  pyrite + magnetite in aqueous solution (Kishima, 1989). Mi-
were detected together with the dominant arsenopyrite in the croscopic observations and SEM and EPM analyses of both

solid phase after experiment: pyrite and magnetite showed a good crystallinity and compo-
B sitions close to stoichiometric: Fe§s. o osand FgO,, respee
FeAs oS1.07 + 2CI7 = FeCh(aqg) + 0.97As(cr) tively. No As was detected<(0.2 wt.%) in the iron sulfides

+1.07HS@q) (3) after the. experiments, indigqting that As is not incorporated in
these minerals at the conditions of this study.

The formation of native As is consistent with the measured  Hydrogen sulfide aqueous concentrations determined in se-
As concentrations lower than those of iron (run 350/6). Stoi- lected runs from the quantity of precipitated ,8s during
chiometric FeAsS dissolution in slightly acid solutiong, = guenching or sampling (see section 2.3) are also reported in
0.001 m) and native As formation at lower pH were also Table 2. These concentrations are constant at each temperature
observed in the experiments of Kolonin et al. (1989) at 200°C. and pressure for both dissolution and precipitation experiments
The stability fields of FeAsS alone and FeAsS-As at 400°C are and independent of the run duration in the limit of their uncer-
likely to occur at much higher HCI content, not covered by our tainties ¢-30%). The HS contents determined in this study are
experiments, because even at OOHCI, the FeAsS-FgO, in reasonable agreement with those measured by Kishima
assemblage was still observed (run 425). (1989) and Plyasunova and Ivanov (1991) in aqueous solution

In H,S-rich aqueous solutions=0.1-m H,S; runs 405, 406, in equilibrium with the PyPoMt assemblage. For examplsSH
and 426), the arsenopyrite-pyrrhotite assemblage forms. Al- aqueous concentrations reported by Kishima (1989) at 300,
though the small quantities of pyrrhotite formed did not allow 350, 400, and 450°C and 500 bar are, respectively, 0.0023,
us to determine with precision its composition, hexagonal 0.0075, 0.023, and 0.08 mol/kg, whereas the corresponding
prisms and plates observed by SEM (see below) are consistentyalues obtained in the present study are 0.08280009, 0.008
with the hexagonal pyrrhotite Ege_oo8, Which is stable + 0.002, 0.022+ 0.002, and 0.12= 0.02 mol/kg, respectively
between 300 and 500°C (Toulmin and Barton, 1964). In the (Table 2). It follows that analyses of both solid phases ag®l H
presence of 0.1-m H(runs 423 and 404), SEM and EPM  concentrations in our experiments demonstrate a rapid attain-
analyses of the reaction products indicated the formation of ment of equilibrium between aqueous solution and the PyPoMt
loellingite (FeAs) and magnetite. Because the attainment of a assemblage at all temperatures studied, in agreement with pre-
steady state for As and Fe concentrations in thess &hd vious investigations.

H.-rich solutions was not clearly established, these data were |t can be seen in Table 2 and Fig. 2b that As aqueous
used only for qualitative comparisons with chemical equilib- concentrations measured in the dissolution experiments carried

rium calculations (see below). out with low to moderate FeAsS/solution ratios (1:1Z®R <
1:20) at 300 and 350°C attain a steady state value after a month
3.2. Arsenopyrite So|ub|l|ty in Aqueous Solution in the and l1to?2 Weeks, respectively. By Contrast, at 400 and 450°C
Presence of the PyPoMt Buffer and similarR, the attainment of a steady state is significantly

slower (Fig. 2¢). In a preliminary study (Pokrovski et al., 2000),

The results of FeAsS dissolution experiments in pure water the apparent constancy of As concentrations in a few experi-
and 0.001- to 0.0In HCI solutions in the presence of the ments with lowR at 400°C and 500 bar lasting between 7 and
PyPoMt buffer are reported in Table 2. The four solid phases 24 d (runs 411, 414, 415, and 417) was attributed to a steady
(arsenopyrite, pyrite, pyrrhotite, and magnetite) were present state. Later experiments demonstrated, however, a continuing
after all runs, and no other phases were detected. Arsenopyriteincrease of As concentrations with time at |I&¥e.g., runs 427
bulk composition remained unchanged in comparison to the and 429). Only at higheR (= 1:10) is a steady state unam-
initial product (FEAS§ 97+0.0251 07+0.02» and No As enrichment  biguously attained at 400 (runs 433 and COR-2) and 450°C
was observed in near-surface zones of arsenopyrite. However,(runs 12, 13, and 14) (Fig. 2c). The apparent slow dissolution
the arsenopyrite surface was found to be highly altered, pre- rate of FeAsS observed at high temperatures can be explained
senting traces of dissolution, and newly formed pyrrhotite and by the formation of pyrrhotite and/or magnetite layers and
sometimes magnetite and pyrite. The degree of arsenopyritecrystals on the FeAsS surface. Because FeAsS dissolution is
surface alteration and the quantity of neoformed minerals in- likely to be surface controlled, and the degree of FeAsS surface
creased with temperature (Figs. 3b, 3c, and 3e), which is coating by the newly formed phases rapidly increases with
consistent with the solubility increase (Table 2). In runs with temperature (see Fig. 3), at similar initial FeAsS/solution ratios,
low arsenopyrite/solution ratios at 400°C, the surface alteration less surface is available at high than at low temperature for As
also increased with time (Figs. 3c and 3d), suggesting a con- departure into the solution. This also explains the relatively
tinuing reaction progress, which is also confirmed by an in- rapid attainment of a steady state in the FeAsS dissolution
crease of As concentration with time in these experiments experiments with PyPoMt buffer at 300 and 350°C (Fig. 2b)
(Table 2; runs 410, 417, and 427). In all experiments, the and in the nonbuffered runs at 350 and 400°C (section 3.1,
pyrrhotite formed on the arsenopyrite surface or originally Table 1, Fig. 2a), in which FeAsS surface coating with the
present in the PyPoMt mixture was found to correspond to neoformed magnetite was weak (Fig. 3a). It was thus assumed
hexagonal pyrrhotite having the same chemical formulae that true equilibrium with FeAsS in the presence of the PyPoMt
Fe, 0.0.55- This is in good agreement with the composition of buffer was achieved in the runs at 300 and 350°C with low to
hexagonal pyrrhotite Fgg.0.0,5 €Xisting in the temperature  moderateR and at 400 and 450°C witR higher than 1:20.
range 300 to 500°C in equilibrium with pyrite in a dry system These experiments are shown in bold, italic type in Table 2. It
(Toulmin and Barton, 1964; Yund and Hall, 1969) and with can be seen in this table and Figs. 2b and 2c that at all
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temperatures investigated, equilibrium As concentrations are the distance of the closest approach fir species, respec-
independent of solution composition, ranging from pure water tively. We adopted a value for; &f 4.5 A for all charged
to 0.01m HCI. This confirms again that the neutral species.
As(OH),°(aq) species is the dominant As complex in our
experiments. 4.2, Calculation of the Thermodynamic Properties of

Several experiments were also performed at 350°C starting Arsenopyrite
from solutions supersaturated with respect to FeAsS to dem-
onstrate equilibrium reversibility. Supersaturation was Arsenic agueous concentrations measured in solution in
achieved using a concentrated,A$0; solution (0.2m As) equilibrium with the arsenopyrite-pyrite-pyrrhotite-magnetite
loaded in the reactor at the beginning (Table 2; runs 350/15, 16, assemblage allow calculation of the equilibrium constant of the
and 17). A very slow but constant FeAsS precipitation without following reaction, provided that the fugacities of,(g) (sz)
attainment of a steady state even after 4 months of reaction wasand H,S(g) (szs) buffered by the PyPoMt assemblage are
detected. SEM and XRD analyses unambiguously confirmed known:
FeAsS formation in these runs (Fig. 3f). This reluctant FeAsS
precipitation can be explained by both the rapid surface coating FeA.s:St.07 + 4.242HO = 0.333Fg0, + 0.97As(OHj(aq)
with newly formed Fe-oxide and -sulfide phases and the refrac-
tory nature of arsenopyrite, which is difficult to equilibrate. T LO7HS(@+ 1.717H(g).  (6)
Note that extremely slow reaction rates were observed in the Note that analogous reactions can be written with pyrite or
Fe-As-S dry system at temperatures below 600°C (Barton, pyrrhotite. However, the thermodynamic properties of these
1970; Kretschmar and Scott, 1976). Arsenopyrite was also phases are less constrained than those of magnetite. The chem-
shown to not readily equilibrate on cooling or changing sulfur ical composition of the iron sulfides can also exhibit some
fugacity (Kretschmar and Scott, 1976; Scott, 1983) and was variations (see above). Therefore, to avoid possible uncertain-
also difficult to synthesize hydrothermally (Scott, 1975). Con- ties related to the thermodynamic properties and stoichiometry
sequently, only FeAsS solubilities measured from undersatura- of the iron sulfide phases, in the following calculations, we

tion were considered in this study. chose Eqn. 6 with stoichiometric magnetite, whose thermody-
namic properties are at present precisely known (Hemingway,
4. DISCUSSION 1990).

The fugacities of Hand H,S were adopted from the study of
Kishima (1989), who measurég, andf,, s in aqueous solution

The Gibbs free energies (and enthalpies) of minerals, gases,n equilibrium with PyPoMt at 300 to 500°C and pressures
and aqueous species are represented in this study as apparefelow 1 kbar. These data constitute at present the most reliable
standard molal Gibbs free energiesQQ ) and enthalpies and accurate data set on the PyPoMt buffer at hydrothermal
(AHS ) of formation from the elements at the subscripted Cconditions (Gibert et al., 1998). Values f, andf,, s derived

pressureR) and temperatureT] (Tanger and Helgeson, 1988): Py Kishima (1989) are in good agreement with those calculated
using the SUPCRT92 database (Johnson et al., 1992) and

AGY ;= AG’+ (G3r— G 1), 4) assuming an activity of 0.5 for the FeS component in pyrrhotite
(Toulmin and Barton, 1964; Gibert et al., 1998) and those
generated by the GIBBS package and using a different set of
the thermodynamic properties for &S (Shvarov and Bas

4.1. Conventions, units, and standard states

whereA;G° is the standard molal Gibbs free energy of forma
tion of the species from its elements in their stable state at the

oty 10,1999, A dealed comparson ), and . veue
P, ar X . in the system Py-Pd(Mt) from older studies was given by
molal Gibbs free energy of the species that arise from ChangeSGibert et al. (1998). This comparison demonstrated that the
in pressureR — P,) and tempergtur%T(f To). g—he referer_u:e maximal uncertainties on the valuesfgf andf,, 5 in equilib-
states for the elements (for Wh'm.lv?% (AH 1299. : 0) In rium with the PyPoMt assemblage in the temperature range 300
the system Fe-As-S-O-H are metallic iranke, cubic); native 4 4500¢ and below 1 kbar do not exce6.05 and=0.1 log
arsenic (As, rhombohedrol); solid/liquid sulfur,Qdeal gas; unit, respectively.

and H, ‘de"?" ga_s._The standard states for the solid phases and Arsenic average molality at each temperature measured in
H,0 are unit activity for the pure phase at all temperatures anq this study in equilibrium with FeAsS-PyPoMt,, and f,,
pressures. For aqueous species, the reference state conventlogdopted as discussed above, and the equilibrium constants

colrre_sponcki]s to En'rt] ac_,tley %Oeflﬂcfnt fora hypc_nthehcalnl- derived for reaction 6 are reported in Table 3 together with their
solution whose behavior is ideal. Aqueous species Concentra'corresponding uncertainties. In Figure 4, the equilibrium con-

tlons_ are expressed in molal units (r_nol/ Kg®). Activity stants generated in this study are compared, as a function of
cogfﬂments &) of neutral agueous species were assumeq o be temperature at 500 bar, with those calculated using available
unity, but those of "charged Species were calculated using thethermodynamic data for the constituents of Egn. 6 from Table
extended Debye-Hiickel equation: 4. In these calculations, the Gibbs free energy of arsenopyrite
e A _ 2 was taken from Barton (1969), and the same reaction stoichi-
log y, AZ \ﬁ(l' - Ba\ﬁ), ®) ometry (Eqn. 6) was assumed for arsenopyrite dissolution for
whereA andB refer to the Debye-Huickel electrostatic param- consistency. It can be seen that the calculated constants are 1 to
eters and were taken from Helgeson and Kirkham (197#), 2 orders of magnitude higher than those measured in our study.
the molal ionic strengtlg; and arepresent the ionic charge and  This systematic discrepancy cannot be explained by the uncer-
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Table 3. Average arsenic concentrations in solutiop,add HS fugacities in equilibrium with the arsenopyrite-pyrite-pyrrhotite-magnetite
assemblage, equilibrium constants of reaction 6, and calculated apparent standard molal Gibbs free energies of arsenopyrite at each temperature and
extrapolated to 25°C and 1 bar.

T AGp1° FeASS  AGj,e4 FeAsS
(°C) P (bar) AS$ (mol/kg) log my? log szb log szsb log Kg (kJ/mol) (kJ/mol)
300 400 0.00062- 0.0002 —3.21*0.15 —1.06 —0.96 -5.96+ 0.25 —163.6 —-138.7=3
350 500 0.0055- 0.0010 —2.26*+ 0.08 -1.01 —0.52 —4.48+ 0.15 -172.3 —-141.7+ 4
400 500 0.07= 0.01 -1.15+ 0.07 —1.00 -0.19 —3.04+0.15 -178.1 —-141.2+5
450 500 0.32+ 0.03 —0.50* 0.05 —1.02 0.07 —-2.16+0.15 —188.4 —1449+7
+5°C +50 bar *+0.05log *=0.10 log AG° mean= —141.6+ 6.0

@Average value from the runs shown in bold, italic type in Table 2 at each corresponding temperature.

bAccording to Kishima (1989).

°From log K¢ and the thermodynamic properties of the components of Eqn. 6 reported in Table 4 and using Eqgn. 7 to correct for the
nonstoichiometry of arsenopyrite.

dExtrapolation to 25°C and 1 bar using$(FeAsS) an(ilg equation (Pashinkin et al., 1989) awtl (FeAsS) (Naumov et al., 1974) (see Table
5).

tainties associated with the free energies of magnetite, water, bar at As concentrations below 1 mol (Pokrovski et al., 2002).
H,(g), and HS(g), which do not exceed0.5 kJ/mol. Gibbs These data confirm again that aqueous total As concentrations
free energies for As(OHJaq) are also reasonably constrained measured in the present study correspond to the Asj@#)

to about+3 to 4 kJ/mol to at least 350°C (Pokrovski et al., species formed according to Egn. 6 in the entire temperature-
1996), which could correspond t0+0.3 log unit variation of concentration range studied. As a result, the discrepancy be-
log K. Moreover, equilibrium calculations using the available tween measured and calculatiég values in Figure 4 can be
data for As sulfide aqueous complexes (Mironova et al., 1990; explained only by a lower (more negative) value of the Gibbs
Webster, 1990; Eary, 1992; Helz et al., 1995), anf(ag) and free energy of arsenopyrite than that presently available (Bar-
H,As(aq) (Sergeeva and Khodakovsky, 1969) indicate that all ton, 1969).

these species are negligible at conditions of our study. Our The Gibbs free energies of FeAsS, o7 at each experimen
recent in situ extended X-ray absorption fine structure spec- tal temperature and pressure were calculated from the equilib-
troscopy measurements demonstrated that the Aj@t) rium constant of Eqn. 6 derived in this study and the thermo-
complex is the only species existing in aqueous solution in the dynamic properties of the reaction constituents reported in
temperature range 25 to 500°C and pressures from 250 to 1000Table 4. The corresponding values for a hypothetical stoichio-
metric arsenopyrite FeAsS (Table 3) were estimated assuming
ideal behavior of As and S in arsenopyrite (Barton, 1969;
Pashinkin et al., 1989):

4 - 500 + 100 bar .
_ _ G (FeAsS)= GFeAs:S;07) — 2.3026RT(log 0.97
’/’ - calculat_ed using thermo‘dynamlc /,’
2 RRemeT +1091.09, (7)
] whereR is the ideal gas constant, afdis temperature in K.

-3 — These corrections do not, however, exceed 0.2 kJ/mol. Such a
© . minor difference for the free energy of slightly nonstoichio-
> 4 metric arsenopyrite is in agreement with a regular As-S sub-
2 stitution and a free-defect FeAsS structure (Barton, 1969; Fuess

* o et al., 1987) and in the limit of the uncertainties for the stability

-5 — . fields in the system Fe-As-S involving arsenopyrite of variable

4 7 As/S composition (Kretschmar and Scott, 1976). The values of
® - measured (this study) AGS3  (FeAsS) derived in this study at 300°C and 400 bar and

6 /- predicted (this study) at 350, 400, 450°C and 500 bar were extrapolated to 25°C and

T 1 bar using the molal volume of FeAsS (Naumov et al., 1974)

-7 , | , | . | : : and the recently available FeAsS heat capaciy) (Maier-

950 300 350 400 450 Kelley (Maier and Kelley, 1932) equation from 25 to 350°C

and standard entropy at 25°C (Pashinkin et al., 1989). Because
heat capacities of most solids usually exhibit a regular behavior
Fig. 4. Decimal logarithm of arsenopyrite dissolution reaction (Eqn. With temperature, which can be accurately described by a
6) constant as a function of temperature at 500 bar. The symbols were three-term Maier-Kelley equation, we assumed that the
generated from FeAsS solubility experiments performed in this study in equation of Pashinkin et al. (1989) could be used at tempera-

the presence of the pyrite-pyrrhotite-magnetite buffer. The curves were o . . . o
retrieved using the thermodynamic parameters of reaction constituents tures from 800 to 900°C without introducing significant errors

reported in Table 4 together with those of arsenopyrite generated in this (>+5 kJ/mol for AG2.sss at T > 600°C). The arithmetic
study (solid curve) and those reported by Barton (1969) (dashed curve). average ofAG; .5 (FEASS) values obtained by the above

TEMPERATURE /°C
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Table 4. Thermodynamic parameters of solids, gases, and aqueous species used for calculation of the Gibbs free energy of arsenopyrite.

Afetl),zgs ,298 V?.,298
Substance  (kJ/mol) (I/mol K)(cn/mol) Heat capacity equation (J/mol K) (high-temperature limit, K)
Solids
Magnetite —1012.57 146.14 447 2569:1 25215 + 20.734X 10° T2 — 36.4655x 10 2 T %5 + 1.3677x 10 2 T2 (800 K)
Fe0,2
Gases
H.(g)° 0 130.680 7.4424r 0.011707T — 5.1041X 10° T"2 + 410.17T°°5 — 1.3899% 10 ® T2 (1800 K)
H,S(gf —33.431 205.670 —  26.356 0.0265T + 2.66 X 10° T2 — 43.559T °® — 6.0244x 10 ° T2 (1800 K)
Aqueous species HKF parameters (joule units)
As(OH),°° —639.78 200.0 49.0 a, X 10 = 35.44;a, X 10 2 = 53.97;a, = 2.85;a, X 10 * = —13.85;c, = 209.2;c, X

1074 =-6.28,w =0

Hemingway (1990).
PRobie et al. (1978).
“Pokrovski et al. (1996).

extrapolation (Table 3) was taken as the recommended standardsurements over FeAsS (Zviadadze and Rtskhiladze, 1964; Pa-

Gibbs free energy of formation of arsenopyrite at 25°C and 1
bar: AGS ,qg (FEASS)= —141.6+ 6 kd/mol. The uncertainty
on this value stems mainly from those associated withKgg

shinkin et al., 1979) are very different from one another and
significantly higher (more positive) than those obtained in this
study. The highest existingG, ,og(FEASS) values (Zviadadze

(Table 3, see above), Gibbs free energy extrapolations from and Rtskhiladze, 1964; Wagman et al., 1982) seem to be in

high temperature $400°C) using the adopteeg (FeAsS)
equation, and As(OHjaq) Gibbs free energy above 350°C.
The thermodynamic properties of the As(QR{aq) species

error, because they imply an extremely low arsenopyrite sta-
bility, inconsistent with high-temperature phase equilibria
(Clark, 1960; Barton, 1969) and arsenopyrite stability and

that have been generated using the Helgeson-Kirkham-Flowerssolubility in aqueous solution (Kolonin et al., 1989; Pal’yanova

(HKF) model (Helgeson et al., 1981) on the basis of@gand
As,S; solubility data to 300°C (Pokrovski et al., 1996) and in
the absence of direct high-temperature measurementsp%n
andV® of arsenious acid could exhibit large uncertainties above
350 to 400€ (>5 kJ/mol). Thus, the FeAsS Gibbs free ener-

and Kolonin, 1992; this study). The values of the standard
entropy of FeAsS cited by Zviadadze and Rtskhiladze (1964)
and Wagman et al. (1982) and that derived by Barton (1969)
are also higher by a factor of 1.5 than the corresponding value
obtained from the direct measurements of FeAsS heat capacity

gies obtained in this study at temperatures above 400°C would from 5 to 620 K (Pashinkin et al., 1989). Note that a similar

be better constrained when sucp andV data become avail

difference exists between the standard entropy of loellingite
obtained  from measurements

able, which is a subject of our future work. low-temperature C,
The thermodynamic properties of FeAsS adopted in this (S°,04FeAs,) = 80.06 J/mol K; Pashinkin et al., 1991) and the
study together with those available in the literature are sum- corresponding value extrapolated from high-temperature

marized in Table 5, and apparent standard molal Gibbs free (>600°C) phase equilibria data{S¢FeAs,) = 127.2 J/mol
energies of arsenopyrite calculated using these parameters aré; Barton, 1969). This discrepancy is likely to stem from such
plotted in Figure 5 as a function of temperature at 1 bar. It can high-temperature extrapolations, which could have significant
be seen in the table and figure that the Gibbs free energy valuesuncertainties. Thus, the®S, and Cpo(T) values of FeAsS

of FeAsS obtained from phase equilibria at high temperature in generated by Pashinkin et al. (1989) are likely to be more
the system Fe-As-S (Barton, 1969) or As vapor pressure mea-reliable and, therefore, were adopted in the present study. It can

Table 5. Standard thermodynamic properties of arsenopyrite available in the literature and generated in this study.

AGY o8 S 268 VP Col 208 Heat capacity equation (J/mol K) (high-temperature
(kJ/mol) (J/mol K) (cn/mol) (J/mol K) limit, K)
—109.6" 108.4 — — —
-112.F 115.8% — — —
—42.0¢ 102.9 — 73.4 62.89+ 40.58X 10 3T — 1.423x 10° T2 (993 K)d
-50.0° 121.¢ — — —
—141.6+ 6.0 68.5+ 0.9 26.42 68.44 75.51+ 4.78 x 103 T — 7.543x 10° T~2 (900 Ky

®Barton (1969): extrapolation to 25°C using data on phase equilibria in the system Fe-As-S at 500 to 800°C.

bpashinkin et al. (1979): extrapolation to 25°C using measurements of As vapor pressure during the thermal dissociation of FeAsS at 600 to 700°C.

“Zviadadze and Rtskhiladze (1964): extrapolation to 25°C from measurements of As vapor pressure during thermal dissociation of FeAsS at 600
to 830°C.

dzviadadze and Rtskhiladze (1964): empirical heat capacity equation, corrected by Naumov et al. (1974).

AWagman et al. (1982): unknown source.

This study: solubility of FeAsS in aqueous solution from 300 to 450°C and in the presence of PyPoMt.

9Pashinkin et al. (1989): heat capacity measurements of FeAsS (5 to 650 K).

"Naumov et al. (1974): from parameters of FeAsS crystal lattice.
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Fig. 5. Plot of the apparent standard molal Gibbs free energies of
stoichiometric arsenopyrite (FeAsS)_as a function of temperature at 1 Fig. 6. Arsenic and iron steady-state concentrations in aqueous
bar. The symbols stand for the experimental data obtained in this study, 5o|ytion and observed mineral stability fields in the system arsenopy-
and the curves were generated using thermodynamic parameters Ofrite-HZO + HCI + NaOH as a function of pH at 350°C and 300 bar.

arsenopyrite from the references reported in this figure and Table 5. 1pe symbols represent aqueous As (circles) and Fe (squares) average
concentrations at steady state measured in this study. The curves denote
aqueous As (solid curve) and Fe (dashed curve) concentrations calcu-

- lated using the thermodynamic parameters of FeAsS generated in this
be seen in Fig. 5 that_ at low temperatures, the Valum.T study and assuming an equilibrium between solution and the mineral
(FeAsS) generated in our study are 30 to 20 kJ/mol more assemblages depicted in the figure.

negative than those of Barton (1969), but above 600°C, both
sets of data are in agreement within 10 kJ/mol.
In Fig. 6, stability fields of minerals formed in equilibrium

4.3. Interpretation of FeAsS Solubilities and Mineral with arsenopyrite, together with As and Fe concentrations in

Parageneses in Nonbuffered Aqueous Solutions solution, are calculated as a function of pH (imposed by HCI
concentration) at 350°C and 300 bar. It can be seen that both

The thermodynamic parameters of FeAsS generated in this mineral parageneses predicted as a function of pH and As
study were used to calculate arsenopyrite solubility and stabil- aqueous concentrations calculated using the value of FeAsS
ity in nonbuffered aqueous solutions and to compare these free energy derived in our study from independent measure-
results with our experimental measurements. These calcula-ments (section 4.2) are in excellent agreement with our exper-
tions were performed using the GIBBS computer code (Sh- iments (see section 3.1). With increasing pH, the following
varov and Bastrakov, 1999), consistent with the revised HKF mineral sequence is observed: arsenopytitearsenic— ar-
equation of state (Tanger and Helgeson, 1988). Thermody- senopyrite— arsenopyrite+ magnetite. No FeAsor FeAs
namic properties of native As, iron sulfides (Ee&eS), and phases in equilibrium with arsenopyrite were predicted by
magnetite were taken from the IVTANTHERMO database calculations, confirming that the observed erratic FeAsS near-
(Shvarov and Bastrakov, 1999) and Hemingway (1990), re- surface enrichment by As most probably reflects the dissolution
spectively. Those for iron arsenides, FegA#ollingite), and kinetics and is not an equilibrium process (see section 3.1). The
FeAs (vesterveldite) were supplied by Khodakovsky (personal measured arsenic concentrations in equilibrium with the
communication) and are based on direct enthalpy and heat- FeAsS-FgO, assemblage in pure water and dilute HCI solu
capacity calorimetric measurements (Stolyarova, 1977; Gonza- tions at different temperatures are also in good agreement with
lez-Alvarez et al., 1989; Pashinkin et al., 1991). Thermody- the calculated values (Fig. 7). Arsenic concentrations in pure
namic parameters for water and aqueous species, (84, water measured in our study at 350°C and 300 bar are close to
NaCP(aqg), H", OH™, H,°(aqg), H,S’(ag), and HS) were the corresponding values at 500 bar reported by Pal’'yanova and
adopted from the SUPCRT92 database (Johnson et al., 1992) Kolonin (1992). In contrast, As concentrations measured by
and those for As(OHf(ag) and AsO(OH)™ are from Pok Kolonin et al. (1989) in analogous solutions at 300°C are
rovski et al. (1996) and Pokrovski (1996), respectively. HKF higher by a factor of 5 than those predicted in the present study.
parameters for Fe hydroxide and chloride complexes were Possible oxidation of As and 3, which was likely to be not
taken from Shock et al. (1997) and Sverjensky et al. (1997), controlled in their experiments, could shift the Egn. 1 equilib-
respectively, whereas those for H@lq) and NaOMaq) were rium to the right side and thus account for the elevated As and
adopted from Tagirov et al. (1997) and Shock et al. (1997), S concentrations measured in their study. Arsenic concentra-
respectively. The stability of NaFPgg) was assumed to be tions and mineral associations found in our runs carried out
equal to that of NaOPaq). with excess HS and H (Table 1; section 3.1) are in qualitative
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F|g 7. Decimal |Ogarithms of As and Fe concentrations in pure water F|g 8. Comparison between measured and predicted arsenic con-
in equilibrium with the arsenopyrite-magnetite assemblage as a func- centrations in high-temperature magmatic-hydrothermal fluids. The
tion of temperature. The symbols depict experimental data from the symbols stand for literature data on As contents and homogenization
present study and taken from the literature at 500 bar (except the datatemperatures measured on fluid inclusions in quartz from cassiterite-
point from this study at 350°C, which was measured at 300 bar). The olframite + arsenopyrite deposits indicated by numbers in the figure
curves were calculated at 500 bar using the available thermodynamic ith the following mineral assemblages: (1) quartz-topaz-cassiterite
parameters for magnetite and aqueous species in the system FeAsSarsenopyrite, (2) quartz-chalcopyrite-wolframite-cassiterite ar-

H,O (see text) and those for arsenopyrite generated in this study (Table senopyrite, (3) quartz-cassiterite-arsenopyrite-tourmaline-pyrite-chal-

5). copyrite, (4) quartz-cassiterite-arsenopyrite (Sushchevskaya et al.,
1993), (5) quartz-cassiterite-muscovite (Heinrich et al.,, 1992),
(6) quartz-wolframite-muscovite: arsenopyritet pyrrhotite (Audédat

agreement with the calculations, which predict arsenopyrite- et al., 2000), (7) quartz-cassiterite-wolframite (Heinrich et al., 1999),
and (8) quartz-cassiterite-K-feldspar (Audédat et al., 2000). The solid

pyrrhotite(-pyrite) and arsenopyrite-loellingitefnagnetite) curve was calculated for 500 bar assuming equilibrium betweema 2-
assemblages in §$-rich and H-rich solutions, respectively. NacCl fluid and the arsenopyrite-pyrrhotite-|fyrite) assemblage at
Measured and calculated iron concentrations at acid pH in oxygen fugacities fixed by Ni-NiO and using arsenopyrite thermody-
HCI solutions at different temperatures are in good agreement namic properties generated in the present study (see text for explana-
(Fig. 6) and consistent with the predominance ot ‘FeéreClI, tion).
and FeCj(aq) complexes, depending on HCI concentration. At
neutral pH, however, the measured concentrations are 1 to 2
orders of magnitude higher than the predictions. The same
discrepancy between calculated and measured Fe contents wa
found in the present study and previous works at different
temperatures in pure water (Fig. 7), and in our experiments
with pyrite-pyrrhotite-magnetite (not shown). Such a discrep-
ancy could arise from the uncertainties both on the thermody-
namic data for Fe(ll)-hydroxide complexes and pH values in
the nonbuffered near-neutral solutions. The higher measured Fe  among sulfide and sulfo-arsenide minerals, arsenopyrite to-
concentrations in solutions with significant As contentl(to 2 gether with pyrite and pyrrhotite are the most abundant and
mmol), could also suggest the existence of Fe(ll)-arsenite aque-commonly present in high-temperature-300°C) Sn-, W-,
ous complexes, which might be important in the absence of \o. and Cu ¢Au)-dominated hydrothermal deposits spa-
other iron-complexing ligands (C) at neutral pH. More mea gy related to mineralized granites and granitoids (Heinrich
surements at controlled pH arfd, and as a function of A ang Eadington, 1986; Sushchevskaya et al., 1993; Audédat et
content are necessary to unambiguously interpret iron specia- 5| 2000). In Fig. 8, calculated arsenic concentrations ima 2-

mineral. Results of mineral-fluid equilibrium calculations per-
formed using these new data are compared below with arsenic
%ehavior in magmatic-hydrothermal ore deposit environments
and modern hydrothermal systems.

5.1. Mineral Paragenesis and Fluid Inclusions From
Magmatic-Hydrothermal W-Sn-Cu Ore Deposits

tion in these As-bearing neutral solutions. NaCl solution in equilibrium with arsenopyrite-pyrrhotite
(£pyrite) assemblage are depicted as a function of temperature.
5. INTERPRETATION OF ARSENOPYRITE FORMATION The calculations were accomplished using the thermodynamic

AND ARSENIC CONCENTRATIONS IN CRUSTAL FLUIDS . . . .
properties of FeAsS derived in this study and those for other

The thermodynamic properties of arsenopyrite derived in minerals and aqueous species as discussed above. Oxygen
this study can be used to better understand FeAsS formationfugacity was assumed to be buffered by the Ni-NiO assem-
conditions and quantitatively interpret As concentrations ob- blage, which is close to equilibria involving F&Fe*" -bearing
served in high-temperature crustal fluids in the presence of this silicate and oxides (Wones, 1981; Kishima, 1989). At the high
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temperatures corresponding to the separation of metal-rich flu- librium with arsenopyrite is likely to control As concentrations
ids from a large mass of granitic rocks, redox equilibria among in these fluids. Note that similar calculations carried out with
host rock minerals, including Fe-silicates and Fe-Ti oxides, are the previously proposed set of arsenopyrite thermodynamic
likely to control the oxygen fugacity in the fluid-rock system of  properties (Barton, 1969; Naumov et al., 1974) either imply
porphyry-style deposits (Heinrich and Eadington, 1986; Hein- very high As concentrations (from 0.1 to 1 mol) in equilibrium
rich, 1990). The choice of pyrrhotite: pyrite as the minerals  with FeAsS, incompatible with the natural observations, or
controlling sulfur fugacity in the fluid is in agreement with the would require oxygen fugacities for FeAsS formation much
mineral paragenesis arsenopyrite-pyrrhotitgyrite observed lower than Ni-NiO, which is inconsistent with the compositions
in many Sn- and W-porphyry-style and vein-style deposits. Our of host rocks, fluids, and ore-mineral assemblages. By contrast,
calculations indicate that the arsenopyrite-pyrrhotite assem- the higher stability of arsenopyrite obtained in the present study
blage is stable over the range 300 to 500°C, corresponding to implies that this mineral is likely to precipitate with decreasing
the preore and ore formation stages, but pyrite appears only attemperature from the exsolving fluid, which remains buffered
temperatures lower than 400 to 450°C. This is in qualitative with regard to oxygen fugacity by host granitic rocks through-
agreement with the observed mineral precipitation sequence inout its cooling history.

several Sn and W deposits of Mole Granite (e.g., Taronda W

deposit, Balman and Rumsby, and Yankee Lode Sn-deposits;5 2 Arsenic Concentrations in Modern Hydrothermal

Audédat et al., 2000) and quartz-cassiterite-wolframite-ar- Systems
senopyrite veins of the Russian Far East (Sushchevskaya et al.,
1993). Moreover, calculated J3 solution concentrations in The most common As-bearing minerals found in epithermal

equilibrium with pyrrhotite+ pyrite are in close agreement deposits and modern low-temperature hydrothermal sources are
with those measured in fluid inclusions in quartz from these orpiment or its amorphous analog (/) and realgar (AsS)
Russian depositsit, s ~0.01 to 0.001 mol; Korsakova et al.,  (Ballantine and Moore, 1988; Eary, 1992). At temperatures
1991; Sushchevskaya et al., 1996). In Fig. 8 are also plotted below 150°C, these minerals have been shown to often control
arsenic concentrations recently measured in saline fluid inclu- aqueous As concentrations in these environments (Pokrovski et
sions hosted in quartz from different Sn, W, and Cu high- al., 1996). In high-temperaturd (= 200°C) geothermal sys-
temperature300°C) deposits containing arsenopyrite (Hein- tems, these minerals are too soluble to be stable, and arsenic
rich et al., 1992; Sushchevskaya et al., 1993; Heinrich et al., occurs predominantly in pyrite (Ballantine and Moore, 1988).
1999; Audédat et al., 2000). It should be noted that vapor-brine Arsenic concentrations in pyrite from modern hydrothermal
separation phenomena were observed in some of these magsystems (e.g., Roosevelt Hot Springs, Salton Sea, Broadlands)
matic-hydrothermal deposits, which was demonstrated by the were found to range from 0 to 4 wt.% (Ballantine and Moore,
coexistence of inclusions containing low-density vapor and 1988, and references therein). The formation of As-bearing
high-density NaCl brine (e.g., Audédat et al., 1998, 2000, and pyrite in the modern hydrothermal reservoirs was modeled
references therein; Heinrich et al., 1999). The present study using the results of our study and assuming that As in pyrite is
uses only data on As contents measured in the high-density present as arsenopyrite ideal solid solution. This assumption is
inclusions, in which As aqueous speciation can be reliably dictated by the arsenic valence state-df found both in pyrite
described by the As(Ojaq) species in the framework of the  and arsenopyrite (Tossel et al., 1981; Fleet et al., 1989; Simon
HKF model (see above; Pokrovski et al., 1996). Interpretation et al., 1999) and by the phase compositions in the system
of arsenic concentrations measured in vapor inclusions from Fe-As-S, in which up to 10 mol.% of Fg$an occur in FeAsS
these deposits will be proposed in a subsequent paper (Pok-or FeAs, (Clark, 1960; Barton, 1969). Arsenic concentrations
rovski et al., 2002). in solution in equilibrium with Fe(As,S) were calculated

It can be seen in Fig. 8 that the predicted As concentrations adopting an average FeAsS mole fractien dctivity) of 0.02
in equilibrium with arsenopyrite (solid line) are slightly higher in pyrite and assuming an iron conserving equilibrium reaction
than the As contents (symbols 6 to 8) measured in the NaCl- between arsenopyrite and pyrite (Ballantine and Moore, 1988;
rich fluid, which has been trapped by growing quartz in high- Heinrich and Eadington, 1986):
temperature $400°C) quartz-cassiterite-wolframite veins of
Mole Granite and Zinnwald. This is in agreement with the FeAsS+ H,S(g)+ 1.25Q(g) + 0.5H,0 = FeS§
scarcity of arsenopyrite and other sulfides in association with + As(OH)Y(aq) (8)
this fluid-trapping quartz generation. Regionally associated
lower temperature veins in these ore fields contain, by contrast, In these calculations, oxygen fugacity was approximated by the
important amounts of arsenopyrite and pyrrhotite pyrite equation of Kishima (1989): lo§,, = 8.7 — 23,5601 (K) =
(Audédat et al., 2000). Thus, the higher calculated saturating 1, which corresponds to the typical redox conditions found in
As concentrations (line) than the measured As contents (Ssym- volcanic rock-water systems and is in good agreement with the
bols 6 to 8) in the high-temperature fluid inclusions from these oxygen fugacities estimated in modern hydrothermal systems
deposits are consistent with geological observations that these(see Table 1 in Ballantine and Moore, 1988). Fugacity g&H
fluids were undersaturated with respect to arsenopyrite. Arsenicand pH were fixed at 0.02 bar and 6, respectively, which
concentrations derived from fluid inclusions in quartz from corresponds to their average values found in a variety of
lower temperature<(350°C) cassiterite-wolframite-arsenopy- modern hydrothermal reservoirs (see Table 1 in Ballantine and
rite = pyrrhotite veins from deposits of the Russian Far East Moore, 1988). In Fig. 9, calculated As concentrations are
(symbols 1 to 4 in Fig. 8) are in agreement, in the limit of their presented by the solid line together with possible uncertainties
uncertainties, to our predictions. This indicates that the equi- (dashed lines), which account for the variationsfgf and
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1986; Genkin et al., 1998). As already emphasized by Heinrich
and Eadington (1986), native gold deposition on grain bound-

O Broadlands
100000 — éfj:g;}ife‘g aries and in cracks of preexisting arsenopyrite is likely to be
E ;(\évaaslzaﬁ'sa explained by minor redissolution of arsenopyrite according to
. O Others Eqn. 2 or equivalent, a process that would act as a local redox
7 .- predicted trap for gold. This hypothesis is confirmed by calculations of
100.00 -~ -~ (this study Au solubility in the presence of arsenopyrite. For example, gold
E @) - Oep concentration calculated in solution in the system FeAsS-Au-
10 SRR H,O = HCI at 250 to 350°C and 500 bar and assuming a
g 1000 3 O O ) congruent FeAsS dissolution (e.g., Egn. 2) was found to range
s ] m U between 0.1 and 1 ppb. This is an order of magnitude lower
- a A %AA AN than the corresponding Au concentrations calculated assuming
< .00 < O equilibrium with pyrite-pyrrhotite £ magnetite), which are be-
E A lieved to be the most common,Hand H,S-buffering assem
i x A blages in Au ore-forming fluids (Gibert et al., 1998). Our
010 — . predictions are also in agreement with the selective reduction of
§ x‘x‘ e Au®* to Au® on the surface of arsenopyrite demonstrated
] experimentally in Au-aqueous solutions at ambient temperature
0.01 | f" — T (Moller and Kersten, 1994; Maddox et al., 1998) and with Au

chemosorption on As-rich surfaces of arsenopyrite and pyrite
(Fleet and Mumin, 1997). Thus, among different processes
leading to Au precipitation in crustal fluids, the highly reducing

Fig. 9. Arsenic concentrations in modern hydrothermal fluids. The conditions (in comparison to the bulk fluid) created by local

symbols depict As aqueous contents measured in modern hydrothermaldissolution of arsenopyrite can be an effective mechanism of
sources cited in the figure (according to Ballantine and Moore, 1988). extracting gold from hydrothermal solutions.

The solid line represents As fluid concentrations calculated, together
with the corresponding uncertainties (dashed lines), in equilibrium with
As-bearing pyrite commonly present in these systems (see text for
details).

150 200 250 300 350 400
TEMPERATURE /°C

6. CONCLUDING REMARKS

The stability and solubility of arsenopyrite (FeAsS) were
studied at temperatures from 300 to 450°C and pressures to

f,,,in the fluid and As content in pyrites for different reservoirs 1000 bar in aqueous solutions buffered or not withasd/or
(see above and Ballantine and Moore, 1988). In can be seen inH>S and as a function of HCI concentration. Arsenic coacen
this figure that the predicted As concentrations are in agree- trations measured in equilibrium with FeAsS in aqueous solu-
ment, in the limit of their uncertainties, with those measured in tion with H, and H,S fugacities buffered by the pyrite-pyrrho
these hydrothermal fluids. Thus, As-bearing pyrite is likely to tite-magnetite assemblage were combined with the available

control As contents in modern hydrothermal solutions at tem- thermodynamic data on As(O${aq) (Pokrovski et al., 1996)
peratures above 150°C. and heat capacity and entropy data for FeAsS (Pashinkin et al.,

1989) to generate a new set of arsenopyrite thermodynamic
parameters from 25 to 600°C. The results obtained imply a
higher stability of FeAsS in aqueous environments than was
widely assumed until now. Arsenopyrite stability and solid-
In many meso- and epithermal deposifsg 300°C), gold is phase equilibria in the system Fe-As-S predicted using these
found to be closely associated with arsenopyrite and/or arse- properties are in good agreement with As solution concentra-
nian pyrite (e.g., Boyle, 1979; Cathelineau et al., 1989; Arehart tions and mineral parageneses found in FeAsS dissolution
et al., 1993; Cabri et al., 2000). Both “visible” native gold in  experiments carried out without PyPoMt buffering as a func-
association with the sulfoarsenide minerals and “invisible” gold tion of pH and with excess }or H,S.
incorporated in these minerals occur. Despite ample discussion Calculations of As contents in natural hydrothermal fluids
about the chemical form of Au and Au-As structural relation- performed using the new thermodynamic properties of FeAsS
ships in arsenopyrite and As-pyrite, recent spectroscopic stud- and assuming a chemical equilibrium between arsenopyrite (or
ies agree that “invisible” gold occurs in two chemical states: an As-pyrite) and solution are in agreement with As concentra-
elemental form as nanometer-size particles of Amnd co tions measured in fluid inclusions in quartz from vein-style Sn
valently bound gold with a still uncertain oxidation state be- and W deposits and in modern high-temperature hydrothermal
tween AF" and AW~ (see Cabri et al., 2000, for review). reservoirs. It follows that arsenopyrite and As-bearing pyrite
Because gold is transported in sulfur-rich hydrothermal fluids are likely to control arsenic behavior in relatively dense high-
as sulfide complexes of Ati (AuHS®, Au(HS), ; Benning and temperature fluids (156 T < 450°C) in which As(OH)(aq)
Seward, 1996; Gibert et al., 1998; Fleet and Knipe, 2000, and is the dominant arsenic species. The close association of gold
references therein), its precipitation in native state requires a with these minerals in meso- and epithermal deposits could
reduction from its oxidized complexes. In many vein deposits possibly be explained by the dissolution of FeAsS, a process
containing arsenopyrite, gold precipitation occurs later than the that locally creates more reducing conditions than in the bulk
formation of arsenopyrite- pyrite (Heinrich and Eadington,  fluid and thus leads to gold reduction and precipitation.

5.3. Arsenic-Gold Association in Meso- and Epithermal
Sulfide Deposits
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Accurate knowledge of the stability and thermodynamic

properties of aqueous and mineral species in the system Fe-As-

S-H,0 is necessary to quantitatively predict fluid-rock interac
tions and ore formation in hot hydrothermal environments.
Thermodynamic predictions carried out in this study would be
better constrained when in situ measurements of redox poten-
tial and accurate high-temperature350 to 400°C) thermody-
namic properties of the main aqueous arsenic species
As(OH)$(agq) become available. In situ measurements of
As(OH)3(ag) molal volume and heat capacity near the critical
point of water are now in progress. Such data combined with
solubility measurements at carefully controllieds and redox
parameters of other arsenide minerals, such as F&2GAsS,

and NiAs,, would allow an improved quantification of their
stabilities and formation conditions in hydrothermal environ-
ments.
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