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ABSTRACT

XANES measurements on gold-bearing arsenian pyrite from the Twin Creeks Carlin-type gold
deposits show that gold is present as bothatd Ad* and arsenic is present atAau’ is attributed
to sub-micrometer size inclusions of free gold, wheredsidattributed to gold in the lattice of the
arsenian pyrite. STEM observations suggest thatig\grobably concentrated in angstrom-scale,
randomly distributed layers with a marcasite or arsenopyrite structure. lonic gofyl ¢duid be
concentrated in these layers as well, and is present in both twofold- and fourfold-coordinated forms,
with fourfold-coordinated At more abundant. Twofold-coordinated'Ais similar to gold in AS
in which it is linearly coordinated to two sulfur atoms. The nature of fourfold-coordinates Aot
well understood, although it might be present as an Au-As-S compound where gold is bonded in
fourfold coordination to sulfur and arsenic atoms, or in vacancy positions on a cation site in the
arsenian pyrite. Atiwas probably incorporated into arsenian pyrite by adsorption onto pyrite sur-
faces during crystal growth. The most likely compound in the case of twofold-coordindtedaiu
probably a tri-atomic surface complex such gg.Au"-SyisuriedH Or Au*-S-Au*. The correlation
between gold and arsenic might be related to the role of arsenic in enhancing the adsorption of gold
complexes of this type on pyrite surfaces, possibly through semiconductor effects.

INTRODUCTION (arsenian pyrite) is the dominant host for gold in Carlin-type

Carlin-type gold deposits are of interest to the mineralogic3§POsits. Cline etal. (1997) and Simon et al. (1997, 1999) con-
community because of the unusual and still poorly understotidned the importance of arsenian pyrite as a host for gold in
setting for the gold they contain. Knowledge of the form of gofg@rlin-type deposits, and Simon et al. (1999) reported that it
in these deposits is important to understanding the relevant cheérfitained as much as 1465 ppm gold. _
cal reactions, the origin of these deposits and the geologicalPY'ite could incorporate Au through various mechanisms
models that guide exploration for them. It is also important [Acluding solid solution or minute inclusions of gold or gold-
developing cost-effective methods to recover gold from the or@§2ring minerals. Bakken etal. (1989) used Auger and HRTEM

Carlin-type deposits contain pyrite, other sulfide or gangtﬁ% detect 50 to 200 A gold inclusions in arsenian pyrite, whereas
minerals, and organic matter, all of which are potential hodtékken et al. (1991b), Arehart et al. (1993), and Sha (1993)
for gold (Hausen and Kerr 1968; Radtke et al. 1972; Hausi@erpreted SIMS and TEM observations to indicate that gold
1981). Organic matter has low gold contents and plays a p#&S homogeneously distributed in arsenian pyrite. E_>akken et
sive role in gold deposition (e.g., Hausen and Park 1985; Radfe(1991b) and Arehart et al. (1993) noted that the ion beam
1985; Kettler 1990). SEM/electron microprobe, synchrotrgfPuld not resolve gold-bearing inclusions smaller than about
radiation-induced X-ray fluorescence, and Auger/high resola_o A, but that5|gn|f|.cant heterogenelty.m Au distribution would
tion transmitted electron microscopy (HRTEM) analyses shdiifely be observed in SIMS traverses if most gold was present
that illite and quartz are not important hosts for gold (Chao ghtirely in inclusions rather than in a more dispersed form such
al. 1986; Hausen et al. 1987; Bakken et al. 1989). Wells afg solid solution. lon probe analyses of arsenian pyrite showed
Mullens (1973) and Radtke (1985) had found detectable |ev@|gositive corre_lation between Au and As concentrations (Cook
of gold and arsenic in small grains of pyrite or thin overgrowttfd'd Chryssoulis 1990; Bakken et al. 1991a, 1991b; Arehart et
of pyrite on earlier large pyrite grains. Subsequent ion proBk 1993; Fleet et al. 1993; Fleet and Mumin 1997) and an ap-
(SIMS) analyses (Chryssoulis 1990; Bakken et al. lgglggrently negative correlation between Au and Fe (Fleet and

Arehart et al. 1993; Sha 1993) showed that arsenic-rich pyrf!min 1997). On the basis of these observations and prelimi-
nary X-ray photoelectron spectroscopic measurements, Arehart

et al. (1993) suggested Aientered the arsenian pyrite struc-
*Present address: Shell International Exploration and Productidtie through coupled substitution for Fe and As, whereas Sha
B.V., Carel van Bylandtlaan 16, The Hague, The Netherlands.(1993) suggested that Au(HS) was adsorbed onto the surface
TE-mail: skesler@umich.edu of arsenian pyrite.
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1072 SIMON ET AL.: Au AND As IN PYRITE

Evaluation of these possibilities requires information on thend the position of gold and arsenic in gold-bearing pyrite from
oxidation state of gold in the pyrite. Spectroscopic studies halagin Creeks, Nevada.
yielded ambiguous results on the oxidation state of gold in ar-
senopyrite and arsenian pyrite from other types of deposits. SAMPLES FROM THE TWIN CREEKS DEPOSIT
Moéssbauer studies indicate that Au is present in arsenopyriteThis typical, large Carlin-type deposit in northwestern Ne-
and arsenian pyrite in a “combined” (structurally bound) stat@da, produces about 500 000 ounces of gold annually. Pyrite
(Marion et al. 1986, 1991a, 1991b; Wagner et al. 1986, 19&8&ed here was obtained from the northernmost part of the Twin
1989; Cathelineau et al. 1989; Friedl et al. 1991; Friedl 199%)reeks deposit (north of the TC fault in the northern half of the
but no precise information was obtained on the oxidation stafiegapit at Rabbit Creek) (Fig. 1). Mineralization and paragen-
of gold, its neighbor atoms, or the type of bonding in the struesis are discussed by Simon et al. (1997, 1999) and Stenger et
ture of these minerals. Using Mdssbauer spectroscopy andahg1998). Briefly, deposition of pyrite is thought to have caused
analogy with PtX chalcogenides and pnictides (X = S, Se, Teleposition of gold by destabilization of the Au(H8)mplex
As, Sb), Friedl et al. (1995) suggested that chemically boutidht is presumed to have carried the gold in solution. Cross-cut-
gold in arsenopyrite and pyrite occupies iron sites in their laing relations suggest that the Twin Creeks deposit was the site
tices. In this configuration, gold with an unknown oxidatiof a series of six hydrothermal events or stages. Pyrite in stages
state would be coordinated by six sulfur atoms in pyrite and Bythrough 5 is found as overgrowths on earlier pyrite or very
three sulfur and three arsenic atoms in arsenopyrite. Tosselimt-grained aggregates of small crystals with a porous texture
al. (1981) suggested that sulfur and arsenic form pairs of éimon et al. 1997, 1999). SIMS analyses of these pyrites indi-
oms, occurring as3Sin pyrite and As5% in arsenopyrite. cated that gold concentrations are highest in pyrite with the small-

This paper uses X-ray absorption near-edge structugst grain sizes (Simon et al. 1999) we examined here.
(XANES), extended X-ray absorption fine structure (EXAFS), CTW-150/898 and CTW-158/807 contain pyrite from the
and TEM measurements made to determine the oxidation statage 2 assemblage associated with adularia. CTW-5/864 and
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FIGURE 1. Location of the Twin
Creeks deposit in Nevada, showing the
relation between the Rabbit Creek or
Megapit deposit (southern open pit)
where samples described here were
obtained and other mineralization at
Chimney Creek or Vista-Discovery Pits
(northern open pit). Map modified from
Stenger et al. (1998). Lower left inset
shows location of samples in the
northern part of the Megapit. Note: CP
Fault = Central Pacific fault, DZ = DZ
fault, S Fault = Sage fault, TC = Twin
Creeks fault, WS Fault = West Side
fault, List of samples (drill hole number
and depth in feet): 1 = CTW 197/805,
2 =CTW 158/807, 3 = CTW 150/898,
4 = CTW 5/864, 5 = CTW 32/776,
6 =CTW 12/822.
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CTW-32/776 contain pyrite from the Stage 2 assemblage asso- ANALYTICAL METHODS
ciated with illite with or without quartz. Samples CTW-12/822.2 £or x ANES and EXAFS analyses, arsenian pyrite concen-
and CTW-197/805 contain arsenian pyrite from Stage 5 Mingfates were mounted onto glass slides to cover an areadf 15
alization, which was the last gold-bearing stage to be depq;ﬁm' the cross section of the X-ray beam. Spectra were mea-
ited at Twin Creeks. Figure 2 shows micrographs of the samplgsred at the Au l-edge at 10 Kelvin. Gold spectra were mea-
These samples have relatively high gold grades and an &fred in fluorescence mode using a 13-element solid state
sence of other sulfides (determined from microscopic exanatector at the Stanford Synchrotron Radiation Laboratory
nation). Hand specimens were collected from 5 foot sectiop$sr ) beamline VII-3 (3.0 GeV, 100 mA). A Si (220) double-
of drill core with very high assay values for gold; individuagrystal monochromator was used and was detuned 50% for
hand samples were not analyzed for gold. Arsenian pyrite Wagmonic rejection. Spectra were calibrated using a gold foil
concentrated from crushed material by hand picking with twegernal standard, with the first inflection point of the foil edge

zers uqder a binocular microscope. Material from the Pre-Cofsfined as 11919 eV. Data were analyzed using standard pro-
centration stage was crushed to pass 100 mesh and washe@fires for normalization, with the modification that the un-

distilled water. This process yielded arsenian pyrite concefarlying arsenic K-edge spectrum at ca. 11867 eV was
trates that contained as much as 30% silicate material. The aglptracted from the gold data using fluorescence mode mea-
sulfide contaminant in most samples was pre-ore pyrite, whigh\rements of the As K-edge as a reference spectrum.

could not be separated from arsenian pyrite, although it is con-gtandards were gold foil for ALALE'S, and NgAu™(S,05),
siderably less abundant than ore-related pyrite in the samgigs Ay with CN of 2 [AU*(PPhMe),]PFs, and [AU*

used for our analyses, and made up the interior rather than i@gy.cN),JCIO, for tetrahedrally coordinated Ay, and
surface of most grains. NaAu'" Cl, for Au** in square planar coordination. XANES spec-
tra for Au3S, NaAu"(S,0s),, and NaAll Cl,were obtained here,
whereas the XANES spectra of [A{PPhMe),]PF; and
[Au*(CH;CN),CIO, were taken from Elder and Eidsness
(1987) and Ahrland et al. (1989), respectivelys8Suand
NaAu'*(S,05), standards were purchased from Aldrich Chemi-
cals and Alfa Aesar, respectively. Becausi®\is a metastable
compound, its XANES and EXAFS spectra were obtained im-
mediately after the sample was made to avoid problems asso-
ciated with decomposition of the compound. XANES and
EXAFS spectra of gold in the A$ standard taken at the same
time with those of gold in arsenian pyrite, show that the degree
of decomposition of ABS to AP was minor (e.g., less than
5%) (Fig. 3) at the time when XANES analyses were made.
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FIGURE 3.Fourier transforms (FTs) of the extended X-ray absorption
fine structure (EXAFS) spectra for A8 and metallic gold foil (A%).
FIGURE 2.BSE images ofa) arsenian pyrite (AS-PY) from Stage Transforms were calculated usikigveighted data fok = 1.0-13.8 A.
2 in association with quartz and adularia (QZ+AD), émdarsenian The absence of a significant intensity peak at R+2.7 A in AyS
pyrite (AS-PY) from Stage 5 cutting the quartz-adularia assemblagemonstrates that there is insignificant decomposition foi\the
(QZ+AD) from Stage 2. Yellow orpiment (YOP) represents Stage 6 afialyzed AsS sample. (Re, signifies that the FTs are pseudo-radial
mineralization and pyrite (PY) is pre-ore pyrite. distribution functions with a phase shifiof ca. 0.4-0.5 A).
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An XRD pattern of the AtiS standard obtained four months XANES AND EXAFS SPECTRA FOR GOLD IN
after the XANES and EXAFS analyses were made is consistent ARSENIAN PYRITE
with a cubic structure (space gra@p3m) reported by Hirsch et x ANES spectra for gold in the arsenian pyrite samples can
al. (1966) and Cardile et al. (1993), with a cell param®@®r e gjvided into two groups. Arsenian pyrite samples from Stage
5.023 A (Fig. 4). The XRD pattern also shows a smallak, 5 (both adularia and illite assemblages) show a high rising edge
suggesting that decomposition of the sample had begun. Tabjgghyre with a peak at 11922 eV (Fig. 5). Arsenian pyrite samples
lists first-peak energy positions. o from Stage 5 have edges that are shifted about 1.0 eV to higher
In reading this report, it should be kept in mind that detailsyergy relative to the edges for arsenian pyrite samples from
of the relationship between formal oxidation state and 'éGage 2 (Fig. 6). A comparison of these spectra with spectra for
charge are extremely complex. They are, in fact, probably n@bndards (models), including gold metal PAUAUY
even uniquely defined, because the “charge” that is Cal(:UlaWQg[Au'*(SZOQZ], [Au*(PPhMe),]PF,, and NaAt Cl, (Fig. 7)
for an atom depends critically on criteria that are used to afiiggests that the peak near 11922 eV seen in arsenian pyrite
portion electrons between the element and its ligands, an espsm, Stage 2 represents 'A(Fig. 5). In contrast, spectra for
cially ill-defined problem for covalent molecules. We have useg,senian pyrite from Stage 5 (Fig. 6) show two small peaks at
instead, an empirical meaning for formal oxidation state. Goid 946.1 and 11969.5 eV, which are characteristic of metallic
is traditionally assigned a formal oxidation state of 3+ in agy|g with a particle size larger than ~10A (Elder and Eidsness
ionic complexes in which it is bonded to four electronegatinggn. The presence of Ain the arsenian pyrite from Stage 5
ligands. These structures are often structurally similar, gengks also been confirmed by SIMS observations of sub-microme-
ally square-planar with relatively short bond lengths. Analggr size inclusions of native gold (Simon et al. 1999). None of
gous structural similarities are found for'Acomplexes. The e samples appears to contain a significant amount 6f Au
similarities of the structures within a formal oxidation stat¢pe A" XANES spectrum has much lower energy due to the

and the structural differences between gold complexes in dz'b_, 5d transition (both Aand A have filled 5d orbitals)
ferent formal oxidation states mean that physical measureme(@@er and Eidsness 1987).

that are sensitive to structures, such as XANES, XPS, a”dComparison of spectra for the differentAsamples sug-
Mdossbauer, give similar spectra for compounds having the s ts that coordination numbers of 2 (linear) and 4 (tetrahe-
formal oxidation state. This is true regardless of the charge t #41) can be distinguished (Fig. 7). Regardless of coordination
may be calculated by one or another computational approagimper, all Atr spectra have a peak at approximately 11920
eV. This peak is significantly more intense for tetrahedrally
coordinated Al than it is for linearly coordinated Ausuch
P that the peak is lower than the edge jump for linearly coordi-
nated, but significantly higher than the edge jump for tetrahe-
drally coordinated gold. In part, this observation may reflect
differences in ligation for the different models (N and P for the
tetrahedrally coordinated models, S for the linearly coordinated
model). However, the scattering properties of P and S should
be similar. Amore likely explanation is that the 11920 eV peak,
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TABLE 1. First peak energies é
Compound First peak energy (eV) 2 0.2 CTW5/864
Au metal 11923* ; Au metal
[Au*(CH5CN),]CIO, 11924.2 A 11,
[Au*(PPhsMe),]PFs 11924.2 0 NaAuTCl,
Nas[Au™(S,0. 11923* T T J T
NafA[u"'c(u 02) 11918.8 11900 11920 11940 11960 11980 12000
CTW5/864 11922.1 Energy (eV)
CTW12/822 11923* ] ) )
Notes: For standard and unknown samples used in this study listed to FIGURE 5. XANES spectrum for gold in arsenian pyrite sample CTW
the nearest 0.1 eV. Sources of data not measured in this study are given  5/685 from Stage 2. Spectrum for model compoundsAd NaAU Cl,
In text. are included for comparison. Exact peak energies, which are difficult to

. )
Peaks are broader and less well defined. determine directly from these plots, are listed in Table 2.
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The form of gold in each arsenian pyrite sample was esti-
mated by fitting its XANES spectrum with a linear combination
of three reference spectra, one fof Aane for linearly coordi-
nated Alr and one for tetrahedrally coordinated*Arhe gold
foil spectrum was used for AuTwo spectra each were used as
models for linearly coordinated Au(Aus'S and NgAu'™
(S;05),])) and tetrahedrally coordinated A(JAu**(PPhMe),JPF;
and [Au*(CH;CN),]CIO,), giving a total of four ternary combi-
nations of spectra. A total of four linear fit parameters were used:
a multiplicative factor for each reference spectrum and a con-
stant y-offset to correct for minor variations in the background
subtraction. The optimized multiplicative factors were scaled to
give a total Au of 100%.

Representative fits for CTW12/822 are shown in Table 2. Due
to the differences in the reference spectra, the fitting results vary
somewhat depending on the choice of spectra used in the fit. The

FIGURE 6. XANES spectrum for gold in arsenian pyrite sampleypparent percentage of Aand of twofold-coordinated Ain

CTw 12/822 from Stage 5, also showing spectrum for modgle sample are strongly correlated due to the relative similarity
compounds Atiand NaAU'Cl, for comparison.
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FIGURE 7.XANES spectra for gold in model compounds discusset!(S:0:)37 Au(PPhs)i
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of these spectra, while the apparent percentage of fourfold-coor-
dinated Auin the sample is much less sensitive to the choice of
reference spectra. The overall fit quality is not particularly sen-
sitive to the choice of model compounds (Table 2, column F).
The range of percent composition values for different choices of
model spectraf{10%) is taken as an estimate of the uncertainty
in these fits.

The average of the percent compositions that were found
for each of the sets of reference spectra are given in Table 3.
Although the results are subject to a large uncertainty, they
confirm that arsenian pyrite samples from Stage 2 contain neg-
ligible Au®, while arsenian pyrite samples from Stage 5 con-
tain significant amounts of AuThey suggest further that
significant amounts of non-metallic gold (Auare present in
both sample groups, with tetrahedrally coordinateli Being
more abundant than linearly coordinated Atihe linearly co-
ordinated AUl is similar to that in the AfiIS and Na
AU (S,0,), standards where it is linearly coordinated by two
sulfur atoms. The AS structure has a single gold site in which

TABLE 2. Edge-fitting results for sample CTW-12/822

Au"* models used Au° Autt Offset Scale F
CN=2 CN=4 factor
Au,S/Au(CH;CN); 0.56 0.37 0.07 0.01 1.01 0.013
Au,S/Au(PPhy); 0.61 0.31 0.08 0.01 1.00 0.012
Au(S;03)37/Au(CH,CN); 0.67 0.21 0.12 0.01 0.99 0.014
0.71 0.17 0.12 0.02 1.00 0.013

Notes: Values given for Au® and Au™* are relative abundances by which each
normalized edge was multiplied to obtain the best fit to the data. Offset is the
normalized background offset in absorption coefficient and scale factor is
the sum of the relative abundances; both are dimensionless.

which arises from a “continuum resonance” transition, increases
in intensity as the number of scattering atoms increases. TéLE 3. Edge fitting results for gold in arsenian pyrite using raw

. - . t

peak intensity at 11920 can thus be used as an approximate Spectra

measure of the average coordination number 6f @ompari- Sample Percentage distribution of Au oxidation state
. . Au Au¥ (CN = 2) AU (CN = 4)

son of the model spectra tg those for tr_]e Twm_Creeks arseniaty; /sea 3 33 o4

pyrite suggests that gold in the arsenian pyrite from Stage®wv 150-898 5 37 58

may be a mixture of linearly and tetrahedrally coordinated goIgTW 32?7/327 8 2421 gg

In contrast, gold in the arsenian pyrite samples from Stage.gy 12822 62 28 10

yields spectra consistent with a mixture ofAlinearly, and cTw 197/805 61 3 36

tetrahedrally coordinated Au

Notes: see text for details.
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Au" is linearly bonded to two sulfur atoms (Cardile et al. 1993)vely correlated with sulfur, indicating that it is not present as
Na,Au*As, another compound containing linearly coordinatedative arsenic inclusions and occupies a position in the crystal
Au™, consists of “zigzag” chains in which the gold atoms atattice of the mineral. The large amount of arsenic observed in
linearly bonded to two arsenic atoms (Mues and Schuster 1988any natural arsenian pyrites contrasts with the results of dry
No XANES spectra for this compound are available to be comxperiments of Clark (1960) who reported no more than 0.5 wt%
pared with those obtained for arsenian pyrite at Twin Creekas in pyrite. Fleet and Mumin (1997) reported arsenic contents
of up to 9.3 wt% (or 5.0 at%) in pyrite that was synthesized
XANES SPECTRA FOR ARSENIC IN ARSENIAN PYRITE  hyqdrothermally at 300 to 50T, but no additional information
XANES spectra for arsenic in all of the Twin Creeks arseniavas given on the structural position of arsenic in this pyrite. It is
pyrite samples are very similar and contain two major peaksat clear whether arsenic has a homogeneous or heterogeneous
11 868-11 869 and 11 874 eV. They can be compared to st@istribution in arsenian pyrite. Fleet et al. (1989) reported from
dard spectra for natural FeAsS (arsenopyrite) angSAs X-ray evidence that no more than 0.5 mol% arsenopyrite was
(orpiment) in Figure 8. The 11868-9 eV peak observed in thessent in arsenian pyrite, which is considerably less than the
Twin Creeks arsenian pyrites is similar to that observed famount of arsenopyrite needed to account for all of the arsenic
arsenopyrite, and suggests that arsenic in the arsenian pyiitearsenian pyrite.
is in a crystal setting similar to that in arsenopyrite. The 11874 XRD analyses of arsenian pyrite samples from Twin Creeks
eV peak observed in the arsenian pyrite XANES spectra codlid not identify any arsenopyrite, and SIMS analyses reported
correspond to arsenic in a higher oxidation state, or to a mij- Simon et al. (1999) showed that arsenic had a homogeneous
tiple scattering resonance associated with lower valence arsedistribution rather than the heterogeneous distribution that
However, comparison to the standard spectra shows that meduld be expected for arsenic-rich inclusions. TEM study of
ther AsS; (orpiment) nor NgAsO; can account for this peak. the same arsenian pyrite, however, shows numerous {100} pla-
Thus, it is likely that some arsenic is present in a more oxiar faults, 10 to 15 A wide, that either extend through grains or
dized form than A%, probably A in the form of arsenate stop within them (Fig. 9). Similar planar faults in natural py-
(AsO%) units. Preliminary results that we have obtained aite were interpreted as growth stacking faults (e.g., Couderec
arsenian pyrite from other Carlin-type deposits indicate thettal. 1980). Fleet et al. (1989) interpreted stacking faults ob-
this arsenic is present as oxidized coatings on the surfaceserfved in arsenian pyrite from Agnico-Eagle and Fairview mines
the arsenian pyrite grains rather than as a part of the origiaalthin lamellae (only a few atoms thick) of material with a
pyrite (and thus formed under more oxidizing conditions comarcasite-like structure, such that (101) and (010) in marcasite
sistent with this higher oxidation state). In arsenopyrite, tlage parallel to (100) and (001), respectively, in pyrite (Fayard
dominant oxidation state of arsenic isAdlesbitt et al. 1995) et al. 1980). Marcasite and arsenopyrite have a marcasite-like
and it is part of the A$Sunit. It is concluded that the oxidationstructure and are potential candidates for the marcasite-like
state of most of the arsenic in the arsenian pyrite is probaldyers in pyrite.
As'-in a structural position similar to that in arsenopyrite, where The possible presence of lamellae of marcasite and/or arse-
it substitutes for sulfur in theZSunits yielding As$. nopyrite in arsenian pyrite is important because both minerals
can contain much higher amounts of arsenic than pyrite. Maxi-
CHEMICAL AND STRUCTURAL POSITION OF ARSENIC  mum amounts of arsenic in experimentally synthesized marca-
IN ARSENIAN PYRITE site are up to 16.5 wt% As (or 9.7 at% As), twice as much as in
Fleet et al. (1989, 1993) reported up to 8 wt% As in natunayrite, whereas the amount of arsenic in arsenopyrite is up to
arsenian pyrite and showed that arsenic in arsenian pyrite is néggab wt% As (or 41.5 at% As) (Fleet and Mumin 1997). The
XANES spectra presented in this study show that arsenic in

2.57 arsenian pyrite occupies the same sites as in arsenopyrite, where
= 2
2 ]
= ]
o, 4
‘5 4
B 1.5-_
< 4
T 1\
N s Y BN
=
g
5 4

0.57
z — CTWI158/807

A -
................ F: Sgs 0.1 micrometer
0 8,04
—r v T T T T T T
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Energy (eV)

FIGURE 8. XANES spectra for arsenic in arsenian pyrite sample FIGURE 9. TEM image of arsenian pyrite showing stacking faults
CTW 158/807 and standard samples FeAsS aptAs that appear as thin lamellae (10 to 12 A wide) in pyrite.
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it substitutes for sulfur (Fig. 8). Therefore, arsenic in theemiconductor, to become locally a p-type semiconductor
arsenian pyrite might be in marcasite-like layers in pyrite. UfMironov et al. 1981). The p-type conductivity may be induced
fortunately, these “marcasite-like” layers are too small to ty incorporation of chemical impurities, such as arsenic, or by
analyzed separately by presently available TEM or other methttice defects (Krendelev et al. 1978; Knipe et al. 1991, 1992).
ods. Due to their small size of 10 to 15 A, which is equivalefihe p-type pyrite would have a stronger electrochemical inter-
to only two or three layers of marcasite or arsenopyrite, thesgtion with negatively charged complex anions (Prokhorov and
marcasite-like lamellae are also unlikely to be detected by polt 1971) such as AHSY. It has also been suggested that
der XRD analyses unless they alternate with pyrite layersdnatings of arsenian pyrite on pyrite could act like p-n junc-
some regular way, which has not been observed in preliminaigns, which would have a strong electrostatic character and
TEM studies. The irregular distribution of these marcasite-likasorption potential for gold due to different types of conduc-
layers in the pyrite matrix was also confirmed by HRTEM analyivity (Mironov et al. 1981; Mdller and Kersten 1994; Mdller
ses of arsenian pyrite from Agnico-Eagle and Fairview mines al. 1997).
(Fleet et al. 1989). Adsorption of Al onto arsenian pyrite probably involves
the dominant aqueous gold complexes, AugH®d Au(HS).
CHEMICAL AND STRUCTURAL POSITION OF GOLD IN  These complexes could combine with 8at acted as a donor
ARSENIAN PYRITE ligand on the surface of arsenian pyrite, forming a tri-atomic
XANES analyses show that gold in arsenian pyrite frogurface complex such ag8wu'*-S,H, in which S, stands for
Twin Creeks is present both as%and Au'. AW in arsenian sulfur from the donor ligand on the arsenian pyrite surface and
pyrite is probably present as sub-micrometer size particles tat stands for sulfur from the gold-bisulfide complex in the
do not occupy a structural position in arsenian pyrite. Golgydrothermal solution. A similar adsorption mechanism has
grains of this type were reported from Carlin by Bakken et adeen suggested for deposition of gold on the surfaces,8f As
(1989), from Gold Quarry by Sha (1993), and from Twin Creekshd SkS, (Renders and Seward 1989; Cardile et al. 1993;
by Simon et al. (1999). Tossell 1996). Sha (1993) proposed a related mechanism for
Where gold in arsenian pyrite is present a§ Auappar- deposition of gold on surfaces of arsenian pyrite, and Scaini et
ently has two coordination numbers, two and four. The XANES. (1998) reported adsorption of Aanto pyrite surfaces from
spectra of arsenian pyrite that has significant Awtwofold  solutions containing Au-HS complexes. Jean and Bancroft
coordination is similar to At,S, suggesting that Auis lin-  (1985), Hyland and Bancroft (1989), Starling et al. (1989),
early bonded to two sulfide ligands. The fourfold-coordinatedggleston and Hochella (1991), Becker et al. (1997), and Scaini
Au™ could be present in arsenian pyrite in one or more forms, al. (1998) have concluded that chemical reduction of ionic
including (1) Ad* in a vacancy position on a cation site in thgold to AP usually follows adsorption of aqueous gold com-
arsenian pyrite lattice, (2) an unknown Au-As-S compound, jlexes on the surfaces of most sulfide minerals. Many of these
which Au* is bonded in fourfold coordination to sulfur andstudies focused on the interaction between sulfide surfaces and
arsenic atoms, and (3) Ain an iron site in the pyrite structurefluids in which gold is transported as a chloride complex
that was deformed by substitution of one sulfur by arsenic (Rlycroft et al. 1995; Becker et al. 1997). Although this com-
the $~. In the first setting, gold would be accompanied by poipiex is realistic for high temperature systems, where chloride
defects, and therefore its coordination would not necessardymplexes are important in the transport of gold (Sverjensky
be octahedral, as is Fe in pyrite (Fleet and Mumin 1997). In tBeal. 1997), it is less likely for most lower temperature hydro-
last setting, gold might be octahedrally coordinated, but it coulgermal systems in which gold is transported as a bisulfide com-
have four strong bonds and two weak bonds to the nearest pldx. Scaini et al. (1998) also reported the presence of very
fur and arsenic atoms, respectively. Presently available infgmall aggregates of native gold on the surface of pyrite that has
mation does not allow discrimination among these threeacted with Au-HS solutions, but note that the higher stability
alternatives. of bisulfide-complexed gold should result in a larger fraction
The strong correlation between gold and arsenic that hefsau™.
been observed in this and previous studies of arsenian pyritesThe amount of Ati that could enter arsenian pyrite is prob-
(Bakken et al. 1991b; Arehart et al. 1993; Simon et al. 1998)ly a function of the amount of arsenic present, as well as the
suggests that gold is associated with the arsenic-bearing fragsstallographic position and distribution of arsenic in the py-
tion of these pyrites. The arsenic-gold association has bege structure. If indeed arsenic in arsenian pyrite is confined to
investigated by Fleet et al. (1993) and Sha (1993), who sue marcasite-like layers mentioned above, then it is likely that
gested that gold is incorporated into arsenian pyrite by chemiu* might also be confined to these marcasite-like layers in
sorption onto arsenic-rich growth surfaces, and by Fleet aagenian pyrite or their contacts with pyrite. Possible reactions
Mumin (1997), who used correlations among gold, arsenic, afedl deposition of Atf in arsenian pyrite and their implications
sulfur in arsenian pyrite, marcasite, and arsenopyrite to sdgr the genesis of Carlin-type micrometer gold deposits are dis-
gest that gold was incorporated into arsenic-rich, iron-deficiegissed by Simon et al. (1999).
surface sites. It is known that pyrite is an effective scavenger
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