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Quantitative arsenic speciation in mine tailings using X-ray absorption spectroscopy
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ABSTRACT

X-ray absorption fine structure spectroscopy (XAFS) was used to determine arsenic (As)
oxidation state, local coordination (to a radius of =7 A around As), and the relative
proportion of different As speciesin model compounds and three California mine wastes:
fully oxidized tailings (Ruth Mine), partially oxidized tailings (Argonaut Mine), and roast-
ed sulfide ore (Spenceville Mine). Mineralogy was characterized by Rietveld refinement
of X-ray powder diffraction patterns. The spatial distribution of Asin the mine wastes (at
several micrometers spatial resolution) was determined by electron microprobe analyses.
X-ray absorption near edge structure (XANES) analysis indicates that As*+ is the dominant
oxidation state in the mine samples, but mixed oxidation states (nominally As® and As+)
were observed in the Argonaut Mine waste. Non-linear, least-squares fits of mine waste
EXAFS (Extended XAFS) spectraindicate variable As speciation in each of the three mine
wastes: As** in the Ruth Mine sample is sorbed on ferric oxyhydroxides and aluminosil-
icates (probably clay) in roughly equa portions. Tailings from the Argonaut Mine contain
~20% As bound in arsenopyrite (FeAsS) and arsenical pyrite (FeS,_,Asx) and ~80% As**
in a precipitate such as scorodite (FeAsO,-2H,0); however, no precipitate was detected by
X-ray diffraction or microprobe analysis, suggesting that the phase is poorly crystalline or
has low abundance (total Asin sample = 262 ppm). Roasted sulfide ore of the Spenceville
Mine contains As*+ substituted for sulfate in jarosite [KFe,(SO,),(OH),] or incorporated
in the structure of an unidentified Ca- or K-bearing phase, and As*+ sorbed to the surfaces
of hematite or ferric oxyhydroxide grains. Determination of solid-phase As speciation in
mine wastes by XAFS spectroscopy is a valuable first step in the evaluation of its bio-
availahility, because the mobility and toxicity of As compounds vary with oxidation state.
As bound in precipitates, asin the Argonaut mine sample, is considered to be less available
for uptake by organisms than when sorbed on mineral surfaces or coprecipitated with
poorly crystalline phases, as found for the Ruth and Spenceville mine wastes.

| NTRODUCTION

Arsenic (As) is a common constituent of sulfide de-
posits, often present at the 2—3 wt% level in copper and
lead ores and as high as 11 wt% in gold ores (Cullen and
Reimer 1989; Azcue and Nriagu 1994). Chronic As poi-
soning in humans has been associated with the use of
contaminated well water from As-bearing aquifer mate-
rial (Cebrian 1994; Chen 1994; Singh 1995). In arid min-
ing regions or near active smelters, an additional pathway
for As exposure exists by ingestion or inhalation of As-
rich particulates (Cebrian 1994). Inadvertent or inappro-
priate use of mine tailings, coal fly ash, and other As-rich
surficial material poses a potential threat to human health
(e.g., Greenwald 1995; Vogel 1995).

A redlistic evaluation of the risk posed by As-bearing
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tailings piles depends on accurate determination of As
speciation, because its toxicity and mobility varies with
oxidation state and chemica environment. For example,
in vivo studies indicate that the toxicity of reduced As
compounds such as galium arsenide [and by analogy,
elemental arsenic (As?) and arsenopyrite (FEASS)] aresig-
nificantly lower than inorganic As compounds containing
As** and As**, mainly because of their lower solubility
(Yamauchi and Fowler 1994). However, upon ingestion
reduced arsenic compounds are slowly converted to in-
organic As** and or Ass* (Cullen and Reimer 1989). Both
As** and As>+ form anionic species when in aqueous so-
lution, adsorbed to mineral surfaces, or incorporated into
precipitates. As’* adsorbs more strongly to mineral sur-
faces than does As®**, thus is generally less mobile (Frost
and Griffin 1977; Korte and Fernando 1991).

The mobility of As released during the microbidly medi-
ated weethering of sulfide ore and pyrite-bearing shdes is
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subject to both solubility and adsorption controls. For ex-
ample, As in AsS, (orpiment), FEASS (arsenopyrite), and
CuAsS, (enargite) can be oxidized to a mixture of As** and
As+ by monocultures of T. ferrooxidans, with the concomi-
tant formation of scorodite (FeAsO,-2H,0) or jarosite
[KFe,(S0,),(OH),; Erlich 1995]. Arsenic oxyanions readily
sorb to ferric hydroxide phases, which are often present as
colloida precipitates in drainage waters and as surface-bound
precipitates on minera grains (Pierce and Moore 1982; Way-
chunas et d. 1993, 1995; Manceau 1995). Clay minerds are
aso a potentid sink for oxidized As species, particularly in
shdes and soils (Anderson et d. 1975; Goldberg and Glaubig
1988; Spackman et d. 1990). In Asrich mine tailings piles,
precipitates such as scorodite, Fe,(AsO,),-8H,0 (parasymples-
ite), or Ca(As0,),-10H,O (rauenthaite) may form, often as
surface coatings on other minera grains (Rimstidt et a. 1994;
Erlich 1995). Alternatively, As oxyanions can subgtitute in
common secondary minerds including jaroste, CaSO,-2H,0
(gypsum), CaCO, (cdcite), and CaAl,(SO,),(OH),,-26H,0
(ettringite; Tanji et d. 1992; Myneni et a. 1997).

One of the difficulties encountered in evaluating the
potential health risks of As in mine tailings is accurate
determination of its speciation in different solid phases
and its possible presence as a surface-bound or adsorbed
species (which if present could represent a more mobile
form relative to As bound in solid phases). Selective
chemical extraction is often used to determine the
amounts of surface-bound As, but it does not provide
much information about As speciesin relatively insoluble
precipitates or as coatings on mineral particles or in fine-
grained primary minerals or smelter products. X-ray ab-
sorption fine structure spectroscopy (XAFS), in combi-
nation with methods such as quantitative phase analysis
of X-ray diffraction patterns, electron microprobe analy-
ses, or scanning and transmission electron microscopy,
provides a more direct means of assessing the types of
As species (both surface-bound and present in crystalline
or amorphous solid phases).

We have employed XAFS spectroscopy and several
complementary methods to investigate the speciation of
As in six well-characterized model compounds and three
mine wastes from California gold districts: (1) highly ox-
idized tailings from the Ruth Mine (RM), (2) tailings with
2% residual sulfides from the Argonaut mine (AM), and
(3) roasted sulfide cinders from the Spenceville mine
(SM). Although XAFS spectroscopy is routinely em-
ployed for the analysis of adsorption phenomenain well-
characterized synthetic samples, (e.g., Brown et al. 1989;
Manceau et a. 1992; Waychunas et a. 1993; O'Day et
al. 1994a; Fendorf et al. 1994a; Brown et al. 1995; O' Day
et al. 1996), it has been only recently employed to deter-
mine heavy metal speciation in natural samples (e.g., Fen-
dorf et a. 1994b; Pickering et a. 1995; Manceau et a.
1996; Peterson et al. 1997).

MATERIALS AND METHODS
Mine waste samples and model compounds

Sample RM consists of tailings collected from a sur-
face impoundment at the Ruth Mine, an inactive gold
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mine near Trona, California. Sample RM was homoge-
nized, dried at 105 °C for 24 h, and sieved to 325 mesh
(<45 pM) prior to anaysis; it contains 3650 ppm As
(R.S. Borch and L.L. Hastings, unpublished data). Sample
AM consists of fine-grained tailings from the Argonaut
Mine near Jackson, Cdifornia, contains 260 ppm As
(R.S. Borch and L.L. Hastings, unpublished data) and was
analyzed as collected. Sample SM from the Spenceville
Mine, a copper-bearing sulfide deposit in the Smartville
Mining District, east of Marysville, California, contains
51 ppm As and was analyzed without pretreatment.

Samples RM and AM were studied previously by
Borch et a. (1994a, 1994b) using a four-step selective
chemical extraction procedure developed by Tessier et al.
(1979). Each sample was successively reacted with 0.25
M KClI, 0.1 M K,HPO,, 1 M NaOAc, and citrate-dithion-
ite solutions, in that order. The extraction data for sasmple
RM suggest that ~2% of the As is present as easily ex-
tractable sorbed species, ~1% is associated with carbon-
ates, =~6% is bound in slicates and other “‘insoluble”
phases, and the remainder is sequestered in poorly crys-
talline ferric hydroxide phases. A similar analysis of sam-
ple AM suggests that =6% of the total As is easily re-
moved, =~2% is associated with carbonates, and only
~2% is associated with ferric hydroxides. Borch et a.
(1994b) suggest that the remaining As is present in low-
solubility phases.

Synthetic samples of As*+ sorbed to goethite (a-Fe-
OOH) and gibbsite [y-Al(OH),] were prepared to serve
as models of As* bound to soil minerals. High surface
area solids were added to 85 mL polycarbonate centrifuge
tubes and equilibrated with 0.1 M NaNO, (Baker) solu-
tions at pH 8 for 24 h with constant end-over-end rota-
tion. The goethite was prepared by C. Fuller (USGS,
Menlo Park, California) and the gibbsite was obtained
from Alcoa Corporation. The slurries were spiked with
As+ from 250 mM stock solutions (prepared by disso-
lution of solid Na,HASO,-7H,0 in purified water) at pH
8. The spiked slurry was then titrated to a final pH of
~4.0 by the dropwise addition of 0.1 M HNO,. Spiked
slurries were equilibrated for 24 h, then centrifuged at
18000 rpm for 30 min. The supernatants were immedi-
ately decanted, and the remaining wet pastes (containing
about 5% of the supernatants) were loaded into Teflon-
holders with mylar windows and kept moist prior to
XAFS data collection (no longer than 48 h; see below).

Native arsenic (As°), arsenopyrite (FeAsS), and orpi-
ment (As,S,) were obtained from the Stanford University
mineral collection (Table 1). Scorodite (FeAsO,-2H,0)
was provided by D. Voigt of Pennsylvania State Univer-
sity. Reagent grade disodium orthoarsenate heptahydrate
(Na,HAsO,-7H,0) and sodium arsenite tetrahydrate
(NaAsO,-4H,0) were utilized as crystalline model
compounds.

X-ray diffraction and electron microprobe analyses

Samples were hand-ground in a silicon carbide mortar
and pestle and mounted on glass microscope slides for
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TaBLE 1. General description of model compounds
Model
Compound Locality Minor Phases* Structure Report

As° Saxony, Germany Stibarsen (SbAs) Schiferl and Barrett (1969)
Stanford Coll. 4283

FeAsS Saxony, Germany Galena (PbS) Fuess et al. (1987)
Stanford Coll. 4554 Sphalerite (ZnS)

As,S, Saxony, Germany — Mullen and Nowacki (1972)
Stanford Coll. 20 092

NaAsO,-4H,0 Aldrich — Sheldrick et al. (1987)

Na,HAsO,-7H,0 Sigma — Baur et al. 1970

FeAsO,-2H,0t Durango, Mexico Carminite (PbFe),(AsO,),(OH), Hawthorne (1976)

* Determined by energy-dispersive analysis on the electron microprobe (see text).
T Scorodite provided by Don E. Voigt, Dept. of Geosciences, Pennsylvania State University.

X-ray diffraction (XRD) analysis. XRD patterns were
collected over 2 to 95 °26 with a Rigaku Geigerflex dif-
fractometer (graphite-monochromatized CuKa radiation,
0.05 °26 steps, 3 s count time per step). The relative pro-
portion of crystalline phases present in the mine samples
was determined by Rietveld simulation of experimental
XRD patterns using the program DBWS 9600PC, (Reyn-
olds 1993; for a summary of the technique and its limi-
tations as applied to multiphase mixtures, see Bish and
Post 1993, and references therein). Starting unit-cell pa-
rameters and atomic coordinates were taken from pub-
lished high-quality structure refinements when available.
Global isotropic temperature factors for each phase were
assigned a constant value, as in previous studies (Bish
and Howard 1988). Minor phases as low as 0.2 relative
wt% have been detected by Rietveld analysis using data
collected under conditions similar to ours (Bish and Post
1993). The accuracy of Rietveld phase anaysis can be
2.5 wt% (absolute) from studies of model mixtures, but
is reduced through microabsorption of the beam by Fe-
rich phases in the sample (see Bish and Post 1993). No
internal standard was used in our analysis, therefore only
the relative proportions of the phases considered are re-
ported (Bish and Howard 1988).

To minimize the number of floating parametersin Riet-
veld calculations, the instrumental background was fit by
a constant or a linear function, varying specimen dis-
placement but not the transparency or zero point (as the
latter two parameters are strongly correlated to specimen
displacement and have similar effects on the calculated
pattern). Phase-specific Pseudo-Voigt peak profile and
peak mixing parameters were varied but constrained to
either constant or linear functions. Phase-specific unit-cell
parameters and preferred orientation corrections (March-
Doallase function) were varied only for muscovite, which
was assigned an interstitial K occupancy of 0.75 (Moore
and Reynolds 1989) and used as a surrogate for illite in
fits to the experimental XRD patterns of samples RM and
AM. The combined effects of several parameters, includ-
ing the reduced number of varied parameters, the imper-
fection of muscovite as a structural model for illite, and
microabsorption probably degrade our accuracy some-
what more than 2.5% (Bish 1993; Bish and Post 1993).

Electron microprobe anaysis (EMPA) were performed

using a JEOL 733 microprobe. Samples were prepared by
mounting fresh grain chips or powders in Petropoxy. Op-
erating conditions for quantitative compositional analyses
were 20 kV accelerating voltage and 15 nA beam current,
with a nominal beam diameter of 2 um; = 2 wm pyrite
grains in the AM tailings were analyzed at 10 keV using
a 10 nA beam current (nominal beam diameter was 1
wm). Appropriate standards were collected before analy-
ses, and standard ZAF corrections were applied to the
sample data. Minor phases were identified by qualitative
compositional data obtained by energy-dispersive spec-
trometry (EDS).

X-ray absorption fine structure (XAFS)
spectroscopic analyses

Model compounds were ground to fine-grained pow-
ders using a silicon carbide mortar and pestle. Grinding
was minimal for mine-waste samples. Model compounds
were diluted with reagent-grade boron nitride for XAFS
data collection, then loaded into 1.5 mm thick aluminum
holders. Mine waste samples were loaded into 3 mm thick
Teflon cells. Teflon and aluminum sample holders were
enclosed on both sides by gas-permeable mylar tape.

As K-edge XAFS spectra were collected at the Stan-
ford Synchrotron Radiation Laboratory (SSRL) on beam-
lines VI-2 and 1V-3 over the energy range 11635-12900
eV (ring conditions. 3 GeV and 50-90 mA). Beamline
VI1-2 was equipped with a double-crystal Si (111) mono-
chromator and a focusing mirror after the monochroma-
tor. A silicon (220) double-crystal monochromator with 1
mm vertical dlits before the monochromator was em-
ployed on beamline 1V-3 for XANES data collection. On
both beamlines, the monochromator was detuned between
35-50% to reject harmonics when a harmonic rejection
mirror was not employed. The monochromator step size
was reduced to 0.15 eV per step in the XANES region
(11845-11895 €V) to collect high-resolution spectra
XAFS data for the mine samples and model compounds
were collected at ambient T and P in fluorescence and
transmission modes, with the simultaneous collection of
an As reference foil for energy calibration.

Our analysis of XAFS data is similar to recent proce-
dures (O'Day et a. 1994a, 1994b, 1996; Bargar et al.
1996; Thompson et a. 1997). Data analysis was accom-
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plished using the EXAFSPAK programs (George 1993a).
XANES spectra of model compounds and samples were
background subtracted and normalized to the edge jump
(the spectral amplitude measured at 11885 eV). The sec-
ond derivative of each XANES spectrum was then cal-
culated using a 2 eV smoothing interval. Our XANES
analysis consisted of fitting linear combinations of model
spectra to sample spectra using the program DATHFIT
(George 1993b). The precision of this fit procedure was
determined to be =10% based on analyses of control
mixtures of model compounds.

To extract information about the identity, number, and
radial distance of atoms in first, second, and third shells
around a central As atom, the experimental EXAFS spec-
trum [x(K)] is considered as the sum of photoelectron
waves scattered from these shells of neighboring atoms
(Stern 1974; O'Day et a. 1994a, 1994b). |deally, the fre-
quency of each photoelectron wave contributing to the
total EXAFS spectrum can be isolated by taking a Fourier
transform (FT) of the EXAFS data. In the simplest case,
each peak in the FT represents correlations between one
type of absorber-backscatterer pair (e.g., Asand O). How-
ever, analysis of complex heterogeneous samples may be
greatly complicated by the presence of multiple types of
adsorber-backscatterer pairs at similar distances. Idedly,
when corrected for phase-shift effects, the position of
each pesk in the FT (in R space, in units of angstroms)
represents the radial distance from each shell of neigh-
boring atoms to the central As atom. In reality, FT peaks
often overlap, and in the worst case, multiple shells due
to different absorber-backscatterer pairs can overlap to
form a single peak in the FT. In order to overcome this
difficulty, each peak of the experimenta FT was back-
transformed (Fourier filtered) to produce an EXAFS spec-
trum that was also analyzed by the least-squares fitting
methods described below. The Fourier transforms are not
phase-shift corrected, and thus peak positions are =~ 0.3—
0.5 A less than the true distances. However, FT peak
positions derived from least-squares fits and those re-
ported in the text are corrected for this phase shift.

Theoretical EXAFS spectra were calculated using the
multiple-scattering computer code FEFF6.01, heregfter re-
ferred to as FEFF6 (Rehr et a. 1992), for model compounds
and adsorption samples. Given a user-defined cluster of at-
oms (which we generated from crystal structure reports and
molecular modeling programs), FEFF6 calculates the theo-
retica x(k) for each single- and multiple-scattering path
meeting a specified amplitude cutoff criterion. In most of
our smulations, this cutoff was set to reject any path whose
amplitude was less than 20% of the maximum, thereby re-
taining only significant pathsin the theoretical EXAFS spec-
trum. The many-body amplitude reduction factor () and
the mean-square disorder parameter, aso caled the Debye-
Waller parameter (o2) were held at 0.85 and 0.0, respective-
ly, for determining initia values of phase-shift and ampli-
tude functions from the single-path data of model com-
pounds (see below); the o2 values of the FEFF6-generated
EXAFS functions of the model compounds were further
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refined on a path-by-path basis until the caculated EXAFS
visually matched the observed EXAFS of the model com-
pounds. In FEFF6-generated EXAFS spectra of unknown
compounds such as As sorbed on oxides or present in ja
rosite, the value of o2 for second and higher shells was
congtrained to 0.007 A2 Total phase-shift and amplitude
functions for severa absorber backscatterer pairs (As-O, As
As, AsS, AsFe AsAl, AsCa AsNa) were generated
from FEFF6 calculations of model compound structures for
which experimental EXAFS data were also obtained (see
Table 1); As-Pb and As-Zn phase shift and amplitude func-
tions were taken from a FEFF6 caculation of the minera
tsumcorite [Pb(Zn,Fe),(OH,0OH,),(AsQ,),; Tillmanns and
Gebert 1973].

The Marquardt algorithm was utilized in a non-linear,
least-squares routine to fit raw and Fourier-filtered EX-
AFS data using phase-shift and amplitude functions gen-
erated from FEFF6 calculations. AE,, the difference be-
tween the user-defined threshold energy and the
experimentally determined threshold energy, was varied
only in the first shell, and other shells were constrained
to this value. The remaining variable parameters for each
shell, N (coordination number), R (interatomic distance),
and o2 were given reasonable starting values, then fixed
or floated in the fit. When fitting model compound spec-
tra, N was amost always fixed because its vaue is
known. In the case of mine-waste samples, o2 was fixed,
and N and R were floated. These limitations were im-
posed because N and o2 are strongly correlated in EXAFS
fits (Sayers and Bunker 1988). When fitting Fourier-fil-
tered EXAFS data, the total number of adjusted param-
eters was not alowed to exceed the number of indepen-
dent data points (Lytle 1989). Vaues for the 95%
confidence limits of the estimated standard deviation
(esd) of each varied parameter were obtained from fits to
raw EXAFS data.

REsuLTS
X-ray diffraction and electron microprobe analyses

XRD and EMPA analyses of the mineral specimens used
as model compounds (Table 1) indicate that Sb and Bi are
common eementa impurities, and that most of the model
compounds contain one or more minor minerd phases
(some of which are also As-bearing). Our native arsenic
specimen contains 10-20 moda% stibarsen (ShyAS40)- 1N
addition, the native arsenic sample contains 4 wt% Sb, prob-
ably in solid solution. Galena (PhS) and sphalerite (ZnS) are
present in the arsenopyrite (Fe o ASwSie) SPecimen, but
these minor phases are As-free to the limits of detection.
The orpiment (AS,4,30,:S:00) SPECIMEN is monominerdlic,
but contains minor Sb. We observed =2% carminite
[(PbFe),(AsO,),(OH),] in the matrix of our scorodite
(FeAsO,-2H,0) model compound. As discussed below, EX-
AFS anadyses of these compounds were not sengtive to
these minor mineralogical and substitutional impurities.

Rietveld refinements of mine wastes gave useful infor-
mation on the relative proportion of crystalline minera
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TABLE 2. General description of mine samples and results of Rietveld analyses

Mine Sample* Locality

Mineral Phase Relative wt% (*+2.5)

Ballarat District
Inyo County, CA, U.S.A.

Ruth Mine (RM)
3650 ppm Ast

Argonaut Mine (AM)
262 ppm Ast

Jackson-Plymouth District
Amador County, CA, U.S.A.

Smartsville District
Yuba City, CA, U.S.A.

Spenceville Mine (SM)
51 ppm As§

lllitet: 65
Quartz (SiO,) 24
Calcite (CaCO,) 11
lllitet 64
Quartz 23
Albite (NaSi,AlO,) 9
Calcite 2
Pyrite (FeS,) 1
Hematite (Fe,O5) 76
Barite (BaSO,) 13
Jarosite (KFe,(SO,),(OH)e) 3
Quartz 8

* See Clark (1970) for more information about the gold mining districts of California; In Borch et al. 1994a and 1994b, “RM” = “RM3", “AM” =

“VANO023", and “SM” = “RBO0.”
1t R.S. Borch and L.L. Hastings, unpublished data.
¥ General formula: (K, H;0)Al,Si,AlO,,(OH),.
§ Determined from XRF analysis.

Ruth Mine (RM)

R =216
Ry, =269

Intensity

15 25 35 4 53 6
26
b 3000 Y f Argonaut Mine (AM)
R, =182
. o R,,=246

Intensity

820

Spenceville Mine (SM))

R =192
R, =250

Intensity

15 25 35 28 45 55 65

Ficure 1. Observed (dashed ling) and Rietveld-calculated
(solid line) diffraction patterns of the Ruth mine (a), Argonaut
mine (b), and Spenceville mine (c) samples. The lower curve
shows the difference between observed and calculated patterns.
Rp = El(yloiylc)l(z‘ylo)i1 and pr = [EWI(ym,ylc)z(zvv‘ym)—z]o.s
wherey,, is the observed intensity at point i, y,. is the calculated
intensity at point i, and w, is a weighting parameter. See Table 2
for a summary of fit results. Patterns have been truncated in x
and y to show fit details.

phases present in the mine-waste samples (Table 2). Sam-
ple RM is best fit with 65% illite, 24% quartz, and 11%
calcite (Fig. 1a). EMPA maps of FeKa and AsLa X-rays
demonstrate that Asis mainly associated with Fe-rich ma-
terial coating the major mineral phases in sample RM
(Fig. 2a). The coating is inferred to be poorly crystalline
ferric oxyhydroxide (e.g., ferrihydrite) because crystalline
goethite was not detected by XRD.

Minor phases of high average atomic number are easily
identified in sample AM using EMPA (Fig. 2b). Arsenical
pyrite (0.43 wt% As) is by far the most abundant of these
(=2 moda% by image analysis), but small amounts of
monazite [(Ce,La)PQO,], apatite [Ca,(OH,KCI)(PO,).], ru-
tile (TiO,), and sphaerite (ZnS) aso exist. Arsenopyrite
was observed in very small quantities (<1%). Their rel-
ative abundance determined through Rietveld calculations
was always quite low (<1%), probably due to sensitivity,
microabsorption, and significant peak overlap effects.
Only pyrite, whose strongest line is not obscured by the
peaks of more abundant phases, was included in the final
Rietveld calculation, which yielded 65% illite, 22%
quartz, 10% albite, 2% calcite, and 1% pyrite (Fig. 1b).
Samples AM and RM both contain a prominent peak at
31.7 °26 that was not matched by the phases considered
in our analysis. This peak could be the most intense line
of a second carbonate phase, but the peak does not match
well with pure end-member carbonates of Ca, Mg, or Fe
(although siderite gave the best fit).

Rietveld analysis indicates that the sample SM contains
76% hematite, 13% barite, 8% jarosite, and 3% quartz
(Fig. 1c). EMPA-generated element maps revea homo-
geneous dispersal of As in this sample (not shown).

XANES analysis

XANES spectra collected from several model com-
pounds and adsorption samples serve as reference spectra
for known oxidation states and chemical species of As
(Figs. 3aand 3b). The primary feature of As K-edge XA-
NES spectra is the absorption edge, the sharp increase in
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Ruth Mine Tailings

b

o

Argonaut Mine Tailings

Trona, CA

Ficure 2. Electron microprobe images of the sample RM
(a) showing the association of Aswith Fe-rich coatings on quartz
and calcite grains. The leftmost figure in (a) is a backscattered
electron (BSE) image of sample RM, in which bright areas cor-
respond to concentrations of high-Z elements. The two images
on the right are generated from element-specific wavelength
scans taken over the approximate area indicated by the white box

Jackson, CA

in the BSE image. The bright areas in both the AsLa and FeKa
images correspond to regions of high concentration of As and
Fe, respectively, and correlate well with the bright areas in the
BSE. A BSE image of the VAN sample (b) reveals bright spots,
corresponding to mineral grains of high average atomic number;
the majority of these grains are pyrite.

As(0)

FeAsS

Na,As(INO, ¢4 O As(V)-0-FeOOH

Na,HAs(V)O, o7 H,0

Normalized Absorbance
Normalized Absorbance

FeAs(V)O, ¢2H,0

As(V)-y-Al(OH),

data
fit

&

FeAsO, ¢ 2H,0

Normalized Absorbance

11880 11900 11920 11860 11880 11900
Energy (eV) Energy (eV)

11860

Ficure 3. X-ray absorption near edge structure (XANES)
spectra of selected model compounds (a) and mine-waste sam-
ples (b). The position of the absorption edge increases in height,
decreases in FWHM, and shifts to higher energy with increasing
oxidation state (progressing down Fig. 3a), whereas the modula-

11920 11860 11880 11900

Energy (eV)

11920

tions at higher energy are sensitive to the local atomic environ-
ment of the central As atom. The dotted line overlying the AM
XANES spectrum in Figure 3c is the result of a linear least-
squares fit in which 78% As*+ (as scorodite) and 22% reduced
As (as arsenopyrite) were used as components (c).
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X(K)*K

Transform Magnitude

| | 1 } 1.
LU S S A B S B S B B S B B B B

3 5 7 9 11 13 0 1 2

3 4 5 6

k&Y Radial Distance (A)
Ficure 4. (@) Normalized, k3-weighted EXAFS spectra, (b) tions and FTs, including significant multiple scattering paths

Fourier transforms (FT), and (c) schematic illustrations of the As
coordination environment (out to ~4 A) of reduced As model-
compounds. EXAFS spectra and FTs (black lines) are overlain
by non-linear, least-squares fits (dots); FEFF6 EXAFS calcula

(where applicable), are plotted as dashed black lines. In (c),
atomic distances (in A) from a central As atom (hollow sphere)
are given, and nearest-neighbor distances are indicated in bold-
face type. See Table 3 for a summary of fit parameters.

absorption that occurs over a 10 eV interval beginning at
~11865 eV for As® and at =11870 eV for Ass* com-
pounds. The absorption edge increases in height, decreas-
esin FWHM, and shifts to higher energy with increasing
As oxidation state (Fig. 34d).

Comparison of the inflection point of RM, AM, and
SM XANES spectra with those of model compounds in-
dicates that these samples contain primarily As*+ (Fig.
3b). Sample AM has an additional feature at 11867 eV,
indicating the presence of a reduced-valent As species.
Its spectrum is best fit by a combination of ~80% Fe-
AsO,-2H,0 and =20% FeAsS (Fig. 3c). Although EMPA
analyses identified pyrite and arsenopyrite in the sample,
As° could be substituted for FeAsS in the XANES fit
without a significant reduction in fit quality, because the
nominal oxidation state of Asin both compounds is zero.
In addition, only the absorption edge of the reduced As
component is discernable in the XANES spectrum of the
AM sample, whereas XANES structure above the edge is
dominated by the As+ component.

EXAFS analysis

Elemental arsenic, arsenopyrite, and orpiment. Fig-
ures 4a and 4b display unsmoothed EXAFS spectra, fit
results, FEFF6 calculations of EXAFS spectra, and FTs
of the reduced model compounds examined in this study.
Sb is a significant chemical impurity in our sample of
native As, both as a substutional impurity and as a sep-
arate phase (SbAs). Thus excess Sb could have severa
effects on the EXAFS data, including destructive inter-
ference of As-As and As-Sb scattering, increased static
disorder caused by strain in the A< lattice (Fig. 4c, top)
arising from substitution of the larger Sb atom, and both
effects arising from As present in stibnite (SbAs). We
consider these potential effects to be negligible because
FEFF6-generated EXAFS spectra of Sb substituted in the
first shell of native As (under assumed strain-free con-
ditions) were not noticeably different from FEFF6-gen-
erated spectra assuming pure native As. Furthermore, a
structural model containing no Sb was used for the final
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TABLE 3. Least-squares fits to raw, k3-weighted EXAFS spectra of model compounds
XRD/FEFF Least-squares fit
Sample N R (A) S(A) N R (A) o2 (A?) AE, (eV) P (%) F

As°

As-As 3 2.50 0 3* 2.50(3) 0.005(1) —16(2) 87 85

As-As 3 3.13 0 3* 3.11(5) 0.021(6) 2

As-As 6 3.75 0 6* 3.74(2) 0.144(2) 8

As-As 6 4.12 0 6* 4.10(5) 0.022(7) 2

As-As 3 4.52 0 3* 4.50(1) 0.020(2) 1
FeAsS

As-Fe 3 2.36 0.02 3* 2.36(1) 0.008(1) —10(2) 46 95

As-S 1 2.34 0 — — — —

As-As 1 3.06 0 1* 3.08(2) 0.005(1) 10

As-As 2 3.18 0 — — — —

As-S 3 3.30 0.02 — — — —

As-As 2 3.32 0 2% 3.35(2) 0.008(3) 22

As-Fe 4 3.75 0.21 4* 3.76(2) 0.012(3) 10

As-As 2 4.12 0.10 — — — —

As-Fe 2 4.21 0.01 — — — —

As-Fe 2 4.87 0.77 2 4.29(3) 0.010(3) 5

As-As 2 5.15 0 2% 5.13(3) 0.009(3) 6
As,S,

As-S 3 2.28 0.03 3* 2.28(1) 0.004(1) -12(2) 78 44

As-As 1 3.19 — 1* 3.19(1) 0.007(1) 12

As-S 3 3.45 0.16 — — — —

As-As 3 3.57 0.06 3* 3.54(1) 0.012(1) 10
NaAsO,-4H,0

As-O 3 1.78 0.70 3* 1.78(1) 0.008(1) -3(2) 72 25

As-As 2 3.23 — 2% 3.27(2) 0.01(1) 28

As-Na 2 4.65 — — — — —
Na,HAsO,-7H,0

As-O 4 1.68 0.03 4.9(4) 1.68(1) 0.002(1) -7(2) 100 136

As-MS 12 4.17 0.02 — — —

As-Na 2 4.79 — — — — —

As-As 1 6.01 — — — — —
FeAsO,-2H,0

As-O 4 1.68 0.01 6.4(5) 1.68(1) 0.003(1) —6(2) 60 136

As-MS 14 3.05 — — — — —

As-Fe 4 3.35 0.02 4% 3.36(1) 0.004(1) 26

As-MS 8 3.50 — — — — —

As-As 1 4.21 — 1* 4.20(6) 0.006(2) 4

As-MS 4 4.35 0.01 — — — —

As-As 2 4.91 — 2% 4.93(4) 0.006(4) 5

As-As 2 5.41 — 2% 5.44(5) 0.006(3) 5

Note: Coordination number (N), interatomic distance (R), and standard deviation of atomic positions (s) from structure refinement (see Table 1 for
references). Significant multiple scattering paths (As-MS) from FEFF6 calculations (see text). N, R, Debye-Waller disorder parameter (¢2), and threshold
energy difference (AE,), obtained from fitting raw data with theoretical phase and amplitude functions (see text). P is the contribution of each shell to
the total fit, and F (goodness of fit) = Z[x(k)..a — Xx(K)2]. Values for the 95% confidence interval are given in parentheses.

* Assumed value fits.

|least-sguares fit and FEFF6 calculation, yet these spectra
match the experimental spectrum quite well (Figs. 4a and
4b, top).

Arsenopyrite (FeAsS) has a less symmetrical crystal
structure than native As (Fig. 4c, top and middle), making
it more difficult to group atoms into distinct atomic shells
around a central As. This fact is clear from the FT, in
which multiple overlapping shells are observed (Fig. 4b,
middle). We used only six atomic shells in the least-
squares fit, yet achieved a good simulation of the mea-
sured spectrum [Fig. 4a (middle) and Table 3]. Unmatched
features in the arsenopyrite EXAFS spectrum (Fig. 4a,
middle) were not matched by adding a S atom at 2.34 A
or two As atoms at 3.18 A and constraining their values
to those in the reported arsenopyrite structure (Fuess et
al. 1987). In contrast to the least-squares fit, al Fe, S,
and As atoms within a radial distance of 5.8 A from the
central As were included in the final FEFF6 calculation,

which is composed of 22 single-scattering paths and nine
high amplitude (>20%) three- and four-legged multiple-
scattering paths.

Our fit to the measured EXAFS spectrum of orpiment
(Table 3, Fig. 4a, bottom) is in good agreement with the
results of a recent EXAFS analysis of this minera by
Helz et al. (1995). We did not include a sulfur shell at
345 A in our fina least-squares fit as did Helz et al.
because its contribution to the total fit was =1%, and
therefore negligible. Our fina FEFF6-generated EXAFS
spectrum, consisting of nine single-scattering paths for As
and S atoms out to only 4 A, provides a good fit to the
measured spectrum.

Sodium arsenite, sodium arsenate, and scorodite.
The major features in the EXAFS spectrum of Na
As0O,-4H,0 were matched well by a model with three
first-neighbor O atoms (As-O = 1.78 A) and two second-
neighbor As atoms [As-As = 3.23 A; Figs. 5a and 5b
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Ficure 5.(a) Normalized, k3*-weighted EXAFS spectra, (b) Fourier transforms (FT), and (c) schematic illustration of the coordi-
nation environment (out to =5 A) of As** and As** model compounds. Labeling conventions are the same as Figure 4. Coordinating
O atoms in (c) have been removed for clarity, except for those in the first shell around As. See Table 3 for a summary of fit

parameters.

(top), Table 3]. FEFF6 simulations of this model com-
pound included four single-scattering paths responsible
for 90% of the scattering amplitude and several low am-
plitude multiple-scattering path groups (between 5 and
10% of the maximum amplitude path), which have only
a minor influence on the simulated EXAFS spectrum.

Na,HAsO,-7H,O contains AsO,(OH) tetrahedral units
(Fig. 5¢c, middle). The first peak in the FT of the EXAFS
spectrum of this compound (Fig. 5b, middle) represents
the nearest O and OH neighbors, but the second FT peak
at 4.17 A does not correspond to the positions of second-
neighbor Na or As atoms in the known structure (which
are located at 4.79 and 6.01 A, respectively), suggesting
that it may arise from multiple-scattering. Our FEFF6 cal-
culations suggest that 12 multiple-scattering paths be-
tween the central As and the first- and second-shell O
atoms/hydroxyls (with amplitudes ranging from 10-20%
of the maximum amplitude path) generate the observed
FT feature at =3.5 A (4.17 A when corrected for phase
shift).

Despite the presence of a small amount of carminite in

the mineral specimen, the EXAFS spectrum of scorodite
(Fig. 5a, bottom) is fit adequately using atomic positions
derived from the structure refinement of scorodite (Haw-
thorne 1976). The final FEFF6 calculation contains 33
paths, ten of which are three-legged, non-linear multiple-
scattering paths. The multiple-scattering paths fall into
three groups: (1) paths between the first-shell O atoms
and the central As atom at 3.04-3.09 A (FT feature at =
2.6 A), (2) As-O-Fe paths at 3.4-3.6 A (FT feature at ~
3.0 A), and (3) paths between the central As, first-shell
O atoms, and O atoms coordinating nearby Fe atoms,
which give rise to the FT feature at 4.3-4.4 A [FT fea-
turesin Fig. 5b (bottom) at =3.9 A]. These multiple scat-
tering paths are collectively responsible for the beat pat-
tern in the first oscillation (=3.9 A-%), because this
feature is not matched by the least-squares fit, which in-
cluded only single-scattering paths from atoms out to ~
6 A (Fig. 5a, bottom).

Mine tailings. EXAFS anaysis of complex, hetero-
geneous materials such as mine waste is complicated by
severa factors, including the presence of overlapping
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(a) Non-linear, least-squares fits (dotted lines) to normalized, k>-weighted EXAFS spectra and (b) Fourier transforms (FT)

of As+ adsorbed to gibbsite (y-Al(OH),), A+ adsorbed to goethite (a-FeOOH), and As* in the Ruth Mine (RM) sample (solid black
lines). The fit to the RM EXAFS data suggests the predominance of two distinct As*+ complexes, which together form the second-shell
pesk (a ~2.8 A in Fig. 6b; the As-Fe phase-corrected distance is 3.25 A). See Table 4 for a summary of fit parameters.

peaks, multi-atom shells, increased disorder due to the
presence of poorly crystalline phases, and decreased data
quality due to background fluorescence from Fe, which
is usually concentrated relative to the element of interest.
We thus concentrated on determining the identity of the
dominant species of As present in each mine waste. Spe-
cificaly, we wanted to differentiate between As present
as. (1) an adsorbed species, (2) a coprecipitate (used here
to denote the incorporation of free As into a minera
structure during its formation or subsequent growth), or
(3) a discrete As-bearing phase. As discussed later, the
geochemical controls on As release to the environment
should be different for each of these modes. The ability
to discriminate between multiple chemical species of an
element using EXAFS anaysis depends on the relative
disorder of the species and their relative abundance. A
generd rule is that chemical species containing approxi-
mately 10% of the total As in the sample are normally
discernable using EXAFS.

Ruth mine. XRD resultsindicate quartz, illite, and cal-
cite, whereas iron oxyhydroxide coatings on quartz and
calcite grains were detected by EMPA. No crystalline ar-
senate phases were detected using these methods. Thus

the most likely Ass+ species in sample RM are arsenate
sorption complexes or coprecipitates on quartz, illite, cal-
cite, or iron oxyhydroxides. The EXAFS spectrum of
sample RM is similar to those of the As**-a-FeOOH and
As*+-y-Al(OH), sorption samples (Fig. 6a), but it is dis-
tinctly different from the EXAFS spectrum of scorodite
(Fig. 5a, bottom), suggesting similar coordination envi-
ronments of As*+ in the mine waste and sorption samples.
In fitting EXAFS data of RM, we considered contribu-
tions from Al, As, Ca, Fe, Pb, and Zn, atomic neighbors,
and were able to eliminate Pb and Zn. Next we fit the
Fourier-filtered, second shell of the RM EXAFS, trying
all possible elemental permutations of Al, Ca, Fe, and As
neighborsin this shell. A mixed second coordination shell
of Al (As-Al = 3.19 A) and Fe (AsFe = 3.25 A) gave
the best fit to the raw data (Fig. 7a, middle). The As-Al
distance is similar to the As-Al distance of 3.16 A deter-
mined for the Ass*-y-Al(OH), sorption sample [Fig. 7a
(top), Table 4], but the second-shell As-Fe distance is
somewhat shorter than the As-Fe distance determined for
the dominant sorption complex in the As**-a-FeOOH
sample (As-Fe = 3.30 A, Table 3). These second-shell
distances appear to be well constrained based on the
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Ficure 7. (&) Second-shell, Fourier-filtered EXAFS spectra
(black lines) and least-squares fits (dotted lines) of As>+ adsorbed
to gibbsite (y-Al(OH),), As>+ adsorbed to goethite («-FeOOH)
and As** in the RM mine-waste sample. The associated 3-D
search profiles (b), allow visual examination of the logarithm of
the fit-error space (z axis) with the simultaneous variance of two
fit parameters over a specified region (plotted on the x and y
axes). Sharp, deep minima in fit error as seen in the search pro-
files of the Ass*-a-FeOOH sorption sample (middle) and the RM
mine-waste (bottom) indicate a good fit. The broad, but deep
minimum obtained in the fit to the EXAFS spectrum of Ass*
sorbed to y-Al(OH), (top) isaresult of the larger error associated
with the coordination number N (+1 atom) relative to the small
error in radia distance R (=0.02 A).

depth and sharpness of the fit error minimum obtained
for this parameter (Fig. 7b). As expected, second-shell
coordination numbers obtained from these fits are not as
well constrained. A striking example of this is shown in
the search profile of the fit to the As>*-y-Al(OH), sorption
sample (Fig. 7b, top), in which the variation of the fit
error as a function of coordination number (N,,) has no
well-defined minimum, but the variation of fit error as a
function of As-Al distance (R,..) clearly converged to a
single value. The second-shell As-Al and As-Fe distances
that best fit the data can be used to constrain the types of
linkages between AsO, tetrahedra and the solids present
in sample RM. The models in Figure 8 show that As-Al
and As-Fe distances vary from as long as 3.6 A for a
monodentate linkage between AsO, and an Al(O,0H), or
Fe(OH), octahedron (as might occur on the surfaces of
illite grains or a ferrihydrite surface coating on quartz or
calcite, respectively) to as short as 2.6 A for the unlikely
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TABLE 4. Results of least-squares fits to raw, k3-weighted
EXAFS spectra of sorption and mine waste samples

Least-squares fit

R g? AE, P

Sample N (A) (A?) ev) ) F
As5*-goethite
As-O 5.1(3) 1.69(3) 0.001(03) —4(2) 78 76
As-Fe 2.9(9) 3.30(3) 0.007* 15
As-Fe 1.5(9) 3.50(3) 0.007* 7
Ass+-gibbsite
As-O 4.9(3) 1.69(3) 0.002(03) —4(2) 96 61
As-Al 1.4(9) 3.16(3) 0.007* 4
Ruth Mine
As-O 3.5(3) 1.69(3) 0.001(03) —5* 84 41
As-Al 1.0(3) 3.19(3) 0.007* 9
As-Fe 1.5(6) 3.25(3) 0.007* 7
Argonaut Mine
As-O 6(1) 1.73(3) 0.004(03) 6(4) 45 688
As-Fe 2.6(9) 2.41(3) 0.007* 21
As-Fe 3(2) 3.37(3) 0.007* 13
As-Fe 3(2) 3.65(4) 0.007* 10
As-As 4(2) 4.22(3) 0.007* 11
Spenceville Mine
As-O 5.6(6) 1.69(2) 0.001(06) —4(2) 79 317
As-Fe 4(2) 3.25(2) 0.007* 12
As-Fe 2(1) 3.47(3) 0.007* 12
As-Ca 4(2) 4.16(4) 0.007* 9

Note: N, R, Debye-Waller disorder parameter (¢2), and threshold energy
difference (AE,), obtained from fitting raw data with theoretical phase and
amplitude functions from FEFF6.01 (see text). P is the contribution of each
shell to the total fit, and F (goodness of fit) = 2[x(kR. — x(k)z]. Values
for the 95% confidence interval are given in parentheses.

* Assumed value fits.

possibility of a bidentate linkage between an AsO, and
SiO, tetrahedron, as might occur on the surface of illite
or quartz. The observed As-Al and As-Fe distances for
sample RM are most consistent with a bidentate linkage
between an AsO, tetrahedron and two edge-shared
Al(O,0H), or two edge-shared Fe(OH), octahedra (Figs.
8a and 8b, respectively). AsO, tetrahedra could possibly
be bonded to SIO, tetrahedra on illite or quartz surfaces
in a monodentate fashion (Fig. 8c), but the ensuing As-
Si bond distance is too short to match the As-Al distance
and this type of linkage would violate Pauling’'s second
rule (see Bargar et al. 1997). Si could be present because
Si cannot be distinguished from Al in the second coor-
dination shell around As by EXAFS spectroscopy (due to
their similar backscattering amplitude and phase-shift
values).

Waychunas et al. (1993) obtained a second-shell As-
Fe distance of 3.25 A for Ass* reacted (adsorbed or co-
precipitated) with ferrihydrite, which is a better match to
the As-Fe distance obtained from fits to the RM EXAFS
data (As-Fe = 3.25 A) than the As-Fe distance we and
others observed for As>+ sorption on a-FEOOH (As-Fe =
3.30 A; Waychunas et al. 1993). Furthermore, we find no
XRD evidence for the presence of a-FEOOH in sample
RM. Because the second-shell As-Fe distance isidentica
for Ass+ sorbed to or coprecipitated with ferrihydrite,
sorption vs. precipitation cannot be distinguished. How-
ever, the difficulty of liberating As* from the solid
phases in sample RM by sequential extraction methods
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Ficure 8. Schematic representations of (a) an As*O, tet-
rahedron bonded to two adjacent O atoms of edge-shared AlO,
octahedra (representative of a reactive site on gibbsite or an alu-
minosilicate minera), (b) an Ass+O, tetrahedron bonded to two
adjacent O atoms of edge-shared Fe3+O, octahedra (representa-
tive of a reactive site on goethite, or an iron oxyhydroxide), (c)
an As+O, tetrahedron bonded to an SIO, tetrahedron, (d) an
As+0, tetrahedron bonded to an AlO;, octahedron, and (e) an
As+O, tetrahedron bonded to two O atoms of an SiO, tetrahe-
dron. Geometries (a), (c), (d), and (e) are representative of pos-
sible sorption sites on clay minerals, although (e) is not very
likely. Geometry (d) is also representative of a possible sorption
site on gibbsite. Distances shown are approximate, and represent
the maximum distance for that particular geometry.

(Borch et al. 19944a) suggests that most of the As>+ in the
sample RM is probably bound in a coprecipitate with fer-
rihydrite rather than an adsorbed complex. The remaining
As** may be adsorbed to aluminosilicate phases such as
illite, which are abundant in the sample RM. Substitution
of Asin calcite or precipitation of aferric arsenate phase,
such as scorodite, as a magjor As species in sample RM
is ruled out based on a comparison of the EXAFS with
a FEFF6 model of As°+O, substituted in the calcite struc-
ture (As-Ca = 3.21 A); unsuccessful attempts to fit Cain
the second shell of the RM FT; and comparison with the
experimental EXAFS data for scorodite (As-Fe = 3.34
A).

Argonaut mine. XRD and EMPA analysesindicate the
presence of quartz, illite, calcite, arsenical pyrite, and mi-
nor amounts of sphalerite, monazite, rutile, and apatite.
The EMPA analyses indicate that sphalerite, rutile, mon-
azite, and apatite are essentially As-free. The AM EXAFS
and FT have significantly more structure than those of
sample RM, suggesting that an appreciable portion of As
is incorporated in crystalline phases (Figs. 9a and 9b).
Our XANES analysis suggests that ~20% of the As in
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the AM mine wastes is incorporated in arsenical pyrite
and arsenopyrite in a reduced (nominally As®) form.
Therefore, reduced As in well-ordered mineral phases ac-
counts for some but not all of the observed EXAFS fea-
tures in the sasmple AM. Despite the fact that a ferric
arsenate precipitate was not directly observed by EPMA
and could not be fit with certainty in the Rietveld calcu-
lations (always contributing <1% when included in fits),
there are several reasons we hypothesize that such a phase
should be present. One is the overwhelming predomi-
nance of As** as observed in the XANES spectrum of
the sample AM; the small amount of reduced As present
could not possibly account for al the features in the FT
of sample AM. Second, if 80% of the total As in this
sample (262 ppm) is assumed to be present in scorodite,
then the relative quantity of scorodite present would be
well below the sensitivity of our Rietveld analyses (=0.2
wt%). Finaly, an amorphous ferric arsenate precipitate
(which might appear ordered on the short-range scale of
EXAFS analysis) of the type likely to form in weathering
environments (Krause and Ettel 1988) could escape XRD
and EPMA detection if associated with the surfaces of
arsenopyrite or arsenical pyrite grains. In the following
discussion, we refer to the structures of scorodite and par-
asymplesite as models for an unknown ferric arsenate
precipitate.

Fits to Fourier filtered and raw EXAFS data of sample
AM are plotted in Figures 9a and 9b. The results of the
filtered EXAFS fits were used as starting parameters for
the raw data fit, which is discussed below. The best fit to
the AM EXAFS data resulted in six O atoms at 1.73 A
and 2.6 Fe at 241 A (Table 4). The As-O distance is
consistent with fourfold-coordinated As>*, but the first-
shell coordination number and Debye-Waller factor (o2)
are unrealistically high for this sasmple. Based on well-
known correlations between first-shell distances and co-
ordination numbers for many oxides (Shannon 1976), we
believe that there are only four O atoms in the first co-
ordination shell, and that the value of six atoms resulted
from a significant correlation between the coordination
number (N) and the disorder parameter (o2) of this shell,
as also occurred in our fit to the EXAFS spectrum of
scorodite (Table 3). Sixfold-coordinated As+ does occur
in As,O, (Greenwood and Earnshaw 1984), but we find
no XRD evidence of its presence in sample AM, and
furthermore, this mineral is not likely to be found in na-
ture. The AM second-shell As-Fe distance (241 A) is
considerably shorter than second-shell As-Fe distances
reported for As+O,-containing compounds (3.25-3.35
A), suggesting that it may represent the primary shell(s)
of the As-bearing sulfides present in the AM mine waste.
However, the AM second-shell distance is dightly longer
than the first-shell As-Fe distance in arsenopyrite, (2.36
A, this study) and arsenical pyrite (2.31 A; Tingle et al.
1996), a fact we cannot conclusively explain, but which
may be due to difficulties in fitting the strongly over-
lapped first- and second-shell features of this sample.

In fitting the third-shell feature in the FT of the AM
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(a) Least-squares fits (dotted lines) to normalized, k3-weighted EXAFS spectra (black lines) and (b) Fourier transforms

(FT) of the Argonaut Mine (AM) sample. The top three spectra in (a) are Fourier-filtered EXAFS generated by successively
backtransforming the FT of the raw AM EXAFS (b, bottom), including an additional FT peak with each backtransform.

sample (Fig. 9b), we tested the possibility of one or two
elements in the shell and tried al possible permutations
of Fe, Zn, Pb, Ca, and As as third-shell cations. The best
fit was given by three Fe at 3.37 A and three Fe at 3.65
A (Table 4). The 3.37 A As-Fe distance is similar to the
average second-shell As-Fe distance in scorodite and par-
asymplesite (3.34 A for both), but the 3.65 A As-Fe dis-
tance differs from second-shell As-Fe distances in arsen-
ical pyrite (3.48 A) or arsenopyrite (3.75 A). However,
averaging the second-shell As-Fe distances in arsenical
pyrite and arsenopyrite results in an As-Fe distance of
3.62 A, which is similar to the observed distance of 3.65
A, and is reasonable given our EPMA and XRD identi-
fication of these phases in the sample. In addition, para-
symplesite has a single As atom at 3.68 A that could
contribute to this feature. The fourth-shell feature in the
AM FT was fit in the same manner, resulting in four As

at 4.22 A (Fig. 9b, bottom). This As-As distance is sim-
ilar to that found in scorodite, which contains asingle As
atom at 4.21 A, whereas arsenopyrite has As and Fe
shells at 4.12 and 4.21 A, respectively. If the As** in the
sample AM is considered to be in a ferric arsenate phase
similar to scorodite, it is likely that the As-As shell of
scorodite and the mixed As-(As, Fe) shell of arsenopyrite
would overlap significantly, resulting in a single peak at
~4.2 A, as observed for the sample AM. Based on XA-
NES and EXAFS analysis, =~80% of the As in sample
AM is Ass+ present in a precipitate, possibly scorodite,
parasymplesite, or a poorly crystalline ferric arsenate
phase. The remaining As is present in a reduced phase,
probably arsenopyrite or arsenica pyrite.

Spenceville mine. XRD and EMPA analyses indicate
the presence of hematite, quartz, jarosite, and barite in
this sample; scorodite was not observed. The SM EXAFS
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EXAFS spectra, and (b) Fourier transforms (FT) of (from top to
bottom): the Ruth Mine (RM) sample, the Spenceville Mine
(SM) sample, and the FEFF6-generated EXAFS spectrum of As-
substituted jarosite.

appears very similar to the RM EXAFS (except for the
first oscillation), and is quite different from a FEFF6
model of arsenate substituted for sulfate in jarosite (Fig
10a). This model does not account for the inherent dis-
order expected for Ass+ substituted in jarosite; in partic-
ular, the second shell of Fe atoms in jarosite would prob-
ably not be as pronounced in experimental EXAFS, just
as our FEFF6 model of scorodite overestimates the am-
plitude of more distant atomic shells (Figs. 5a and 5b).
However, comparing the FT's of these samples and
FEFF6 models (Fig. 10b), it is clear that the first two
shellsin the FT’s of the SM and RM EXAFS spectra are
similar, but the SM FT has a third shell at =3.5 A (4.16
A, phase-corrected), which is absent in the FT of sample
RM. The presence of this shell suggests that either two
adsorbed/coprecipitated species of Ass+ are present in the
SM sample, or that As®* is incorporated in a phase of at
least local order.

To test these possibilities, we initialy fit the second-
and third-shell FT features separately (Fig. 11a), then
used these results as starting parameters in the raw EX-
AFS data fit discussed below. The best fit to the second
shell of the SM FT contains two different As-Fe corre-
lations, one consisting of four Fe a 3.25 A, and the sec-
ond consisting of two Fe a 3.47 A. The sharp and deep
minimum in the least-squares search profile of this shell
suggests that the two As-Fe distances are well constrained
[Fig. 11b (top)]. The best fit of the third-shell FT feature
gives four Ca (or K, which cannot be distinguished from
Caby EXAFS) at 4.16 A [Fig. 11a (bottom)]. The least-
squares search profile of this shell has the appearance of
a long, deep trough, suggesting that the As-Ca distance
of 4.16 A is well constrained, but that the coordination
number (4 Ca) is not. Barium did not fit well in either
shell of the SM FT, suggesting that As substitution in
barite is minor.

The As-Fe and As-Ca distances obtained in our fits do
not allow unambiguous distinction between adsorbed/co-
precipitated As and As subgtituted in a separate phase.
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AFS spectra of the SM mine-waste, overlain by least-squares fits
(dotted lines), and (b) the associated 3-D search profiles. Label-
ing conventions as in Figure 7.

Substitution of an AsO, tetrahedron (As-O = 1.69 ,&) for
a SO, tetrahedron (S-O = 1.47 A) in jarosite results in
As-Fe and As-K bond lengths (3.29 A and 4.16 A, re-
spectively), which are similar to those obtained by fitting
the second and third shells of the SM FT. However, the
best-fit SM second-shell As-Fe distances of 3.25 A could
also be obtained by As*+ adsorbed or coprecipitated with
ferric oxyhydroxides or hematite. Moreover, the As-Fe
correlation at 3.47 A is similar to the As-Fe distance ob-
served for mondodentate linkages in the Ass-a-FeOOH
sample (Table 3), which is areasonable surrogate for As**
sorbed with the same coordination geometry on ferric ox-
ide/hydroxide surfaces. As-Ca distances resulting from
FEFF6 models of arsenate substituted in calcite (=3.2 A)
and gypsum (=3.1 and =3.7 A) do not match the distance
determined from our fit to the third shell of the sample
SM, and furthermore, these phases were not found in our
Rietveld analyses.

Implications of As speciation in mine-wastes

The observed variability of As speciation (from ad-
sorbed complexes to precipitates) has implications for the
mobility, toxicity, and potential biocavailability of As at
the three mine sites we have examined. At each of these
sites, As**, which is more toxic and mobile than reduced
forms of As predominates As’. Examination of As**
sorbed on model Fe- and Al-oxyhydroxides suggests that
As+O, tetrahedra primarily form strong, bidentate com-
plexes on these materials, and by analogy, on the amor-
phous ferric oxyhydroxide and clay minerals in samples
RM and SM. We have a so seen evidence of weaker mon-
odentate complexes formed on the surface of goethite (a-
FeOOH) in a model adsorption sample; these may also
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be present on grains of ferric oxides/hydroxides in the
sample SM. Therefore, minimizing the mobility and po-
tential bioavailability of As’+ at the RM and SM sites is
ultimately dependent upon maintaining environmental
conditions at the site which favor As+ retention. Ad-
sorbed As+ is subject to release if the pH or ionic
strength of solutions in contact with the acid mine-waste
increases dramatically, at which point monodentate com-
plexes should be released more readily than bidentate
complexes. The availability of As coprecipitated with fer-
rihydrite-like material should remain very low in neutral
to dlightly basic waters.

The Argonaut Mine wastes contain roughly 20% re-
duced arsenic in sparingly soluble phases such as pyrite
and arsenopyrite. If protected from oxidation, these
phases retain As in a state of low mohility, toxicity, and
bioavailability. As noted earlier, however, Thiobacillus
species (and other Fe- and S-oxidizing bacteria) can en-
hance oxidation and dissolution of As-bearing sulfides
and release of As unless the dissolved As is sorbed or
precipitated in a new form, such as scorodite, or copre-
cipitated in other minerals (e.g., jarosite). EXAFS indi-
cates that an As+-bearing precipitate is present in the
sample AM (athough none was detected by conventional
methods) and that a portion of the As*+ in sample SM
may be substituted in a crystalline phase such as jarosite.
The mobility and biocavailability of arsenic in precipitates
is generally expected to be lower than for adsorbed ar-
senic, but these properties depend on the stabilities and
solubilities of the As-bearing precipitates. Scorodite
(Dove and Rimstidt 1985) and the jarosite minerals (Al-
pers et a. 1989) are stable only under acidic conditions,
thus if the pH increases toward more neutral conditions,
arsenic is likely to be released and remobilized. Other,
more soluble sulfate minerals, such as aluminum, calci-
um, and magnesium sulfates, which often form as efflo-
rescences, might also bind As** in their structures. These
are likely to precipitate during the dry summer season,
and dissolve during the rainy, winter season, producing a
cyclic rise and fall of As concentration in surface and
groundwaters.
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