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Abstract

The mobility of subsurface arsenic is controlled by sorption, precipitation, and dissolution processes that are tied directly
to coupled redox reactions with more abundant, but spatially and temporally variable, iron and sulfur species. Adjacent to the
site of a former pesticide manufacturing facility near San Francisco Bay (California, USA), soil and groundwater arsenic con-
centrations are elevated in sediments near the prior source, but decrease to background levels downgradient where shallow
groundwater mixes with infiltrating tidal waters at the plume periphery, which has not migrated appreciably in over two dec-
ades of monitoring. We used synchrotron X-ray absorption spectroscopy, together with supporting characterizations and
sequential chemical extractions, to directly determine the oxidation state of arsenic and iron as a function of depth in sedi-
ments from cores recovered from the unsaturated and saturated zones of a shallow aquifer (to 3.5 m below the surface).
Arsenic oxidation state and local bonding in sediments, as As-sulfide, As(III)-oxide, or As(V)-oxide, were related to lithologic
redox horizons and depth to groundwater. Based on arsenic and iron speciation, three subsurface zones were identified: (i) a
shallow reduced zone in which sulfide phases were found in either the arsenic spectra (realgar-like or orpiment-like local struc-
ture), the iron spectra (presence of pyrite), or both, with and without As(III) or As(V) coordinated by oxygen; (ii) a middle
transitional zone with mixed arsenic oxidation states (As(III)–O and As(V)–O) but no evidence for sulfide phases in either the
arsenic or iron spectra; and (iii) a lower oxidized zone in the saturated freshwater aquifer in which sediments contained only
oxidized As(V) and Fe(III) in labile (non-detrital) phases. The zone of transition between the presence and absence of sulfide
phases corresponded to the approximate seasonal fluctuation in water level associated with shallow groundwater in the sand-
dominated, lower oxic zone. Total sediment arsenic concentrations showed a minimum in the transition zone and an increase
in the oxic zone, particularly in core samples nearest the former source. Equilibrium and reaction progress modeling of aque-
ous-sediment reactions in response to decreasing oxidation potential were used to illustrate the dynamics of arsenic uptake
and release in the shallow subsurface. Arsenic attenuation was controlled by two mechanisms, precipitation as sulfide phases
under sulfate-reducing conditions in the unsaturated zone, and adsorption of oxidized arsenic to iron hydroxide phases under
oxidizing conditions in saturated groundwaters. This study demonstrates that both realgar-type and orpiment-type phases can
form in sulfate-reducing sediments at ambient temperatures, with realgar predicted as the thermodynamically stable phase in
the presence of pyrite and As(III) under more reduced conditions than orpiment. Field and modeling results indicate that the
potential for release of arsenite to solution is maximized in the transition between sulfate-reduced and iron-oxidized condi-
tions when concentrations of labile iron are low relative to arsenic, pH-controlled arsenic sorption is the primary attenuation
mechanism, and mixed Fe(II,III)-oxide phases do not form and generate new sorption sites.
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1. INTRODUCTION

Biogeochemical factors that control the concentration of
dissolved arsenic in groundwater aquifers have been the
subject of intensive study in recent years. In the U.S., the
federal drinking water standard for the maximum contam-
inant level (MCL) of arsenic was lowered in January, 2006
from 50 to 10 lg L�1 (to the same level as the World Health
Organization), requiring thousands of public water suppli-
ers to provide additional treatment or to change water
sources (USEPA, 2001). Both natural and anthropogenic
sources contribute to arsenic in groundwaters. What sets
arsenic apart from other inorganic contaminants is that
changes in its chemical speciation, mediated by microor-
ganisms, occur in the range of pH and Eh commonly found
in the shallow subsurface environment, which in turn affects
its partitioning to solid phases and its aqueous mobility.

Knowledge of subsurface conditions that result in the
accumulation of dissolved arsenic in porewaters is growing
but predictive capability remains limited, due partly to a
lack of knowledge about arsenic, iron, and sulfur speciation
in subsurface sediments and to a poor understanding of
how speciation changes as a function of time and space.
The general behavior of arsenic solid-aqueous partitioning
as a function of local oxidation potential and pH in aquifer
sediments has been described (e.g., Welch et al., 2000; Ins-
keep et al., 2002; Smedley and Kinniburgh, 2002; Stollen-
werk, 2003; McMahon and Chapelle, 2008). In oxic
groundwaters, it is widely accepted that ferric iron phases
are important for sorption of dissolved arsenate (as either
H2AsVO4

� or HAsVO4
2�) by surface adsorption or co-pre-

cipitation with Fe(III)-(hydr)oxide (Fuller et al., 1993;
Waychunas et al., 1993; Raven et al., 1998; Dixit and Her-
ing, 2003), although other phases such as clay minerals or
manganese oxides may also serve as sorbents (Hering and
Kneebone, 2002; Lin and Puls, 2003; Stollenwerk, 2003;
Amirbahman et al., 2006). In the transition from aerobic
to anoxic porewaters, arsenate is reduced to arsenite (com-
monly written as either H3AsIIIO3 or AsIII(OH)3), mediated
in most cases by microbial activity that includes metabolic
and detoxification mechanisms (Inskeep et al., 2002; Orem-
land et al., 2002; Stolz et al., 2006). The first acid dissocia-
tion constant (pKa1) of arsenite is �9.2, such that the
neutral species dominates in most groundwaters. In this
intermediate regime, arsenite sorption to iron oxides, man-
ganese oxides, and other sediment minerals is a primary re-
moval mechanism at circum-neutral pH and typical
dissolved arsenic concentrations, but competition for sorp-
tion sites influences arsenite partitioning (Deschamps et al.,
2003; Dixit and Hering, 2003; Amirbahman et al., 2006).

Under sulfate-reducing conditions, the concentration of
arsenic in solution may be controlled by the solubility of ar-
senic sulfide phases, such as orpiment (As2S3), realgar
(As4S4), their polymorphs, or other poorly characterized
As–S phases. Previous studies have proposed that arsenic
associated with sulfide in aquifer sediments is present either
as a substituent in biogenic, authigenic, or detrital pyrite
(FeS2; typically �0.5–4 wt.% As) or arsenopyrite (FeAsS)
(Rittle et al., 1995; Savage et al., 2000; Kim et al., 2002;
Saunders et al., 2005; Lowers et al., 2007; Peters and
Burkert, 2008; Rhine et al., 2008), is sorbed to sulfide min-
erals (Bostick et al., 2004; Wilkin and Ford, 2006), or forms
orpiment- or realgar-type phases (Aggett and O’Brian,
1985; Moore et al., 1988; Sadiq, 1990; La Force et al.,
2000; Bostick et al., 2004; O’Day et al., 2004b). In natural
settings undergoing sulfate reduction, the extent of arsenic
sorption versus precipitation in sulfide phases, and tempo-
ral transformations of species and phases, are not well
known. Likewise, the stoichiometries and thermodynamic
stabilities of aqueous thioarsenite and thioarsenate species
remain poorly known (Helz et al., 1995; Wilkin et al.,
2003; Bostick et al., 2005; Stauder et al., 2005; Planer-Fried-
rich et al., 2007; Helz and Tossell, 2008). Precipitation of
arsenic sulfide phases has been reported in laboratory stud-
ies of microorganisms isolated from arsenic-rich sediments,
although most commonly in mildly thermophilic condi-
tions. For example, Huber et al. (2000) described a thermo-
philic archaeon that respires arsenate and precipitates
realgar in its growth range of 68–100 �C in laboratory cul-
tures. An anaerobic, moderately thermophilic, arsenic-
metabolizing bacterium was shown to reduce arsenic and
to produce the mineral b-realgar (Ledbetter et al., 2007).
Other studies (Newman et al., 1997a,b) reported a bacte-
rium capable of reducing As(V) to As(III) and precipitating
orpiment or amorphous As2S3 in laboratory culture. While
microorganisms undoubtedly play a role in arsenic fate in
sulfidic conditions, knowledge of biotic and abiotic mecha-
nisms of transformation and their products is incomplete.

Few studies to date have examined the spatial distribu-
tion of arsenic speciation in subsurface sediments compared
with sediment chemistry and mineralogy, and aquifer chem-
istry, particularly with respect to the distribution and speci-
ation of iron and sulfur. In this study, we used synchrotron
X-ray absorption spectroscopy, together with supporting
characterizations, to directly determine the oxidation state
of arsenic and iron in sediments from cores recovered from
a subsurface arsenic plume where arsenic has migrated from
the surface into a shallow aquifer (�1–3 m below the sur-
face). The study site is a former pesticide manufacturing
facility adjacent to south San Francisco Bay (California,
USA) (Fig. 1). Although subsurface arsenic concentrations
are high in sediments near the source, concentrations de-
crease to background levels at the plume periphery, which
has not migrated appreciably in over two decades of mon-
itoring. Thus, we were able to compare the behavior of ar-
senic vertically and laterally over centimeters to meters in
the easily accessed subsurface, and within a range of arsenic
concentrations spanning from natural background to ele-
vated above drinking water standard in groundwater. Ther-
modynamic constraints and reaction path modeling guided
by sediment and porewater observations are used to lend
insight into biogeochemical and mineralogical changes that
control arsenic mobility in the subsurface.

2. EXPERIMENTAL METHODS

2.1. Field site history and description

The manufacturing facility formerly at the study site
(Fig. 1) was used principally in the formulation of various



Fig. 1. (A) Location map of the study site. Contours outline the extent of the subsurface arsenic plume based on concentrations in monitoring
wells (shown as dots). Water chemistry reported in Table 6 for labeled wells. Locations of sediment cores shown as triangles. (B) Schematic
cross-section of the shallow subsurface through points A to A0 showing locations of core samples and monitoring wells.
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agricultural pesticides (railroad right-of-way liquid insecti-
cides and arsenic-based products), which began as early
as 1929. While these activities continued into the late
1960s, the bulk of the arsenic compounds were formulated
prior to the end of World War II. Arsenic raw material was
shipped to the facility by rail or by truck. End products
were formulated primarily in an underground tank near
the southern edge of the site and arsenic compounds were
reportedly disposed of in a shallow sludge pond located
on the site. The underground tank area, sludge pond area,
and railroad track area have all been identified as source
areas. Arsenic was dispersed by surface water runoff, move-
ment of groundwater, and wind-borne dust (USEPA,
1992). An estimated 88,000 kg of arsenic was present in site
soil and groundwater prior to remediation. A 5.1-hectare
plume of dissolved arsenic was identified in the shallow
aquifer (�1–4 m depth) underlying the site and upgradient
of San Francisco Bay (USEPA, 1992). The plume boundary
was defined by elevated concentrations of dissolved arsenic
(greater than 50 lg L�1 or 0.67 lM) in monitoring wells
over the last 20 years (Fig. 1). The lower boundary of the
plume in the shallow aquifer is hydrologically constrained
by a clay aquitard located at about 10 m depth. A deeper
aquifer at about 50 m has not shown elevated levels of ar-
senic. Groundwater concentrations as high as 340 mg L�1

(�4.5 mM) have historically been measured near the plume
source, compared to background arsenic levels in shallow
groundwater of local tidal marsh sediments that are less
than 13 lg L�1 (0.17 lM). The shallow aquifer is hydrolog-
ically connected to San Francisco Bay, with groundwater
flow in the area on the order of �1 m yr�1 northwest to
southeast towards the bay (USEPA, 1992).

Remedial activities began at the site in 1991. Most soils
with arsenic concentrations above 5000 mg kg�1 were re-
moved by excavation. Soils with residual arsenic at concen-
trations between 500 and 5000 mg kg�1 were treated with
stabilizing amendments (ferrous sulfate, lime, and Portland
cement) to reduce leaching and covered with an imperme-
able cap layer (Illera et al., 2005). The soil cap and associ-
ated storm water collection system ensure that current
surface runoff from the site into the bay is not contami-
nated. A subsurface barrier wall (soil–bentonite and soil–
cement–bentonite) extending to approximately 6 m below
ground surface was installed to provide a shallow barrier
between the contaminated upland groundwater sources
and the wetlands (Fig. 1). Over 500 trees within the barrier
wall extract groundwater as an additional control. Remedi-
ation at the site was completed in 2003 but monitoring of
the shallow subsurface aquifer continues.

2.2. Sediment sample collection and analysis

All chemicals used for sample preservation, analysis and
reagent preparation were reagent grade or higher. Deion-
ized water (18.2 MX-cm, MilliQ+, Millipore Corp) was
used for all solutions and dilutions. Three sediment cores,
spaced 20–25 m apart, were collected at the site using a
manual, slide-hammer piston-core with either a split-spoon
or extrudeable auger, and polybutyrate sample core liners.
Core 1 (to 360 cm) was collected in April 2001 and Cores
2 (to 305 cm) and 3 (to 335 cm) were collected in January
2002 (Fig. 1). Cores were immediately sealed after removal
from the sampler, packed under ice, and transported within
hours to the Stanford Synchrotron Radiation Lightsource
(SSRL) where they were transferred to a subzero freezer.
All sediment sample sectioning and handling were done in
a glove bag under a N2 atmosphere. Cores were sectioned
at 10–30 cm intervals to preserve sediment stratigraphy.
Sub-samples were taken at 5–10 cm intervals and homoge-
nized using a mortar and pestle under N2. For XAS data
collection, sediment samples were loaded into 2 mm-thick
Teflon sample holders and sealed with Kapton tape. Sam-
ples were kept frozen in a N2 atmosphere until XAS data
collection (within 1–5 days). To investigate the integrity of
sample preservation, selected duplicate samples were stored
frozen (�20 �C) and at room temperature in N2. Arsenic
oxidation state was monitored by repeat bulk XAS mea-
surements and was unchanged for at least 8 months in sam-
ples sealed in N2 and stored frozen (�20 �C). Changes in
oxidation state during XAS data collection were not ob-
served for sample spectra collected under cryogenic condi-
tions (10–20 K).

Extractions were performed on core samples using pub-
lished methods (Pickering, 1981; Keon et al., 2001) in the
following sequence: (1) 1.0 M MgCl2; (2) 1.0 M NaH2PO4;
(3a) 0.2 M ammonium oxalate and oxalic acid; (3b) 1.0 M
HCl. A final aqua-regia reflux (12 M HCl + HNO3) was
done on a separate 500 mg sample split. Sediment aliquots
(�400 mg) were sequentially treated with each extractant
solution (solid:solution = 0.01 by mass), the suspensions
were centrifuged (25 min at 8500 rpm), and the supernatant
was decanted and filtered (0.45 lm nylon membrane filters).
Between extraction steps, sediments were washed with
10 mL of deionized (18.2 MX-cm) water, centrifuged, and
the supernatant decanted. The filtrate from each extraction
step was analyzed by GFAA except for the NaH2PO4 step,
which was analyzed by ICP-OES because of matrix interfer-
ence from high phosphate.

2.2.1. Elemental and species analyses

For the analysis of total metals, a homogenized sedi-
ment aliquot of �500 mg was weighed, quantitatively trans-
ferred into an acid-washed borosilicate glass digestion
vessel, placed in a digestion block, covered, and digested
by hot acid reflux in a mixture of 6 N HCl and 6 N
HNO3 for several hours at 105 �C (USEPA, 2006). Samples
were quantitatively filtered through 0.45-lm filters to re-
move traces of undigested silicates. A separate split from
the homogenized sample was analyzed for water content
by drying at 100 �C for at least 24 h to a constant weight.
Representative sediments were selected for total digestion
using HF. All sediment composition data are reported on
a dry-weight basis. Elemental concentrations were analyzed
by inductively coupled plasma-optical emission spectrome-
try (ICP-OES; Thermo Jarrel Ash IRIS ICP) and graphite
furnace electro-thermal atomic absorption (GFAA) with
Zeeman background correction (Perkin Elmer SIMMA
6000 GFAA) (see Electronic Annex for details).

For the analysis of total organic carbon (TOC) in sedi-
ments, samples were dried at 105 �C for 48 h and ashed at
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400 �C for 45 min. Sulfide in sediments (Core 1 only) was
determined by EPA method SW-846 9031 (‘‘reactive
sulfide”) by distillation of wet, unexposed sub-samples in
sulfuric acid at 100 �C. Evolved H2S gas was swept with
N2 into a zinc acetate solution and sulfide (as HS�) was
measured titrimetrically by precipitation of zinc sulfide
(detection limit 10 ppm = 0.3 mmol kg�1) (USEPA, 2006).

2.2.2. Scanning electron microscopy (SEM) and X-ray

diffraction (XRD)

A Hitachi S4700 field emission scanning electron micro-
scope (FE-SEM) with an energy dispersive X-ray spectrom-
eter (EDAX Phoenix) was used to collect images and spot
elemental analyses (detector distance = 100 nm; cur-
rent = 1.0 nA; beam diameter = 100 nm) of selected sam-
ples. Dried sediment samples were mounted on aluminum
alloy stub mounts with double-stick carbon tape and gold
sputter coated. Bulk sediment mineralogy was determined
by powder XRD using both laboratory and synchrotron
X-ray sources. Samples were dried at 40 �C in air for 24–
48 h, finely ground to �5 lm grain size powders, and ran-
domly orientated on quartz micro-slides for laboratory
XRD and on aluminum mounts for synchrotron XRD
(see Electronic Annex for details).

2.2.3. XAS data collection and analysis

Arsenic and iron K-edge X-ray absorption spectra were
collected at SSRL on wiggler beamline 4-3 and 4-1 under
dedicated conditions (3 GeV, 70–90 mA) using an unfo-
cused beam. Arsenic K-edge and EXAFS (to k = 12–
13 Å�1) fluorescence spectra were collected using Si(220)
monochromator crystals (vertical beam size = 1 mm). On
beamline 4-3, a 13-element solid-state Ge-array fluores-
cence detector was used with a He cryostat sample holder
(�20 K). On beamline 4-1, a Lytle detector with a liquid
nitrogen cold-finger was used. Fluorescence spectra for iron
were collected at room temperature on frozen, sealed sam-
ples. Beam energy was calibrated on arsenic foil (main edge
inflection) at 11,867 eV and on iron foil (first edge inflec-
tion) at 7112 eV. For arsenic edge spectra, 6–20 scans were
collected and averaged; for EXAFS spectra, 10–40 scans
were averaged, depending on element concentration (low
total arsenic concentrations in the sediments limited the
ability to collect EXAFS spectra). For iron XAS, 3-8 scans
were collected. Solid arsenic reference compounds were di-
luted with inert B(OH)3 and collected at 15–20 K or �70 K
in transmission mode using gas-filled ion chambers. Refer-
ence sorption samples were collected in fluorescence using
the same procedures as for the sediment samples. Data col-
lection and analysis of iron reference compounds are de-
scribed in detail elsewhere (O’Day et al., 2004a).

XANES spectra were analyzed using the computer
packages DATFIT and Sixpack (George and Pickering,
2000; Webb, 2006). Arsenic and iron XANES spectra
(either normalized or first-derivative normalized spectra)
of sediment samples were fit using linear least-squares com-
binations of reference compound spectra. Energy was al-
lowed to vary in fits to account for small differences in
energy calibration between sediments and references. Shifts
in energy of greater than 0.85 eV were rejected as spurious.
The EXAFS spectra were analyzed with the package
EXAFSPAK (George and Pickering, 2000). Spectra were
fit by non-linear least-squares methods in k-space and the
entire k-range was used in the fit (i.e., no reverse Fourier fil-
tering was done). Theoretical phase-shift and amplitude ref-
erence functions were calculated with the program FEFF
(Rehr, 1993; Ankudinov et al., 1998). In fits to the sediment
arsenic EXAFS spectra, interatomic distance (R), and
either backscatterer number (N) or Debye–Waller factor
(r2) were varied in fits (because of the strong co-variance
between N and r2). For most unknown spectra, r2 was fixed
on a value estimated from fits to reference compounds with
similar absorber-backscatters atomic pairs. For fits to iron
EXAFS spectra, atomic shells were grouped by a sulfide
component, represented by the local structure of pyrite,
and a non-sulfide component, represented by a composite
phyllosilicate-oxide, and fit according to the methods de-
scribed previously (O’Day et al., 2004a,b). Estimated errors
based on empirical fits to reference compounds are: first-
shell: R ± 0.01 Å; N ± 10%; greater than first-shell:
R ± 0.02 Å; N ± 30%; r2 ± 30% (O’Day et al., 1998,
2004a,b) (see Electronic Annex for details).

2.3. Aqueous sample collection and analysis

Groundwater from monitoring wells (Fig. 1) was sam-
pled for measurement of dissolved total arsenic and major
and trace elements; dissolved As(III) and As(V) were mea-
sured in selected wells. Measurements of pH (by electrode,
calibrated daily), dissolved O2 (YSI model 556), redox po-
tential (by Pt electrode, calibrated and altitude-corrected
in the field), specific conductivity, turbidity, and tempera-
ture were collected in the field. Upgradient of the barrier
wall, upland wells (unlabeled wells in Fig. 1) were moni-
tored in the field for pH, Eh, temperature, and conductivity
(S.S. Papadopulos & Associates, 2000; Geomatrix and S.S.
Papadopulos & Associates, 2002). For collection of
groundwater samples, two techniques were used: wells were
either bailed, with ten well volumes removed prior to sam-
pling, or samples were retrieved using a micro-purge, low-
flow (200 ml min�1) method. Aqueous samples were filtered
through 0.45-lm filters and collected in acid-washed and
deionized-water-rinsed HDPE or amber borosilicate glass
bottles preserved with ultra-trace acid or reagent grade
chemical preservative, depending on the intended analysis.
Samples were kept on ice during transit and stored at
4 �C until analyzed.

Concentrations of dissolved elements were determined
by ICP-OES and GFAA as described above. Groundwater
samples were analyzed for total arsenic by GFAA. Total
dissolved solids and total suspended solids determined
gravimetrically (USEPA, 1983). Total organic carbon was
measured with an O.I. Analytical TOC 700 Analyzer
(USEPA, 1983). Alkalinity was measured by acid titration
by Standard Methods 2320B (APHA, 1995). Chloride con-
centrations were determined by titration with mercuric ni-
trate (USEPA, 1983). Ferrous iron content was
determined colorimetrically with 1,10-phenanthroline indi-
cator (APHA, 1995). Nitrate and nitrite were determined
spectrophotometrically at 543 nm (APHA, 1995). Sulfate
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was determined gravimetrically by precipitating barium sul-
fate from the addition of barium chloride at pH 4.5 with
HCl. No sulfide was detected in aqueous samples by EPA
methods 376.1 (titrimetric; detection limit 0.5 mg L�1) or
376.2 (spectrophotometric; detection limit 0.017 mg L�1).

Dissolved As(III) and As(V) were measured using ion-
exchange liquid chromatography in the field coupled with
GFAA (methylated arsenic species were not measured)
(Ficklin, 1983; Edwards et al., 1998). Ion-exchange columns
were packed with acetate-converted Dowex AG1-X8 resin
(50–100 chloride form, 50–100 mesh chromatography,
BioRad Laboratories) secured with acid-washed glass fiber.
Immediately upon collection at each well, groundwater was
filtered through a 0.45-lm PTEF Luer-Lock filter, with
splits of the filtrate passed through the exchange column
at a flow rate of 2 mL min�1 for separation of As(III). A
second split was preserved for analysis of total arsenic;
As(V) was determined by difference. Both aliquots were
collected in acid-washed Nalgene bottles, preserved with
ultra-trace 0.2 N HCl, and stored at 4 �C until analysis.
Field and laboratory blanks and spikes of As(III) and
As(V) were analyzed to determine efficacy of the ion-
exchange columns; recoveries ranged from 86 to 96%.

2.4. Equilibrium and reaction path models

Equilibrium aqueous speciation and mineral saturation
states were calculated using the Geochemist’s Workbench
(GWB) v. 7 package (Bethke, 1994) with a modified version
of the Lawrence Livermore National Laboratory (LLNL)
thermodynamic database (thermo.com.v8.r6+) (Delany
and Lundeen, 1990) augmented with data from Nordstrom
and Archer (2003) for arsenic species and from Bourrie
et al. (1999) for green rust phases (Table 1). Activity coeffi-
cients were calculated with the extended Debye–Huckel
(B-dot) method (Helgeson et al., 1981). Equilibrium activity
diagrams depicting theoretical stability relations among so-
lid phases and aqueous species were computed with the
ACT2 program in GWB. Reaction path modeling, includ-
ing speciation, redox, adsorption, and mineral precipita-
tion-dissolution reactions, was conducted using the
REACT program in GWB. Surface complexation was sim-
ulated with the modified two-layer model using constants
adapted from Dzombak and Morel (1990) with additional
constants for arsenic sorption from Dixit and Hering
(2003) and Root et al. (2007). Equilibrium constants for
arsenite sorption to magnetite from Dixit and Hering
(2003) were used to estimate arsenite sorption to green rust
(GR) (no constants for GR were found in the literature),
since both solids form under similar conditions and have
similar sorption properties. Reaction progress was tracked
by the amount of organic matter (represented by acetic
acid) oxidized as it was titrated into the system. Precipita-
tion of thermodynamically stable iron minerals (hematite,
goethite, and magnetite) was suppressed in order to exam-
ine interactions with the more reactive, metastable solid
phases ferrihydrite (Fe(OH)3(s)) and GRII (sulfate form).
Stoichiometries and equilibrium constants for surface com-
plexation reactions and initial model conditions are given in
Table 1.
3. RESULTS

3.1. Lithology, mineralogy, and chemistry of sediment cores

Three sediment cores were studied from the tidal marsh
adjacent to the area of high subsurface arsenic contamina-
tion. The sampling location was on the downgradient side
of the subsurface barrier wall installed along the existing le-
vee (Fig. 1). The upper sediments (0 to �100–170 cm) are
mostly clay with interbedded fine sand. Size fractions of
subsections indicated predominately fine-grained material,
with over 75% finer than 63 lm. Groundwater level at
140–180 cm below the surface coincided with the transition
from mostly clay to a fine-to-medium sand layer. Sediments
changed in color from dark gray-to-black from the surface
to the sand layer, and then to tan-to-yellow-orange in the
sand layer. This sand layer is confined at the bottom by an-
other low porosity clay horizon. Groundwater flows from
northwest to southeast (Fig. 1). Hydraulic tests at the site
were used to estimate an average transmissivity in the sand
aquifer upgradient of the barrier wall of about 46 m2 d�1,
corresponding to a hydraulic conductivity of about
0.018 cm s�1, and hydraulic conductivities of less than
10�6 cm s�1 for the barrier wall (S.S. Papadopulos & Asso-
ciates, 2000; Geomatrix and S.S. Papadopulos & Associ-
ates, 2002). Little variation in lithologies were observed
laterally over the �50 m between Core 1 and Core 3.

Arsenic, iron, and total organic carbon (TOC) concen-
trations as a function of depth in sediment cores are shown
in Fig. 2 (complete element analyses are reported in the
Electronic Annex). The cores, with some exceptions,
showed a general trend of depletion in metal concentration
with depth. Contaminant arsenic accumulated below the
surface between �15 to 140 cm in Core 1 and to 100 cm
in Cores 2 and 3 at concentrations from 1.1 to
3.7 mmol kg�1 (Fig. 2), which is about twenty times higher
than background concentrations of arsenic in estuary mud
in south San Francisco Bay (from 0.05 to 0.16 mmol kg�1)
(Hornberger et al., 1999). Arsenic concentrations generally
decreased below the upper sediment zone, but increased
again below 185 cm in Core 1 (1.5–5.6 mmol kg�1) and be-
tween 235 and 300 cm in Core 2 (0.66–1.5 mmol kg�1). No
arsenic accumulation above background was observed be-
low the water table in Core 3 (Fig. 2). Total iron was
slightly higher in the upper 100–140 cm zone (�5–7 wt.%;
900–1200 mmol kg�1) and varied between 2 and 5 wt.%
(350–900 mmol kg�1) with increasing depth. Organic car-
bon (as wt.% TOC) was also elevated in the upper 100–
140 cm of sediment (below the surface root zone), varying
between 7–12% and decreasing below �160 cm to �1–6%.
Bulk analyses of Core 1 detected sulfide in two sample
intervals from 30–46 cm and 61–76 cm (2.5 and 8.4 mmol
kg�1, respectively), but not in any other sample (detection
limit 0.3 mmol kg�1). Although extractable sulfate was
measured on sediments from Core 1 (see Electronic Annex),
these measurements appeared to reflect sulfate in porewater
and the variable porosity of the sediments, and thus sulfate
was not measured on the other two cores.

Characterization of core sediments by XRD indicated
similar mineralogy as a function of depth, consisting mostly



Table 1
Thermodynamic data geochemical modeling and initial constraints for reaction progress model.

log Kint Sourcea

Aqueous arsenic species

H2AsO3
� + 0.5O2(aq) = H2AsO4

� 30.5 1
AsO4

3� + 2H+ = H2AsO4
� 18.8 1

H3AsO4(aq) = H2AsO4
� + H + �2.30 1

HAsO4
2� + H+ = H2AsO4

� 6.99 1
H3AsO3(aq) = H2AsO3

� + H+ �9.17 1
HAsO3

2� + H+ = H2AsO3
� 14.1 1

AsO3
3� + 2H+ = H2AsO3

� 29.1 1

Arsenic solids

As(s) + 1.5H2O + 0.75O2(aq) = H+ + H2AsO3
� 42.80 1

Arsenolite (As2O3) + 3H2O = 2H2AsO3
� + 2H+ �19.72 1

Claudetite (As2O3) + 3H2O = 2H2AsO3
� + 2H+ �19.75 1

As2O5(s) + 3H2O = 2H+ + 2H2AsO4 �3.65 1
Realgar (AsS) + 2.5H2O + 0.25O2(aq) = H2AsO3

� + 2H+ + HS� �7.80 1
Orpiment (As2S3) + 6H2O = 2H2AsO3

� + 3HS� + 5H+ �64.6 1
As2S3(am) + 6H2O = 2H2AsO3

� + 3HS� + 5H+ �63.2 1

Iron solids

Ferrihydrite (Fe(OH)3) + 3H+ = Fe3+ + 3H2O 5.66 2
GRI(CO3) (Fe6(OH)12CO3) + 13H+ = 2Fe3+ + 4Fe2+ + HCO3

� + 12H2O 29.11 3
GRII(SO4) (Fe6(OH)12SO4) + 12H+ = 2Fe3+ + 4Fe2+ + SO4

2� + 12H2O 30.55 3
Pyrite (FeS2) + H2O = Fe2+ + 0.25SO4

2� + 1.75HS� + 0.25H+ 24.65 2

Surface protonation constantsb

>FeOH + H+ = >FeOH2
+ 7.29 4

>FeOH = >FeO� + H+ �8.93 4
>MOH + H+ = >MOH2

+ 4.60 5
>MOH = >MO� + H+ �8.20 5

Arsenate surface complexation constantsc

2 >FeOH + H3AsO4 = (>FeO)2H3AsO3 + H2O 11.84 6
2 >FeOH + H3AsO4 = (>FeO)2H2AsO3

� + H+ + H2O 5.28 6
2 >FeOH + H3AsO4 = (>FeO)2HAsO3

2� + 2H+ + H2O �0.362 6

Arsenite surface complexation constantsc

2 >MOH + H3AsO3 = (>MO)2AsO� + H+ + 2H2O 0.92 5

Reaction path model parameters (initial conditions)

pH = 7.2 [SO4
2�] = 18 mM [As(V)] = 0.45 mM

[O2(aq)] = 0.2 mM [Na+] = 469 mM [Fe]tot = 100 mM as Fe(OH)3(s)
p(CO2) = 10�3.5 [Cl�] = 499 M

Mineral Surface area (m2 g�1) Site density (sites nm�2) Source

Fe(OH)3(s) 600 2.6 4, 5
GRII(SO4) 47 1.4 5, 7

a References: 1 – (Nordstrom and Archer, 2003); 2 – (Delany and Lundeen, 1990); 3 – (Bourrie et al., 1999); 4 – (Dzombak and Morel, 1990); 5
– (Dixit and Hering, 2003); 6 – (Root et al., 2007); 7 – (Williams and Scherer, 2001).
b (>FeOH) represents Fe(OH)3(s) surface sites; (>MOH) represents GR or magnetite surface sites; magnetite site density from (Dixit and
Hering, (2003) used for GR.
c Mass law expression shown here for binuclear-bidentate surface complexes as an example: Kint = [(� FeO)2H2AsO2

�[H+][�
FeOH]�2[H3AsO3]�1 exp(�FwR�1T�1), where F is the Faraday constant, w is the surface potential, R is the gas constant, and T is the absolute
temperature.
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of quartz (>50%) with lesser amounts of plagioclase feld-
spar and phyllosilicate minerals, including biotite, musco-
vite, clinochlore, and montmorillonite in the fine sediment
fraction (<63 lm). Examination of sediments with SEM
and EDS showed abundant quartz and feldspar grains (5–
50 lm) and fine-grained, platy clay and detrital mica parti-
cles (1–50 lm) in all cores. A sediment sample from the
upper clay/silt zone (Core 1: 61–76 cm) contained small, cu-
bic particles (<1 lm) with large iron and sulfur peaks in the
EDS analysis (Fig. 3A), indicative of iron sulfide, probably
pyrite crystals (confirmed by XAS, see below). No pyrite or
other sulfide minerals were identified with XRD, probably
because abundances were below the detection limit of the
method (2–5 wt.%). In a transition zone sample (Core 3:
107–122 cm), platy minerals characteristic of fine-grained
clays were abundant (Fig. 3B). In sediments from the sandy
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aquifer (below �180 cm), SEM images and EDS analyses
indicated fine-grained, iron-rich coatings (<5 lm) on larger
quartz particles (example from Core 2 shown in Fig. 3C).

3.2. Arsenic and iron X-ray absorption spectroscopy of

sediments

Arsenic and iron oxidation state and speciation derived
from XANES and EXAFS analysis were used to identify
subsurface redox zones in the three cores. The energy of
maximum absorption at the arsenic K-edge is a sensitive
indicator of arsenic oxidation state, with lower oxidation
states shifted to lower energies of maximum absorption
(Foster et al., 1998; Savage et al., 2000; Foster, 2003;
O’Day et al., 2004b). Differences among the XANES spec-
tra for iron are more subtle than those seen in arsenic
XANES and thus are more apparent in first-derivative
spectra, particularly in the spectral regions between 7116–
7121 eV and between 7127–7130 eV (Wilke et al., 2001;
O’Day et al., 2004a). Bulk iron concentrations are high rel-
ative to arsenic in sediments (by �103) and allow for easier
collection of EXAFS spectra. However, the bulk iron XAS
signal in natural sediments is often dominated by iron sub-
stitution in non-reactive, detrital phyllosilicate minerals and
more labile, reactive iron fractions are typically present in
lower abundance (Carroll et al., 2002). Comparison of ar-
senic and iron XANES and EXAFS spectra among core
sediments showed three general subsurface zones (Fig. 4):
(i) an upper reduced zone in which a sulfide fraction was
identified in either the arsenic spectra, the iron spectra, or
both; (ii) a middle transitional zone with mixed oxidation
states for arsenic but no evidence for sulfide phases in either
the arsenic or iron spectra; and (iii) a lower oxidized zone
containing only oxidized As(V). The spectral evidence for
each of these zones is discussed below.

3.2.1. Upper reduced zone

In Cores 1 and 2, near-surface sediments at depths of
15–30 cm contained only As(V) (Fig. 4), probably because
of infiltration of oxidized surface water. Within the upper
clay/silt layer to 170 cm in Core 1, to 90 cm in Core 2,
and to 110 cm in Core 3, analyses of XANES and EXAFS
spectra indicated that all or some of the arsenic in the sam-
ple is reduced and associated with sulfide phases. Compar-
ison of the XANES energy of maximum absorption in the
sediment spectra with sulfide reference compounds showed
absorption maxima in Core 1 samples similar to that of the
mineral realgar (As4S4) at 11,869 eV (Figs. 4 and 5A). In
Cores 2 and 3, the absorption maximum at low energy
was �0.5–1 eV higher than observed for Core 1 sediments,
and similar to the absorption maximum for either amor-
phous As2S3(s) or crystalline orpiment (Figs. 4 and 5)
(O’Day et al., 2004b). In addition to the sulfide absorption
peak, absorption features at slightly higher energy, charac-
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teristic of As(III) (11,872–11,873 eV) or As(V) (11,875–
11,876 eV), were present in samples in this zone from all
cores, indicating mixtures of oxidized and reduced arsenic
in the bulk sediment. Relative proportions of sulfide,
As(III), and As(V) contributions to the XANES spectra
were determined by linear combination fits using reference
compounds (Table 2). The XANES fits are semi-quantita-
tive because they have not been standardized against
known mixtures of reference compounds to account for dif-
ferential absorption/fluorescence response for different ar-
senic species (Campbell et al., 2008). All XAS data were
collected at cryogenic temperature and beam-induced sam-
ple damage was not observed during data collection. We
have no evidence supporting the hypothesis that mixed ar-
senic oxidation states were an artifact of sample handling or
beam damage given the measures taken for sample preser-
vation, lack of spectral change during data collection, and
the presence of some samples containing only As-sulfide.
Thus, the spectral evidence indicates mixed As(III) and
As(V) oxidation states within sulfur-reduced sediments.

Quantitative analysis of EXAFS spectra within the re-
duced sulfur zone corroborates the XANES observations
and demonstrates distinct differences between realgar-like
and orpiment-like local atomic structure. The EXAFS spec-
tra of sample 1-4 (61–76 cm) and realgar are similar, indi-
cating a similar local atomic environment around arsenic
(Fig. 5A). Sample 3-4 also contained similar spectral fea-
tures in the k-range of �8–11 Å�1. Least-squares fits of
sample 1-4 produced interatomic distances identical (within
error) to average interatomic distances in crystalline realgar
(Table 3 and Electronic Annex). The characteristic spec-
trum of realgar and its polymorphs results from high-
amplitude backscattering from As–As dimers at a relatively
short interatomic distance of �2.58 Å, which is strongly
present in sample 1-4. In the orpiment structure, arsenic
is bonded directly to three sulfur atoms (at 2.24–2.31 Å)
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and the nearest arsenic atoms are found at >3 Å (Mullen
and Nowacki, 1972; Foster, 2003; O’Day et al., 2004b).
Three other sediment samples from the reduced zone of
Core 3 were of poorer spectral quality (Fig. 5A). However,
the EXAFS spectra were well fit with a combination of
backscattering atoms consistent with realgar-type or orpi-
ment-type phases, and with oxygen backscattering atoms
associated with As(III) or As(V) noted in the XANES spec-
tra. Sample 3-4 contained a mixture of realgar-like, orpi-
ment-like, and As(V)–O phases, based on comparison
with interatomic distances in reference spectra (Table 3
and Electronic Annex). Sample 3-5 had S > O in first-shell
amplitude in Fourier transformed spectra, while sample
3-6 had S < O (Fig. 5A and Table 3). Although the spectra
are noisy and have a limited data range, the EXAFS of
these samples were well fit assuming local near-neighbor
sulfur and arsenic atoms characteristic of the orpiment
structure (As2S3) rather than realgar. Interatomic As–O dis-
tances from the EXAFS fits for samples 3-5 and 3-6 were
within the expected range for the structural arsenate
(AsO4

3�) group (Table 3).
The bulk iron X-ray absorption spectra in all sediments

were dominated by iron present in phyllosilicate minerals,
probably a combination of detrital micas and clays. The
phyllosilicate fraction was well fit with a reference illite
spectrum containing �8 wt.% iron (Clay Source Minerals
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reference IMt-1) (O’Day et al., 2004a; Root et al., 2007).
Linear combination fits of iron XANES spectra showed
that the phyllosilicate fraction comprised about 60–100%
of the bulk iron (on a per atom basis) in samples from all
three cores (Table 4). In the upper clay/silt layer, analyses
of both XANES and EXAFS indicated the presence pyrite
(FeS2) in some samples in the zone in which As-sulfides
were observed (Fig. 4 and Fig. 5B). The shallowest sample



Table 2
Arsenic XANES fit results.a

Core sample Depth (cm) Realgarb (%) Orpimentc (%) DeV As(III)d (%) As(V)e (%) DeV Conf. limit Total (%)

Reduced zone

1-2 30–46 96.5 – 0.12 – – – 0.03 96.5
1-4 61–76 100.4 – 0.01 – – – 0.03 100.4
1-6 122–137 71.1 24.4 0.48 – 10.1 0.46 0.12 105.6
1-7 152–168 40.2 37.9 0.33 – 26.3 0.69 0.12 104.4
2-1 15–30 – 15.2 0.38 – 93.1 0.37 0.04 108.3
2-2 46–61 23.5 18.1 0.18 – 55.3 0.17 0.10 96.9
2-3 76–91 – 45.6 0.82 – 55.8 0.27 0.12 101.4
3-4 46–61 40.6 40.1 0.42 – 16.5 0.42 0.11 97.2
3-5 62–76 – 84.7 0.70 – 14.0 0.69 0.04 98.7
3-6 77–91 – 58.9 0.13 26.4 14.9 0.40 0.07 98.8
3-7 91–107 37.9 40.4 0.36 – 22.4 0.64 0.16 100.7

Transition zone

1-8 169–183 – – – 64.3 29.4 0.09 0.03 93.7
2-4 107–122 – – – 67.5 33.2 0.44 0.04 100.7
2-5 138–152 – – – 85.8 17.2 0.50 0.35 103.0
2-7 198–203 – – – 73.5 15.1 0.45 0.02 88.6
2-8 229–244 – – – 45.6 54.3 0.34 0.02 99.9
3-8 107–122 – – – 67.2 22.0 0.67 0.03 89.2
3-11 168–183 – – – 77.6 16.7 0.46 0.03 94.3
3-13 198–203 – – – 65.5 43.4 0.21 0.05 108.9

Oxidized zone

1-1 15–30f – – – – 98.7 0.35 0.02 98.7
1-10 193–205 – – – – 103.8 0.33 0.02 103.8
1-11 206–213 – – – – 107.7 0.04 0.02 107.7
1-13 295–305 – – – – 101.9 0.02 0.02 101.9
1-16 325–335 – – – – 100.1 0.01 0.02 100.1
1-18 345–357 – – – – 103.9 0.47 0.03 103.9
2-10 290–305 – – – – 105.1 0.57 0.03 105.1
3-16 259–274 – – – – 104.5 0.18 0.03 104.5

a Results from least-squares fits with energy varied for each sulfide or oxide component (shift reported in eV). Goodness-of-fit reported as
99% confidence limit (conf. limit) equal to three times the estimated standard deviation.

b Fit with crystalline realgar spectrum (O’Day et al., 2004b).
c Fit with freshly precipitated orpiment prepared following Eary (1992).
d Fit with arsenite sorbed to HFO (hydrous ferric oxide precipitated as 2-line ferrihydrite).
e Fit with arsenate sorbed to HFO (hydrous ferric oxide precipitated as 2-line ferrihydrite).
f Surface sediment.
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from Core 1 (1-1, 15–30 cm), which contained only As(V),
had mostly phyllosilicate iron with about 15% Fe(III)-oxide
(fit with ferrihydrite). In samples from 30 to 140 cm, fits to
XANES spectra indicated that the pyrite fraction varied
from 18 to 34% of the total iron (Fig. 4 and Table 4). Fits
to two EXAFS spectra in this zone (1-2 and 1-4) assuming a
mixture of pyrite and illite gave good fits to the data
(Fig. 5B and Table 5; these two samples also had detectable
reactive sulfide). The deepest sample in the sulfide zone in
Core 1 (1-7) could not be fit with iron sulfide (although ar-
senic sulfides were prominent), but instead contained a
small component of Fe(II,III)-oxide. No iron sulfides were
identified in Core 2 and the Fe XANES and EXAFS were
well fit with only a phyllosilicate component. In Core 3, a
small fraction of pyrite was fit in three spectra, with about
5–7% pyrite estimated from the XANES fits (Table 4 and
Fig. 5B). For the samples in which iron sulfide was present,
the spectra could not be fit with combinations of illite and
precipitated FeS (mackinawite structure), for which the lat-
ter has a distinctly different local atomic structure than pyr-
ite (O’Day et al., 2004a).
3.2.2. Middle transition and lower oxidized zones

With increasing depth, disappearance of spectral evi-
dence for a fraction of arsenic or iron bonded in sulfide
phases marks the transition to a zone in which arsenic is
present as mixtures of As(III) and As(V) coordinated by
oxygen (Fig. 4 and Fig. 6A). The proportions of different
arsenic–oxygen species as a function of depth varied irreg-
ularly within this zone, as indicated by fits to XANES spec-
tra (Fig. 4 and Table 2). Total sediment arsenic
concentrations generally showed a minimum in this zone
(Fig. 2) and thus collection of EXAFS spectra was often
unsuccessful. One arsenic EXAFS spectrum from Core 1
(1-8) confirmed the mixed arsenic oxidation states and
bonding by oxygen ligands indicated by the XANES. The
spectrum, although limited in k-range, was fit well with a
first-shell coordination of two oxygen distances, one associ-
ated with As(III) (at 1.77 Å) and one with As(V) (at
1.70 Å), and weak a second-neighbor shell (assumed to be
iron for fitting) (Table 3).

Below the zone of mixed oxidation within the silty-sand
aquifer, all arsenic was present as As(V) ligated to oxygen



Table 3
Arsenic K-edge EXAFS fit results.a

Sample Atom N R (Å) r2 (Å2) DE0 (eV) v2

Reduced zone

1-4b S 2c 2.24 0.0029 �8.4 1.37
As 1c 2.58 0.0031
As 2.5c 3.49c 0.0043
As 0.75c 3.63c 0.011
S 2.5c 3.67c 0.0064

3-4 O 0.5 1.70c 0.0040c �9.6 0.86
S 1.0 2.23 0.0040c

As 0.2 2.58c 0.0048c

S 1.7 3.17 0.014c

As 2.0 3.21 0.0087c

As 1.3 3.45 0.0057c

3-5 O 1.2 1.69 0.0040c �6.5 1.60
S 1.6 2.25 0.0034c 8
As 1.8 3.19c 0.0087c

S 1.5 3.22c 0.014c

As 0.4 3.52c 0.016c

3-6 O 2.1 1.68 0.0040c �5.4 5.59
S 1.0 2.25 0.0040c

Transition zone

1-8 O 1.0 1.70c 0.0040c �3.4 2.92
O 2.2 1.77c 0.0045c

Fe 0.7 2.92 0.0031c

Oxidized zone

1-16 O 4.0c 1.70c 0.0021 2.3 1.65
MSd 1.0/ 3.09/ 0.0032/
Fe 0.7 3.29 0.0031c

2-10 O 4.0c 1.70 c 0.0016 �2.1 4.77
MSd 1.0/ 3.07/ 0.0024/
Fe 0.4 3.32 0.0031c

a N is the number of backscattering atoms at distance (R); r2, the Debye–Waller term, is the absorber-backscatterer mean-square relative
displacement; DE0 is the threshold energy difference; v2 is a reduced least-squares goodness-of-fit parameter(= F-factor/(# of points � # of
variables). Scale factor (S2

0) = 1.
b Fit reported previously (O’Day et al., 2004b).
c Parameter fixed in least-squares fit using value from fits to reference compounds; / parameter linked in fit to the parameter directly above.
d Spectrum fit with a multiple scattering path from As–O–O–As in arsenate tetrahedra.
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atoms based on XANES absorption maxima. There was lit-
tle variation in the shape of the XANES spectra among the
sediment samples and compared with a reference arsenic
sorption sample (Figs. 4 and 6A). Arsenic EXAFS spectra
were fit with first-shell oxygen atoms at As–O distances
typical of arsenate tetrahedra (Table 3), which is generally
invariant (Foster, 2003). Weak second-neighbor
backscattering was assumed to be iron in quantitative fits,
although it is probably a mixture of iron and weaker atomic
scatterers such as aluminum and silicon. The low amplitude
of second-neighbor backscattering is evidence for lack of
incorporation of arsenic into crystalline structures and
points to adsorption as the primary mode of arsenic
uptake.

Similar to the upper reduced zone, the iron X-ray
absorption spectra in the transition and oxidized zones were
dominated by iron associated with detrital phyllosilicates,
which accounted for 65–100% of the spectral signal
(Fig. 6B and Table 4). Principle components analyses and
sensitivity tests of linear combination fits showed that the
XANES spectra in this zone could be fit with either one
or two components in addition to the phyllosilicate compo-
nent. Because of spectral overlap and lack of uniqueness,
iron XANES spectra were fit conservatively with only two
components, a combination of illite (IMt-1) (65–100%)
and an Fe(III)-oxide component (represented by ferrihy-
drite), with the exception of two spectra in these zones that
indicated the minor presence of an Fe(II,III)-oxide compo-
nent. Rather than an Fe(III) component, these spectra were
better fit with a reference synthetic green rust (2-hydroxy-
sulfate form) in addition to the phyllosilicate component
(Table 4 and Fig. 6B). Acceptable fits could also be pro-
duced with magnetite as the reference but results with green
rust were slightly better. The iron EXAFS spectra were
dominated by backscattering atoms of the phyllosilicate
component such that backscattering from the second iron
component overlapped those of the phyllosilicate (Table 5
and Fig. 6B).



Table 4
Iron XANES fit results.a

Core sample Depth (cm) Fit (%) DeV Conf. limit Fit (%) DeV Conf. limit Fit (%) DeV Conf. limit Total (%)
Reduced zone Phyllosilicateb Iron sulfidec FeII,III-oxided

1-2 30–46 63.3 0.36 0.03 34.3 0.49 0.04 – – – 97.7
1-4 61–76 81.8 0.00 0.03 18.0 0.39 0.03 – – – 99.8
1-6 122–137 75.2 0.06 0.03 23.0 0.62 0.04 – – – 98.3
1-7 152–168 90.5 0.11 0.04 – – – 8.4 0.66 0.03 98.9
2-3 76–91 100.5 0.39 0.09 – – – – – – 100.5
3-4 46–61 93.3 0.36 0.02 7.4 0.21 0.02 – – – 100.6
3-5 62–76 95.8 0.23 0.02 6.8 0.61 0.02 – – – 102.6
3-6 77–91 94.9 0.20 0.02 4.8 0.20 0.02 – – – 99.7

Transition zone Phyllosilicateb FeIII-oxidee FeII,III-oxided

1-8 169–183 92.6 0.17 0.05 – – – 11.1 0.73 0.04 103.7
2-5 138–152 81.5 0.19 0.06 17.1 0.20 0.060 – – – 98.6
2-6 153–183 86.9 0.20 0.07 10.6 0.01 0.072 – – – 97.5
2-7 198–203 74.5 0.12 0.07 25.0 0.53 0.090 – – – 99.5
2-8 229–244 68.5 0.14 0.06 30.7 0.42 0.060 – – – 99.2

3-11 168–183 71.2 0.09 0.08 31.4 0.35 0.084 – – – 102.6
3-13 198–203 102.1 0.11 0.03 – – – – – – 102.1

Oxidized zone Phyllosilicateb FeIII-oxidee

1-1 15–30 84.0 0.16 0.09 15.0 0.64 0.09 – – – 99.0
1-10 193–205 89.9 0.03 0.05 – – – 10.5 0.00 0.04 100.4
1-11 206–213 63.6 0.25 0.06 35.7 0.13 0.07 – – – 99.3
1-13 295–305 66.8 0.22 0.06 32.7 0.12 0.06 – – – 99.5
1-16 325–335 65.0 0.01 0.05 34.4 0.08 0.05 – – – 99.4
1-18 345–357 68.7 0.02 0.06 27.6 0.10 0.06 – – – 96.4
2-9 259–274 67.9 0.12 0.05 31.5 0.40 0.05 – – – 99.4

2-10 290–305 68.8 0.22 0.05 29.6 0.37 0.05 – – – 98.3
3-8 107–122 86.0 0.27 0.05 13.4 0.11 0.05 – – – 99.3

3-15 259–274 73.5 0.19 0.08 24.3 0.07 0.09 – – – 97.8

a Results from least-squares fits with energy varied for each component (shift reported in eV). Goodness-of-fit reported as 99% confidence
limit (conf. limit) equal to three times the estimated standard deviation.

b Fit with reference illite (IMt-1), Clay Minerals Society reference mineral previously analyzed by XAS (O’Day et al., 2004a).
c Fit with a pyrite reference spectrum O’Day et al. (2004a)).
d Fit with green rust 2-hydroxy-sulfate spectrum prepared following Drissi et al. (1995).
e Fit with synthetic 2-line ferrihydrite spectrum prepared following Schwertmann and Cornell (1991).
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3.3. Sediment sequential extractions

Arsenic and iron concentrations from sequential chemi-
cal extractions of sediments are shown in Fig. 7 (numerical
results tabulated in the Electronic Annex). Both extraction
step 3 (0.2 M ammonium oxalate and oxalic acid (AAO))
and step 4 (1 M HCl) partially dissolved As-sulfide in some
cores, in addition to the targeted amorphous and poorly
crystalline iron and aluminum oxide phases, based on the
fraction of sulfide indicated by XANES in the upper re-
duced zone (e.g., up to 100% in Core 1), and previous work
(Wilkin and Ford, 2002). Thus, the fractions of arsenic and
iron extracted in these two steps were combined in Fig. 7
(AAO + HCl) since targeted phases were not well distin-
guished by the individual steps.

In the upper reduced zone in Core 1, extracted arsenic
was mostly associated with AAO + HCl and aqua-regia
steps. Only about 10–15% of total arsenic was extracted
in the first two steps, typically associated with weakly and
strongly bound adsorbed fractions. In one sample each
from the reduced zone of Cores 2 and 3, half to all of the
arsenic was extracted in the first two steps. These samples,
however, had much lower total arsenic concentrations than
most of the samples in Core 1 (Fig. 7). In the middle tran-
sition zone, total arsenic concentrations were low
(<0.5 mmol kg�1) and almost half to all of the arsenic
was extracted in the first two steps, with a significant
amount removed in the MgCl2 extraction associated with
an easily exchanged fraction. In the lower oxidized zone, to-
tal arsenic concentrations were higher (1–5 mmol kg�1),
especially in Core 1, and arsenic was distributed between
adsorbed and AAO + HCl fractions.

In contrast to arsenic, a majority of iron in many sam-
ples was bound in the fraction digested in aqua-regia,
reflecting association with crystalline solids. In all sediment
samples, very little iron was removed in the first two steps
associated with adsorbed species (Fig. 7). In the upper re-
duced zone, 15–35% of total iron was extracted prior to
the aqua-regia step, mostly in the AAO + HCl fractions.
With increasing depth to the oxidized zone, the fraction
of extractable iron in the AAO + HCl fractions increased
to up to about 65% in some samples. Analyses of iron
XANES indicated a fraction of iron associated with pyrite
in the upper reduced zone in samples from Cores 1 and 3,



Table 5
Iron EXAFS fit results.

Sample Non-sulfide componenta Pyrite componentb

Atom N R (Å) r2 (Å2) DE0 (eV) Atom N R (Å) r2 (Å2) DE0 (eV) v2

Reduced zone

1-1 O 6.0c 2.02 0.0090 �0.3 0.49
Fe 1.0 3.08 0.0050c

Si 1.0 3.26c 0.0065c

Fe 1.3 3.44 0.0080c

1-2d O 1.8 2.01 0.0050c �1.0 S 1.0 2.25c 0.0012c �5.8 0.44
Fe 0.5 3.08 0.0050c S 1.0/ 3.44c 0.0066c

Si 0.6 3.26c 0.0065c Fe 2.0/ 3.83c 0.0066c

1-4d O 2.1 2.00 0.0060c �1.1 S 0.7 2.25c 0.0012c �6.9 0.35
Fe 0.7 3.08 0.0050c S 0.7/ 3.44c 0.0066c

Si 0.6 3.26c 0.0065c Fe 1.3/ 3.83c 0.010c

2-3 O 6.0c 2.00 0.0064 �0.8 1.68
Fe 2.7 3.08 0.0050c

Si 4.1 3.26c 0.0065c

Fe 3.9 3.40 0.0080c

Fe 3.3 3.24 0.0070c

3-5 O 5.2 2.01 0.0060c �0.3 S 0.2 2.25c 0.0012c �2.7 0.20
Fe 1.1 3.08 0.0050c S 0.2/ 3.44c 0.0066c

Si 1.3 3.26c 0.0065c Fe 0.4/ 3.83c 0.0066c

Fe 0.9 3.43 0.0080c

3-6 O 5.8 2.01 0.0075 �0.9 S 0.2 2.25c 0.0012c 1.5 0.13
Fe 1.2 3.09 0.0050c S 0.2/ 3.44c 0.0066c

Si 2.0 3.26c 0.0065c Fe 0.4/ 3.83c 0.0066c

Fe 1.2 3.40 0.0080c

Transition zone v2

1-8 O 6.0c 2.02 0.0093 �0.8 0.38
Fe 1.4 3.04 0.0050c

Si 1.5 3.26c 0.0065c

Fe 2.1 3.41 0.0080c

Fe 1.7 3.20 0.0070c

2-7 O 6.0c 2.01 0.0074 �0.6 0.37
Fe 1.3 3.08 0.0050c

Si 2.0 3.26c 0.0065c

Fe 1.4 3.37 0.0080c

2-8 O 6.0c 2.00 0.0086 �0.8 0.76
Fe 1.4 3.04 0.0050c

Si 3.7 3.26c 0.0065c

Fe 3.1 3.38 0.0080c

Fe 2.8 3.20 0.0070c

3-13 O 6.0c 2.01 0.0085 �1.0 0.66
Fe 1.4 3.06 0.0050c

Si 3.1 3.26c 0.0065c

Fe 2.5 3.40 0.0080c

Fe 2.1 3.22 0.0070c

Oxidized zone v2

1-16 O 6.0c 2.00 0.0090 �0.8 0.35
Fe 1.0 3.06 0.0050c

Si 1.3 3.26c 0.0065c

Fe 1.7 3.41 0.0080c

2-10 O 6.0c 2.01 0.0075 �0.1 0.19
Fe 1.2 3.07 0.0050c

Si 1.5 3.26c 0.0065c

Fe 1.5 3.40 0.0080c
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Table 5 (continued)

a Non-Sulfide component: Phyllosilicate-oxide composite; values for r2 were fixed for all shells based on empirical fits to reference
compounds of similar composition and structure; R, N, and DE0 (one variable for all shells) were varied, except for the Fe–Si shell, which will
co-vary with Fe shells if floated independently. This shell was fixed on a typical crystallographic distances for Fe–Si in phyllosilicates (see
O’Day et al., 2004a).

b Pyrite component: Interatomic distances (R) were fixed on crystallographic values from pyrite and r2 was fixed on values determined from
fits to reference sulfide compounds; N for each shell was varied as a linked parameter in proportions based on the known coordination in
pyrite; DE0 was a single variable for all shells; S2

0 = 1 (O’Day et al., 2004a).
c Parameter fixed in least-squares fit using value from fits to reference compounds; / parameter linked in fit to the parameter directly above;

S2
0 = 0.7 for spectra containing no Fe-sulfide (O’Day et al., 2004a).
d Fit reported previously (O’Day et al., 2004b).
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varying from about 5–34% of the XAS iron signal. It is not
apparent from the extraction data if iron sulfides were dis-
solved in the AAO + HCl or aqua-regia steps (volatilized
sulfur was not measured). It is likely that some iron sulfide
was extracted in both steps, depending on its crystallinity in
the sediments. In the transition and oxidized zones, no iron
sulfides were present based on XANES analyses. Extraction
in the AAO + HCl step probably dissolved poorly crystal-
line solids and small particles, such as iron oxides and clay
minerals.

3.4. Aqueous chemistry

Concentrations of dissolved arsenic and other constitu-
ents in groundwater sampled from site monitoring wells
are reported in Table 6. Direct information on groundwater
chemistry was restricted to the screened intervals in moni-
toring wells, all of which were in the lower saturated zone
below water table level (pore waters were not recovered
successfully from sediment cores). Total dissolved arsenic
concentrations decreased from a high of 42 lM in well
WCC-10 beneath the former industrial site, which had the
highest fraction of As(V) compared to As(III) (69%), to
<0.10 lM in tidal marsh wells (Table 6 and Fig. 1). Moni-
toring wells within the tidal marsh had lower total arsenic
and contained both dissolved As(III) (44–56%) and
As(V). Well W-123, furthest downgradient in the tidal
marsh, had 72% As(III). Field Eh measurements showed
qualitatively a trend to more reducing conditions in the
marsh subsurface compared to upland well sites (S.S. Pap-
adopulos & Associates, 2000; Geomatrix and S.S. Papado-
pulos & Associates, 2002). Dissolved iron and manganese
concentrations were also elevated in wells within the marsh
area (Table 6). Total dissolved solids increased in ground-
water from upland wells to the marsh from 2210 to
26,700 mg L�1, indicating a change from mostly fresh
groundwater to a mixture of fresh water and saline Bay
water, and pH generally decreased. Trace dissolved ele-
ments in all wells (other than arsenic) did not show elevated
concentrations above background levels (data not re-
ported). Nitrate concentrations correlated with other
groundwater constituents and were just above the limit of
detection in most wells, with elevated nitrate in wells M-4
and W-129 (Table 6). Arsenic, iron, and manganese concen-
trations measured in wells in the tidal marsh area cannot be
explained by mixing and dilution alone if chloride is as-
sumed to be conservative and the chloride concentration
of South San Francisco Bay water (Table 6) is used as a
qualitative guide to the extent of dilution of fresh ground-
water with saline bay water.

4. DISCUSSION

4.1. Speciation of sediment arsenic and iron

4.1.1. Reduced zone

Spectroscopic characterization from arsenic and iron
XAS, together with supporting electron microscopy and
XRD, showed changes in arsenic and labile iron speciation
on a centimeter scale that were used to define in situ

subsurface redox zones in the tidal marsh. These results
showed that arsenic sulfide phases (or possibly sorbed spe-
cies, see below), with either realgar-like or orpiment-like lo-
cal atomic structure, were present in the upper reduced
sediment zone (below the depth of surface oxidation), with
or without variable proportions of As(III) or As(V) bonded
to oxygen. The source of arsenic contamination at this site
was arsenate and arsenite salts for agricultural herbicide pro-
duction, and no sulfide forms of arsenic were used (USEPA,
1992). Thus, arsenic reduction and precipitation of arsenic
sulfide phases or species most likely occurred in situ.

Distinct differences in the local atomic structure around
arsenic in realgar, orpiment, arsenopyrite, and arsenic- bear-
ing pyrite permit interpretation of the primary mode(s) of
arsenic speciation in sulfide phases (Savage et al., 2000;
O’Day et al., 2004b; Gallegos et al., 2007; Lowers et al.,
2007). The presence of As–As dimers in realgar-type phases
gives rise to the strong beat pattern seen in the EXAFS,
which corresponds to the large peaks in the Fourier trans-
form between 2 and 3.5 Å (uncorrected for phase shift;
Fig. 5), which are not present in orpiment-type structures
and thus are diagnostic of realgar-type local structure. Real-
gar polymorphs (a, b, x, and pararealgar) and related As–S
compounds with near 1:1 stoichiometry have covalently
bonded cage-like structures of arsenic and sulfur atoms
(Porter and Sheldrick, 1972; Bonazzi et al., 1995, 1996; Bon-
azzi and Bindi, 2008). Because EXAFS probes local atomic
structure, realgar-type polymorphs are not distinguishable
from each other on the basis of their EXAFS spectra alone.
However, arsenopyrite and arsenic structurally substituting
for sulfur in pyrite produce distinctly different EXAFS from
either orpiment or realgar (Savage et al., 2000). Substitution
of As(III) for iron in pyrite has been reported recently, but
its occurrence to date is limited to acidic, high sulfidation
hydrothermal deposits (Deditius et al., 2008). Correlation
of XANES spectra with structural determinations from
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EXAFS in reference compounds also establishes that shifts
in maximum absorption energy shown above can be used to
distinguish among realgar-type, orpiment-type, and arseno-
pyrite/pyrite-type arsenic species (with accurate calibration)
(Savage et al., 2000; Bostick et al., 2004; O’Day et al., 2004b;
Gallegos et al., 2007; Lowers et al., 2007). The sediment
sample XANES and EXAFS spectra constrain the arsenic
sulfide phases to realgar-like and orpiment-like at the molec-
ular scale, with no spectral evidence for substitution in pyr-
ite or arsenopyrite.



3-11 

0 1 2 3 4 5 

1-2 
1-3 
1-4 

2-3 
3-2 

1-7 

1-10 

2-7 

3-13 

1-1 

1-11 
1-13 
1-16 
1-18 
2-9 

2-10 

1. MgCl2

3. AAO & HCl 
4. Aq Regia (tot.)

2. PO4

R
ed

uc
ed

 

mmol kg-1 

A. Sediment-extracted As concentrations

B. Sediment-extracted Fe concentrations

O
xi

di
ze

d 
R

ed
uc

ed
 

0 100 200 300 400 500 600 700 800 900 1000 

1-2 
1-3 
1-4 

2-3 
3-2 

1-7 

1-10 

2-7 

3-13 

1-1 

1-11 
1-13 
1-16 
1-18 

2-9 
2-10 

3-11 

mmol kg-1 

Tr
an

si
tio

n
Tr

an
si

tio
n

O
xi

di
ze

d 

1. MgCl2

3. AAO & HCl
4. Aq Regia (tot.)

2. PO4

Fig. 7. Sequential chemical extractions of selected sediment core samples in the following order: (1) 1.0 M MgCl2; (2) 1.0 M NaH2PO4; (3)
0.2 M ammonium oxalate and oxalic acid followed by 1.0 M HCl (extracted fractions combined); (4) aqua-regia reflux (12 M HCl + HNO3)
done on a separate sample split (total concentration). (A) Arsenic. (B) Iron.

Speciation and Natural Attenuation of Arsenic 5545
Most of the sediments in the upper sulfide zone con-
tained mixtures of arsenic sulfide and As(V)–O species.
The presence of reduced and oxidized species in the same
bulk sample is not an artifact of post-collection oxidation
based on rigorous preservation and replicate measure-
ments. Analyses of EXAFS spectra from this zone,
although limited, showed structural features beyond the
first coordination shell in samples with sulfide that were
consistent with orpiment- or realgar-type structures, and
did not indicate only thioarsenite or thioarsenate surface
complexes (Bostick et al., 2005; Gallegos et al., 2007),
although the presence of a minor fraction of sorbed species
could be masked by crystalline phases. Arsenic was not de-
tected with SEM/EDS, suggesting that particle size is small
(perhaps micro-to-nanoscale) or particle abundance is low,
or both, for arsenic-bearing phases. No sulfide phases
(either arsenic or iron) were detected in bulk sediments with
XRD. In the analysis of bulk sediments from Core 1, reac-
tive sulfide was detected in only two samples that had spec-
troscopic evidence for both arsenic and iron sulfide.
Although detection limits by this method are not very
low, bulk chemical analyses indicated that the reduced zone
did not contain large amounts of sedimentary sulfide. Inter-
estingly, some samples were dominated by arsenic sulfide
species in their as X-ray spectra (up to 100%) but the corre-
sponding Fe XANES indicated much lower fractions of
iron sulfide (Table 4), indicating the importance of arsenic
bonding to sulfide as a sequestration mechanism. The oxi-
dized arsenic species in the reduced zone sediments were
clearly identified in spectra as As(V)–O rather than
As(III)–O, with the exception of one sample that contained
both As(III)–O and As(V)–O in addition to As-sulfide. We
interpret the mixture of arsenic sulfide and arsenic oxide in
the bulk X-ray absorption spectra as probably spatially dis-
tinct species, although the scale is unknown and con-
strained spectroscopically only as greater than the
molecular-scale probe of XAS (�3–5 Å).

Sequential chemical extractions of sediment from the re-
duced zone indicated a mixture of easily desorbed and re-
calcitrant arsenic. Extractions from Core 1 showed that



Table 6
Groundwater chemistry in monitoring wells (see Fig. 1 for well locations).a

Well Astot

(lM)
As(III)
(lM)

As(V)b (lM) Ca
(mM)

Fe
(mM)

Mg
(mM)

Mn
(lM)

Na
(mM)

Cl�

(mM)
NO3

�

(lM)
SO4

2�

(mM)
Alk (as
CaCO3)
(mM)

EC
(lS cm�1)

pH Eh (mV) T (C�)

D.L.c 1.3 � 10�3 1.3 � 10�3 1.3 � 10�3 2.5 � 10�3 1.8 � 10�3 4.1 � 10�3 0.18 4.3 � 10�3 0.06 0.15 0.02 0.02 0.1 0.01 0.1 0.1

W-114 0.422 0.235 0.187 7.76 0.217 37.24 89.19 344.07 411.8 0.16 14.05 11.2 30800 7.2 n.a. 14.7
W-115 0.410 0.184 0.226 13.22 0.362 46.08 131.1 350.59 394.9 0.32 19.57 14.8 29300 6.8, 6.9d �113, �73d 14.8
W-123 0.105 0.076 0.029 9.282 0.437 38.59 54.61 365.38 425.9 0.16 16.45 12.0 29900 6.3, 7.0d n.a., �129d 14.5
W-128 0.049 0.003 0.047 6.737 0.295 6.007 69.17 30.49 19.86 0.65 5.06 3.18 3090 6.5 n.a. 19.0
W-129 0.067 n.a. n.a. 9.107 0.158 35.38 63.71 347.11 431.6 6.29 17.07 11.1 10700 6.4 n.a. 18.7

WCC-10 42.0 13.2 28.8 9.556 0.002 6.418 38.22 58.29 42.31 0.16 4.87 4.00 5290 7.1, 7.9d 103, 69d 19.3

M-4 3.32 1.86 1.47 6.163 0.114 24.15 7.28 230.1 249.9 4.84 13.74 7.57 21000 6.4, 7.0d �67d 14.3

S-1 5.81 n.a. n.a. 0.631 0.017 1.392 18.42 39.10 10.37 n.a. 2.00 6.66e 4530 7.5 �63 18.4
S-2 26.6 n.a. n.a. 9.282 0.211 37.30 98.82 280.3 182.5 n.a. 16.44 5.12e 42900 6.8 �69 11.9
S-3 0.187 n.a. n.a. 8.987 0.203 36.93 158.0 294.9 185.7 n.a. 16.21 4.90e 43300 6.7 �58 13.0
S-4 0.093 n.a. n.a. 8.835 0.259 38.13 156.8 305.2 187.4 n.a. 17.71 6.04e 44700 6.7 �64 14.4

Bay waterf 0.026 n.d. n.d. 10.28g n.d. 52.66h 0.07 468.9i 498.6 0.32 9.35j n.a. 42030 7.9 n.a. n.a.

a n.d., not detected; n.a., not analyzed; all analyses from 2002, except where indicated.
b As(V) was determined by difference of Astot and As(III) from ion-exchange separation.
c Instrument detection limit (D.L.).
d Analysis from 1999.
e Measured by titration (APHA Standard Methods 2320B); all other alkalinity values estimated from Ca + Mg concentrations.
f Bay water from Gandesbery et al. (1999); major elements estimated from salinity measurements.
g Olson and Chen (1982).
h Carpenter and Manella (1973).
i Millero and Leung (1976).
j Morris and Riley (1966).

5546
R

.A
.

R
o

o
t

et
al./

G
eo

ch
im

ica
et

C
o

sm
o

ch
im

ica
A

cta
73

(2009)
5528–5553



Speciation and Natural Attenuation of Arsenic 5547
the majority of arsenic was associated with a more recalci-
trant phase or phases (samples 1-2, 1-3, 1-4, 1-7) extracted
by AAO, HCl, or aqua-regia digest. XANES and EXAFS
showed that this core was dominated mostly by realgar-
type arsenic (with no or minor As(V)–O or orpiment-type).
Cores 2 and 3, which contained more orpiment-like arsenic
sulfide and As(V)–O than Core 1, had lower total arsenic
concentrations and more easily extracted arsenic. This
may suggest that sediments with realgar-type arsenic in
Core 1, which was closer to the former contamination
source and had less tidal influence than Cores 2 and 3, were
more crystalline (i.e., recalcitrant) and perhaps more aged
than arsenic sulfide in Cores 2 or 3. The extraction data to-
gether with spectroscopic evidence support the interpreta-
tion of arsenic sulfide predominantly as precipitated
orpiment- or realgar-type phases, possibly with a variable
fraction of sorbed As-sulfide species, and in association
with iron sulfide solids in some samples. Realgar-type ar-
senic was detected in both Cores 1 and 3, and it is not ex-
pected that realgar is a product of orpiment aging.
Thermodynamic calculations show that formation of either
realgar- or orpiment-type phases is possible at ambient tem-
perature depending on the activity of sulfide and arsenic,
and on system pH and Eh (O’Day et al., 2004b; Gallegos
et al., 2007, 2008; and analysis below). However, previous
studies have noted the difficulty in abiotically precipitating
crystalline or amorphous realgar at room temperature
(Nordstrom and Archer, 2003; Gallegos et al., 2008), which
may point to the importance of microbial mediation
in the formation of arsenic sulfide phases at ambient
temperatures.

Analyses of the iron EXAFS spectra indicated the for-
mation of iron sulfide as pyrite in minor amounts in some
of the sediments in the reduced zone, but not in all samples
in which arsenic sulfide phases were identified. The spectral
signal for iron in sediments was dominated by iron substi-
tution in detrital phyllosilicate minerals (mostly mica-type
phases). The iron sulfide fraction was identified as pyrite
(comprising 0–34% of total iron from XAS), not FeS (as
mackinawite or greigite) on the basis of XANES and
EXAFS analysis, although minor phases would not be de-
tected by this method (practical XAS detection limits for
iron phases are about 5% Fe by atomic mass; see O’Day
et al., 2004a). The spectral interpretation is consistent with
SEM and EDS observations of Core 1 sediments that
showed small, cubic crystals rich in iron and sulfur in some
Core 1 samples. Iron sulfide phases were not detected in
Core 2, and they comprised a small fraction of the iron
XAS signal (<10%) in Core 3. The difference in pyrite abun-
dances between Core 1 and Cores 2 and 3, and the presence
of As(V) in Cores 2 and 3 noted above, suggest that sedi-
ments were generally more oxidized in Cores 2 and 3 than
in Core 1.

4.1.2. Transition and oxidized zones

The middle transition zone, defined by absence of sulfide
and the presence of both As(III) and As(V) ligated by oxy-
gen, coincided with the approximate seasonal variation in
water level in the shallow aquifer (Fig. 2). This mixed zone
was more compressed vertically in Core 1 than in the other
two cores, probably because of hydrologic flow. Total sedi-
ment arsenic concentrations were lowest in this zone, with a
majority of arsenic associated with easily extracted frac-
tions. Spectroscopic and extraction results indicated mix-
tures of sorbed As(III)–O and As(V)–O species. Iron
XANES spectra were well fit by a dominant detrital phyllos-
ilicate component and a secondary Fe(III)-oxide component
(0–35%). One spectrum in the transition zone and one spec-
trum near the top of the oxidized zone were better fit with a
mixed Fe(II,III)-oxide phase (either green rust or magnetite)
rather than Fe(III)-oxide, comprising about 10% of the total
iron signal. Silt and clay sediments in the transition zone are
subject to wetting and drying from seasonal raising and low-
ering of water level. Arsenic and iron speciation in this zone
reflects cycles of arsenic reduction and oxidation, and leach-
ing of arsenic to groundwater as indicated by the concentra-
tion minima observed in the sediments.

In the oxidized zone in which only As(V)–O was present,
total arsenic concentrations increased, particularly in Core
1 (Fig. 2). Arsenic was distributed between adsorbed and
HCl + AAO-extractable fractions and there was an overall
increase in HCl + AAO-extractable iron compared with
shallower depths (Fig. 7). The Fe(III)-oxide component
from XANES fits was �30% on average (n = 8; Table 4).
Results from XAS and sequential extractions are consistent
with a mixture of As(V) and As(V) sorbed and/or co-pre-
cipitated with Fe(III)-(hydr)oxide in this zone. Arsenic, as
oxidized As(V), is probably being retained in the saturated
oxic groundwater sediments by a combination of adsorp-
tion and co-precipitation with iron, with total arsenic sedi-
ment concentrations decreasing away from the former
contaminant source.

4.2. Spatial relationships in sediment and shallow

groundwater chemistry

Vertical zonation and lateral speciation changes ob-
served in sediments, together with groundwater chemistry
from monitoring wells, provide constraints on processes
controlling arsenic speciation and distribution. In the satu-
rated zone, dissolved and sediment arsenic concentrations
decreased rapidly with distance from the former source
where fresh groundwater mixes with higher salinity San
Francisco Bay water infiltrating the subsurface at the edge
of the tidal marsh. There was also a general trend of an
increasing fraction of dissolved As(III) in tidal marsh wells
compared to upland wells, although the data were variable
among limited measurements (Table 6). Speciation in sedi-
ments and porewaters can be interpreted from an equilib-
rium perspective by examining ranges of Eh, pH, and
sulfur activity at arsenic and iron concentrations represen-
tative of those observed at the site (Fig. 8A). Groundwater
in upland areas was relatively oxidized and fell within re-
gions where aqueous As(V) and Fe(III) phases (shown as
ferrihydrite) or Fe(II,III) phases (shown as green rust) were
the predominant species, based on measured pH and Eh (Pt
electrode) (Table 6 and Fig. 8A). Samples from wells in the
tidal marsh were more reduced and fell within the predom-
inant stability fields of As(III) and dissolved Fe2+. None of
the water samples fell within the calculated stability fields
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where iron or arsenic sulfide phases are predicted to be
dominant, but this is not surprising since extraction of pore
waters from sediments in the low porosity sulfide zone was
unsuccessful. All of the analyzed groundwater was sampled
from the saturated aquifer below the sulfate-reduced zone.
Although the porewater analyses were limited, the presence
of reduced aqueous species in the saturated zone in some
wells indicates active biogeochemical reduction of arsenic
and iron from sediments and partitioning to groundwater.
Evidence from spectroscopic characterization of sedi-
ments (as opposed to porewater) indicated a subsurface
zone where speciation in unsaturated (above the water ta-
ble) and transition zone sediments (within the range of
water table fluctuation) varied on the centimeter scale from
reduced (sulfide present) to oxidized (As(V)–O only pres-
ent). These observations indicate a dynamic system in
which the activity of reduced sulfur (as total sulfide) varies
considerably in time and space, and is probably controlled
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by rates of microbial sulfate reduction and biotic and abi-
otic sulfide oxidation. The effect of variable sulfide can be
illustrated as a function of total sulfide activity
(H2S + HS�) for fixed pH (= 7.5) and variable Eh
(Fig. 8B) at the same total arsenic and iron concentrations
used in Fig. 8A. At equilibrium under these conditions,
orpiment may stably co-exist with dissolved As(III) and/or
As(V), but with the latter only at high total sulfide activity
and slightly more oxidized conditions. Orpiment may or
may not co-exist with pyrite at equilibrium. Realgar, in
contrast, can co-exist only with dissolved As(III) and not
with As(V) at equilibrium, and is stable only under condi-
tions of pyrite stability.

It is important to recognize that the sizes of the predom-
inance fields for solid phases shown in Fig. 8 are dependent
on the total concentrations of arsenic, iron, and sulfur se-
lected for the calculation (see e.g., O’Day et al., 2004b),
as well as uncertainty in thermodynamic data for metasta-
ble phases such as green rust and ferrihydrite. For systems
in which precipitation and dissolution are relatively rapid,
the labile fraction of the component, rather the total sedi-
ment concentration, is probably a more representative con-
centration for modeling natural systems. In these
calculations, total iron concentration (representing rapidly
reacting iron in the system) was two orders of magnitude
higher than total arsenic concentration, which is in the
range of many sites contaminated with arsenic. Calcula-
tions at higher iron concentration expand the stability field
of metastable green rust; at lower pH, green rust is not sta-
ble. Total sulfur in many systems may be similar to the con-
centration of labile iron but it cycles rapidly, such that
sulfide activity is probably locally variable. Although an
equilibrium analysis neglects kinetic processes that are
obviously important, these calculations point out that arse-
nate(aq), arsenite(aq), and orpiment(s) may co-exist at equi-
librium under conditions of pH and arsenic, iron, and
sulfur concentrations found in natural environments. Thus,
the spectroscopic observations of mixed arsenic species in
the sediments at the study site are not necessarily a result
of kinetic limitations, and may represent local equilibrium
controlled by biotic and abiotic reactions that involve sulfur
reduction and oxidation, perhaps on a lm-to-cm scale.

4.3. Reaction progress modeling

The dynamic interplay between sorption/desorption and
dissolution/precipitation processes among arsenic, iron,
and sulfur in systems cycling from oxidized to reduced (or
vice versa) can be simulated for a general case using a reac-
tion progress modeling approach. This type of redox cy-
cling is found, for example, in systems experiencing
seasonal changes in water level elevation, or in aquifers
periodically infiltrated by oxygenated recharge waters that
become progressively reduced by microbial organic matter
oxidation (e.g., Dhar et al., 2008; Polizzotto et al., 2008).
In the absence of direct kinetic measurements, the progres-
sive change from a sulfur- and iron-oxidized system to the
reduction of iron and sulfate and presence of sulfide can
be modeled by a reaction progress variable that reduces
the overall redox potential (Eh or pe) of the system. Lower-
ing of system redox potential (the reaction progress) was
calculated as a function of the amount of acetic acid
(representing labile organic matter) titrated into the system
as a surrogate for microbial organic matter respiration.
One model of the consequences of this reduction pathway
is illustrated in Fig. 9. The model parameters are generaliza-
tions of conditions observed at the study site, but are in-
tended to represent arsenic, iron, and sulfur concentrations
and ratios that may be found at sites of arsenic contamina-
tion from anthropogenic or natural sources.

The initial model conditions (Table 1) were set by
assuming As(V) sorbed to ferrihydrite (100 mmol) and a
system arsenic concentration of 0.45 mM (1 kg solution),
giving a total system Fe/As ratio of 222 (Fig. 9). Initial
equilibrium was established between As-sorbed ferrihydrite
and an aqueous solution with major element chemistry gen-
eralized from site groundwater in the tidal marsh area at
oxygenated conditions (Table 1). Therefore, this model sce-
nario examines redox evolution under conditions of ele-
vated sulfate and ionic strength associated with brackish,
marsh porewaters rather than low salinity, fresh groundwa-
ter. At initial model conditions, all As(V) is sorbed, with a
model surface concentration of 0.07 lmol As m�2 (assum-
ing a ferrihydrite surface area of 600 m2 g�1). Neither pH
nor Eh was constrained during reaction progress.

As the system becomes progressively reduced in this sce-
nario, ferrihydrite is reductively dissolved, which leads to
the formation of a green rust phase (GR(II), sulfate form)
under these conditions. Because of the high surface area
of ferrihydrite, As(V) remains sorbed as long as system
pH is buffered by iron mineral equilibria and ferrihydrite
is present (Fig. 9). Once ferrihydrite is exhausted, arsenate
is partitioned to solution and reduced to arsenite. Green
rust forms at the ratio of iron to sulfur used in this model,
but the total amount that forms is limited by total sulfur
(rather than iron) in the system. In systems at lower pH
and/or lower total iron, GR is not thermodynamically sta-
ble (O’Day et al., 2004b). It is expected that GR will be a
poorer sorbent of arsenic than ferrihydrite due to its lower
surface area (Table 1). The model predicts release of about
60–90% of the total arsenic in the system to solution when
GR is the stable iron phase. Furthermore, when ferrihydrite
is exhausted and buffering between ferrihydrite and GR
eliminated, pH increases, Eh decreases, and dissolved
Fe2+ begins to increase. These model predictions are qual-
itatively consistent with observations in anaerobic ground-
water aquifers with elevated dissolved arsenic and iron
concentrations (Amini et al., 2008; McMahon and Chap-
elle, 2008; Hering et al., in press).

As conditions become more reduced and dissolved sul-
fate is reduced to sulfide, GRII (sulfate form) is replaced
by pyrite and GRI (carbonate form) as the stable iron
phases. Arsenic is removed from solution by formation
of either realgar or orpiment. At the Fe–As–S concentra-
tions used in this model, realgar is the stable As-sulfide
phase; at different Fe–As–S proportions (e.g., higher S
and/or lower Fe), orpiment is stable. At the most reduced
conditions, GRI becomes unstable and only sulfide phases
remain. Dissolved Fe2+ concentrations are controlled by
pyrite solubility (assuming this is the stable iron sulfide
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phase), whereas dissolved arsenic concentrations are con-
trolled by the stable As-sulfide phase under selected model
conditions, neglecting sorption of iron- or arsenic sulfide
surface complexes (Gallegos et al., 2007), or formation
of dissolved thioarsenite or thioarsenate species which
may be important under conditions of high dissolved sul-
fide (Helz and Tossell, 2008). Most freshwater systems are
expected to have lower total sulfur concentrations than the
system illustrated here, such that sulfide mineral solubility
will most likely control dissolved arsenic and iron concen-
trations under sulfate-reduced conditions, and sulfide pre-
cipitation will be limited by the amount of available
sulfate and its microbially-controlled rate of reduction.

5. CONCLUSIONS

Mechanistic processes controlling arsenic speciation,
sequestration, and mobilization in shallow subsurface sedi-
ments that span a range of redox conditions were examined
over short vertical and horizontal spatial scales (centimeters
to meters) using a combination of spectroscopic and chem-
ical analyses and geochemical modeling. Chemical and
spectroscopic characterization of vertical and lateral
changes in sediment speciation and pore water chemistry
showed that two different mechanisms for arsenic attenua-
tion were active: first, sulfate reduction in the top zone,
resulting in formation of arsenic and iron sulfide in sedi-
ments, provided attenuation during vertical infiltration of
surface water; second, oxidation and sorption in the lower
oxidized zone by the influx of oxygenated aquifer water
promoted lateral attenuation. Distinct differences in the lo-
cal atomic structure around arsenic in realgar-type com-
pared to orpiment-type phases, in particular the presence
of As–As dimers in realgar, are diagnostic of the presence
of these phases (or their polymorphs). This study demon-
strates that both realgar-type and orpiment-type phases
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can form in sulfate-reducing sediments at ambient condi-
tions, with realgar predicted as the stable phase in the pres-
ence of pyrite and As(III) under more reduced conditions
than orpiment. The presence of both types of these phases
at arsenic concentrations elevated above background is
consistent with thermodynamic relationships (Nordstrom
and Archer, 2003; Helz and Tossell, 2008), although there
remain uncertainties in the rates at which realgar-type
phases may form at ambient temperatures and in the ther-
modynamic data for arsenic sulfide species and phases.

Geochemical simulation using the reaction progress ap-
proach to provide thermodynamic constraints (solubility
and sorption) during changes from oxidized to reduced
conditions, with model parameters generalized from field
observations, lend insight into dynamic processes and fac-
tors that may control dissolved concentrations. Arsenic
mobilization may occur in the zone affected by seasonal
fluctuations of groundwater level potentially during two
conditions: when ground water level rises, flooding reduced
sediments and promoting oxidative dissolution of sulfide;
and when water level falls and oxidized sediments become
progressively reduced as microbial action consumes O2

and other electron acceptors, reducing arsenic, iron, and
manganese (the latter being particularly important in low-
Fe systems, e.g., Amirbahman et al., 2006; Choi et al.,
2009). During an oxidative cycle, oxidation of iron and ar-
senic, leading to (co-)precipitation of Fe(III)-(hydr)oxides
and arsenate and/or pH-controlled arsenate sorption, will
be an effective attenuation mechanism as long as oxidative
capacity is maintained and the ratio of arsenic to labile iron
(and potentially manganese) is low. During a reduction cy-
cle, arsenite (and labile ferrous iron) will be partitioned to
porewaters until sulfate reduction produces sufficient dis-
solved sulfide concentrations to exceed the solubility of so-
lid sulfide phases. At intermediate redox states, the
concentration of labile iron in the system will determine
whether green-rust-type phases (which may age to magne-
tite) form that may provide new sorption sites for arsenic.
In freshwater aquifers with low dissolved sulfate and thus
limited potential for sulfate reduction, pH-controlled sorp-
tion and competition with other dissolved species will con-
trol dissolved arsenic concentrations.
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