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ABSTRACT: Groundwater contamination by As from natural and anthro-
pogenic sources is a worldwide concern. Redox heterogeneities over space and
time are common and can influence the molecular-level speciation of As, and
thus, As release/retention but are largely unexplored. Here, we present results
from a dual-domain column experiment, with natural organic-rich, fine-grained,
and sulfidic sediments embedded as lenses (referred to as “reducing lenses”)
within natural aquifer sand. We show that redox interfaces in sulfur-rich,
alkaline aquifers may release concerning levels of As, even when sediment As
concentration is low (<2 mg/kg), due to the formation of mobile thioarsenates
at aqueous sulfide/Fe molar ratios <1. In our experiments, this behavior
occurred in the aquifer sand between reducing lenses and was attributed to the

Aqueous
phase

........

\./32(")0%2/ g=ll)

As(111)

Solid phase

Oxic

. O}génic-rich

Aquifer sand L clay lens

spreading of sulfidic conditions and subsequent Fe reductive dissolution. In contrast, inside reducing lenses (and some locations in
the aquifer) the aqueous sulfide/Fe molar ratios exceeded 1 and aqueous sulfide/As molar ratios exceeded 100, which partitioned
As(III)—S to the solid phase (associated with organics or as realgar (As,S,)). These results highlight the importance of thioarsenates
in natural sediments and indicate that redox interfaces and sediment heterogeneities could locally degrade groundwater quality, even

in aquifers with unconcerning solid-phase As concentrations.

INTRODUCTION

Arsenic contamination of groundwater is a major concern
globally even where the natural background of As in soils and
sediments is low." The mechanisms by which As is released to
groundwater depend on how As is bound in the solid phase or
adsorbed onto solid surfaces.””* Commonly, As release into
the aqueous phase is promoted by redox transformations, such
as the development of anaerobic conditions in aquifers rich in
Fe(Ill) hydroxides, oxyhydroxides, and oxides (hereafter
collectively referred to as Fe(Ill) oxides) in the large river
deltas in South- and South—East Asia.>® However, the reverse
situation can also occur when oxygenated water is injected into
anoxic aquifers with As-containing minerals such as arsen-
opyrite, although this can lead simply to the repartitioning of
arsenic onto newly formed Fe(III) oxides.’™®

The mobility of As is particularly challenging to predict in
heterogeneous redox environments due to its ability to adsorb
to and/or co-precipitate with both Fe(IIl) oxides and sulfides,
as well as to form a variety of aqueous As-containing species,
including As-oxoanions (arsenate and arsenite), as well as
methylated and/or thiolated As, all with varying chemical
properties. The occurrence of thiolated As in aquatic systems
with elevated As concentrations has been increasingly noted,
particularly in environments rich in organic matter and
sulfur.”~'* Moreover, because As-containing species are
among the more naturally abundant toxic species in soils and

sediments, the risk of these species entering groundwater at
hazardous concentration levels is great even where the
background solid-phase concentrations of As are below the
global average (1.8 mg/kg). Therefore, there is a critical need
to understand how hydrological and redox dynamics influence
the dissolved concentrations of As in the naturally occurring
heterogeneity of subsurface environments to preserve ground-
water resources following changes in water management, land
use, or climatic conditions.

Here, our objective is to elucidate the fate of As within a
common alluvial aquifer setting: an unconfined, coarse-grained
aquifer in contact with fine-grained, organic-rich sediments
(often existing as lenses), sometimes referred to as “naturally
reduced zones” (NRZs).'">>° In laboratory flow-through
column experiments, we used sediments originating from the
Wind River-Little Wind River floodplain near Riverton, WY,
exhibiting low sedimentary As concentrations (<2 mg/kg).
This floodplain contains high sulfate concentrations and, due
to the dry climate, high alkalinity and salinity as well. The



floodplain is representative of alluvial aquifers globally,
particularly within arid/semiarid environments. By embedding
various numbers of organic-rich, fine-grained, sulfidic lenses in
the aquifer sand at various distances along the length of the
column, we were able to both determine the influence of
reduced zones on the geochemical processes involving As and
establish concentration thresholds of As, sulfide, and Fe that
regulated the chemical speciation of As in solid and aqueous
phases. Our results provide clear evidence of the importance of
redox interfaces for controlling As behavior in groundwater
aquifers with high S concentrations. Further, we demonstrate
the significant influence that fine-grained lenses, which operate
as reducing zones, can have on groundwater quality in
otherwise coarse-grained, oxic aquifers.

B MATERIALS AND METHODS

Column Design and Sediment Properties. Detailed
descriptions of the column setup are provided in the
Supporting Information (SI, pages 2—3), along with initial
sediment properties (Supporting Information, pages 2—3 and
7—8, Tables SI-1 and SI-2 and Figure SI-S). Briefly, 12
columns (30 cm long, 7 cm diameter) were filled with natural
sediments, collected ~2 weeks prior from the Wind River-
Little Wind River floodplain outside of Riverton, WY
(42°59'19.1"N, 108°23'58.6"W). Triplicate columns were
set up with 0 (control), 1, 2, or 3 fine-grained, organic-rich,
reducing lens(es) (~3 cm diameter, 17—20 g dry weight each)
embedded in aquifer sand (1.3—1.4 kg dry sand per column) at
increasing distances (with each additional lens) from the
influent (bottom) groundwater port. The lenses consisted of
organic-rich, fine-grained, sulfidic sediments collected under-
neath an oxbow lake on the floodplain and thoroughly
homogenized to ensure consistent composition between
different lenses. The As concentrations in aquifer sand and
oxbow lake sediment materials were 1.2 + 0.4 and 0.7 + 0.1
mg As/kg sediment, respectively. Porewater samplers (Rhizon-
Flex, 5 cm, 0.15 um pore size, Rhizosphere Research Products,
Wageningen, Netherlands) were inserted into the sand to
enable sampling of groundwater (advective zone) before and
after fine-grained lens(es) (and at increasing distances away
from the reduced zones in columns with one or two lenses)
along the flow path. Micro-rhizons (8 mm, 0.15 ym pore size,
Rhizosphere Research Products, Wageningen, Netherlands)
were inserted into the center of each lens to enable sampling of
porewater from the reduced (diffusive) zones. All columns
were fed artificial groundwater (by peristaltic pump at a flow
rate of 90 mL/day, equivalent to ~1 pore volume exchange per
48 h) made to have a chemical composition similar in
concentrations of the major solutes, except organic C,
measured in Riverton floodplain groundwater at the site over
the past 2 years (Supporting Information, Table SI-3). The
sulfate concentrations in the groundwater at this site are high
relative to elsewhere in the Riverton area,”' but we preferred to
use a concentration representative of the site. The artificial
groundwater was fully aerated (240—260 uM dissolved O,) in
the source container to achieve a dissolved oxygen
concentration in the control columns (~50 pM) similar to
that measured in the floodplain groundwater (average 87 uM,
range 14—211 uM). Finally, the artificial groundwater had a
pH of ~8, which is higher than that recently measured at the
floodplain site, but within the normal range of groundwater in
the area.”’

Experimental Details. The column experiment was run
for a total of 70 days. Porewater from the rhizons and micro-
rhizons was sampled every 7 days using prerinsed 3 mL luer
lock syringes. To flush the tubing, the first 1—3 mL of water
extracted from rhizons was discarded. PEEK tubing connected
to micro-rhizons was assumed to have minimal contribution to
the porewater samples obtained from these ports. Dissolved
sulfide was always analyzed on the second, freshly extracted
sample from micro-rhizons (the first sample being used for
total element concentrations).

Aqueous Phase Analyses. The aqueous phase in this
study is defined as containing all colloidal and dissolved species
<0.15 pm, by virtue of the pore size of the porewater samplers.
Total aqueous concentrations of S and Fe were determined by
inductively coupled plasma optical emission spectroscopy
(ICP-OES, iCAP6000, Thermo Scientific, Cambridge, U.K.)
and total aqueous As by inductively coupled plasma mass
spectrometry (ICP-MS, XSERIES 2, Thermo Scientific,
Cambridge, U.K.). All ICP analyses were conducted on
samples diluted 1:20 with 2% nitric acid, and a reference
standard with known S, As, and Fe concentrations was
intercalated every 15 samples to monitor instrument drift and
concentration retrieval accuracy. No interference from Ar—Cl
on As concentrations was detected. Dissolved sulfide (HS")
concentrations were measured, from day 35 onward, using the
methylene blue method”” on freshly drawn samples that were
immediately mixed with the first (stabilizing) reagent to
minimize volatilization and exposure to oxygen. Total
concentrations of aqueous Fe (from ICP-OES) were assumed
to be equivalent to total aqueous Fe(II) because no increase in
Fe(II) concentrations (as measured by the ferrozine
method™®) was detected after reduction with hydroxylamine
when we tested this for the first few and the final sampling
steps (data not shown).

A set of end-point samples from the rhizons (ports 3, S, and
7) from columns with reducing lenses were flash-frozen
immediately after adding diethylene triamine pentaacetic acid
(DPTA) (10 mM) to complex Fe(II) and kept at —80 °C until
analyzed for aqueous As speciation. Aqueous As species were
separated by IC (Dionex ICS-3000) using an IonPac AS-16/
AG-16 4 mm column (gradient program with 2.5-100 mM
NaOH at a flow rate of 1.2 mL/min and 50 uL injection
volume; without suppressor) and quantified by ICP-MS
(XSERIES 2, Thermo-Fisher).'” It should be noted that the
chromatographic analyses with NaOH prevent the detection of
thioarsenites as they would experience a ligand-exchange
(—OH replacing —SH) and, thus, be transformed to the
arsenite oxoanion.'” Thus, there is a slight risk of over-
estimating the arsenite concentrations at the expense of
thiolated As species. Further, we cannot fully exclude that what
is measured as thioarsenates could originally have been
thioarsenites that oxidized while sitting in capped vials for a
few minutes on an autosampler in ambient air, as reported
before.'”” More details about the aqueous As speciation
methodology are provided in the Supporting Information.

Solid-Phase Sampling. After the final aqueous sampling
time, six columns (two control, two with one reducing lens,
one with two reducing lenses, and one with three reducing
lenses) were disconnected from the peristaltic pump and
immediately transferred into a glove bag (3—4% H,, balance
N,). Sediments from these columns were sampled around each
rhizon and micro-rhizon present in the columns. Subsamples
were taken to determine the water content (by weighing before
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Figure 1. Temporal evolution of aqueous sulfide (#M) and Fe (uM) (both on left vertical axis) and aqueous As (nM, right vertical axis) in the
groundwater (horizontal axes) and along the flow path (panels from bottom to top) in columns with 1, 2, or 3 fine-grained, reducing lenses
(positions indicated by shaded circles). Values are averages of triplicate columns for each treatment and error bars denote the standard deviation
from the mean for the triplicates. The dashed line indicates the WHO drinking water limit for As (10 ug/L = 133.5 nM). To facilitate examining
the evaluation of influence from fine-grained, reducing zones on groundwater concentrations, column depth profiles for aqueous As, Fe, and sulfide

on days 35S and 70 in the Supporting Information (Figure SI-2).

and after drying at 105 °C) and HCl-extractable Fe(Il)
(described below). The remainder of the sampled sediments
from each port was dried at room temperature and used for
HNO; digestions (see below).

One of the remaining columns with three reducing lenses
was switched over from groundwater solution to glycerol and
pumping continued until glycerol had passed through the
entire column (i.e, had replaced the groundwater in the
advective pores), at which point the column was immediately
transferred into the glove bag. This glycerol treatment served
to prevent biases in mineral composition and element
speciation that could arise from drying and precipitation of
evaporite salts. Glycerol preservation also allows for samples to
be frozen (a prerequisite for the X-ray absorption analyses,
(XAS)) without risking destructive ice formation. Sediment
samples were taken around each rhizon and micro-rhizon
sampler (as described above) and ground to a smooth paste
using an agate mortar and pestle. Samples were stored in 2 mL
cryovials inside sealed mason jars with oxygen scrubbers and
kept at —20 °C until XAS analyses.

Chemical Extractions. Chemical extractions targeting the
reactive Fe(Il) pool (HCl-extraction) and total acid-extractable
As and Fe were performed on subsamples from all solid-phase
samples (not preserved with glycerol).

Reactive Fe(ll) Pool: HCI Extraction. Triplicate subsamples
equivalent to 1—2 g of dry sediment were weighed into 15 mL
centrifuge tubes containing S mL of 0.5 M HCI (trace metal
grade). After shaking for 2 h, tubes were centrifuged and the
supernatant filtered (0.45 ym) into a new 15 mL centrifuge
tube. The HCI extracts were analyzed for total Fe
concentration (ICP-OES) to compare the concentration of
reactive Fe(1I) in reducing lenses and aquifer sand before and
after the experiment.

Total Acid-Extractable Fraction: Concentrated HNO;.
About 0.2 g of dry sediment was weighed in Teflon tubes
and 10 mL of concentrated nitric acid (70% HNO,, trace

metal grade) was added to each tube. Tubes were capped and
sediments digested according to the United States EPA
standard protocol for total digestion of soil in a CEM
MarsXpress microwave digester (CEM, Matthews, NC).
Extracts were transferred to acid-washed glass vials and a
subsample was diluted 1:5 and analyzed for total Fe by ICP-
OES and total As by ICP-MS.

X-ray Absorption Spectroscopy (XAS). Arsenic X-ray
Absorption Near-Edge Structure Spectroscopy (XANES).
Arsenic K-edge XANES spectra of glycerol-preserved end-
point samples and the initial aquifer and oxbow lake sediments
were collected at 10 K (L-He cryostat) in fluorescence yield
mode at BL 7-3 at the Stanford Synchrotron Radiation
Lightsource (SSRL). A Si(220) double crystal monochromator
was detuned by 50% to minimize higher-order harmonics, and
the beam energy was calibrated by setting the first inflection
point of a simultaneously measured Au L-edge to 11,919 eV
(double transmission mode). All spectra were averaged and
normalized using the Ifeffit 1.2.12 (Matt Newville) Demeter
0.9.25 Athena software (Bruce Ravel).”* Linear combination
least-squares (LC-LS) fitting of the normalized spectra was
also performed in Athena. Good fits for all sample spectra were
obtained using 2—4 of the following seven standard spectra
(out of a comprehensive spectra database): realgar (AsS or
As,S,), organically complexed As(III)S; (trisphenylthioarsine),
arsenite sorbed to ferrihydrite (Fh) or to mackinawite (FeS),
monothioarsenate sorbed to FeS, and arsenate sorbed to Fh or
to FeS. More details regarding the As XANES data collection
and processing procedures are provided in the Supporting
Information.

Sulfur XANES Spectroscopy. Sulfur K-edge XANES spec-
troscopy was performed in a He atmosphere at SSRL BL 4-3 to
compare the solid-phase speciation of S in the initial materials
with that of the glycerol-preserved samples. A detailed
description of the procedure is provided in the Supporting
Information.



RESULTS AND DISCUSSION

Aqueous Phase Chemistry. Aqueous (<0.15 um colloids
and dissolved species) concentrations of As and Fe in aquifer
ports (groundwater) increased as a function of time until day
42 of the experiment and were considerably higher in ports
immediately downgradient from a fine-grained, reduced lens
(Figure 1, Supporting Information Figure SI-2). After day 42,
the concentrations of As and Fe decreased again, particularly in
ports directly downgradient of reducing lenses. Sulfide was
only measured from day 35 of the experiment but generally
followed the same pattern as Fe and As. Sulfide and As
concentrations always increased directly after a reducing lens,
but then decreased with increasing distance from the lenses
(Figures 1 and SI-2). In contrast, aqueous Fe concentrations
remained elevated independent of the distance from, or the
number of, reducing lenses (Figures 1 and SI-2). In an
equivalent natural aquifer setting, the large increase in aqueous
As from a few nM to >0.5 uM observed in the presence of
reducing lenses would be equivalent to a transition from
background levels to concentrations exceeding the World
Health Organization (WHO) drinking water standard of 10 ug
As/L (Figure 1).

In control columns (Supporting Information, Figure SI-3),
aqueous concentrations of As in groundwater increased
between days 28 and 40, but much less so than in columns
with fine-grained, reducing lens(es) (cf. Figure 1). Both
aqueous sulfide and Fe concentrations remained close to, or
below, the detection limit throughout the experiment in
control columns (Supporting Information, Figure SI-3). In
contrast to groundwater samples, porewater from inside the
lenses exhibited low aqueous Fe concentrations and lower As
concentrations but high sulfide concentrations, which were
sustained until the end of the experiment (Supporting
Information, Figure SI-4).

End-point groundwater samples downgradient of fine-
grained, reducing lenses (ports 3, S, and 7) were analyzed
for As speciation (Figure 2). Remarkably large proportions of
the aqueous As were in thiolated forms (mono-, di-, and
trithioarsenates were observed, with monothioarsenate being
most abundant), comprising ~30—40% of total aqueous As in
ports directly downgradient from a lens. Both oxoanions of As,
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Figure 2. Aqueous concentration of As species (nM) in groundwater
at the end of the experiment (day 70). Only water samples taken
downgradient from lenses (lens positions are indicated by shaded
circles) along the flow path were analyzed for aqueous As species.
Values represent averages of triplicate columns for each treatment
calculated from the relative distribution between species (normalized
to total recovery) multiplied by total aqueous As concentration. Error
bars denote the standard deviation of the mean. Thio—As includes
mono-, di-, and trithioarsenate species.

arsenite (AsIII) and arsenate (AsV), were also present in these
samples, with the relative abundance of arsenate generally
increasing with distance away from the reducing lenses. In port
7 of columns with one or two lens(es), arsenate was the only
As species detected (Figure 2).

Solid-Phase As, Fe, and S Speciation and Spatial
Distribution. Acid extractions of the end-point solid-phase
samples, as compared to the initial sediments, indicated that
large mass transfers of both As and Fe had taken place between
fine-grained, reducing lenses and the aquifer material (Figure
3). The HNO; digestions showed a net loss of As from all
columns that increased with the number of lenses. However,
the fine-grained, reducing lenses themselves accumulated As,
indicating that aquifer sediment in proximity to lenses was
responsible for the net As loss. A slightly different pattern was
discerned for Fe, which unlike As was supplied at a low
concentration (0.5 mg/L) in the influent groundwater and also
was much more abundant in the initial lens material than in the
aquifer material (Supporting Information, Table SI-1). Thus,
only columns with three reducing lenses exhibited a net loss of
Fe, mainly from the aquifer material. Columns with one or two
reducing lenses instead experienced an increase in total acid
(HNOjy)-extractable Fe, which was relatively homogeneously
distributed between aquifer sediment and fined-grained,
reducing lenses. However, the HCl-extractable pool of Fe
shifted more dramatically than total Fe between the aquifer
material and the lenses (Figure 3); fine-grained, reducing
lenses exhibited a net loss of HCl-extractable Fe of 30—45%,
whereas the aquifer materials immediately after a lens gained
23—69% of HCl-extractable Fe. In spite of these large shifts in
HCl-extractable Fe, no differences in mineralogy were detected
in X-ray diffraction (XRD) analyses of end-point samples
compared to initial materials (Supporting Information Figure
SI-S). This finding is consistent with the assumption that HCI-
extractable Fe comprises redox-sensitive phases, such as
surface-sorbed Fe(Il) and poorly crystalline mackinawite,
which is difficult to detect with XRD in quartz dominated
materials.”**

Bulk As K-edge XANES spectra from the glycerol-preserved
column with three fine-grained, reducing lenses (Figure 4)
show that As(III)S; complexed with organics increased in
relative abundance inside reducing lenses compared to the
initial material and along the flow path, at the expense of
As(V). Both As(IIT) and As(V) were present and adsorbed to
FeS in the reducing lenses. Interestingly, the As speciation in
the aquifer material shifted dramatically along the flow path
and compared to the initial aquifer material, which was
dominated by As(V) adsorbed to Fh, with a small pool of
As(III) also adsorbed to Fh (Figure 4). Before the first fine-
grained reducing lens, mineral As(III)S (as realgar, As,S,)
dominated, thereafter, As(III) adsorbed to FeS and As(V)—Fh
were the dominant species with a small (but increasing along
the flow path) pool of S-complexed As (represented by MTA)
adsorbed to FeS. Notably, the decreasing pool of As(V)
remained adsorbed to Fh, whereas the increasing pool of
As(III) was adsorbed to FeS in the ports upgradient from the
reduced lenses.

Similar to As, S exhibited major shifts in speciation along the
flow path in the aquifer material from the glycerol-preserved
column with three reducing lenses (Figure S, left panel).
Before the first lens (port 1), some zero-valent S (S°) was
detected (possibly along with some pyrite from the initial
material), but no divalent sulfur (i.e., monosulfide) minerals
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Figure 3. Estimated mass balances of total acid-extractable (70% HNOj; digestions, top panels) Fe and As and HCl-extractable Fe (bottom panels)
in columns at the end of the experiment relative to initial sediments (aquifer material for ports 1, 3, S, and 7 and oxbow lake sediment for lenses at
ports 2, 4, and 6). Estimates are based on averages for two one-lens columns and single column values for two- and three-lens columns. Positions of

reducing lenses are indicated by shaded circles.
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Figure 4. (A) Bulk As K-edge XANES analyses of samples from the
glycerol-preserved column with three fine-grained, reducing lenses
(black line) and LC-LS fits (gray line) using standard spectra (plotted
at the bottom). (B) Relative distribution of As species (normalized to
100%) from the LC-LS fits; colors correspond to the vertical lines in
A (indicating the absorption edge for the model compounds). Peak
positions for reference spectra, data, and statistics from the fits are
provided in the Supporting Information, Table SI-3.

were present. After the first lens, no S° was detected; instead,
the relative abundance of mackinawite (FeS) increased and
sulfate decreased after each fine-grained, reducing lens (ports 3
and ). The lenses also exhibited a shift in inorganic S species
from the original material containing S° along with FeS and
sulfate to FeS and sulfate being the only detectable species at
the end of the experiment and the relative abundance of FeS
increasing in each lens along the flow path (Figure S, right
panel). It should be noted that there is always some
uncertainty associated with the exact identification of S species
from XANES, due to ~5% detection limit and multiple species
exhibiting similar edge energies and spectral features. However,
after taking careful consideration of the other geochemical data
and comparisons of spectra from initial materials and end-
point samples, as well as along the flow path, we are confident
that this interpretation of the S speciation is the most plausible.

Controls on As Behavior. The combined results of
aqueous (<0.15 um colloids and dissolved species) and solid-
phase speciation of As, Fe, and S reveal clear governance of
redox interfaces and the relative concentrations of Fe/sulfide
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Figure S. Sulfur K-edge XANES spectra of samples from the glycerol-
preserved column with three fine-grained, reducing lenses and of
initial aquifer material (left panel) and oxbow lake (lenses, right
panel) materials. Arrows indicate the respective increase of
mackinawite (FeS) and the decrease of sulfate along the flow path
(and in relation to the initial materials). Model spectra for the
dominant species are plotted at the bottom and their peak energies
are indicated by vertical lines for reference: mackinawite, FeS (2470.3
eV), elemental S (S° 2472.5 eV), cysteine (a thiol, C;H,NO,S,
2473.4 eV), and FeSO, (2482.6 €V).

on the fate of As (conceptualized in the graphical abstract). A
small fraction of As was likely mobilized due to the relatively
high pH of the groundwater (Supporting Information, Table
SI-1),°**” as indicated by As release in control columns
(Supporting Information, Figure SI-2). However, the shifts in
As speciation in relation to fine-grained, reducing lenses
indicate that As behavior was dominated by redox processes. It
appears that high sulfate concentrations in the groundwater,
together with the abundance of microbially available organic C



within fine-grained, reducing lenses (Supporting Information,
Table SI-1), stimulated sulfate reduction within and along the
edges of lenses to produce aqueous sulfide that dispersed
within the groundwater (Figure 1). The sustained sulfide
supply drove reductive dissolution of Fe(III) oxides to aqueous
Fe(II), producing zero-valent S and releasing adsorbed As, as
shown in previous studies.”™** Zero-valent S is not very stable
in the aqueous phase at pH 8, where it will likely react with
sulfide to form polysulfides or with other species, such as
As(1II), unless it is partitioned to the solid phase (as seen in
the aquifer sand before the first reducing lens in this study).
On the influent (upstream) side of the first fine-grained,
reducing lens, it appears that aqueous Fe(II) concentrations
were too low to precipitate FeS (Figure 1). Instead, the relative
lack of aqueous Fe(Il) (sulfide/Fe ratios >1) induced
precipitation of realgar (As(II[)S, As,S,) and zero-valent S
(Figures 4 and §), thus keeping the aqueous As concentrations
relatively low. Similarly, within the fine-grained, reducing
lenses, sulfide concentrations were consistently higher than the
aqueous Fe concentrations (Figure SI-4) and, consequently,
As(IIT)S species formed (Figure 4). However, due to the
presence of organic matter in the lenses, As(II1)S  was
preferentially associated with organics, probably through
sulthydryl groups,”***° and did not precipitate as realgar.
This finding is consistent with the findings of Couture et al.”’
and supports the sulfurization of organics as a sink for As under
sulfidic conditions.

Whether As(III)S precipitates in the mineral form or binds
to sulfhydryl groups, our results show that As mobilization due
to reductive dissolution is moderated when the aqueous Fe/
sulfide ratio <1. Downstream of reducing lenses, aqueous Fe
concentrations in the groundwater were consistently higher
than the aqueous sulfide concentrations (Fe/sulfide ratios >1),
which resulted in mackinawite (FeS) formation and
aggregation (Figures 1, S, and SI-4) and promoted the
formation of aqueous thioarsenates (Figures 2 and 5).”**~*
These observations are consistent with recent findings of
thioarsenates in the vicinity of reduced zones in a Bangladeshi
groundwater aquifer.''

Although the thermodynamics and kinetics of thiolated As
species and their formation are still being resolved,** it is clear
that they (including thioarsenates) are dependent on pH and
the aqueous concentrations and relative ratios of Fe, sulfide,
and As.”*”***~% In this study, the pH remained around 8 in
all sampling ports (data not shown), so we assume that the
observed differences in As speciation result from factors other
than the pH. Further, our As concentrations (<0.5 #M) and
sulfide/As ratios (>20) are considerably lower and higher,
respectively, than those considered in most previous
studies.*>*%*® Thus, our findings of mixes of arsenate, arsenite,
and thioarsenate species at pH 8 and in the presence of
aqueous Fe(II) at molar concentrations exceeding those of
sulfide are not fully consistent with published thermody-
namics."”*>*° This is not surprising, considering the complex-
ity of redox interfaces and nonequilibrium conditions.
Nevertheless, our results clearly show that thioarsenate species
can form and remain stable under our experimental conditions,
indicating that at pH 8, a mixture of aqueous thioarsenates
form when sulfide is present at sulfide/As ratios <100 and
sulfide/Fe(II) ratios <1. If sulfide/As ratios exceed 100 and
sulfide/Fe(Il) ratios exceed 1, As—S interactions instead
partition As to the solid phase as realgar and/or organically
complexed As(III)S. We found no evidence of orpiment

(As,S;) in the solid phase As K-edge XANES spectra (Figure
4), despite its common occurrence and thermodynamic
stability over a wide range of conditions in comparison to
realgar.**® However, orpiment does exhibit a higher solubility
at neutral to alkaline pH*® and realgar has previously been
found in natural sediments®*** and laboratory experi-
ments.””***" The precipitation of mineral As—S only at
sulfide/As ratios above 100 is inconsistent with previous
studies™”" and is likely the result of the considerably higher
pH in the current study where aqueous thioarsenates are more
favorable.">*>*%%?

The presence of S-complexed As species in both aqueous
(thioarsenates) and solid (adsorbed to organics and FeS)
phases in this experiment adds to the increasing evidence for
the importance of these species in sulfidic environments." "' >**
Further, the fact that thioarsenates were most abundant in
samples with high aqueous As concentrations suggests that
thiolation promotes As mobilization, as has been proposed by
others.”'™>* Thus, as previously found for bioamended
sediments,” our results indicate that aquifers with low (<2
mg/kg) sediment concentrations of As may be at risk for
groundwater As concentrations exceeding the drinking water
standards (10 ug/L) if the formation of thiolated As species is
favorable, i.e., under dominant Fe-reducing conditions with a
low, but consistent, supply of sulfide and near-neutral pH.

Importantly, here the influence of sulfate-reducing zones on
groundwater chemistry extended downgradient from the fine-
grained, reducing lenses at distances up to four times the
diameter of the lens itself. Although we only used one size and
shape of reduced lenses, this suggests that relatively small
layers or lenses of fine-grained, reducing material can have an
outsized influence on otherwise oxic aquifers. Unfortunately,
borehole samples and geology-based assessments that are
performed prior to well installations are typically conducted on
a scale where the presence of fine-grained, reducing lenses (i.e.,
redox heterogeneities) can easily be missed (or their presence
is disregarded). Thus, future studies should investigate the
relevance of dimensions and spacing of redox heterogeneities
induced by fine-grained, reduced lenses on their influence on
groundwater chemistry. Such data, and the data from this
study, provide guidance for developing predictive groundwater
quality models for aquifers exhibiting heterogeneous sediment
composition (cf. ref 6).
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