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ARTICLE INFO ABSTRACT

Editorial handling by Dr T Pichler Pyrite (FeS,) is the most common sulfide mineral in the Earth's crust, and it commonly contains minor amounts

Keywords: of arsenic. Here we show that authigenic pyrite can remove arsenic from contaminated groundwater and this can
Arsenic be used as a new and relatively inexpensive remediation process. Laboratory batch experiments presented show
Sulfate reducing bacteria that fine-grain natural pyrite is an effective sorber of dissolved arsenic. Arsenic sorption onto pyrite is shown to
Bioremediation increase with increasing pH, particularly at pH > 5 and at elevated dissolved arsenic concentration. We also

Arsenian pyrite present results from a field experiment at an arsenic-contaminated industrial site, which demonstrates the results

of stimulation of natural sulfate-reducing bacteria in groundwater by injection of a labile organic carbon source,
iron, and sulfate. Within a week, bacterial sulfate reduction triggered the formation of biogenic pyrite nano-
particles, which sequestered arsenic by adsorption and co-precipitation. Microscopic and X-ray diffraction
analyses confirmed that pyrite was the only iron-sulfide formed, and that no arsenic-only sulfide phase pre-
cipitated (e.g. orpiment or realgar). Pyrite occurs as either 1-10 um euhedral crystals or similar-sized framboids
both of which contain 500-4000 mg/kg arsenic. As a result, dissolved arsenic decreased from its initial con-
centration of 0.3-0.5mg/L to below the regulatory clean-up standard for the site of 0.05 mg/L in a matter of
weeks. In addition to the potential of this technique to remediate anthropogenic arsenic contamination, it is
possible that it can be modified to inexpensively treat individual small drinking-water wells contaminated by
natural sources of arsenic in many developing nations.

1. Introduction

The concept of stimulating sulfate-reducing bacteria (SRB) to pro-
duce biogenic pyrite as a potential groundwater remediation approach
for arsenic and metals was first proposed by Saunders et al. (1996),
based on research that showed that arsenic and other trace elements
were common in recent marine sediments (Huerta-Diaz and Morse,
1992) and also in terrestrial systems, such as in Holocene stream flood-
plain deposits (Saunders et al., 1997). This proposed approach was
evaluated in laboratory experiments by Keimowitz et al. (2005, 2007).
Keimowitz et al. (2007) also proposed that a technology based on sti-
mulating SRB metabolism might prove useful in bioremediating
groundwater contaminated by arsenic, similar to the approach of
Saunders et al. (2005a), who demonstrated in a field study that in-
digenous SRB could be stimulated to bioremediate lead, zinc, and
cadmium in contaminated groundwater. Kirk et al. (2004) observed
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that where natural SRB activity occurs in groundwater aquifer systems,
low concentrations of arsenic are typically observed. Wolthers et al.
(2005a) tracked iron-sulfide formation and its effect on dissolved ar-
senic in laboratory experiments, and showed that arsenian pyrite effi-
ciently sequesters arsenic from solution. Saunders et al. (2008) reported
on reconnaissance experiments designed to stimulate biogenic sulfate
reduction in a shallow “tube” well installed in a naturally arsenic-
contaminated aquifer in Bangladesh, and showed that SRB metabolism
lowered groundwater arsenic concentrations. A number of recent la-
boratory experiments were conducted to evaluate the effects of anae-
robic bacterial sulfate reduction and subsequent iron-sulfide biomi-
neralization on dissolved arsenic (Kirk et al., 2010; Onstott et al., 2011;
Omoregie et al., 2013; and Sun et al., 2016). In addition, a laboratory
investigation by Xie et al. (2016) showed that inorganically formed
pyrite, which coated quartz grains during their experiments, was ef-
fective in removing As(III) for solution. Finally, Pi et al. (2017)
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conducted a short (~1 month-long) field demonstration of stimulating
SRB to remove arsenic from groundwater.

Arsenic sorption onto natural and synthetic pyrite has been ex-
amined by some researchers (Zouboulis et al., 1993; Han and Fyfe,
2000; Farquhar et al., 2002; Kim and Bachelor, 2009; Han et al., 2013;
Bulut et al., 2014) and all the previous research has shown pyrite to be
an effective sorber of dissolved arsenic. As a result, Zouboulis et al.
(1993), Han and Fyfe (2000), and Bulut et al. (2014) have all proposed
that pyrite could prove useful in treating arsenic-contaminated waste
waters (e.g. as an above-ground engineering process). The previous
research has typically focused on the use of synthetic pyrite to sorb
arsenic, with the exception of Bulut et al. (2014). Here we investigate
the sorptive capacity of natural pyrite of varying grain sizes and over a
wider range of pH than was investigated by Bulut et al. (2014). Our
intent is to use these experimental results as a very conservative as-
sessment of the capacity of natural pyrite surfaces to sorb arsenic,
which we interpret below as the first step in the incorporation of arsenic
into the growing pyrite crystals that form during bioremediation.

Here we present some of the initial results of an ongoing, long-term
field demonstration of groundwater arsenic bioremediation. The pro-
cess has been specifically designed to stimulate SRB to make biogenic
pyrite, which removes arsenic from contaminated groundwater at an
industrial site in northern Florida, USA. For this paper, we focus on the
geochemistry and mineralogy of iron sulfides produced in the experi-
ment, and the efficacy of using pyrite to remove arsenic from ground-
water, similar to the approach that was demonstrated for lead, zinc, and
cadmium removal (Lee and Saunders, 2003; Saunders et al., 2005a,
2008).

1.1. Arsenic geochemistry and mineralogy

The general geochemistry and mineralogy of arsenic has been dis-
cussed in detail previously (e.g., Smedley and Kinniburgh, 2002;
Nordstrom and Archer, 2003; O'Day et al., 2004; Ford et al., 2007;
Saunders et al., 2008; and Bowell et al., 2014), and thus we present only
a brief summary here. Common arsenic minerals include scorodite
(FeAsO4+2H,0), which forms under oxidizing conditions, and realgar
(AsS), orpiment (As,S3), and arsenopyrite (FeAsS) that form under re-
ducing conditions. Aqueous arsenic occurs in two oxidation states, As
(V) (arsenate) and As(III) (arsenite) and the distribution of the im-
portant species are shown in Fig. 1 in Eh-pH space for the As-S-H,0
system. In iron-deficient systems, and taking into account thermo-
dynamic data for thioarsenite complexes (e.g. Wilkin et al., 2003), the
restricted stability fields for orpiment and realgar are shown in Fig. 1.
Addition of iron to the system leads to displacement of the stability
fields of orpiment and realgar by either arsenopyrite (e.g. Langner
et al., 2013, Supporting information) or arsenian pyrite (Saunders et al.,
2008). Orpiment, realgar, and arsenopyrite are typically formed under
hydrothermal conditions and can be associated with more valuable
minerals in ores, and thus can be important mineral phases (and sources
of arsenic) found in some mine tailings. Realgar and “amorphous” or-
piment (Le Pape et al., 2017) and arsenopyrite (Rittle et al., 1995;
Onstott et al., 2011) have reportedly been synthesized in low-tem-
perature laboratory experiments utilizing SRB consortia, although only
realgar has been confirmed by XRD. Secondary (authigenic) realgar has
been reported (with no XRD confirmation) from mine tailings (Walker
et al.,, 2009; DeSisto et al., 2016), in an anthropogenically arsenic-
contaminated shallow aquifer (O'Day et al., 2004), and in lignite
(Langner et al., 2012, 2013). Langner et al. (2013) also report arseno-
pyrite in lignite (also with no XRD confirmation). Crystalline and/or
amorphous realgar and orpiment have also been reported from cooled
hydrothermal discharges (e.g., Webster, 1990; Godelitsas et al., 2015).
However, based on a number of investigations, it is apparent that under
most natural reducing groundwater conditions (pH in range of 5-8) that
arsenian pyrite is the most important mineral host for arsenic (Saunders
et al., 1996, 2008, 1997; Price and Pichler, 2006; Lowers et al., 2007;
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Fig. 1. Eh-pH diagram calculated for As-S-H,O system at 25 °C and fixed arsenic
and sulfate activities of 10~¢ and 10~°, respectively. The results show the
stability field of different arsenic species under different geochemical condi-
tions. Plot was constructed using Geochemist's Workbench including thermo-
dynamic data listed in the Appendix.

Mango and Ryan, 2015; Pi et al., 2016; Houben et al., 2017). Further,
arsenian pyrite is common in recent marine and lacustrine sediments as
well (Huerta-Diaz and Morse, 1992; Neumann et al., 2013), in recent
peat deposits (Langner et al., 2012; Stuckey et al., 2015), and also in
coal seams (Kolker et al., 2001).

Aqueous systems containing dissolved sulfide species, which are
necessary to form iron (arsenic)-sulfide minerals, also form stable
aqueous thioarsenite complexes that can significantly enhance arsenic
mobility under reducing conditions (Wilkin et al., 2003; Bostick et al.,
2005). However, these thioarsenite aqueous complexes become less
important if iron is present in the system, as it removes aqueous sulfide
species by forming solid iron sulfide phases (Wilkin et al., 2003; Burton
et al.,, 2014). Finally, another important control on aqueous arsenic
geochemistry is the sorption of arsenic onto common aquifer minerals
such as iron oxides and oxyhydroxides (e.g. Farquhar et al., 2002; Dixit
and Hering, 2003; Giménez et al., 2007) and iron sulfides (Farquhar
et al., 2002; Bostick and Fendorf, 2003; Wolthers et al., 2005b; Han
et al., 2013; Bulut et al., 2014; this study). The stability of minerals
(oxide or sulfide) capable of sorbing arsenic has important implications
for arsenic release to the hydrosphere. For example, the reductive dis-
solution of iron oxyhydroxides that had previously sorbed arsenic by Fe
(Il1)-reducing anaerobic bacteria, is apparently the major cause of
natural arsenic contamination of groundwater in Holocene aquifers of
SE Asia and elsewhere (Nickson et al., 2000, 2005; McArthur et al.,
2004; Saunders et al., 2005c; Fendorf et al., 2010). Conversely, oxida-
tion of arsenic-bearing pyrite in aquifers is also a major source of
groundwater contamination (Smedley and Kinniburgh, 2002; Price and
Pichler, 2006; Bowell et al., 2014; Mango and Ryan, 2015; Houben
et al., 2017). The fact that pyrite can be both a sink and a source for
arsenic in groundwater system has led to some confusion about the in
environmental geochemistry or arsenic (Saunders et al., 2008).

1.2. Pyrite and arsenian pyrite occurrence and geochemistry

Pyrite is by far the most common iron sulfide phase formed in
nature and definitely the most commonly preserved iron sulfide phase
in the geologic record (Rickard and Luther, 2007). Other less-common
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iron sulfide phases can form at low temperature, such as mackinawite
(FeS), greigite (Fe3S4), and marcasite (FeS,) (Schoonen and Barnes,
1991; Schoonen, 2004). Rarely, monoclinic pyrrhotite (Fe; 4S) can also
form at low temperature due to biogenic sulfate reduction (Saunders
and Swann, 1994; Rickard and Luther, 2007). A significant amount of
research has shown that pyrite most easily forms at low temperatures
by inversion from crystalline or amorphous iron monosulfide precursors
(e.g. mackinawite), but the exact mechanism and the importance of this
pathway is debated (see summaries and references in Benning et al.,
2000; Schoonen, 2004; Rickard and Luther, 1997). Given the rapid
formation of pyrite in this study (see below), we conclude that either
pyrite directly precipitated from the amended groundwater during the
early stages of bioremediation, or that it inverted from an iron mono-
sulfide precursor in a matter of a few days. The exact mechanisms of
arsenic-sequestration capabilities of pyrite demonstrated in this study
require further study, but the formation of arsenian pyrite apparently is
capable of removing dissolved arsenic effectively. However, one study
showed that iron sulfide precursor inversion to pyrite can be retarded
by the presence of dissolved arsenic (Wolthers et al., 2007).

Pyrite can contain up to 10 wt.% arsenic (Abraitis et al., 2004), but
there is also uncertainty about the exact method of incorporation of
arsenic into iron sulfides. Studies have shown that mackinawite can
sorb arsenic efficiently (Farquhar et al., 2002; Wolthers et al., 2005b;
Burton et al., 2014), but if mackinawite formed in natural systems and
sorbed arsenic from solution, it is not clear what the fate of the sorbed
arsenic would be if the mackinawite inverts to pyrite. It is clear from
recent research that arsenic also can be effectively sorbed by pyrite (e.g.
Bostick and Fendorf, 2003; Han et al., 2013; Bulut et al., 2014; this
study). Among common iron sulfides, pyrite seems most capable of
incorporating arsenic into the crystal lattice either by substitution of As
(-D) for sulfur or As(IIl) for iron, or both (Simon et al., 1999; Savage
et al., 2000; Deditius et al., 2008, 2014; Qiu et al., 2017; Le Pape et al.,
2017). However, Blanchard et al. (2007) concluded that it is en-
ergetically more favorable at low temperature for arsenic to substitute
for sulfur as opposed to iron in pyrite. Finally, the recently recognized
retrograde solubility of arsenic in pyrite (Deditius et al., 2014) is con-
sistent with the lowest temperature pyrite being able to accommodate
the most substitution of arsenic into its crystal lattice.

In addition to arsenic, a number of other trace elements occur in
natural pyrites, including low temperature “sedimentary”, hydro-
thermal, and magmatic/metamorphic pyrites (Abraitis et al., 2004). For
example, gold occurs as both nanoparticles as well as substitute at the
atomic level in arsenian pyrite in Carlin-type gold deposits of Nevada,
USA (Reich et al., 2005; Deditius et al., 2014). However, for low-tem-
perature “sedimentary” pyrites, Co, Ni, and to a lesser extent, Cd, Cu,
Mo, and Sb apparently are the most common associated trace elements
in arsenic-bearing low-temperature pyrites (Huerta-Diaz and Morse,
1992; Saunders et al., 1997; Houben et al., 2017; Bonnetti et al., 2017).
The arsenic concentrations in natural “sedimentary” pyrites (including
pyrite in coal) is highly variable and has been documented as high as
8% (Kolker et al., 2001, 2003), but most sedimentary pyrites typically
have < 1wt.% arsenic (Kolker et al., 2001). Authigenic pyrites de-
monstrably formed by precipitation from natural groundwaters typi-
cally have less than ~1wt.% arsenic, although a semi-quantitative
(SEM-EDS) analysis by Pi et al. (2016) indicated that pyrite contained
4.9 wt.% arsenic. Electron microprobe analyses of coarse-grained pyrite
formed by SRB in a Holocene clastic river floodplain aquifer in Ala-
bama, USA (Fig. 2) indicate it contains up to 0.62wt.% arsenic
(Saunders et al., 2005b). Similarly, electron microprobe data from
Lowers et al. (2007) documented authigenic pyrite with up to 1.1 wt.%
arsenic in clastic Holocene aquifers in Bangladesh, and Houben et al.
(2017) found a maximum of 0.37 wt.% arsenic (mean of 0.08 wt.%) in
authigenic pyrite in a post-glacial (Holocene) clastic aquifer in north-
eastern Germany. Price and Pichler (2006) documented authigenic
pyrite with up to 1.2 wt.% arsenic (average of 0.23 wt.%) in the Oli-
gocene Suwannee limestone of western Florida, USA. In a recent study
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by Bonnetti et al. (2107), pyrite from low-temperature sedimentary/
biogenic uranium ore from China contained varying amounts of arsenic
depending on its morphology and interpreted origin. For example,
pyrite that formed by replacing organic matter contained a median
arsenic content of ~0.95wt.%, whereas framboidal pyrite had a
median arsenic content of 0.22wt.%, and euhedral pyrite octahedra
had a median arsenic content of 0.036 wt.%. Finally, arsenian pyrite
produced in lab experiments utilizing SRB by Kirk et al. (2010) con-
tained 0.2 to 0.94 wt.% arsenic.

Published research has shown that arsenic contents of authigenic
pyrite are variable, and perhaps this is best illustrated by a single bio-
genic arsenian pyrite grain shown in Saunders et al. (2005b) from their
fluvial Alabama field site, similar to the one in Fig. 2. Secondary ion
mass spectrometry (SIMS) was used to analyze a single ~1.7 cm-dia-
meter pyrite crystal traversing from the core to rim (17 analyses over
0.8 cm). Each spot analysis yielded paired 8>S and As/S ratio values
(lacking a standard for arsenic on the SIMS, As/S ratio was used as a
proxy for changing arsenic concentration in the pyrite). Results show
that arsenic is most enriched in the core of the pyrite grain, similar to
that shown in Fig. 2, and the arsenic-rich core correlates well with the
lightest 83*S values. Saunders et al. (2005b) interpreted that data to be
consistent with the onset of biogenic sulfate reduction causing arsenic
removal from groundwater in the growing pyrite grains.

2. Methods

To test the concept that the stimulation of SRB to make pyrite can be
an effective technique for remediating arsenic-contaminated ground-
water, we selected an industrial site in northern Florida to attempt a
field demonstration in groundwater that was moderately reducing and
had pH values of 5 to 7 initially. Arsenic-bearing herbicide had been
used at the site decades earlier, and previous remediation efforts at the
site included contaminated-soil removal and an extensive “pump-and-
treat” groundwater remediation approach. Previous efforts reduced the
aerial extent and stabilized the plume, and reduced dissolved arsenic
concentrations to ~0.3-1mg/L (Lee at al., accepted). For this in-
vestigation, four new wells were installed: two injection wells paired
with two nearby (~ 1.5 m down gradient) monitoring wells to augment
six other existing monitoring wells farther down gradient at the site
(Lee et al., accepted). In early February 2016, we injected 11,730 L of
aqueous solution containing molasses, agricultural-grade ferrous sulfate
(FeSO4+7H50), which together provided SRB a carbon source and the
iron and sulfur needed to make pyrite. Further, 2kg of agricultural
grade diammonium phosphate was also added to the injection solution
as well to provide a source of nitrogen and phosphorus nutrients for
bacteria, and to also supply chloride (a minor constituent of the dia-
mmonium phosphate) for use as a tracer for groundwater flow (Lee
et al., accepted). Groundwater samples were collected weekly from the
two injection wells and eight monitoring wells after the injection of the
bacteria-stimulating solution for the first month and then monthly
thereafter.

For the pyrite arsenic-sorption experiments, coarsely crystalline
hydrothermal pyrite was crushed to several size fractions for use in
arsenic-sorption experiments conducted in an anaerobic chamber under
variable pH conditions and arsenic concentrations. Although our field
demonstration project involved the formation of “biogenic” pyrite, we
chose to use pyrite that was not formed by bacterial action for our
sorption experiments so as to preclude the possibility that bacteria
could enhance the inorganic sorptive capability of pyrite. The initial pH
was adjusted with HCl and NaOH. It was not corrected during experi-
ments, but the pH of the final solution/supernatant was then measured.
Before transporting inside the anaerobic glove box, all aqueous solu-
tions were prepared in doubly deionized water and purged for 3 h with
ultrapure N,. Oxygen levels in the glove box and aqueous solutions
were measured by Strathkelvin Oxygen meter (detection limit is
2.0 = 1umol/L; < 1ppm) to monitor O, levels. Arsenic stock



J.A. Saunders et al.

(-

—
9 g AT B
LA

R

¥ %
v, )

solutions were prepared by dissolution of arsenic trioxide powder
(As503, 99.95%; Fisher Chemicals) for two days in deoxygenated
doubly deionized water inside the anaerobic chamber following pro-
cedure from Farquhar et al. (2002). Experiments conducted to calibrate
equilibrium adsorption time ran for 72 h. Aliquots of the aqueous so-
lutions were analyzed by graphite-furnace AA in the Department of
Civil Engineering at Auburn University.

In the demonstration experiment at the industrial site field geo-
chemical parameters were measured (including dissolved concentra-
tions of H,S and arsenic species), and aqueous sample collection and
storage were conducted following standard EPA and USGS protocols.
See Lee et al. (accepted) for details of well locations, aqueous geo-
chemical sampling techniques and complete results of the pre- and post-
injection site groundwater geochemical conditions. But in short, aqu-
eous samples were then analyzed by ICP-MS (Agilent 7900) in the
Department of Geoscience at Auburn University for major ions and
(total) arsenic, and the major anions were analyzed using ion chro-
matography by a commercial lab. Suspended biogenic pyrite grains
were collected from the bottom of monitoring wells, frozen in the field
using CO»-ice, and were then transported to a freezer in the lab. Sub-
sequently, these samples were thawed at room temperature, and the
heavier sulfide phases were separated out by use of a centrifuge and
then dried. The sulfide concentrates were then characterized by X-ray
diffraction (XRD), and X-ray fluorescence (XRF), scanning electron
microscopy (SEM), optical microscopy, and electron microprobe at
Auburn University. Sulfur isotope signatures of dissolved sulfate were
measured to fingerprint the progress of bacterial sulfate reduction in
treated groundwater. Dissolved sulfate in groundwater was precipitated
as BaSO,, after spiking solutions with BaCl, The &3'S values of the
BaSO, were measured at the Colorado Plateau Stable Isotope Analysis
Laboratory at Northern Arizona University, and §3'S values of pyrite
aggregates were measured by Geochron Laboratories, Chelmsford, MA.

3. Results
3.1. Arsenic sorption by pyrite

To address grain size influences of pyrite crystals to arsenic sorp-
tion, and shed more light on whether or not pyrite formed during
biogenic sulfate reduction would continue to sorb arsenic in sulfur
limited or sulfur depleted groundwater environments, we endeavored
to conduct laboratory experiments. Because published iron-sulfide ar-
senic-adsorption experiments used very fine-grained synthetic pyrite
(Bostick and Fendorf, 2003; Kim and Bachelor, 2009; Han et al., 2013)
or mackinawite (FeS), which is a ubiquitous precursor to pyrite,
(Gallegos et al., 2007; Jeong et al., 2010), we conducted laboratory
batch experiments to evaluate natural pyrite sorption capabilities. Re-
sults show that (ground) natural pyrite is an effective adsorber of As
(IlI), finer grain size with higher surface areas works the best, and
sorption data fits reasonably well with Langmurian behavior
(r? > 0.988) (Fig. 3). Results from this study show that arsenic sorp-
tion onto pyrite approaches a plateau at higher aqueous concentration.
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Fig. 2. Photomicrographs (reflected light) of
Holocene biogenic arsenian pyrite from Macon
County, Alabama (See Saunders et al., 1997, 2005b).
LEFT: Pyrite replacing wood and preserving cellular
textures. RIGHT: A single crystal of pyrite etched
with a solution of HCI-KMnO, to show growth
banding, and which also serves to preferentially stain
the most As-rich zones.
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Fig. 3. Plot showing prediction of arsenic adsorption isotherm at pH 7 for fine,
intermediate and coarsen-grained pyrite (6g/L) (Ionic Strength = 0.01 M)
fitted to Langmuir sorption model. Coefficient of determination, r? for the best
Langmuir fit on the dataset presented here are 0.9885, 0.9849, and 0.995 for
fine-, intermediate-, and coarse-grained samples, respectively. Vertical bars
show standard deviations of the data.

Notably, arsenic sorption onto pyrite have shown to increase with
elevated dissolved arsenic concentration indicating importance of
pyrite in arsenic removal (Kim and Bachelor, 2009; Bulut et al., 2014).

The pH envelopes for arsenic on pyrite indicate that sorption in-
creases with increasing pH, particular at pH > 5 and at elevated dis-
solved arsenic concentration (Fig. 4). Previous studies have shown
comparable edge positions, and pH dependence of arsenic sorption onto
pyrite (Bostick and Fendorf, 2003). The pH dependence of As sorption
onto pyrite is distinctly different from other research conducted to
study arsenic adsorption onto iron (oxy)hydroxides. One common
reason for such contrast argued in earlier studies is that arsenic makes a
strong inner-sphere complex with metal sulfide, unlike anion sorption
onto iron (oxy)hydroxides is essentially through ligand-exchange of
surface hydroxyl group (Bonnissel-Gissinger et al., 1998). Additionally,
increase in arsenic sorption can also be explained by formation of =Fe-
OH surface sites which are the primary functional groups on the pyrite
surface at higher pH levels (Chapelle and Lovley, 1992). Both inner-
sphere complexation, and metal surface site functional groups are thus
probably involved in the sorption of As onto pyrite, providing stable
bond for long term arsenic retention. Finally, the arsenic sorption data
suggest that the process might continue even after biogenic sulfate re-
duction ends, depending on the amount of pyrite formed in the aquifer
and the residual and arsenic concentration in groundwater.

3.2. Initial results of field arsenic-bioremediation project

Pre-injection “background” geochemical conditions and the post-
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Fig. 4. Plot showing sorption envelope exhibiting Langmuir sorption behavior
for different arsenic concentrations (1.35, 13.35, 133.45uM) on 6 g/L of fine,
intermediate, and coarse-grained pyrite suspension (Ionic Strength = 0.01 M)
equilibrated for 36 h modeled with best-fit curves.

injection changes during the entire 12-month field project are docu-
mented in detail in Lee et al. (accepted). Background groundwaters
contained 0.1-1 mg/L, which predominantly occurred as the arsenite
(As(III)) species. At the first weekly sampling of at the field site after
injection of the groundwater amendments, a H,S smell was present and
ORP values dropped below —150 mV in the injection wells and paired
monitoring wells, and arsenic started to decrease in the samples. After
~30 days the site regulatory clean-up goal of 0.05mg/L had been
reached and has remained below that for 6 months (Fig. 6). We should
note that the regulatory clean-up goal for this site was based on the
earlier USA EPA Drinking Water standard of 0.05 mg/L (pre-2000) and
thus it does not necessarily represent current site regulatory goals in
USA.

Injection of the bacteria-stimulating solution led to an expected
increase in dissolved sulfate and iron in groundwater during the first
two weeks, followed by a spike in H,S in week 3 (Fig. 5). The con-
current decrease in iron, sulfate, and arsenic in the third week, followed
by decrease in H,S in the 4th week, appears to be related to SRB me-
tabolism leading to the precipitation of pyrite and removal of arsenic
from groundwater. It is possible that a slight and temporary increase
observed for arsenic in week 3 could have been caused by competition
of injected PO, with arsenic on mineral-sorption sites, which has been
documented previously (e.g., Campos, 2002), although recent research
suggests that arsenic-phosphate sorption relations are complex (Aziz
et al., 2017). Another possibility is that elevated levels of dissolved H,S
produced at the initiation of biogenic sulfate reduction led to the
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transient formation of aqueous thioarsenite complexes (e.g., Wilkin
et al., 2003). After injection of the bacteria-stimulating solution,
groundwater Eh dropped as expected, allowing SRB to out-compete Fe
(IlI)-reducing bacteria for the electron donor organic carbon (e.g.
Chapelle and Lovley, 1992). Paired Eh-pH values of groundwater cor-
responding to pre-injection conditions and subsequent values one
month later (Fig. 6) record the drop in Eh. Prior to the injection of
amendments, groundwater Eh-pH values plotted in the stability field of
arsenite (As(III), As(OH)s"), whereas one month after injection of the
solution, most values plotted in the stability field of arsenian pyrite
(Fig. 6). Saunders et al. (2005b; 2008) and Ford et al. (2007) showed
that for moderately reducing, circum-neutral pH groundwaters, the
stability field of As(OH)s° generally overlaps with the field of Fe(Il),
consistent with their occurrence under bacterial Fe(IlI)-reducing con-
ditions (e.g. Chapelle and Lovley, 1992).

3.3. Arsenian-pyrite formation during bioremediation

During the field bioremediation experiment, suspended iron-sulfide
particles began to form at the bottom of the monitoring wells, which we
were able to collect using a small peristaltic pump. Some of this ma-
terial was mounted in epoxy and polished for optical (reflected light)
microscopy and electron microprobe analyses, whereas and other splits
were directly used for SEM, XRD and XRF analyses. Polished sections of
the iron-sulfide grains were used for electron microprobe analyses.

Optical investigations indicated that only individual pyrite euhedra
and framboid aggregates were present (e.g. no marcasite, mackinawite,
or apparent amorphous iron-sulfide phases were visible). This ob-
servation was confirmed by XRD patterns that were similar to arsenian
pyrite described from a lignite mine in the Czech Republic (Rieder
et al., 2007). SEM imaging confirmed optical results with regards to the
occurrence of both euhedral pyrite crystals and framboids composed of
smaller euhedral nanocrystals of pyrite (Fig. 7). The bulk of pyrite
crystals and framboids are typically ~1-10 pm in diameter (Fig. 7). All
of the monitoring wells sampled contained both the pyrite euhedra and
framboids. Thus there was no apparent spatial control on their dis-
tribution. The co-occurrence of both types of authigenic pyrite
morphologies in natural groundwater environments has been observed
by others (Price and Pichler, 2006; Lowers et al., 2007; and Houben
et al., 2017), and also in pyrite-bearing sedimentary biogenic uranium
ores (Bonnetti et al., 2017). XRF analyses of the same powder samples
used for XRD confirmed the presence of arsenic in the bulk samples
(Fig. 8), and that result was corroborated by electron microprobe
analyses of arsenic in individual pyrite crystals and framboids (Fig. 8).
Electron microprobe analyses indicates that the biogenic arsenian
pyrite contains ~0.05 to 0.4 wt.% (500-4000 mg/kg) of arsenic, which
are within the reported ranges of arsenic in pyrite from natural
groundwater environments (Saunders et al., 2005b, Price and Pichler,
2006; Lowers et al., 2007; and Houben et al., 2017). We observed no
apparent relation in the arsenic content of the two different pyrite
morphologies that formed during the field bioremediation experiment.
However, Lowers et al. (2007) observed that single (“massive”) pyrite
crystals had significantly higher concentrations of arsenic than did
framboids (e.g., mean values 2x as much).

Individual pyrite crystals formed during the bioremediation field
experiment are typically modified octahedrons, some of which exhibit
twinning (Fig. 8). Framboids appear to be aggregates of much smaller
euhedral (octahedral?) crystals. Houben et al. (2017) described in-
dividual pyrite crystals formed in a post-glacial (Holocene) aquifer as
having cubic, octahedral, cubo-octahedral, and rhombic dodecahedral
morphologies, and that framboids were aggregates of euhedral octa-
hedral crystals. Houben et al. (2017) suggested that individual pyrite
crystals may have formed by the recrystallization of the framboids. We
have seen no evidence of that process in our field experiment, where
both single crystals and framboids appear to have both formed at the
same time. Further, Southam and Saunders (2005) observed that early
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10 Fig. 5. Plot showing time-series groundwater geochemical
data (dissolved) from a monitoring well (M — 2) at the
Florida industrial site, showing pre-injection geochemical
conditions and subsequent changes during the first 6 months
of the bioremediation field experiment. Time-related de-
creases in Fe, H,S, and As are interpreted here to be the result
of precipitation of arsenian pyrite. Dashed red line is the
regulatory cleanup goal for arsenic concentration at the field
site. The complete 12-month aqueous geochemistry data set
for all 10 wells periodically sampled in the field demon-
stration project is presented in Lee et al. (accepted). (For
interpretation of the references to colour in this figure le-
gend, the reader is referred to the Web version of this article.)
0.01
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(biogenic) framboidal pyrite textures were preserved after later en-
crustation by coarser-grained pyrite in a Holocene aquifer, suggesting
that at least in some situations, pyrite framboids don't necessarily re-
crystallize to form euhedral pyrite crystals. According to Wilkin and
Barnes (1996), the formation of framboidal pyrite is apparently favored
when iron monosulfides rapidly convert to pyrite. If that interpretation
is correct, then perhaps in our field experiment, framboidal pyrite
formed by recrystallization of an iron monosulfide precursor, and the
euhedral octahedral pyrite crystals formed from direct precipitation
from groundwater during sulfate reduction.

3.4. Sulfur isotopes

Given the small size of pyrite grains formed during the bior-
emediation field experiment, it is difficult to determine the approximate
8343 value for individual grains. For example, the typical beam size for
an ion microprobe (SIMS) is ~ 20 um, which is about ~ 4x larger than
the average pyrite crystal or framboid observed in this study (Fig. 9).
Thus we analyzed (using conventional S-isotope combustion techni-
ques) composite samples of pyrite grains taken from three different
monitoring wells undergoing biogenic sulfate reduction. Results of the
three analyses in terms of 8>S (CDT) were —5.3, —6.7, and —11.7%o,
which are values generally consistent with typical marine pyrites
formed by biogenic sulfate reduction (e.g. Ohmoto and Goldhaber,
1997; Seal, 2006), and those values overlap the range observed for
Holocene biogenic pyrite like that shown in Fig. 2, which have a mean
§34S of —13.5%0 (n = 17; Saunders et al., 2005b). Further, a detailed
sulfur isotope study conducted on pyrite interpreted to have formed as a
consequence of SRB metabolism from a Chinese sedimentary uranium
deposit (Bonnetti et al., 2017) contained even isotopically lighter 8%4s

Fig. 7. SEM backscatter images of biogenic arsenian pyrite crystal (right) and framboids (left) and associated aquifer silicate minerals (grey) that formed during the

first few months of the bioremediation experiment.
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Fig. 8. LEFT: XRF spectrum showing peaks for Fe, S, and As from a composite sample of pyrite grains similar to those shown in Fig. 7, which formed in the first month
of the field bioremediation experiment. RIGHT: Histogram showing electron microprobe results of arsenic concentrations of individual pyrite grains formed during

bioremediation.
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Fig. 9. Plot of 834S (CDT) of dissolved sulfate vs. concentration of HjS,q for
groundwater in the field bioremediation experiment.

values. There, framboidal pyrite in the uranium ore had a mean §3*S
value of —38.9%o and pyrite that apparently formed by replacing solid
organic matter had a mean 534S of —24.2%o (Bonnetti et al., 2017).

The 83*S values of dissolved sulfate (Fig. 9) are consistent with
bacterial-sulfate reducing conditions. The §3*S of sulfate in the injection
solution was ~0.5%o (two analyses yielded 0.44%o and 0.61%o), and
groundwater sulfate 8>S values recorded during the bioremediation
experiment increased to as much as 4.0%o. This increase of ~ 3.5%o is
consistent with SRB reducing sulfate to H,S, which is enriched in the
lighter isotope, which in turn reacts with dissolved iron to make pyrite
that is enriched in 3?S (e.g. negative 8>*S values). There is essentially no
fractionation of the §3*S values of H,S and pyrite formed in equilibrium
with it at this temperature (Ohmoto and Goldhaber, 1997; Seal, 2006).
Thus taken together, the increase in 8>S values for dissolved sulfate
coupled with a negative §3*S values of the neo-formed pyrite are evi-
dence of biogenic sulfate reduction during the bioremediation experi-
ment. The apparent relatively small depletion of sulfide §3*S values (for
bacterial sulfate reduction) as compared to starting sulfate values
(~10-15%o) could be the result of either very rapid sulfate reduction in
this study, the “open system” conditions of having excess dissolved
sulfate, or both (e.g., Seal, 2006).

4. Discussion

The concept of remediating water contaminated by arsenic by
causing it to precipitate as an arsenic-bearing mineral is not new. For
example, dissolved arsenic in pore waters has been lowered by
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engineering the precipitation of scorodite from pore waters in contact
with uranium mine tailings in Saskatchewan (Langmuir et al., 2006).
There, arsenic-bearing mine tailings are being treated by back-filling
them in abandoned mine-pit lakes. Amorphous and crystalline scorodite
are fairly soluble, thus forming these phases leaves significant arsenic in
solution, but this technique has garnered regulatory approval in Canada
(Langmuir et al., 2006). In the USA, contaminated-site remediation
goals are largely driven by drinking water standards (DWS). The
groundwater DWS (US EPA and World Health Organization, WHO) for
arsenic is 10 pug/L, and thus precipitation of the relatively soluble mi-
neral scorodite would not lower dissolved arsenic concentrations to
levels needed for regulatory acceptance of that concept. Sulfide mi-
nerals typically have much lower solubility than the corresponding
oxides, oxyhydroxides, carbonates, or sulfates of a particular metal
(loid) (Langmuir, 1997). Thus, groundwater remediation strategies
perhaps should be focused on removing As in sulfide minerals (e.g.
Keimowitz et al., 2007; Saunders et al., 2008). This approach has
worked well for bioremediating metal-contaminated groundwaters (Lee
and Saunders, 2003; Saunders et al., 2005a, 2008). However, crystal-
line or amorphous arsenic-sulfide phases are more soluble than sulfides
of chalcophile metals such as Pb, Zn, Cd, etc. (Langmuir, 1997) and thus
arsenic removal by forming sulfide phases is not straight forward. For
example, if precipitation of orpiment is the goal for utilizing SRB in
bioremediation of arsenic-contaminated groundwater, our modelling
suggests that would not be viable for circum-neutral-pH groundwaters
(Fig. 10). A groundwater of pH 6 and ~10~**MH,S (e.g., approx-
imate conditions for the groundwater in shown in Fig. 6 at 180 days) in
equilibrium with amorphous orpiment would have a dissolved arsenic
value of ~10~*°M (~2mg/L; Fig. 10). If less soluble crystalline or-
piment could be formed, that would lower the expected remaining ar-
senic in solution but would not enough to approach desired clean-up
goals or drinking water standards.

For modelling purposes, adding iron to the As-H,S-H,O system
complicates interpretation and implications for arsenic remaining in
solution after precipitation of iron-arsenic sulfides. In particular, there
is a lack of thermodynamic data for arsenian pyrite of varying arsenic
content, and there are uncertainties about whether crystalline arseno-
pyrite will form under low-temperature groundwater conditions.
Saunders et al. (2008) estimated AGy values for arsenian pyrite of
varying arsenic contents based on one published lab experiment, and
modelling using that data indicated arsenian pyrite (with 1 wt.% ar-
senic) displaces the stability fields of orpiment and realgar in Eh-pH
space. Modelling by Langner et al. (2013, supplementary information)
using arsenopyrite as the preferred reduced arsenic-bearing iron-sulfide
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Fig. 10. Activity-activity diagram for the As-H,S system calculated using
Geochemist's Workbench and thermodynamic data in the Appendix, for varying
pH values. Dashed vertical lines represent the shifting stability boundaries of
the field of aqueous AsS,~ with varying pH values. Results show that the sta-
bility field of amorphous orpiment expands at lower pH values (e.g., consistent
with conditions of acid mine drainage).

phase also displaced the stability field of orpiment and realgar in Eh-pH
space. However, the reported occurrences of low-temperature amor-
phous or crystalline arsenopyrite need further substantiation by XRD.
Indeed, in some arsenic-rich hydrothermal ores such as Carlin-type gold
deposits, temperatures of ore formation may have been too low even in
those to form arsenopyrite in those systems, as arsenian pyrite (not
arsenopyrite) hosts gold in those deposits (Deditius et al., 2014;
Saunders et al., 2014). However, arsenopyrite is a common mineral
associated with higher-temperature hydrothermal ores (Saunders et al.,
2014). Thus, based on natural occurrences of arsenian pyrite reported
in most natural groundwater systems, we proposed that it is the phase
to target for precipitation for arsenic-sequestration during bior-
emediation of arsenic-contaminated groundwater using SRB. The
common situation in many groundwaters contaminated by either an-
thropogenic or natural arsenic sources is that dissolved Fe(II) exceeds
dissolved arsenic and thus, arsenic-bearing iron sulfides likely are more
important at circum-neutral pH than arsenic-only sulfides (Saunders
et al., 2008), which has been documented in numerous studies cited
above.

The stimulation of SRB to make H,S,q during bioremediation must
overcome the effect of the formation of aqueous thioarsenite complexes
that can form at elevated HjS,q concentrations (Wilkin et al., 2003).
Keimowitz et al. (2007) and Sun et al. (2016) observed this effect on
arsenic mobility in their laboratory experiments involving SRB. Sun
et al. (2016) utilized mine tailings from two different sites as substrates
for experiments designed to stimulate SRB metabolism by addition of an
organic carbon source (lactate) = sulfate. Omoregie et al. (2013)
conducted similar microcosm experiments, but for their substrate, they
used aquifer sediments that host naturally arsenic-contaminated
groundwater from Cambodia. Omoregie et al. (2013) showed that sig-
nificant amounts of arsenic were removed by forming iron-arsenic-
sulfide phases, but that the resulting remaining solution still contained
arsenic concentration of ~ 30 pg/L, which is higher than the WHO DWS
of 10 ug/L. Experiments stimulating bacterial sulfate reduction coupled
with iron-sulfide formation by Onstott et al. (2011) and Keimowitz
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et al. (2007) were effective in removing significant amounts of dis-
solved arsenic, but also left 30 ug/L and 22 ug/L (respectively) arsenic
in solution. Laboratory experiments by Kirk et al. (2010) showed that
the formation of arsenian pyrite was important for removing dissolved
arsenic, but their conditions did not produce enough of the mineral
phase to dramatically decrease dissolved arsenic. In the only other
published field study designed to stimulate SRB to remove arsenic by
forming pyrite, Pi et al. (2017) reported that arsenic concentration in
groundwater at their site dropped from 593 pg/L to 136 ug/L. In their
study, Pi et al. (2017) amended groundwater with ferrous sulfate and
did not add a carbon electron donor to groundwater (as was done in this
study).

The addition of iron to the As-H,S system has several effects based
on published data (e.g., Wilkin et al., 2003; Saunders et al., 2008;
Burton et al., 2011, 2014; Kirk et al., 2010; Couture et al., 2010, 2013):
1) It lowers the dissolved concentration of H,S by precipitating iron-
sulfides, which can limit the formation of thioarsenite complex that can
increase arsenic mobility; 2) Addition of iron limits the stability fields of
crystalline or amorphous solid arsenic-only sulfide phases and lead to
formation of iron-arsenic sulfides; 3) Crystalline iron-sulfide phases
mackinawite, greigite, and pyrite have all been shown to be capable of
sorbing arsenic from solution; and 4) Precursor iron sulfides formed
during biogenic sulfate reduction may have inverted to the thermo-
dynamically most stable phase pyrite; subsequently arsenic sorbed onto
former surfaces can be incorporated by substitution for sulfur and
perhaps iron in pyrite (Wolthers et al., 2005a). During SRB metabolism,
pH usually increases as protons are required to make H,S from sulfate
(Saunders et al., 2005a, 2008) and this aids in arsenic sorption on pyrite
(see above). Thus our use of the term “sequestration” of arsenic in
pyrite can be thought of as both a sorption, then coprecipitation process
in pyrite, irrespective of whether pyrite had a poorly crystalline iron-
sulfide precursor or directly precipitated from solution. Perhaps both of
these processes occurred during our field bioremediation experiment
and would explain the simultaneous production of euhedral pyrite
crystals and framboidal aggregates.

Iron sulfide minerals are stable under reducing geochemical con-
ditions and thus their long-term stability is an issue for their formation
during biogenic sulfate reduction. If the groundwater conditions remain
reducing, the low solubility of pyrite means that it provides a long term
stable sink for arsenic unless the pyrite is oxidatively dissolved
(Wolthers et al., 2005a). So in general, due to the low solubility of O, in
groundwater, iron sulfides are typically stable below the water table
where they are out of direct contact with the atmosphere (Langmuir,
1997). Fluctuations of shallow water table levels due to a lack of
rainfall is an issue that can lead to oxidation of previously precipitated
sulfide minerals (Saunders et al., 2005a). Further, oxidation of dis-
seminated arsenic-bearing sulfides in aquifers has been shown to con-
taminate groundwater with arsenic (Price and Pichler, 2006; Mango
and Ryan, 2015; Houben et al., 2017). However, laboratory experi-
ments by Onstott et al. (2011) designed to investigate the results of the
oxidation of arsenic-bearing iron sulfides indicated that arsenic is not
necessarily released to solution as it sorbed by the neo-formed iron-
oxyhydroxides caused by oxidation of iron sulfides. Thus, bioremedia-
tion using biogenic iron sulfides to remove arsenic in groundwater
probably requires continued monitoring at sites, at least until longer
term data becomes available on the stability of arsenic-bearing pyrite.

In summary, we show here that natural SRB can be stimulated to
make biogenic pyrite in the field for circum-neutral pH groundwaters,
and it appears that dissolved arsenic is sequestered by sorption and
coprecipitation. A technique similar to that documented here could
prove effective where groundwater is contaminated by acid mine
drainage, but sorption behavior on iron-sulfide minerals, and the re-
sulting mineralogy could be substantially different at lower pH, al-
though SRB metabolism does cause pH to increase (Saunders et al.,
2008). However, most naturally arsenic-contaminated groundwaters
such as in Southeast Asia and elsewhere typically occur under circum-
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neutral pH and moderately reducing conditions similar to the site in
this study. Thus we envision that this process perhaps can be modified
to treat individual wells where arsenic-contaminated groundwater is
abstracted. Both the long-term stability of the reducing geochemical
conditions resulting from bioremediation and the stability of the ar-
senian pyrite with time warrant additional study.

5. Conclusions

The principal conclusion is that bioremediation of arsenic-con-
taminated groundwater can be accomplished by stimulating indigenous
SRB to make arsenian pyrite. Optimization of the process is needed on a
site-specific basis where geochemical conditions (i.e., Eh-pH, con-
centrations of iron, sulfate, and organic carbon) vary from our field site.
A preliminary conclusion from our study along with other published lab
and field studies is that formation of abundant arsenian pyrite will be
most effective in removing arsenic from solution, but too much pyrite
formation could reduce aquifer permeability and porosity. Other con-
clusions and implications are listed below:

1) Arsenic-only sulfides may be more important mineral phases that
could form at lower pH conditions related to anthropogenic condi-
tions such as related to acid mine drainage. However, even in that
situation, there will be high levels of dissolved iron in the system
and thus arsenic-bearing iron sulfides are more likely the authigenic
mineral phases formed.

2) To optimize arsenian pyrite formation during bioremediation, both
ferrous iron sulfate and a labile source of organic carbon should be
used to amend groundwater.

3) Amending groundwater with ferrous iron, besides aiding in pyrite
formation and growth, limits the formation of thioarsenite com-
plexes, which can enhance arsenic mobility under reducing condi-
tions.

Appendix
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4) Arsenic sequestration appears to have been caused by an initial
sorption onto pyrite nanoparticle surfaces, and as the pyrite crystals
grew over the first few months of the bioremediation experiment,
previously sorbed arsenic apparently was incorporated in pyrite by
substitution for sulfur. Depending on the amount of dissolved ar-
senic in the system, and the amount of biogenic pyrite produced
during bioremediation, there could be a residual effect of continued
sorption of arsenic by pyrite after bacterial sulfate reduction ends.
Because we sampled the groundwater seven days after the injection
solutions were added, we cannot rule out the possibility that
mackinawite or amorphous iron sulfide could have formed rapidly,
sorbed some of the dissolved arsenic, and inverted to crystalline
pyrite prior to our first sampling, although we saw no evidence of
that.

5) Biogenic sulfate reduction leads to an increase in pH, which as
shown here will enhance arsenic sorption on pyrite surfaces.

6) Finally, in “developed” nations, it is highly unlikely that shallow
groundwater from contaminated industrial sites like that described
here will ever be used for drinking water. However, in developing
nations where natural arsenic contamination of their potable
groundwater supplies is a problem, it is possible that in situ treat-
ment using the concepts presented here might prove useful in low-
ering the arsenic content of drinking water there (and perhaps very
inexpensively).
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Equilibrium constants (at 25 °C) for the formation of thioarsenites, arsenic sulfides, iron sulfides, and arsenian pyrite used in geochemical

modelling.
Reactions log Kos References
Thioarsenite species
As(OH), + HS™ + 2H"' < As(OH)y(SH) + 2H,0 17.92 Wilkin et al. (2003)
As(OH), + HS™ + H' < As(OH),S™ + 2H,0 12.77 Wilkin et al. (2003)
As(OH), + 2HS + H™ < As(OH)S,*>~ + 3H,0 17.83 Wilkin et al. (2003)
As(OH),” + 3HS + 2H" < AsS3H>™ + 4H,0 29.61 Wilkin et al. (2003)
As(OH),” + 4HS + 4H™ < As(SH), + 4H,0 45.77 Wilkin et al. (2003)
As(OH);” + 3HS + H* < AsS3®~ + 4H,0 21.72 Wilkin et al. (2003)
Arsenic sulfides and iron sulfides
2As(OH),” + 3HS™ + 5H"' < As,Ss (Orpiment) + 8H,0 65.60 Webster (1990)
2As(OH),” + 3HS™ + 5H" < As5S3 (am) + 8H20 63.27 Webster (1990)
As(OH), + HS™ + 2H" < AsS (Realgar) + 3.5H,0 + .25 O2(aq) 14.68 Bethke (1996)
Fe** + 2HS + .5 Oggq) < FeS, (Pyrite) + Hy0 59.29 #
.875 Fe®" +HS™ +.0625 Oy(aq) < FeS g75(Pyrrhotite) +.75 H* +.125 H,0 9.88 #
Fe?* + HS™ <« FeS (Mackinawite) + H™* 3.10 Webster (1990)
Fe®* + As(OH), + HS™ < AsFeS (Arsenopyrite) + 2.5H,0 + .75 O2aq) —47.84 Bethke (1996)
Arsenian pyrite
FeS1.00AS0.01 + 1.02 HyO + 3.5 O, (aq) <> Fe** + 1.995 SO,2~ + 0.01 As(OH), +2H™ 199.78 Saunders et al. (2008)

#Schoonen and Barnes (1991) and Wilkin and Barnes (1996).
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