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Abstract

Sulfate is ubiquitous in groundwater, with both natural and anthropogenic sources. Sulfate
reduction reactions play a significant role in mediating redox conditions and biogeochemical
processes for subsurface systems. They also serve as the basis for innovative in-situ methods for
groundwater remediation. An overview of sulfate reduction in subsurface environments is
provided, along with a brief discussion of characterization methods and applications for
addressing acid mine drainage. We then focus on two innovative, in-situ methods for remediating
sulfate-contaminated groundwater, the use of zero-valent iron (ZVI) and the addition of electron-
donor substrates. The advantages and limitations associated with the methods are discussed, with
examples of prior applications.

Keywords
groundwater pollution; stable isotope analysis; enhanced bioremediation; natural attenuation

1. Introduction

Sulfate occurs extensively in both natural and anthropogenic water systems. Primary natural
sources of sulfate include atmospheric deposition, sulfate mineral dissolution, and sulfide
mineral oxidation (e.g., Krouse and Mayer, 1999). Anthropogenic sources include coal
mines, power plants, phosphate refineries, and metallurgical refineries (e.g., Seller and
Canter, 1980). Higher levels of sulfate are common in the western part of the United States
(MDH, 2008).

High concentrations of sulfate in ingested water can cause diarrhea in humans, especially
infants (EPA, 1999). However, adults generally become accustomed to high sulfate
concentrations after a few days (EPA, 1999). Sulfate in drinking water has a secondary
maximum contaminant level (SMCL) of 250 mg/L, based on aesthetic effects (i.e., taste and
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odor) (EPA, 2009). It is estimated that about 3% of the public drinking water systems in the
United States may have sulfate concentrations of 250 mg/L or greater (EPAwebsite).

In addition to its classification as a secondary contaminant, there is great interest in the
transport and fate of sulfate in subsurface environments in relation to biogeochemical
processes affecting natural and contaminated systems. For example, sulfate serves as a
primary electron acceptor for anaerobic microbially-mediated transformation processes.
Sulfate is reduced during such processes, and thus sulfate reduction is of great significance
for many subsurface systems. In addition, sulfate reduction is of particular interest for
systems with acidic metal-rich waters, such as mining-impacted sites, because the
production of sulfide from sulfate reduction can effectively precipitate some heavy metals in
the form of highly insoluble metal sulfides (e.g., Langmuir, 1997).

In light of growing interest in sulfate as a contaminant and, concomitantly, the feasibility of
remediating groundwater contaminated by sulfate, we present an overview of sulfate
reduction in subsurface systems. Methods available for characterizing sulfate reduction are
discussed. The role of sulfate reduction in addressing acid mine drainage is reviewed.
Finally, two innovative, in-situ methods for remediating sulfate-contaminated groundwater,
the use of zero-valent iron (ZVI1) and the addition of electron-donor substrates, are
discussed.

2. Sulfate Reduction in Natural Groundwater Systems

Sulfate is the completely oxidized form of sulfur, and it is the most stable aqueous form of
sulfur under aerobic conditions. Sulfur occurs in several oxidation states ranging from S2- to
S6* and its geochemical behavior, including transport and fate, is coupled to the aqueous
redox conditions (e.g., Hem 1985; Langmuir, 1997). Sulfate is typically the first or second
most abundant anion in natural waters (e.g., Hem 1985). Similar to how aqueous carbonate
geochemistry is generally considered to exert a primary control over acid-base reactions for
natural systems, sulfur geochemistry may be considered to represent a primary control over
redox reactions for many environmental systems.

Sulfate reduction occurs extensively in natural groundwater systems. Sulfate is a redox-
defining species in the Terminal Electron Accepting Process (TEAP) sequence, with sulfate
reduction occurring after iron reduction and before methanogenic conditions. As such, it is
the second most reducing condition in natural groundwater systems. Sulfate reduction
involves the consumption of a substantial amount of hydrogen ions and the production of
HS" at circumneutral pH. The general form of the reaction is given as (e.g., Christensen et
al., 2000):

SO, +9H*+8¢~ — HS™+4H,O (1)
Furthermore, dissimilatory sulfate reduction under environmental conditions is conducted by
a specialized group of prokaryotic bacteria through chemical reactions in which organic

carbon (2) or Hy (3) is oxidized while sulfate is reduced (e.g., Canfield 2001a,b):

S0,2"+2CH,0 — Hy,S+2HCO5™  (2)
2H*+S0,2 +4 Hp — H,S+4H,0 (3)

Thus, hydrogen ions are consumed and bicarbonate is produced, which leads to increases in
pH. These aqueous geochemical signatures along with changes in redox conditions and
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redox sensitive species may be used as evidence for the occurrence and characterization of
sulfate reduction.

Sulfate reduction in the subsurface is almost exclusively mediated by sulfate reducing
bacteria (SRB) (e.g., Chambers and Trudinger, 1979; Gibson, 1990; Hao et al., 1996;
Canfield, 2001a,b; Berner et al., 2002; and Aravena and Mayer, 2009). These bacteria are
anaerobes that gain energy for growth from oxidation of organic matter using sulfate as the
terminal electron acceptor (Hao et a/., 1996; Barton and Tomei, 1995). While a large
number of organic compounds have been shown to support SRB growth (Barton and Tomei,
1995), preferred carbon sources include organic acids (e.g., lactate, pyruvate, formate, and
malate), volatile acids (e.g., acetate), and alcohols (e.g., ethanol, propanol, methanol, and
butanol) (Hao et al., 1996). SRB are ubiquitous in the subsurface, and are present (but not
likely metabolically active) under aerobic conditions as well as anaerobic conditions (e.g.,
Gibson, 1990; Bottrell et al., 1991; Fortin et al., 2002; Wargin et al., 2007; Praharaj and
Fortin, 2008; Winch et al., 2009). A relatively wide range of genera of SRB has been
identified (Hao et al., 1996).

The rate of sulfate reduction in groundwater has been examined in a number of studies. Both
zeroth-order and first-order equations have been used to represent field data, depending on
prevalent sulfate concentrations. Tabulated zeroth-order reaction rate coefficients for sulfate
reduction can be found in several publications (Detmers et al., 2001; Jakobsen and Postma,
1994; McGuire et al., 2002). For example, McGuire et al. (2002) compiled zeroth-order
sulfate reduction rate coefficients published in the literature. These values vary from about 2
x 1076 mg/L/day to 3000 mg/L/day). Half-lives associated with first-order sulfate reduction
rate coefficients reported for several field studies are compiled in Table 1. Considerable
variation is observed among the studies, which may be caused by several factors, including
differences in site conditions (e.g., microbial community, redox conditions, aqueous
geochemistry, presence of organic contaminants) and measurement methods. The amount of
substrate (organic carbon) and nutrients present are often limiting factors for sulfate
reduction. For example, larger values are observed for systems with petroleum-hydrocarbon
contaminants present compared to uncontaminated aquifers. Finally, it's worth noting that
sulfate reduction rate coefficients have been measured for marine and lake sediments, and
are typically orders of magnitude higher than those obtained for aquifers (Jakobsen and
Postma, 1994).

3. Characterizing Sulfate Reduction

Several methods or lines of evidence can be used to evaluate the occurrence of sulfate
reduction. The baseline approach involves monitoring temporal and spatial changes in
sulfate concentrations. However, decreases in sulfate concentrations can be caused by
factors other than sulfate reduction, such as hydraulic processes (e.g., dilution) and
precipitation of sulfate-bearing minerals (e.g., gypsum). Concurrently, the dissolution of
sulfate minerals and the oxidation of sulfide-bearing minerals contribute to increases in
sulfate concentrations, which may obscure the occurrence of sulfate reduction. Thus,
observation of changes in sulfate concentration is not deterministic evidence for sulfate
reduction. Consequently, the use of sulfate concentration data to characterize magnitudes
and rate of reduction is influenced by great uncertainty.

As mentioned above, sulfate reduction can significantly impact aqueous geochemical
conditions. Thus, changes in concentration of various aqueous-phase constituents are often
monitored to evaluate the occurrence of sulfate reduction. For example, reduction of sulfate
is often accompanied by the production of H,S, which has a rotten egg odor. This is strong,
qualitative evidence for sulfate reduction. However, it is often difficult to quantify the
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concentration of H,S present. This is especially true when there are substantial amounts of
iron or other metals present, as they can form metal sulfides that may obscure the actual
amount of H,S produced. Sulfate reduction also affects the speciation and concentrations of
metals present, as for example, through formation of metal sulfides and consumption of H*
(pH change). In addition, concurrent reduction of Fe(l11) and sulfate may occur, which
complicates assessment of changes in redox-sensitive species as an indicator of sulfate
reduction.

Monitoring concentrations of sulfate and other redox-sensitive species can provide evidence
of sulfate reduction. However, as noted, there is often significant uncertainty associated with
such evaluations, particularly for quantitative assessments. Stable isotope analysis provides
a means by which to improve the assessment of microbially-mediated transformation
processes. Specifically, sulfur and oxygen isotopes of dissolved sulfate can be used to
confirm the occurrence of sulfate reduction in groundwater.

Stable isotope analysis is based on the isotopic fractionation that occurs during
biotransformation of compounds due to differential reaction rates among isotopes of a given
element. Specifically, given the dynamics of isotopic fractionation, the parent compound
becomes enriched in the heavier isotope and depleted in the lighter isotope as it undergoes
biotransformation. The use of isotope fractionation for sulfur has been of interest for some
time (e.g., Kaplan and Rittenberg, 1964), and a seminal review of isotopic fractionation for
both oxidation and reduction of sulfur was presented by Chambers and Trudinger (1979). A
number of studies have investigated sulfur isotope fractionation during sulfate reduction in
the subsurface under natural conditions (Strebel et al., 1990; Robertson and Schiff, 1994;
Aravena and Robertson, 1998; Krouse and Mayer, 1999; Spence et al., 2001; Berner et al.,
2002; Einsiedl and Mayer, 2005; Li et al., 2008). For sulfate reduction, the residual aqueous
sulfate would be enriched in the heavier sulfur and oxygen isotopes (i.e., 34S and 180)
versus the lighter isotopes (i.e. 32S and 160) as the reaction proceeds and the concentration
of aqueous sulfate decreases.

Sulfur and oxygen isotopes are expressed in delta (8) notation as §34Sgg4 and 6180504,
respectively, which is defined for sulfur as:

Rsam €
534S (%o)z(if’1 - 1)>< 1000 (2)

standard

where Rgample is the isotopic ratio (345/32S) of the number of 34S and 32 atoms measured in
a sample and Rgtangard is the ratio for the reference material, which is a standard
recommended by the International Atomic Energy Agency. Values of 634Sgp, for sulfate
that has undergone microbially-mediated reduction range from 20%.-56%. based on field
studies (Berner et al., 2002; Dogramaci et al., 2001; Robertson et al., 1989). Depending on
site conditions, the overall sulfur isotope fractionation during bacterial dissimilatory
reduction can vary from less than 10%. to more than 45%. (Aravena and Mayer, 2009).

Stable isotope analysis has proven to be a useful tool for characterizing sulfate reduction in
groundwater for both natural and anthropogenically-affected systems. For example, isotopic
analysis has been used to characterize sulfate sources and transformation processes at
mining sites (Taylor, 1984; Sracek et al., 2004). However, there are several factors that can
complicate and limit the application of stable isotope analysis, and which, in some cases, can
result in false positives. For example, different sources of sulfate (e.g., sulfuric acid,
atmospheric deposition, mineral dissolution) have different isotopic signatures. Thus,
mixing of sulfate from multiple sources could result in temporal and spatial changes in the
composite isotopic signature, which could lead to an incorrect conclusion that sulfate
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reduction was occurring (a false-positive result). Another constraint to isotope analysis is
obtaining robust values for the source signature, which serves as the datum for isotope data
analysis. In some cases, the original source may no longer be present at the site. In these
cases, the sample with the least enrichment of the heavier isotope (i.e., that subjected to the
least amount of transformation) is used as a surrogate. This approach introduces greater
uncertainty to the analysis. While stable isotope analysis is a powerful tool, it should be used
in combination with other approaches such as geochemical analysis, microbial methods, and
mathematical modeling to enhance the robustness of the characterization efforts (e.g.,
Nijenhuis et al., 2007; Carredn-Diazconti et al., 2009; Carroll et al., 2009).

4. The Role of Sulfate Reduction in Remediation of Acid Mine Drainage

The US Forest Service reported between 27,000 and 39,000 abandoned mines on National
Forest System federal lands nationwide (USFS, 2005). Most of these abandoned sites
involved metals extraction. A major environmental impact of such mining is the generation
of acid mine drainage (or acid rock drainage). Waste rock piles or tailings impoundments are
exposed to air and rain that contain oxygen. Sulfide-rich minerals (e.g., pyrite) in the tailings
are subject to a series of oxidation reactions that produce sulfate and hydrogen and can lead
to the release of heavy metals such as As, Cd, Cu, Ni, Pb, and Zn. The general forms of the
acid and sulfate generating reactions are:

2FeS,  +70,+2H,0 — 4H*+4S0,2 +2Fe*"  (5)

2(5)

4Fe’* +0,+10H,0 — 4Fe(OH),  +8H™ (p)

3(S)

Acid mine drainage has a low pH and typically has elevated concentrations of sulfate and
heavy metals. It is estimated that about 20,000 to 50,000 mines are generating acidic
drainage on US forest service lands (USDA, 1993). Acid mine drainage may be discharged
into surface water and cause significant and persistent contamination. In the western US,
between 5,000 and 10,000 miles of streams are impacted by metals mining (USDA, 1993).
Infiltration of acid mine drainage can cause significant groundwater contamination.

Johnson and Hallberg (2005) reviewed remediation options for acid mine drainage. Ideally,
preventive actions should be taken to control the source to prevent contamination of
groundwater. Source control measures include flooding/sealing of underground mines,
underwater storage of mine tailings, and land-based storage in sealed waste heaps (Johnson
and Hallberg, 2005). These approaches are aimed to prevent the contact of mine tailings
with oxygen to minimize the production of acid mine drainage. Common remedial methods
for sites with contaminated groundwater can be categorized into abiotic and biological
methods, which include both active and passive systems as shown in Figure 1.

Sulfate reduction plays a very important role in the treatment of acid mine drainage because
the production of sulfide from sulfate reduction can substantially reduce heavy metal
concentrations due to formation of low-solubility metal-sulfide precipitates, and because the
coupled oxidation of organic matter in sulfate reduction produces bicarbonate that serves as
a buffer for low pH. It has been shown that SRB can survive in very acid conditions (Church
et al., 2007; Koschorreck, 2008). It is worth noting that not only can SRB reduce sulfate, but
they can also reduce heavy metals directly. For example, Chang et al. (2001) described SRB
that could reduce and immobilize uranium from U(VI) to U(IV) at a uranium mill tailings
site. One species, Desulfotomaculum, was found to have remarkable tolerance and
adaptation to high levels of uranium (Chang et al., 2001).
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The use of wetlands is a common approach for treating surface water and groundwater
contaminated by acid mine drainage. Anaerobic conditions are maintained due to the
abundant natural organic matter, which also serves as substrate for bacteria such as SRB.
Sulfate is reduced, forming insoluble metal sulfides and raising pH (Johnson and Hallberg,
2005).

Permeable reactive barriers (PRB) have been increasingly used for passive treatment of
groundwater contaminated by acid mine drainage. Benner et al. (1997) described a full-scale
PRB installed at the Nickel Rim mine site in Canada for treatment of acid mine drainage.
The PRB is composed of 50% organic material, including municipal compost, leaf compost
and wood chips, and 50% gravel to maintain high hydraulic conductivity. After passing
through the PRB, sulfate concentrations decreased from 2400-4600 mg/L to 200-3600 mg/L;
iron concentrations decreased from 250-1300 mg/L to 1.0-40 mg/L; and pH increased from
5.8t0 7.0 (Benner et al., 1997).

In-situ bioprecipitation (ISBP) is an emerging technology that has promise for treating
subsurface acid mine drainage contamination. In this technology, electron donors (substrates
for bacteria) are injected into wells to stimulate in-situ sulfate reduction and form a reactive
zone for metal precipitation (e.g., Janssen and Temminghoff, 2004; Moon et al., 2009).
Substrates that can be injected include stock reagents such as methanol, ethanol, lactate, and
hydrogen (Bilek and Wagner, 2009) and less expensive waste products such as manure and
sludge (Diels et al., 2005). A successful pilot field application in an aquifer with very
unfavorable conditions (high Eh, low pH, low organic matter content, and low sulfate
concentrations) illustrates the potential effectiveness of this approach (Janssen and
Temminghoff, 2004).

The effectiveness of ISBP depends on many factors, including the type and concentration of
amended electron donors, the type and concentration of contaminants, background sulfate
concentration, pH, redox potential, and soil type (Diels et al., 2005). The selection of
appropriate electron donors is generally the most important factor, as it influences the rates
of reaction and the type and stability of the metal precipitates (Diels et al., 2005). Potential
drawbacks to ISBP include non-persistence of precipitates after termination of substrate
supply, potential clogging of pore spaces, and long lag time (Bilek, 2006; VVanbroekhoven et
al., 2008). The long-term stability of the metal-sulfide precipitates generated is generally the
primary issue for this method. While the results of some studies suggest that some metal
precipitates do not undergo significant leaching (Bilek, 2006; Schols et al., 2008;
Vanbroekhoven et al., 2009), the results of others have shown they are not always stable
under various conditions (Beyenal and Lewandowski, 2004; Prommer et al., 2007).

5. Remediation of Sulfate-Contaminated Groundwater

Pump and treat is the standard method used for remediation of groundwater for which
sulfate is the primary contaminant. This approach is effective at controlling the contaminant
plume, but is generally cost and time intensive. Electrokinetic methods are another possible
in-situ alternative for remediation (e.g., Runnells and Wahli, 1993). However, their use
would typically be restricted to very small, shallow sites with relatively high concentrations.
Interest is growing in the use of methods that are based on microbially-mediated processes
as an alternative or adjunct to pump and treat. Two innovative, in-situ methods under current
investigation involve the use of zero-valent iron (ZV1) and the addition of electron-donor
substrates.

Zero valent iron has been used successfully for in-situ treatment of organic compounds such
as chlorinated solvents, as well as for a range of inorganics such as arsenic (Kanel et al.,
2005; Lackovic et al., 2000), nitrate (Della Rocca et al., 2007; Yang et al., 2008), heavy
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metals (e.g., nickel, mercury, silver, and cadmium), and radionuclides (e.g., UO,2%)
(Cantrell et al., 1995; Li et al., 2006; Ponder et al., 2000; Zhang, 2003). The results of
several laboratory studies have indicated that significant decreases in sulfate concentrations
can be achieved with treatment by ZVI (Bilek, 2006; Bilek and Wagner, 2009; Burghardt et
al., 2007; Diels et al., 2005; Janssen and Temminghoff, 2004). Zero-valent iron can react
directly with sulfate via abiotic reaction (Equation 7). More significantly, ZVI reacts with
water to produce H, and ferrous iron (Equation 8), after which sulfate is reduced by H, to
sulfide via microbially-mediated reactions and forms iron sulfide precipitates (Equation 9):

Fe'  +1/4504> +2H" — 1/4FeS +3/4Fe** +10H,0  (7)

S)
Fe’ ( +2H,0 — Fe** +H,+20H™  (g)

2Fe’*+80,% +4H, — FeS+4H,0  (9)

The results of laboratory studies have shown that minimal decreases in sulfate typically
occur in the presence of sterile ZVI, indicating very low rates of abiotic sulfate reduction
(Burghardt et al., 2007; Karri et al., 2005). Conversely, much higher rates of reduction are
observed for systems with SRB present (Karri et al., 2005), which indicates the prime
importance of microbially-mediated reduction for sulfate.

There are two primary methods by which ZVI may be employed. The common approach
involves a permeable reactive barrier system, wherein the ZV1 is placed within a trench to
control for example the leading edge of a contaminant plume. To date, PRB applications for
inorganics have been designed to target various metals, and have not been used for cases
wherein sulfate is the sole contaminant. However, in some cases, sulfate was present as a co-
contaminant, and significant concentration decreases were observed along with induced
precipitation of metal sulfides (e.g. Johnson et al., 2008; Ludwig et al., 2009; Wilkin et al.,
2005). Successful use of ZV1 for sulfate treatment would possibly entail supplementation
with an amendment to enhance activity of SRB populations.

The second approach for use of ZV1 involves injection of colloidal forms of ZVI to target
specific zones of contamination. Several field studies have been conducted illustrating the
injection of colloidal ZVI for remediation of chlorinated-solvent contamination (Bennett et
al., 2010; Elliott and Zhang, 2001; Elsner et al., 2010; Henn and Waddill, 2006; Quinn et al.,
2005; Wei et al., 2010; Zhang, 2003). To the best of our knowledge, field studies of direct
injection of colloidal ZVI for sulfate contamination have not been reported.

The advantages of colloidal ZVI injection compared to PRB systems are greater flexibility
in targeting the source and high reactivity due to extremely high specific surface area of the
colloidal ZVI1 (typically up to 30 times greater than granular iron used for PRBSs) (Zhang,
2003). However, the drawbacks include relatively short longevity of the colloidal ZV1
(weeks compared to years with PRB) and potential limited transport due to aggregation and
strong attachment (He and Zhao, 2007; He et al., 2010; Saleh et al., 2005; Schrick et al.,
2004; Zhang, 2003). Highly dispersed nanoscale ZV1 particles stabilized with
carboxymethyl cellulose (CMC) have been used to improve delivery (He and Zhao, 2005;
He and Zhao, 2007; He et al., 2007). However, the results of field studies showed that
transport distances were still limited for injected particles, with estimated maximum travel
distances in the range of 1-2 meters (Bennett et al., 2010; He et al., 2010). Given these
disadvantages, it appears that ZV1 injection may be best suited for small, localized
contaminant sources.
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There is great interest in the use of electron-donor substrates to promote microbially-
mediated reduction for the remediation of groundwater contaminated by a variety of
inorganic elements. For example, this approach has been applied to systems with uranium-
contaminated groundwater (Istok et al., 2004; Wu et al., 2006; Wu et al., 2007; Kelly et al.,
2008; Englert et al., 2009; Hwang et al., 2009; Wilkins et al., 2009; Williams et al., 2009;
Xu et al., 2010). Sulfate was a co-contaminant in several of these studies, and significant
decreases in sulfate concentrations were typically observed after substrate addition. Based
on these results, it is likely that addition of electron-donor substrates would serve as a
potential method for sulfate remediation for systems wherein it is the principal contaminant.

Several laboratory studies have been conducted to evaluate the impact of electron-donor
addition on sulfate reduction for various applications, including acid mine drainage (e.g., El
Bayoumy et al., 1999; Glombitza, 2001; Johnson and Hallberg, 2002; Gibert et al., 2002),
recovery of industrial wastewater (e.g., Garcia-Saucedo et al., 2008; Eljamal et al., 2009;
Meulepas et al., 2010), remediation of contaminated lakes and sediments (e.g. Smith and
Klug, 1981; Lovley et al., 1995), and to investigate isotopic fractionation (e.g. Bolliger et
al., 2001; Kleikemper et al., 2004). Results from these studies indicate that electron donors
are essential for the treatment of sulfate-containing water and sediments by biologically
mediated sulfate reduction. It is also clear that different electron donors can result in
different magnitudes and rates of reaction. Liamleam and Annachhatre (2007) summarized
sulfate reduction data including reduction rates, microbial biomass yield, and free energies
of reactions by electron donor.

A primary concern for the use of the electron-donor approach for sulfate is the fate of sulfide
produced from sulfate reduction. For the wetlands and ISBP technologies noted above for
treatment of acid mine drainage, the sulfide is primarily sequestered through formation of
metal-sulfide precipitates because of the abundance of metals generally associated with
these systems. For the situation wherein sulfate is the primary contaminant, the fate of the
sulfides will depend upon site conditions. If one or more metals (e.g., Fe, Mn) are abundant,
the sulfide may form precipitates and be sequestered. The long-term stability of these
precipitates would be of concern, as discussed above for the ISBP method. For sites with
low abundance of metals, sulfate will to a great extent be converted to hydrogen sulfide. For
circumneutral pH conditions, HS™ will predominate, and it will be subject to aqueous-phase
advective-dispersive transport. For lower-pH conditions, hydrogen sulfide gas may form,
which can transport via gas-phase processes. Hydrogen sulfide is quite labile, and subject to
re-oxidation to sulfate when it encounters groundwater with higher redox potential.

A pilot test using electron-donor addition for remediation of nitrate and sulfate contaminated
groundwater was recently conducted at a former uranium mining site in Arizona. Ethanol
was used as the substrate, and the test was conducted using the single-well injection method
(Borden, 2010). The results showed that the concentration of nitrate and dissolved oxygen
decreased (Figure 2), while the concentration of nitrous oxide (a product of denitrification)
increased. Continued monitoring after completion of the pilot test has shown that nitrate
concentrations surrounding the injection well have remained at levels three orders of
magnitude lower than the initial value (~120 mg/L as N), indicating that the impact of the
pilot test has been sustained for several months. Concentrations of sulfate were observed to
decrease significantly after the ethanol injection test (see Figure 3), with concentrations of
approximately 600 mg/L observed before the test decreasing to approximately 10 mg/L
within one year after the test. Concomitantly, concentrations of hydrogen sulfide were
observed to increase. These results suggest that introduction of the electron donor resulted in
significant decreases in concentrations of both nitrate and sulfate via microbially-mediated
reduction. The formation and fate of reaction products such as hydrogen sulfide, which will
impact the long-term viability of this approach, need to be evaluated.
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7. Summary

Sulfate is ubiquitous in groundwater, with both natural and anthropogenic sources. It is often
used to help characterize hydrologic and biogeochemical interactions in subsurface
environments. The standard approach for remediating groundwater contaminated by sulfate,
pump and treat, is relatively expensive and time intensive. Innovative remediation methods
include the use of zero valent iron or electron-donor substrates to promote in-situ sulfate
reduction, primarily via microbially-mediated processes.

Pilot tests employing ZV1 for other contaminants have been conducted successfully, and
sulfate, present as a co-contaminant, has been observed to undergo reduction. These results
indicate that the use of ZVI may be a viable approach for remediation of sulfate-
contaminated groundwater. The results of a pilot-scale electron-donor test illustrate that the
injection of a substrate to enhance biotransformation can effectively reduce sulfate
concentrations. Enhanced reduction thus appears to also be a viable method for in-situ
remediation of sulfate-contaminated groundwater. However, there is a need to evaluate
potential constraints associated with these approaches, and to identify site conditions that
would support successful implementation.
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Remediation options for acid mine drainage; figure reproduced from Johnson and Hallberg

(2005).
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Figure2.
Concentration of nitrate and dissolved oxygen for a pilot test of ethanol amendment
injection conducted at Monument Valley, AZ.
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Figure 3.

Sulfate concentrations measured for the pilot test conducted at Monument Valley, AZ. The
zero point for elapsed time represents the start of the pilot test.
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