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Abstract 

Pumping groundwater from arsenic-contaminated aquifers has exposed millions of people 

around the world to high and potentially deadly doses of the contaminant. Moreover, developing 

countries lack the resources and technology to remove this hazardous substance. Previous studies 

have investigated cost-effective techniques to remove groundwater arsenic (As) by stimulating 

sulfate-reducing bacteria (SRB) to form As-sequestering pyrite. This study intends to improve 

upon these past methods to demonstrate the effectiveness of SRB As remediation at an industrial 

site in Florida. 

The study has devised a new injection scheme to sequester As for nine months: A ferrous 

sulfate and molasses mixture was injected into eleven wells located hydrologically upgradient of 

the plume, allowing the injectate to travel downgradient for full-scale remediation. The injectate 

was designed to stimulate SRB reduction and engender the precipitation of arsenian pyrite. From 

June 2018 to March 2019, groundwater samples and newly precipitated solids were collected 

weekly for the first four weeks, monthly for the first three months, and quarterly for the 

remaining months. X-ray diffraction (XRD) and X-ray fluorescence (XRF) analyses, electron 

microprobe (EMP) measurements, scanning electron microscope (SEM) imaging, and 

geochemical calculations of arsenic speciation and mineral saturation, have determined that As 

has been sequestered mainly in the form of arsenian pyrite. These analyses demonstrate the rapid 

precipitation of biogenic pyrite two weeks after the injection, with the pyrite forming as euhedral 

crystals and spherical aggregates (framboids) 1-30 ɛm in diameter. EMP results indicate the 

sequestration of 0.03-0.89 wt% As in the precipitated pyrite. Additionally, geospatial and time 

series data from GIS maps demonstrate that As concentrations have decreased throughout the 

site over nine months.  
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From these analyses, the study has reduced As concentrations to below the siteôs regulatory 

standard of 0.05 mg/L, as the SRB-stimulating injection engendered and stabilized the formation 

of arsenian pyrite throughout the nine months. Moreover, the results confirm that >80% of the 

arsenic was removed by SRB reduction and arsenian pyrite sequestration, with <12% removed 

by dilution induced by injection. Given these promising results, this study is within reach to 

optimize an affordable As-remediating procedure for industry and developing communities to 

reduce As to safe standards. 
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1. Introduction  

Arsenic (As) is the twentieth most common element in the Earthôs crust (Gong et al., 2002). 

Given arsenicôs ubiquitous geochemical nature, water-rock interactions (e.g., weathering, 

oxidation, and bacterial-mediated reduction) may release this common metalloid into many water 

bodies, such as oceans, rivers, and aquifers (Huerta-Diaz and Morse, 1992; Gong et al., 2002). 

Human activity also is increasingly responsible for arsenic contamination in aquifers, usually 

through the extensive use of As-containing herbicides/pesticides (U.S. EPA, 1980; U.S. EPA, 

1997; Mandal and Suzuki, 2002). Arsenic pollution is extremely prevalent in the United States, 

with As determined to be the second-most common contaminant at superfund sites (U.S. EPA, 

2002). Moreover, arsenic groundwater contamination has since become a prominent concern of 

environmental and health organizations around the world. For instance, the U.S. Environmental 

Protection Agency (EPA) reduced its previous As standard of 50 parts per billion (0.05 mg/L) to 

10 ppb (0.01 mg/L) in 2001, complying with the stringent standard set by the World Health 

Organization (WHO) (U.S. EPA, 2001). Despite these efforts, millions of individuals still suffer 

from As contamination, with some calling the contamination ña severe dangerò or ña public 

health emergencyò (Smith et al., 2000; Ahamed et al., 2006). As such, researchers have 

recognized the dire need to study the behavior of As in aqueous systems in order to develop 

effective remediation methods (Zouboulis et al., 1993; Saunders et al., 1996; Smedley and 

Kinniburgh, 2002; Wilson, 2018). 

Naturally occurring arsenic contributes to a significant amount of groundwater As 

contamination, especially in developing regions. Arsenic is abundant in crustal rocks at an 

average concentration of 10 parts per million (ppm) (Wedepohl, 1995; Wilson, 2018). Most 

aqueous arsenic occurs naturally from the bacterial reduction of As-containing Fe- and Mn-
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oxides or from the weathering of As-rich rocks and sulfide minerals like orpiment (As2S3) and 

realgar (AsS) (Smedley and Kinniburgh, 2002). As-bearing rocks are common along rivers and 

aquifers connected to metamorphic and igneous bedrock such as those in the Himalayas 

(Kinniburgh and Smedley, 2001; Smedley and Kinniburgh, 2002). When groundwater 

encounters As-rich sulfide minerals, toxic arsenic may be released into the water (Mandal and 

Suzuki, 2002; Nordstrom, 2002). Alluvial  aquifers have especially been shown to have elevated 

concentrations of arsenic compared to other natural environments (Nordstrom, 2002), which 

Saunders et al. (2005a) attributes to As release from glacial-spurred mechanical weathering in 

headwater sources, transport from surface water environments like rivers, and deposition in 

alluvial sediments (Wilson, 2018).  

However, human-induced As contamination is becoming increasingly more common, with 

some reports indicating that anthropogenic As is now three times more prevalent than natural As 

sources (Woolson, 1983; Wilson, 2018). This human-sourced As occurs primarily in herbicides 

as well as pesticides and other agricultural products (U.S. EPA, 1980; U.S. EPA, 1997). These 

As-containing compounds are effective herbicides because they contain cacodylic acid 

((CH ) AsOH), which restricts plant growth through uncoupling phosphorylation, inhibiting 

adenosine triphosphate (ATP) synthesis in the mitochondria and, thus, inducing a loss of plant 

chlorophyll (Terada, 1990; Fishel, 2005; Bencko and Foong, 2017). Considering that these As 

compounds are soluble in solution, they were readily incorporated into liquid herbicides (Fishel, 

2005). As such, arsenic was increasingly added in herbicides and pesticides since the early 1900s 

to control weeds and grass growth on golf courses, crop fields, and industrial sites (U.S. EPA, 

1972; Christen, 2000; Fishel, 2005; Bencko and Foong, 2017). However, after As was commonly 

reported to be leached from the surface and mobilized in aqueous systems, As-containing 
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herbicides and pesticides began to be phased out in the late 1980s and 1990s and, finally, mostly 

barred from use by the U.S. EPA in 2009 (U.S. EPA, 2009). Yet, the extensive past use of these 

arsenical herbicides is the primary cause of groundwater As contamination in developed regions 

to this day. 

Aqueous arsenic mainly occurs in two oxidation states: arsenate [As(V)], which has an 

oxidation state of +5, and arsenite [As(III)], with an oxidation state of +3 (Smedley and 

Kinniburgh, 2002). These two species are controlled by the redox conditions of the water (Fig. 

1), with arsenite dominating anoxic and reducing systems and arsenate prevailing in oxidized 

solutions (U.S. EPA, 1980; Farquhar et al., 2002; Wolthers et al., 2005; Saunders et al., 2008). 

Arsenite is generally the more toxic inorganic species of As compared to arsenate, but both 

species are very toxic to humans and other organisms and can concerningly interconvert in these 

solutions due to changes in pH and redox state (Nearing et al., 2014). Arsenite, which exists as a 

neutral aqueous complex (i.e., As(OH)3) (Fig. 1), is considered the more problematic form of 

arsenic, as it has a higher mobility in its neutral aqueous form than the negatively charged 

arsenate (Farquhar et al., 2002; Wolthers et al., 2005). Thus, most remediation efforts focus on 

removing the toxic and more mobile As(III) from contaminated groundwater.  
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Fig. 1. Eh-pH diagram for arsenic speciation in an aqueous As-Fe-S system modeled in Geochemistôs 

Workbench (GWB). The groundwater was modeled with a temperature of 25°C, a pressure of 1 bar, and 

As, Fe2+, and SO4
2- log activities of -4, -3, and -3, respectively. 

 

The solubility of arsenic, particularly arsenite, in aqueous systems explains why arsenical 

herbicides have induced severe As contamination. The main arsenical compounds used in these 

herbicides included sodium arsenite (Na2HAsO3), calcium arsenite (Ca(AsO2)2), sodium arsenate 

(Na2HAsO4·12H2O), calcium arsenate (Ca3(AsO4)2), and copper pyroarsenite (Cu2As2O5) 

(Bencko and Foong, 2017). The arsenic in these herbicides would often form trioxide (As2O3), 

which readily reacts with water to produce arsenous acid (As(OH)3) (Fig. 1). Because of its high 

toxicity, arsenite was preferably used in herbicides; however, this increased usage also meant 
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that the more soluble arsenite was able to easily contaminate underlying aquifers (Bencko and 

Foong, 2017). 

Water-rock interactions along with a high toxicity and mobility explain why arsenic is one of 

the most widespread and dangerous contaminants in groundwater. It is estimated that over 100 

million individuals around the world suffer the ill-effects of arsenic poisoning via contaminated 

aquifers (Pi et al., 2017). Developing regions in Bangladesh, India, and China have the largest 

percentages of their populations exposed to deadly levels of arsenic on a daily basis (Ahmed et 

al., 2004; Pi et al., 2017). Small pockets in developed regions, including the U.S., also suffer 

from natural or anthropogenic arsenic contamination (Lee et al., 2018). Many national and 

international organizations have established arsenic standards, typically setting a maximum As 

concentration of 0.01-0.05 mg/L in groundwater, to aid lawmakers and community leaders 

around the world in regulating and reducing arsenic exposure (U.S. EPA, 2001; Pi et al., 2017; 

Nath et al., 2018; World Health Organization, 2019). However, these standards cannot be met in 

many rural and developing regions because communities lack the funds to remediate arsenic 

(Ahamed et al., 2006; Pi et al., 2017; Lee et al., 2018; Nath et al., 2018).  

If arsenic is not effectively removed from groundwater, then communities that rely on the 

groundwater for irrigation and drinking water will suffer from a plethora of arsenic-induced 

illnesses due to arsenicosis, or arsenic poisoning (Ahamed et al., 2006; Mandal et al., 2010). 

Arsenic is categorized as an International Agency for Research on Cancer (IARC) Group 1 

carcinogen, with skin cancer being the most reported disease among those exposed to arsenic, 

along with bladder, lung, kidney, and liver cancers (U.S. EPA, 1972; Smith et al., 2000; Agency 

for Toxic Substances and Disease Registry (ATSDR), 2007; World Health Organization, 2019). 

Arsenic exposure also produces deadly skin lesions and reproductive deficiencies such as higher 
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rates of preterm and stillborn births, spontaneous abortions, and low birth weights (Ahamed et 

al., 2006; World Health Organization, 2019). A particularly damaging consequence of arsenic 

contamination is that many of the children exposed to arsenic have an increased likelihood of 

developing cancer or other As-borne illnesses (Ahamed et al., 2006). This begs the question: can 

developing areas plagued by As contamination effectively lead their communities toward a 

brighter and healthier future if their children are already severely affected by As pollution? 

Given this dilemma, As-remediation research is desperately needed for these communities to 

continuously improve and develop. 

Although many methods have been developed to remove groundwater arsenic, most of these 

involve ex-situ remediation, which have had limited success in removing arsenic (Lee et al., 

2000; Ford et al., 2007). These remediation efforts are expensive, as they involve pumping an 

extremely large quantity of groundwater out of the aquifer for treatment. As such, poor 

communities cannot use these ex-situ treatments regardless of their success rates (Pi et al., 2017). 

Moreover, the traditional pump-and-treat methods cannot reduce As concentrations in a 

reasonable timeframe, such as in several weeks or months (Lee et al., 2000; Ford et al., 2007). 

However, in-situ treatments, like the procedure proposed herein, offer a more effective and 

affordable solution to the arsenic contamination crisis. In moderately reducing aquifers, the 

dominant arsenite is mobile. However, if the aquifer contains high concentrations of iron (Fe) 

and sulfur (S) and is reduced to the point of sulfate reduction, then the arsenite could adsorb on 

Fe-sulfides and precipitate out of solution (Saunders et al., 2008). As such, these treatments 

simply involve injecting cheaply-made remediating mixtures, usually containing Fe and S, into 

the groundwater to help reduce high As concentrations below the field siteôs maximum 



7 

 

contaminant level (MCL) (Saunders et al., 1996; Keimowitz et al., 2007; Pi et al., 2017; Lee et 

al., 2018; Saunders et al., 2018).  

The foundation for this studyôs proposed bioremediation method began with Huerta-Diaz and 

Morseôs (1992) research on the natural sequestration of different trace metals in pyrite. The 

authors investigated the factors controlling trace metal pyritization in anoxic marine settings 

along the coast of Texas, the Mississippi Delta, and the Gulf of Mexico shelf. They determined 

that bodies of water with high levels of sulfate reduction and organic matter as well as low rates 

of sedimentation and low levels of iron spur the pyritization of most trace metals. More 

importantly, they quantified arsenicôs high degree of trace-metal pyritization (DTMP), indicating 

that As will readily adsorb onto pyrite in these anoxic environments. Overall, iron sulfides such 

as pyrite were shown to have a notable affinity for As adsorption and co-precipitation and are 

remarkedly stable in sulfate-reducing environments under a range of different pH conditions 

(Bostick and Fendorf, 2003; Lee et al., 2005). 

The study of Huerta-Diaz and Morse (1992) definitively showed that As has a high affinity 

for pyrite, and this finding prompted several subsequent studies to investigate and implement the 

reaction to sequester arsenic in groundwater. Saunders et al. (1996) first proposed the concept of 

groundwater arsenic remediation with the biostimulation of sulfate-reducing bacteria (SRB). In 

this technique, indigenous groundwater SRB in an arsenic-contaminated aquifer would be 

stimulated with a mixture containing high levels of Fe, S, and organic carbon, which would spur 

the bacteria to biomineralize pyrite. Once pyrite begins to form, dissolved arsenic in the 

groundwater would be adsorbed onto the pyrite to create As-sequestering biogenic pyrite, 

referred to in subsequent literature as arsenian pyrite (Lee et al., 2018).  
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Several studies followed Saunders et al. (1996) to determine which mineral is the most 

effective mineral for As remediation. Farquhar et al. (2002) compared the ability of several Fe-

hydrated oxide minerals (goethite and lepidocrocite) and Fe-sulfide minerals (mackinawite and 

pyrite) to sequester As. Other studies investigated the mechanism of As sequestration. Bostick 

and Fendorf (2003) discovered that As(III) effectively adsorbs onto pyrite to form an 

arsenopyrite-like (FeAsS) precipitate in acidic groundwater with pHs between 5 and 6. They also 

showed that pyriteôs large surface area engenders the maximum adsorption of As(III). Moreover, 

Wolthers et al. (2005) demonstrated that the use of mackinawite in As remediation is less 

favorable because the mineral promotes the sorption of As(V), which allows As(III) to remain in 

its aqueous form. Thus, both of these conclusions confirm the capacity of pyrite in As 

remediation to successfully remove toxic As(III).  

After establishing this relationship between pyrite and As(III) sequestration, subsequent 

studies investigated the As-remediation technique proposed by Saunders et al. (1996). 

Keimowitz et al. (2007) demonstrated in a laboratory experiment that bacterial sulfate reduction 

in landfill materials reduced As concentrations from 0.146 mg/L to 0.022 mg/L, due to the 

formation of sulfide minerals such as arsenian pyrite. Similarly, Couture et al. (2010) confirmed 

that the production of pyrite sequesters 50% to 85% of the aqueous As in anoxic, sulfidic lakes. 

These two studies demonstrate that biogenic pyrite is the most favorable platform for 

sequestering As in anoxic aquifers. Deditius et al. (2008) also determined the specific type of 

arsenic-enriched pyrite that is produced by the stimulation of SRB: As(III)-pyrite, a type of 

arsenian pyrite that forms when arsenic substitutes for iron in pyrite [(Fe,As)S2]. Moreover, 

As(III) -pyrite has a distorted shape, which allows for a large portion of As(III) (53% to 71%) to 
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incorporate itself into the Fe(II) sites in pyrite, engendering the removal of As from the 

groundwater (Deditius et al., 2008; Le Pape et al., 2017).  

SRB bioremediation through arsenian pyrite formation has consistently been shown to 

sequester arsenic in field settings, compared to other techniques and other iron sulfide or arsenic 

sulfide minerals. Arsenian pyrite is typically resistant to shifting redox conditions in natural 

waters and, as such, will remain stable and prevent the release of As back into the groundwater 

(DeFlaun et al., 2009; Onstott et al., 2011). As such, the reaction to form arsenian pyrite is 

thermodynamically more stable in groundwater settings and, thus, is more favorable than those 

producing arsenic sulfide minerals like orpiment or realgar (Saunders et al., 2008). Most 

importantly, indigenous groundwater SRB can be used to geo-engineer aquifers, making the pH 

and redox potential (Eh) levels in the aquifer suitable to form and stabilize arsenian pyrite 

(Saunders et al., 2005b; 2008; Wilson, 2018). 

 These discoveries about As sequestration through the formation of arsenian pyrite led to Pi et 

al.ôs (2017) recent breakthrough of SRB As-bioremediation in an in-situ field experiment. Pi et 

al. (2017) periodically injected iron sulfate (FeSO4) into four injection wells in Datong Basin, 

northern China, to stimulate the SRB and form arsenian pyrite. They repeated these injections 

four times a day for 25 days, and they analyzed water samples from four injection wells and four 

monitoring wells using inductively coupled plasma optical emission spectrometry (ICP-OES) 

and ion chromatography (IC) to obtain the groundwaterôs cation and anion content, respectively. 

Over the 25 days, the originally high As levels of 0.593 mg/L decreased by as much as 77%, 

reaching average concentrations of 0.136-0.150 mg/L.  

Pi et al. (2017), however, were unable to determine whether this significant decrease in 

arsenic was due to the formation of arsenian pyrite or other Fe(II) sulfide minerals such as 
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mackinawite. Furthermore, their short-term experiment raises the question about the long-term 

effectiveness of As sequestration over a large contaminated aquifer. Seasonal fluctuations in 

precipitation as well as the migration of contaminated groundwater from upgradient sources 

could reduce this efficiency of As sequestration (Lee et al., 2018). Moreover, they failed to 

successfully lower As concentrations to the U.S. EPA and the World Health Organization 

(WHO) MCL of 0.01 mg/L, or even to below typical industrial site standards of 0.05 mg/L. 

Without being able to answer these fundamental questions or adhere to drinking water standards, 

Pi et al.ôs (2017) bioremediation technique has not proved to be an effective procedure for long-

term As remediation. 

For developing communities to be able to remediate their arsenic-contaminated aquifers, the 

proposed SRB procedure must remove arsenic for an extended time (such as several months or 

years) and comply with the siteôs regulatory standards. As such, this study attempts to meet these 

essential requirements by improving upon Pi et al.ôs (2017) SRB-bioremediation method. This 

study presents a nine-month, SRB-bioremediation experiment at an As-contaminated industrial 

site in Florida. This experiment utilizes a new injection strategy: the injection wells have been 

placed hydrologically upgradient to allow the injected FeSO4 mixture to travel downgradient for 

full-scale remediation. The main objectives of this study are to (1) amend the aquifer by 

stimulating the indigenous sulfate-reducing bacteria for bio-mineralization with iron sulfate and 

organic carbon (i.e., molasses), (2) characterize the mineralogy and geochemistry of As-sorbed 

Fe-S solids formed by SRB metabolism, and (3) evaluate the effective time interval during which 

the Fe-S biominerals remain stable for arsenic sequestration. At its conclusion, this study intends 

to demonstrate a procedure that offers an affordable and effective solution to arsenic 

contamination.  
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2. Background 

The field location of this study is an undisclosed industrial site in Florida that is described in 

Lee et al. (2018). This study cannot report the site location because our industrial partner has 

liability for environmental damage and has requested that its name and site location remain 

anonymous (Dr. Ming-Kuo Lee, personal communication, December 3, 2018). The field site 

falls within the East Gulf Coastal Plain subset of the Coastal Plain geologic province. The oldest 

rocks exposed at the site are limestones of early Miocene age, whereas the youngest surficial 

materials are quartz-rich sand, gravels, and clay of Pleistocene and Holocene age. The limestone 

extends 900 m into the subsurface and overlies sandstone, shale, and granitic basement (Schmidt 

and Clark, 1980).  

The aquifer at the field site belongs to the Surficial Aquifer system of Florida as discussed in 

Lee et al. (2018). Quartz-rich sand and sandy clay lenses extend from the surface to a depth of 

6.0-7.6 m, and the water table measures at depths of ~1.5 m. The direction of groundwater flow 

is variable, but since the water table is shallow and the overlying topography gently slopes west, 

the groundwater generally flows in a northwest-to-west direction at an average rate of 20 m per 

year (Lee et al. 2018). Furthermore, the aquifer is under moderately oxidizing conditions and is 

slightly acidic, with pH values ranging from 5 to 7 (Saunders et al., 2018).  

The field siteôs aquifer was contaminated from the extensive use of an As-containing 

herbicide on the land prior to 1990 (Lee et al., 2018; Saunders et al., 2018). Groundwater quality 

assessments from 1989 to 1993 determined that the arsenic levels in the aquifer surpassed the 

EPA limit of 0.05 mg/L and that arsenic had begun to spread to surrounding areas (Mintz and 

Miller, 1993; Lee et al., 2018). To remediate the contamination, approximately 590 cubic meters 

of As-contaminated soil was removed in 1992 (Mintz and Miller, 1993). Due to the excavation, 
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As levels on site decreased by 40%, and the plume also significantly decreased in size (Mintz 

and Miller, 1993). To improve the initial remediation efforts, pump-and-treat tactics were used to 

remove and treat large volumes of groundwater externally (Saunders et al., 2018). Despite these 

remediation efforts, As concentrations remained well above the EPA and Florida Department of 

Environmental Protection (FDEP) regulation standard after treatment, with concentrations 

ranging from 0.3 mg/L to >1.0 mg/L. After failing to reduce As concentrations below the site 

regulation level, the expensive ex-situ remediation techniques ceased in 1999 (Lee et al., 2018; 

Saunders et al., 2018). 

The As contamination is found in the Surficial Aquifer at the site (Schmidt and Clark, 1980). 

Underneath the Surficial Aquifer on site lies the Jackson Bluff Formation, which is primarily 

composed of clay (Schmidt and Clark, 1980). As such, the Jackson Bluff acts a confining unit for 

the Surficial Aquifer, preventing groundwater from migrating downward to the underlying 

hydrostratigraphic units. This confining clay unit, fortunately, indicates that the As is mostly 

contained within the Surficial Aquifer on site, which theoretically will aid in the current removal 

of As (Schmidt and Clark, 1980; Wilson, 2018). 

Previous research on the hydrogeology and As remediation of the field site has been 

conducted by Auburn University and many of its geoscience graduate students over the past five 

years. Starnes (2015) characterized the Surficial Aquifer geochemistry and As contamination at 

the site approximately 15 years after remediation efforts had ceased. Starnes (2015) determined 

that As concentrations were on average 0.150 mg/L, with a maximum concentration of 0.577 

mg/L. Through geochemical modeling, Starnes (2015) also determined that injecting hydro 

ferrous sulfate (FeSO4·7H2O) and a source of organic carbon would shift the groundwater 

conditions to sulfate reducing and form thermodynamically stable arsenian pyrite. Furthermore, 
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his models calculated that the groundwater flows west-northwest at approximately 20 m/yr. 

Considering the groundwaterôs flow direction and slow velocity, the arsenical herbicides were 

likely used in the southeast portion of the site, explaining why the plume is centered around 

injection well I-3 (Fig. 2).  

 

Fig. 2. GIS map depicting dissolved groundwater arsenic concentrations at the field site from before the 

injection in May 2018. Regulatory arsenic is depicted in green to indicate safe levels. 

 

Starnesô work was expanded upon by geoscience graduate students Shahrzad Ghandehari, 

Eric Levitt, and Ted Wilson to a proof-of-concept attempt to remediate the on-site arsenic 

(Ghandehari, 2016; Levitt 2017; Wilson, 2018). To determine whether ferrous sulfate injections 

could remove dissolved arsenic at the field site, Auburn Universityôs Department of Geosciences 
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conducted a small-scale pilot test at the site between February 2016 and March 2017 

(Ghandehari, 2016; Levitt, 2017; Lee et al., 2018; Saunders et al., 2018; Wilson, 2018). The pilot 

project installed four wells (injection wells I-1 and I-2 and monitoring wells M-1 and M-2), with 

the monitoring wells placed 1-2 meters downgradient of the injection wells to monitor how the 

hydraulic gradient would control remediation across the site (Fig. 2; Ghandehari, 2016; Levitt, 

2017). In February 2016, a mixture of ferrous sulfate (FeSO4·7H2O), molasses (organic carbon 

source), and agricultural grade fertilizer was injected via the two injection wells to provide the 

indigenous SRB a source of carbon, iron, and sulfur to form pyrite (Ghandehari, 2016). The 

experiment also used two solution constituents with differing strengths for the injections to 

determine if one solution was more effective in As sequestration. Injection well I-1 was injected 

with the weak solution, which was comprised of only a comparatively small amount of ferrous 

sulfate in a water-dominant solution: 5 kg of FeSO4, 27.2 kg of molasses, and 0.9 kg of fertilizer 

per 7,570.8 liters (2,000 gallons) of water. Conversely, injection well I-2 was stimulated with the 

strong solution, consisting of a higher proportion of FeSO4: 2.5 kg of FeSO4, 27.2 kg of 

molasses, and 0.9 kg of fertilizer per 3,785.4 liters (1,000 gallons) of water (Ghandehari, 2016; 

Wilson, 2018). After the injections, groundwater samples were collected from the injection wells 

and eight monitoring wells (LH-2, LH-5, LH-10, M-1, M-2, RA-9, RA-10, and RA-12) weekly 

in the first month and then bimonthly for the remaining year, through which Wilson (2018) 

assessed the changes in the concentrations of As, Fe, and S in the groundwater over twelve 

months (Fig. 2). 

The experiment successfully sequestered As in biogenic pyrite and reduced As levels from 

0.3-0.5 mg/L to below the site standard of 0.05 mg/L for six months, with >90% As removal 

rates in the site aquifer (Lee et al., 2018; Saunders et al., 2018; Wilson, 2018). Sulfate-reducing 
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conditions were established one week after the injection, which was confirmed by the low 

oxidation-reduction potential (ORP) and high hydrogen sulfide (H2S) levels (Wilson, 2018). Due 

to this stabilization of sulfate-reducing conditions, arsenic levels significantly decreased 

thereafter due to the activation of SRB and subsequent formation of arsenian pyrite in the 

groundwater, as indicated by sulfur isotope analyses. Moreover, the X-ray diffraction (XRD), X-

ray fluorescence (XRF), and electron microprobe (EMP) analyses confirmed the successful 

adsorption of As onto arsenian pyrite, with 0.05-0.4 wt% of As sequestered into arsenian pyrite 

during its rapid precipitation. The SEM data also showed the definitive formation of arsenian 

pyrite, which precipitated either as euhedral crystals (1-10 ɛm in diameter) or spherical 

aggregates (10-50 ɛm in diameter) (Wilson, 2018). 

However, there were a few shortcomings of the pilot projectôs SRB As-bioremediation 

technique. It was discovered was that As concentrations only remained below the site standard of 

0.05 mg/L for approximately 6 months, from March to September 2016 (Lee et al., 2018). A 

decrease in precipitation from October to December 2016 caused the water table to drop, which 

provided oxygen to the anoxic, sulfidic aquifer. This increase in oxygen most likely disintegrated 

some of the biogenic pyrite and allowed the associated arsenic to remobilize in the groundwater 

during the dry period (Lee et al., 2018). Furthermore, untreated groundwater upgradient of the 

site flowed down into the site and re-introduced higher levels of arsenic into the system (Lee et 

al., 2018). 

3. Methodology 

3.1. Field and injection techniques 

For the current study, we revised the injection scheme aiming at sequestering arsenic for over 

six months over a larger spatial scale. The fluid mixture used to amend the aquifer was a strong 
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solution for SRB stimulation, consisting of 5 kg of ferrous sulfate, 27.2 kg of molasses, and 0.9 

kg of fertilizer per 3,785.4 liters of water (Ghandehari, 2016). This fluid was injected into eleven 

injection wells (I-1 to I-11) during the week of June 17, 2018 (Fig. 3). Two of these injection 

wells were previously used in the pilot project (I-1 and I-2), while nine (I-3 to I-11) were newly 

drilled and installed for the study (Lee et al., 2018; Wilson, 2018). In addition, this study utilizes 

a new injection strategy: the injection wells were placed hydrologically upgradient to allow the 

injectate to travel downgradient for full-scale remediation (Fig. 3). Over the nine-month 

experiment, twenty-five wells (eleven injection and fourteen monitoring wells with well screens 

that cover the entire ~7 m aquifer thickness) were monitored to fully capture the geochemical 

changes of the groundwater (Fig. 3). 

 

Fig. 3. GIS map of the field site and its eleven injection wells and fourteen monitoring wells analyzed in 

this study. Contour lines show ground surface elevation across the site in 0.1 m intervals. 
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Groundwater samples were collected prior to the injection for baseline information as well as 

after the injection for geochemical comparison. After the injection, samples were collected 

weekly for the first four weeks, then monthly for the first three months, and finally quarterly for 

the remaining nine months. Groundwater and solid samples were obtained from the bottom of 

the wells using a peristaltic pump. Sand bags were also used to capture some of the biominerals 

that formed. After well purging, a YSI 556 Multiprobe unit measured the groundwater 

temperature, electrical conductivity, pH, oxidation-reduction potential (ORP), and dissolved 

oxygen (DO) concentrations onsite during each collection. The samples were filtered with 

Geotech 0.45 µm filter capsules and then acidified with 5% HNO3. Finally, the duplicate water 

samples were stored in high-density polyethylene bottles without headspace, frozen with dry ice 

for preservation, and sent to TestAmerica and Auburn University for elemental analyses of the 

water and precipitated solids, respectively (Fig. 4). The use of frozen polyethylene bottles 

without headspace ensured that the samples were preserved in a non-reactive storage space at 

cool temperatures (~5°C) until reaching their laboratory designations for preparation and 

analysis (Gong et al., 2002; Rasul et al., 2002; Lee et al., 2018). 

 

Fig. 4. Samples of arsenic-contaminated groundwater from the field site stored in sterile bottles. The 

labels indicate the well from which the sample was collected and the date of collection. 
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3.2. Sample preparation 

The groundwater samples from weeks one, two, and three and months one, two, three, six, 

and nine of the experiment (June 2018 to March 2019) were prepared for subsequent 

geochemical analysis. These samples were placed upright in a refrigerator to allow the sediment 

to settle for dewatering and to preserve their geochemical composition. The dewatering process 

consisted of centrifuging the samples for at least 15 minutes at 4,700 rotations per minute (rpm) 

and storing the solid material in a freezer set to approximately -20°C to await further analyses 

(Fig. 5). When ready for analysis, the sediment samples were removed from the freezer and set 

in petri dishes to thaw and dry in a lab room without sunlight, as the oxidation of arsenite from 

the photoreduction of Fe(III) is known to occur in natural light (Rajakoviĺ et al., 2013). It took 

approximately three days for the sediments to dry for geochemical and mineral analyses. This 

sample preparation protocol ensures that the groundwater As and its speciation are preserved and 

stable for months (Rasul et al., 2002). 

 

Fig. 5. Centrifuged samples containing the solid mineral aggregates, which are prepared for elemental and 

mineral analyses. 
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3.3. Geographic information systems (GIS) analysis 

Geospatial analysis was conducted using ArcMap 10.4 to display the spatial and temporal 

changes in As, Fe, sulfate (SO4), pH, ORP, and hydrogen sulfide (H2S) throughout the 

experiment duration. To determine the As concentration changes and groundwater flow 

directions, contour maps of the field site were created. The Clip (Data Management) tool clipped 

a one-centimeter DEM of Florida to the extent of the county in which the field site is located to 

create a small-scale DEM (data from University of Florida GeoPlan Center, 2007; 2013). The 

Focal Statistics (Spatial Analyst) tool was used to smooth the DEM. The Field Calculator 

converted the map centimeters to meters as well as rounded the contours to one decimal place. 

The twenty-five wells (eleven injection and fourteen monitoring wells) were added to the 

contour map of the site area using the well coordinates based on their northing and easting 

values. The horizontal datum/projection of the wells is NAD 83 - FL State Plane Coordinates 

(North Zone), and all the map data were georeferenced to NAD 1983 2011 StatePlane Florida 

North FIPS 0903 Ft US. The groundwater As, Fe, and SO4, and H2S concentrations as well as the 

pH and ORP values were interpolated from the well vectors using the Spline (Spatial Analyst) 

tool. The Inverse Distance Weighting (IDW) tool was also attempted for the interpolation, but 

the Spline maps produced smoother concentration gradient changes by comparison. Spline 

choropleth maps were created for each sampling period: (A) before the injection on May 15, 

2018; (B) one week after the injection on June 28, 2018; (C) one month after on July 19, 2018; 

(D) three months after on September 20, 2018; (E) six months after on December 14, 2018; and 

(F) nine months after on March 18, 2019. Additionally, the percent change of As, Fe, sulfate, pH, 

and ORP was calculated using the Field Calculator. These maps depict the spatial and temporal 

changes in these elements throughout the experiment duration in order to pinpoint the aquifer 
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zones remediated by the formation of arsenian pyrite and assess the SRB-bioremediation effects 

at the site. 

 Furthermore, the Groundwater Toolset, alongside the conservative tracer analysis, was used 

to determine the groundwater flow directions and injectant flow paths across the site. Raster 

layers were created of the site water table elevations as well as of the Floridan aquifer sandstone 

porosity, saturated thickness, and transmissivity (data from Lee et al., 2018) using the IDW tool. 

The IDW tool in this instance provided smoother and more complete interpolations across the 

site compared to the Spline tool. These layers were loaded into the Darcy Flow (Spatial Analyst) 

Tool to measure the groundwater flow across the site. The Flow Direction (Spatial Analyst) Tool 

was used to determine the groundwater flow directions based on the water table elevation data. 

Finally, the Particle Track (Spatial Analyst) Tool calculated the injectant flow paths across the 

site to determine where SRB remediation was (and was not) occurring.  

3.4. Mineralogical and geochemical analyses 

 The mineralogical and geochemical composition of the SRB-precipitated solids and mineral 

aggregates from the groundwater were determined with X-ray diffraction (XRD), X-ray 

fluorescence (XRF), and electron microprobe (EMP) analyses. These analyses allowed the study 

to examine the temporal changes in arsenic concentration in parallel with the mineralization of 

arsenian pyrite throughout the timespan of the experiment. 

3.4.1. X-ray diffraction (XRD) 

 The mineralogy of the biomineralized solid samples were determined with Auburn 

Universityôs Bruker D2 PHASER X-ray Diffractometer (Fig. 6). The fine-grained particles of 

each sediment sample were first separated using a 30-mm sieve in order to increase the fraction 

of arsenic and biogenic iron sulfide minerals, which form at the micron scale as noted from the 
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field procedures. The sieved samples were then powdered with a mortar and pestle, placed in a 

Bruker powdered sample holder, and analyzed over 5-75 theta and for 1 second at each point. A 

few samples during each collection period yielded only a small volume of solid material, and, 

thus, were unable to fill the sample holder for a proper XRD analysis. In such cases, the sediment 

was placed onto a zero background glass sample holder for analysis. Each sample was analyzed 

for an hour with the DIFFRAC.EVA software, which translates the spectra peaks to d-spacings 

(Wilson, 2018). These d-spacings can then be correlated with specific minerals, given their 

unique d-spacing patterns and intervals. As such, the minerals potentially formed by bacterial 

sulfate reduction, such as pyrite and As-containing pyrite, along with their relative abundance, 

could be identified in the samples. 

 

Fig. 6. The Bruker D2 PHASER X-ray Diffractometer at Auburn University, used for the mineralogical 

analyses of the samples. 

 

3.4.2. X-ray fluorescence (XRF) 

 The elemental compositions of the solid samples were determined using Auburn Universityôs 

Bruker Tracer IV-SD Handheld X-ray Fluorescence Analyzer (Fig. 7). The sieved and powdered 
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samples were placed into polyethylene XRF sample cups and positioned onto the XRF 

examination window, consisting of a flat sample table that is covered with the sample shield 

accessory for analysis. The samples were analyzed with the red filter (filter 1), which analyzes 

samples using (1) 12 mil (0.012ò) Al  in layer 1, 1 mil (0.001ò) Ti in layer 2, and 1 mil (0.001ò) 

Cu in layer 3; (2) a 40 keV tube voltage; (3) the highest available current; and (4) the vacuum 

turned off (Bruker, 2010). The red filter is the standard way to analyze arsenic, as these settings 

use 14-40 keV X-rays that can reach and excite As in the samples (Bruker, 2010). Samples were 

analyzed for 5 minutes for efficiency and accuracy, as after 1 minute, the peaks stabilize and 

continue to decrease in noise with extra analysis time. Similar to XRD, peaks of energy (keV) 

correlate with specific elements, allowing for the identification of As, Fe, S and other elements in 

the samples as well as determining their overall abundance (by counts). 

 

Fig. 7. The Bruker Tracer IV-SD Handheld X-ray Fluorescence Analyzer at Auburn University, used for 

the elemental analyses of the samples. 
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3.4.3. Electron microprobe (EMP) 

 The As contents of potential As-bearing sulfide minerals in the samples were quantified 

with the JEOL-8600 at Auburn University (Fig. 8). Thin sections of samples I-2 and I-3 from 

two weeks after biostimulation and samples RA-9 and RA-10 from two months after 

biostimulation were analyzed, along with sputter-coated sample stubs of I-2 throughout the entire 

experiment duration. The stubs were created by placing sediments from the samples onto a piece 

of conductive tape on the stub and using Auburnôs Q150R Sputter Coating Device to cover the 

stubs with gold. The EMP can examine minerals at the micron scale, allowing the user to 

determine the compositional changes in any identified mineral grain (Reed, 2005; Wilson, 2018). 

As such, the EMP was used to identify the heterogeneity in the formed pyrite grains and 

determine their arsenic-adsorbing capacity by quantifying the concentration of arsenic as wt%. 

Standards for As, Fe, and S in the Advanced Microbeam EMP software were used to identify the 

pyrite grains and quantify these elements throughout the pyrite grains. 
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Fig. 8. The JEOL-8600 EMP at Auburn University, used to determine the amount of As in the solid 

samples. 

 

3.5. Imaging and modeling 

3.5.1. Scanning electron microscope (SEM) 

 Auburn Universityôs Zeiss EVO 50VP scanning electron microscope (SEM) was utilized to 

image the SRB-produced minerals that precipitated in the groundwater (Fig. 9). Thin sections of 

sample I-2 after two weeks and samples RA-9 and RA-10 after two months were analyzed, along 

with sputter-coated sample stubs of I-2 throughout the entire experiment. The instrument aided in 

determining the abundance of pyrite and arsenian pyrite in the groundwater as well as the 

physical changes of these grains, such as in their size, composition, crystal form, and texture, 
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throughout the experiment duration. Minerals were confirmed using INCA Energy Dispersive 

Spectroscopy (EDS). 

 

Fig. 9. The Zeiss EVO 50VP scanning electron microscope (SEM) at Auburn University, used to image 

pyrite and arsenian pyrite in the solid samples. 

 

3.5.2. Conservative tracer analysis 

 As mentioned earlier in the GIS methods section, a conservative tracer analysis of chloride 

was used to demonstrate groundwater flow paths and injectate arrival times throughout the 

remediation process. The bioremediation injectate contained fertilizer that consisted of 240 mg/L 

of chloride to serve as a conservative tracer. Conservative tracers like chloride move through 

fluids primarily through advection and diffusion and are not lost in the system via geochemical 

reactions. Thus, chloride serves as an excellent tracker of advective transport or, in the case of 
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this study, the arrival of the injectate solution, as it essentially is carried along by the 

groundwater. For this analysis, the study observed chloride spikes in the wells to pinpoint the 

arrival times of the injectate throughout the site. Using the siteôs aquifer properties, the study 

also calculated the arrival times of the injectate to compare to the observed arrivals. 

3.5.3. Geochemistôs Workbench (GWB) analysis 

Field-measured groundwater Eh and pH values were projected into an As-speciation activity 

diagram using Geochemistôs Workbench (Bethke, 2008). The program predicted which 

thermodynamically stable phases would form in response to shifting redox and pH conditions in 

the aquifer. The saturation index (SI) of key sulfide minerals (i.e., pyrite, arsenian pyrite, 

orpiment, and realgar) were calculated to assess whether the treated water will tend to precipitate 

or dissolve these solids. Saturation indices were determined with the following formulas (1-9): 

(1) ὛὥὸόὶὥὸὭέὲ ὍὲὨὩὼÌÏÇὶὩὥὧὸὭέὲ ήόέὸὭὩὲὸ ὗȾὩήόὭὰὭὦὶὭόά ὧέὲίὸὥὲὸ ὑ  

(2)        ὰέὫὗ ÌÏÇὊὩ ςÌÏÇὛὕ ρφὴὌ ςσφȢφὉὬ 

(3)       ὰέὫὑ  ψσȢφπφσ ὥὸ ςυЈ#  

(4)     ὰέὫὗ ÌÏÇὊὩ ρȢωωυÌÏÇὛὕ ρφὴὌ ςσφȢφὉὬ πȢπρÌÏÇὃί 

(5)            ὰέὫὑ  ρπρȢςςφσ ὥὸ ςυЈ# 

(6)      ὰέὫὗ σÌÏÇὛὕ σςὴὌ τπυȢφὉὬ ςÌÏÇὃί 

(7)              ὰέὫὑ  ρψπȢτσφτ ὥὸ ςυЈ# 

(8)         ὰέὫὗ ÌÏÇὛὕ ρςὴὌ ρυςȢρὉὬ ÌÏÇὃί 

(9)       ὰέὫὑ  φωȢψψω ὥὸ ςυЈ# 
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4. Results 

4.1. Spatial and temporal changes in groundwater geochemistry 

The water chemistry parameters, especially arsenic concentrations, significantly changed 

following the iron sulfate and molasses injection and biostimulation (Tables 1-2; Appendix 

Tables A1-10). Before the injection, arsenic levels were well above the site standard of 0.05 

mg/L across the site, especially in the center as well as the northwestern side of the site (Figs. 2 

and 10-11). Monitoring well M-2 was excluded from the analysis because geochemical data was 

not collected from the well, while well RA-10 was excluded to due abnormally high As levels, 

which were inconsistent with the dataset. As such, fourteen of the twenty-three (61%) measured 

injection and monitoring wells were above 0.05 mg/L, while nine of the wells (I-8, I-9, I-10, LH-

4, LH-7, LH-10, RA-11, RA-13, and RA-14) were below the standard (Figs. 2 and 10-11; Tables 

1-2). Based on the spatial distribution of arsenic concentrations, the contamination plume was 

most likely centered around injection well I-3 in the northwestern portion of the site (Fig. 2).  

In the first four weeks following the injection, groundwater arsenic levels in almost every 

well began to steadily decrease (Figs. 11 and 12b; Table 2). One month after the injection, 

dissolved arsenic concentrations decreased in 57% (13/23) of the wells (Table 2). Throughout 

three months, groundwater As levels continually decreased in the central and eastern areas below 

0.05 mg/L (Figs. 11 and 12c; Table 2). Arsenic concentrations slightly increased above 

regulatory standards in the center of the site after six and nine months, but, overall, As 

concentrations remained low, with only 52% (12/23) of the wells containing concentrations 

>0.05 mg/L after nine months (Figs. 11, 12d-e, and 13; Table 2). After nine months of SRB 

biostimulation, eleven wells were below 0.05 mg/L (I-8, I-9, I-10, LH-2, LH-4, LH-7, LH-10, M-

1, RA-11, RA-13, and RA-14), and four additional wells had measured As levels slightly above 
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the standard (I-4, I-6, I-11, and M-3) (Fig. 13; Table 2). Overall, As levels decreased from 0.17 

to 0.08 mg/L in the monitoring wells (Table 2). Furthermore, the original plume around I-3 

significantly reduced in size and intensity after nine months (Fig. 13).  
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Table 1  

Total arsenic (mg/L) versus collection date of unfiltered groundwater samples. 
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Table 2 

Dissolved arsenic (mg/L) versus collection date of filtered groundwater samples. 

 

 

 

 

 

 

 

 

 

  



31 

 

 

Fig. 10. Total As concentrations in four monitoring wells before the injection and throughout nine months 

after the injection. Over the experiment duration, As levels significantly decrease and drop near or below 

the maximum contaminant level (MCL) of 0.05 mg/L (indicated by the black line) at the site. 

 

 

Fig. 11. Dissolved As concentrations in four monitoring wells before the injection and throughout nine 

months after the injection. Over the experiment duration, As levels significantly decrease and drop near or 

below MCL of 0.05 mg/L (indicated by the black line) at the site. 
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Fig. 12. GIS maps of dissolved As concentrations (a) before the injection as well as (b) one month, (c) 

three months, (d) six months, and (e) nine months post-biostimulation (Figs. A1-3). Data from RA-10 was 

not included in b-e due to inaccurate measurements as an outlier. Safe As levels (<0.05 mg/L) are shown 

in green. 
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Fig. 13. GIS map of dissolved arsenic concentrations in the groundwater nine months post-biostimulation. 

As concentrations below the site standard (MCL of 0.05 mg/L) are represented in green. Data from RA-

10 was not included due to inaccurate measurements as an outlier. 

 

In contrast to arsenic, iron and sulfate concentrations increased immediately after the iron 

sulfate injection and then steadily decreased over the following nine months (Figs. 14-17; 

Appendix Tables A1-2). Before the injection, iron and sulfate concentrations were low, generally 

<2 mg/L for iron and <20 mg/L for sulfate (Figs. 14-15, 16a, and 17a; Appendix Tables A1-2). 

Iron and sulfate concentrations then drastically increased after one week of biostimulation, 

measuring >50 mg/L Fe and >75 mg/L SO4 in the center of the site (Figs. 14-15; Appendix 

Tables A1-2). These Fe and SO4 levels remained elevated throughout the first four weeks of the 

experiment before beginning to slowly decrease over the following nine months (Figs. 14-15, 
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16b-e, and 17b-e; Appendix Tables A1-2). After nine months, Fe concentrations had slightly 

increased to 1-10 mg/L, while SO4 concentrations had decreased to 1-10 mg/L, compared to pre-

injection levels (Figs. 14-15, 16e, and 17e; Appendix Tables A1-2).   

 
Fig. 14. Iron concentrations in four monitoring wells before the injection and throughout nine months 

after the injection. Over the experiment duration, Fe levels increase in the first four weeks after the 

injection and then decrease throughout the remaining months. 

 

 

 
 
Fig. 15. Sulfate concentrations in four monitoring wells before the injection and throughout nine months 

after the injection. Over the experiment duration, SO4 levels increase in the first four weeks after the 

injection and then decrease throughout the remaining months. 
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Fig. 16. GIS maps of iron concentrations in the groundwater (a) before the injection as well as (b) one 

month, (c) three months, (d) six months, and (e) nine months post-biostimulation (Appendix Figs. A4-8).  
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Fig. 17. GIS maps of sulfate concentrations in the groundwater (a) before the injection as well as (b) one 

month, (c) three months, (d) six months, and (e) nine months post-biostimulation (Appendix Figs. A9-13).  
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The groundwater pH and ORP values also significantly changed following the injection 

(Figs. 18-21; Appendix Tables A3-4). Before the injection, the overall pH was slightly acidic, 

with average values ranging from 5.50 to 6.75 (Figs. 18 and 19a; Appendix Table A3). The 

groundwater pH then decreased to <5.25 in approximately one-third of the wells one week after 

the injection (Fig. 18; Appendix Table A3). After this sudden drop, the pH slowly increased over 

the remaining nine months, reaching slightly lower levels compared to pre-injection values 

(<6.00 in the west/southwest and >6.00 in the east/northeast of the site) (Figs. 18 and 19b-e; 

Appendix Table A3). Groundwater ORP also behaved in a similar fashion, with most pre-

injection well values swiftly decreasing from oxidizing conditions (>25 millivolts or mV) to 

reducing conditions (<0 mV) in the first week after the injection (Figs. 20 and 21a; Appendix 

Table A4). Additionally, many of the wells recorded significantly reducing ORP values (<-25 

mV) in the first four weeks after the injection (Figs. 20 and 21b; Appendix Table A4). ORP 

continued to decrease until two months after the injection, after which the values increased either 

to slightly reducing conditions (<0 mV) in the center of the site or to slightly oxidizing 

conditions (0-50 mV) along the edges of the site over the following seven months (Figs. 20 and 

21b-e; Appendix Table A4). 
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Fig. 18. pH measurements in four monitoring wells before the injection and throughout nine months after 

the injection. Overall, the groundwater pH decreases in the first four weeks after the injection and then 

steadily increases to slightly acidic values between 5.00 and 6.00 throughout the remaining months. 
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Fig. 19. GIS maps of groundwater pH (a) before the injection as well as (b) one month, (c) three months, 

(d) six months, and (e) nine months post-biostimulation (Appendix Figs. A14-18).  
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Fig. 20. ORP measurements in four monitoring wells before the injection and throughout nine months 

after the injection. Overall, the groundwater ORP significantly decreases in the two months after the 

injection and then steadily increases to slightly reducing values (<0 mV) and slightly oxidizing values (0-

50 mV) throughout the remaining months. 
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Fig. 21. GIS map of groundwater ORP (a) before the injection as well as (b) one month, (c) three months, 

(d) six months, and (e) nine months post-biostimulation (Appendix Figs. A19-23).  
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 Furthermore, there are some notable trends and changes in hydrogen sulfide (H2S) and 

dissolved oxygen (DO) over the experiment duration (Figs. 22-24; Appendix Tables A5-6). 

Hydrogen sulfide concentrations prior to the injection varied from 0.01 mg/L to 2.36 mg/L and, 

on average, lied between 0.01 and 0.1 mg/L (Figs. 22 and 23a; Appendix Table A5). After the 

injection, H2S levels increased throughout the center of the site, reaching maximum values of 

1.00-7.75 mg/L after three months (Figs. 22 and 23b-c; Appendix Table A5). H2S concentrations 

then slowly decreased over the following six months until reaching values slightly above pre-

injection levels (>0.20 to <2.00 mg/L) (Figs. 22 and 23d-e; Appendix Table A5). Additionally, 

dissolved oxygen concentrations in the groundwater averaged approximately 0.5 mg/L prior to 

the injection, while after the injection, DO levels mostly decreased and stabilized to around 0.3 

mg/L (Fig. 24; Appendix Table A6). 

 

 

 
Fig. 22. Hydrogen sulfide concentrations in four monitoring wells before the injection and throughout 

nine months after the injection. Overall, H2S levels increase throughout the experiment duration. 
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Fig. 23. GIS maps of H2S concentrations in the groundwater (a) before the injection as well as (b) one 

month, (c) three months, (d) six months, and (e) nine months post-biostimulation (Appendix Figs. A24-

28). 
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Fig. 24. Dissolved oxygen (DO) concentrations in four monitoring wells before the injection and 

throughout nine months after the injection. Overall, DO levels decrease to around 0.3 mg/L throughout 

the experiment duration. 

 

4.2. Geochemical analysis 

The XRD analysis of solid sediments recovered from the groundwater samples were 

conducted with the DIFFRAC.EVA software and the Crystallography Open Database (COD) for 

mineral identification. The data revealed that the sediments collected from all wells were 

primarily comprised of four minerals: pyrite (COD 5000151, 9000595, and 9000594), arsenian 

pyrite (COD 9013070 and 9013071), quartz (COD 9009666), and kaolinite (COD 1011045). The 

arsenian pyrite found in the samples were shown to have formulas of As0.026FeS1.974 (COD 

9013070) and As0.54FeS1.46 (COD 9013071). The peak positions of the identified arsenian pyrite 

and pyrite minerals align with the reported software spectra of these minerals, with distinct 

arsenian pyrite peaks at 2ɗ values of 28.5°, 33.0°, 37.0°, 40.7°, 47.3°, and 56.2° (Figs. 25 and 

26). Arsenian pyrite was first detected in monitoring wells in close proximity to the injection 

wells one week after biostimulation, with 54% of the samples displaying clear arsenian pyrite 

peaks (Figs. 25 and 26). The arsenian-pyrite peaks then increased in intensity throughout the 
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following weeks, maintaining high intensity readings one to nine months post-biostimulation 

(Figs. 25 and 26). These peaks persisted in 83%, 75%, 83%, and 83% of the samples from one 

month, three months, six months, and nine months post-biostimulation, respectively.  

 

Fig. 25. XRD spectra of solid samples from monitoring well LH-2 throughout the experiment duration 

plotted against the d-spacing patterns associated with pyrite and arsenian pyrite. Pyrite and arsenian pyrite 

are detected one month after the injection. 
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Fig. 26. XRD spectra of solid samples from monitoring well M-3 throughout the experiment duration 

plotted against the d-spacing patterns associated with pyrite and arsenian pyrite. Pyrite and arsenian pyrite 

are detected one week after the injection. 

 

The XRF analysis demonstrated that most of the sampled sediment showed clear elemental 

peaks of arsenic, iron, and sulfur (Figs. 27-31). Arsenic peaks were evident in all samples in one 

week after biostimulation, and these peaks were seen in all samples throughout the following 
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nine months. In two representative samples from monitoring wells M-3 and RA-9, iron counts 

remained consistently high throughout the experiment, whereas arsenic either increased (e.g. 

from 10,000 to 45,000 counts in M-3) or maintained a medium-high intensity over the nine 

months (e.g. RA-9) (Figs. 27-30). Although the arsenic intensity decreased from 120,000 counts 

in one month to 50,000 counts in nine months in RA-9, the study discerned that RA-9 maintained 

a high arsenic intensity considering that most wells increased to similar counts as M-3 and, as 

such, did not surpass 50,000 counts (Figs. 29-31).  

Moreover, the relative amounts of As to Fe in the precipitated solids increased throughout the 

experiment post-biostimulation. After one week, 62.5% of the samples had small arsenic peaks 

(<10% in relative As counts compared to Fe counts), while 37.5% of the samples had medium-

large As peaks (>10% in relative counts compared to Fe). Over one month, 60% of the samples 

had small arsenic peaks, while 40% of the samples showed medium-large As peaks, as 

demonstrated in Fig. 31. The relative counts of arsenic in each sample continued to increase 

throughout the following eight months, until a majority of the samples (52%) exhibited medium-

large As peaks after nine months (Fig. 31). 

 



48 

 

 

Fig. 27. XRF spectra of solid samples and sediment from monitoring well M-3 one month after 

biostimulation, with the sulfur, iron, and arsenic peaks displayed. 

 

 

Fig. 28. XRF spectra of solid samples and sediment from monitoring well M-3 nine months after 

biostimulation, with the sulfur, iron, and arsenic peaks displayed. 
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Fig. 29. XRF spectra of solid samples and sediment from monitoring well RA-9 one month after 

biostimulation, with the sulfur, iron, and arsenic peaks displayed. 

 

 

Fig. 30. XRF spectra of solid samples and sediment from monitoring well RA-9 nine months after 

biostimulation, with the sulfur, iron, and arsenic peaks displayed. 
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Fig. 31. XRF spectra of solids and sediment from monitoring wells M-3 and RA-10 three months after 

biostimulation. The spectra from M-3 are representative of the Fe-rich spectral pattern with low-intensity 

arsenic peaks from approximately two-thirds to one-half of the samples throughout the experiment 

duration. These Fe-rich samples do contain a notable amount of As. The spectra from RA-10 represent the 

As- and Fe-rich spectral pattern from approximately one-third to one-half of the samples throughout the 

experiment duration. 

 

 

The electron microprobe (EMP) analysis was conducted on four polished thin sections from 

two sampling intervals during the experiment: two weeks and two months post-biostimulation. 

These two collection periods were chosen to observe the sequestration of arsenic immediately 

after the injection as well as in the middle of the bioremediation process. Two injection wells (I-

2 and I-3) were chosen for the two-week post-biostimulation analysis to ensure that the 

underlying groundwater was treated by the injectate. Additionally, two monitoring wells (RA-9 

and RA-10), located approximately 6.0 m downgradient from injection wells I-3 and I-7, 

respectively, were chosen for the two-month analysis to observe whether the injectate was 

adequately migrating and treating areas away from its points of origin. Moreover, wells I-3 and 

RA-9 are in the vicinity of the arsenic plume, and, as such, it was necessary to demonstrate the 
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successful sequestration of arsenic in this contaminated area. Across fifteen arsenian pyrite 

grains from each of the four wells, the arsenic content ranged from 0.03 to 0.89 wt% arsenic 

(Table 3). The average As content of the two injection wells was 0.19 wt%, while the average in 

the monitoring wells was 0.35 wt% of arsenic (Table 3). Furthermore, nine to ten points were 

analyzed in a linear fashion across a few of these arsenian pyrite grains in wells I-2 and RA-10 

(Table A11). Using these linear compositional analyses, it was demonstrated that the arsenian 

pyrite is heterogeneous with respect to arsenic, with values ranging from 0.01-0.20 wt% arsenic 

(I-2) to 0-1.02 wt% (RA-10) throughout the individual grain (Table A11).  
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Table 3. 

Electron microprobe analysis (expressed in wt% of Fe, S, and As) of sixty arsenian pyrite grains in 

injection wells I-2 and I-3 two weeks post-biostimulation and in monitoring wells RA-9 and RA-10 two 

months post-biostimulation. 

 

 

 

 

  


