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Abstract

Pumping groundwater fromrseniecontaminated 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
hawe investigated cosdffective techniques to remove groundwater ars@sgby stimulating
sulfatereducing bacteria (SRB) to form Agquestering pyrite. This study intends to improve
upon these past methods to demonstrate the effectiveness of SRB Amtiemat an industrial
site in Florida.

The study has devisedhawinjection scheme to sequester Asiare monthsA ferrous
sulfate and molasses mixture was injected into eleven wells located hydrologically upgradient of
the plume allowing theinjectateto travel downgradient for fulscale remediatiorlhe injectate
was designed to stimulate SRB reduction and engender the precipitation of arseniaRrpymite.
June 2018 tdMarch2019, groundwater samples and newly precipitated solids weeeteal|
weekly for the first four weeks, monthly for the first three months, and quarterly for the
remaining months. Xay diffraction (XRD) and Xray fluorescence (XRF) analyses, electron
microprobe(EMP) measurementscanning electron microscope (SEM) gimay, and
geochemical calculations of arsenic speciation and mineral saturation, have determined that As
has been sequestemaainly in the form of arsenian pyritdhese analyses demonstrate the rapid
precipitation ofbiogenicpyrite two weeks after thajection with the pyrite forming as euhedral
crystals and spherical aggregates (framboied)4d m i n dEM® nesultsendicate the
sequestration d.03-0.89wt% As inthe precipitategbyrite. Additionally, geospatial and time
series dat&rom GIS mapsdemonstrate that As concentrations have decreased throughout the

site ovemine months.



From these analyses, the study has reduceddsncent r ati ons to bel ow t
standard of 0.05 mg/L, as the SRBmulating injection engended and stabilizethe formation
of arsenian pyrit¢hroughout the nine month§loreover, the results confirm that >80% of the
arsenic was removday SRB reduction and arsenian pyrite sequestration, wizkesemoved
by dilutioninduced by injectionGiven these promising results, this study is within reach to
optimize an affordable Aeemediating 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

Gi ven ar s e n geochanicahdituregqwaienoak interactionge.g., weathering,
oxidation, and bacteriahediated reduction) maglease this common mdtad into many water
bodies,such as oceans, rivers, and aquifers (Hueréa and Morse, 1992; Gong et al., 2002).
Human activityalsois increasingly responsible for arsenic contamination in aquifers, usually
through the extensive use of-8entaining hebicides/pesticidedd.S. EPA, 19800U.S. EPA,
1997; Mandal and Suzuki, 2002 rsenicpollutionis extremelyprevalent in the United States,
with As determined to be the secemst commortontaminanat superfund sites (8. EPA,
2002).Moreover, asenicgroundwatecontaminatiorhas since becongprominent concern of
environmental and health organizations around the wBoldinstancethe U.S. Environmental
Protection Agency (EPArduedits previousAs standard of 50 parts per billi¢d.05 mg/L) to
10 ppb (0.01 mg/Lin 2001, complying with the stringent standard set by\Werld Health
Organization (WHO) (LB. EPA, 2001)Despite these effortgillions of individuals still suffer
from As contaminatio, with some calling the contaminatida severe danger f@ public
health emergen®(Smith et al., 2000Ahamed et al., 2006). As sualesearcherbave
recognized théire need tostudy the behavior of As aqueous systems in orderdevelop
effective remediation metho@&ouboulis et al., 1993Faunders et al., 1996medley and
Kinniburgh, 2002 Wilson, 2018.

Naturally occurring arsenic contributes to a significant amount of groundwater As
contamination, especially in developing regiofisenic is abundant in crustal rocks at an
averageconcentration of 10 parts per million (ppriiyédepohl, 1995Wilson, 2018§. Most

aqueous arsenic occurs naturally from the bacterial reduction-odrtaining Feand Mn

el



oxides or from the weathering of Ah rocks and sulfide minerals like orpiment $§8g and
realgar (AsS)Smedley and Kinniburgh, 20D2As-bearingrocks are common along rivers and
aquifers connected to metamorphic and igneous bedrock such as ttieselimalayas
(Kinniburgh and Smedley, 200$medleyand Kinniburgh, 2002 Whengroundwater
encounters Asich sulfide minerals, toxic arsenic may te¢eased into the watevi@ndal and
Suzuki, 2002Nordstrom, 200R Alluvial aquifers havespecially been shown to have elevated
concentrations of arsenic compared to other natural environiorgstrom, 2002)which
Saunders et al. (208pattributes to Aselease from glaciadpurred mechanical weatheriimg
headwater sourcesansport from surface water environments like rivargl deposition in
alluvial sedimentgWilson, 2018)

However,humaninduced As contaminatios becomingncreasingly more commgomvith
some reports indicating that anthropogenic As is now three times more prévafenatural As
sourcegWoolson, 1983Wilson, 2018. This humansourced Aoccuss primarilyin herbicide
as well agesticides and other agricultural produdisS. EPA, 1980tJ.S. EPA, 1997. These
As-containingcompoundsreeffective herbicides because thantain cacodylic acid
( ( CH ) Hwhihdestrick plant growth through uncouplinghosphorylationinhibiting
adenosine triphosphatATP) synthesisn the mitochondria and, thus, induciatpss of plant
chlorophyll(Terada, 1990Fishel, 2005 Benckoand Foong, 2017 Considering thathese As
compoundsresoluble in solutionthey were readily incorporated iniquid herbicides (shel,
2009. As such, arsenic was increasingly added in herbi@ddgesticidesince thesarly 1900s
to control weeds and grass growth on golf courses, crop fieldsndustrial siteslJ.S. EPA,
1972;Christen, 2000Eishel, 2005 Benckoand Foong2017).However, afteAs was commonly

reported to béeached from the surface ambilizedin aqueous systemAs-containing



herbicides and pesticides began tpbased out in the late 198@sd 1990sand finally, mostly
barred from usey the U.S. EPAn 2009(U.S. EPA, 200% Yet, theextensive past use of these
arsenical herbicides the primarycauseof groundwateAs 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(lIl)], with @xidationstate of +3Smedley and
Kinniburgh, 2002) Thesetwo species are controlled by the redox conditions of the \(fitgr
1), with arsenite dominating anoxic and reducing systems and arsenate prevailing in oxidized
solutions U.S. EPA, 1980Farquhar et al., 2002; Wolthers et al., 20B&unders «il., 2009.
Arsenite isgenerallythe more toxic inorganic species of é@mpared to arsenate, but both
species are very toxic to humans and other organisms and can concerningly interconvert in these
solutionsdue tochanges in pH and redox state (Nearing et al., 2@kd&nite, which exists as a
neutral aqueous complex (i.As(OH)X) (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 andnore mobileAs(lll) from contaminated groundwater.



25°C T

Fig. 1. Eh-pH diagram for arsenic speciation in an aqueouf&S sy st em model ed i n
Workberch (GWB). The groundwater was modeled with a temperature of, 255&@ssure df bar and
As, Fé*, and S@ log activities of-4, -3, and-3, respectively

The solubility of arsenic, particularly arsenite, in aqueous systems explains why arsenical
herbicides have induced sevé® contamination. The main arsenicainpounds used in the
herbicides included sodium arsenite §NAsQOz), calcium arsenite (Ca(As®), sodium arsenate
(NaeHASO4: 12H0), calcium arsenate (G@sOs)2), andcopper pyroarsenite (@As20s)

(Bencko and Foong, 201 7Thearsenic intheseherbicides would often form trioxide (43s),
which readily reacts with water to produce arsenous acid (Asj@Hy. 1). Because of its high

toxicity, arsenite was preferably used in herbicides; however, this increased usage also meant



that the more sohle arsenite was able éasilycontaminate underlying aquite{Bencko and
Foong, 201Y.

Waterrock interactions along with a high toxicity and mobility explain why arsenic is one of
the most widespread and dangerous contaminants in groundivest@stmated that over 100
million individuals around the world suffer the-dffects of arsenic poisoning via contaminated
aquifers (Pi et al., 2017). Developing region8angladesh, India, ar@dhina have the largest
percentages of their populations expotedeadly 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
internationalbrganizations have established arsenic standards, typically setting a maksmum
concentration of 0.00.05 mg/L in groundwater, to aid lawmakers and community leaders
around the world in regulating and reducing arsenic exposug EPA, 2001Pi et al., 2017;
Nath et al., 201,8World Health Organization, 20L9However, 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., 201&e et al., 2018; Nath et al., 2018).

If arsenic is not effectively removed from groundwater, then commulti@eely on the
groundwater for irrigation and drinking water will suffer from a plethora of arsedieced
illnesseddue toarsenicosis, oarsenic poisoning (Ahamed et al., 2006; Mandal et al., 2010).
Arsenic is categorized as #&nternational Agency for Research on Cancer (IAB@up 1
carcinogenwith skin cancer being thaost reportedlisease among those exposed to arsenic,
along with badder, lung, kidney, and liver cancels$%. EPA, 1972Smith et al., 2000Agency
for Toxic Substances and Disease Regi/SDR), 2007; World Health Organization, 2019

Arsenic exposure also produces deadly skin lesions and reproductive deficiencies such as higher



rates of preterm and stillborn births, spontaneous abortions, and low birth weights (Ahamed et
al., 2006;World Health Organization, 20)9A particularlydamaging consequence of arsenic
contamination is that many of the children exposed to arsenic have an increased likelihood of
developing cancer or other Amrne illnesses (Ahamed et al., 2006). This begs the question: can
developing areas plagued by As @mntnation effectively lead their communities toward a
brighter and healthier future if their children are already severely affectad pgllutior?
Given this dilemma, Asemediation research desperately needed for thesenmunitiedo
continuously impove and develop.

Although manymethods have been developed to remove groundwater arsenic, most of these
involve exsitu remediation, whichave had limited success in removing arselnée (et al.,
2000; Ford et al., 2007These remediation efforts agpensive, as they involve pumping an
extremely large quantity of groundwater out of the agdidfetreatmentAs such, poor
communities cannot use thesesix treatments regardless of their success rates (Pi et al., 2017).
Moreover, the traditional puprandtreat methods cannot reduce As concentrations in a
reasonable timeframe, such as in several weeks or mah®t al., 2000; Ford et al., 2007
However, insitu treatments, like the procedure proposed heodier a more effective and
affordablesolution to the arsenic contamination criéismoderately reducing aquifers, the
dominant arsenite is mobile. Howevéithe aquifer contains high concentrations of i(ér)
and sulfur(S)and is reduced to the point of sulfate reductiben the arsete could adsorb on
Fe-sulfides and precipitate out of solutiaunders et al., 200&s such, hese treatments
simply involve injecting cheapimaderemediating mixturesusually containing Fe and &fo

the groundwateto help reduce high As conceations below thé i e | dmasniume 0 s



contaminantevel (MCL) (Saunders et al., 1996; Keimowitz et alQ2®Pi et al., 2017; Lee et
al., 2018; Saunders et al., 2018).

The foundation for this studyods pr-Digzamied bi o
Morseds (1992) research on the natural seques
authors investigated the factors controlling trace metal pyritizatianowic marine settings
along the coast dfexas, 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 anldw levels ofiron spur the pyritization of most trace metals. More
i mportantly, they quant i-nefaleoyitizationg[BTMP)cindlisatingi g h d
that As will readily adsorb onto pyrite in these anoxic environmé@usrall, ron sulfides such
as pyritewere shown tdnave a notable affinity for As adsorption andprecipitation and are
remarkedly stable in sulfateducing environments under a range of different pH conditions
(Bostick and Fendorf, 2003; Lee et al., 2005)

Thestudy ofHuertaDiaz and Maose(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 witie biostimulation ofulfatereducing bacteria (SRB)n
this technique, indigenous groundwater SRB in an arsmmtaminated aquifer would be
stimulated with a mixture containing high levels of eand organic cdron,which would spur
the bacteria to biomineralize pyrite. Once pyrite begins to fdissplved arsenic in the
groundwatemwould be adsorbed onto the pyritecteateAs-sequestering biogenic pyrite,

referred tan subsequent literature as arsenian pyflitee et al 2018).



Several studies followeBaunders et al. (1996) determinavhich mineralis the most
effective mineral for As remediatioRarquhar et al. (2002) compared the ability of several Fe
hydrated oxide minerals (goethite degdidocrocite) and Feulfide minerals (mackinawite and
pyrite) to sequester As. Other studiegestigatedhe mechanism of As sequestration. Bostick
and Fendorf (2003) discovered that As(lll) effectively adsorbs onto pyrite toafiorm
arsenopyritdike (FeAsS) precipitate in acidgroundwater wittpHs between 5 and 6. They also
showed that pyr idangeiddsrsthemxingue adsarptidn af Aslll).dviorecxer,
Wolthers et al. (2005) demonstrated that the use of mackinawite in As remediésm is
favorable because the mineral promotes the sorption of As(V), which allows As(lll) to remain in
its aqueous form. Thus, both of these conclusions confirroabacity ofpyrite in As
remediation to successfully remove toxic As(lll).

After establishing this relationship between pyrite and As(lIl) sequestratitasequent
studiesinvestigated the Asemediation technique proposed by Saunders et al. (1996).
Keimowitz et al (2007)demonstrated in a laboratory experiment that bacterial sulfate reduction
in landfill materialsreduced As concentratiofrem 0.146 mg/L to 0.022 mg/L, due to the
formation of sulfide minerals such as arsenian pyrite. Simil@wyture et al. (200) confirmed
thatthe production of pyritaequesters 50% to 85%tbk aqueous A anoxic, sulfidic lakes
These two studies demonstrate that biogenic pyrite is the most favorable platform for
sequestering As in anoxic aquifers. Deditius et al. (2838) determined the specific type of
arsenieenriched pyrite that is produced by the stimulation of SRB: Aggilt)te, a type of
arsenian pyrite that forms when arsenic substitutes for iron in pyrite [(Fe]AdBeover,

As(lll) -pyrite has a distorted shape, which allows for a large portion of As(lll) (53% to 71%) to



incorporate itself into the Fe(ll) sites in pyrite, engendering the removal of As from the
groundwater (Deditius et al., 2008; Le Pape et all720

SRB bioremediatiothrougharsenian pyrite formatiohas consistently been shown to
sequester arsenic in field settings, compared to other techniques and other irosattéaic
sulfideminerals.Arsenianpyrite is typically resistant to shifting redox conditions in natural
waters and, as such, will remain stable preventthe release of As back into theoundwater
(DeFlaun et al., 2009; Onstott et al., 201As suchthe 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 real§aunders et al., 200lost
importantly, indigenous groundtea SRB can besed to ge@ngineer aquifers, making the pH
andredox potentia(Eh) levelsin the aquifersuitable to form and stabilize arsenian pyrite
(Saunders et al2005b; 2008Wilson, 2018.

These discoveries about As sequestration through the formatioreoicarpyritded toPi et
a | (2@1%) recenbreakthrougtof SRB Asbioremediationin anin-situ field experimentPi et
al. (2017)periodically injected iron sulfate (Fe@nto 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 dayandtheyanalyzed water samples from four injection wells and four
monitoring wells usig inductively coupled plasma optiamhission spectrometry (IGBES)
and ion chromatography (1 C) to obtain the gro
Over the 25 days, the originally high As levels of 0.593 mg/L decreased by as much as 77%,
reaching average concentrations of 0-03560 mg/L.

Pi et al. (2017)howeverwere unable taetermine whether this significant decrease in

arsenic was due to the formation of arsenian pyrite or other Fe(ll) sulfide minerals such as



mackinawite. Furth@nore, their shoftermexperiment raises the question about the -Hemnm
effectiveness of As sequestration over a large contaminated aquifer. Séastunationsin
precipitation & well ahe migrationof contaminated groundwater from upgradient sources

could reduce thisfficiency ofAs sequestratioflLee et al., 2018). Moreover, they failed to
successfully lower As concentrations to the UEBA and the World Health Organization

(WHO) MCL of 0.01 mg/L, or even to below typicahdustrialsite standards of 0.05 mg/L

Without being able to answer these fundamental questicahere talrinking water standargs

Pi et al . ds (2017 )hasmot provedrioebd an ffectmoceduresfatdmgr i g u e
term As remediation.

For developing communities te able taemediateheir arseniecontaminatecquifers the
proposed SRB procedure must remove arsenic for an extended time (such as several months or
years) and complywith h e s i t e &tandarde gsuslich, this study attempts to meet these
essenti al requirements by ibiorprrediatian methodihiso n P i
study presents @ine-month SRB-bioremediation experiment at an-8sntaminated industrial
site in Florida. Thigxperiment utilizes a new injection strategy: the injection wells have been
placed hydrologically upgradient to allow the injected Fe@@ture to travel downgradient for
full-scale remediatioThe main objectives of this study are to (1) amend the adnyifer
stimulaing theindigenous sulfateeducing bacteria for bimineralizationwith iron sulfate and
organic carbon (i.e., molasses), (2) characte¢hieanineralogy and geochemistryAs-sorbed
Fe-S solids formed by SRB metabolisand(3) evaluate the effective time interval during which
the FeS biominerals remain stable for arsenic sequestrahibits conclusion, this study intends
to demonstrate a procedure that offers an affordaideffectivesolution to arsenic

contamination.
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2. Background

The field locatiorof this study is an undisclosed industrial site in Flotita is described in
Lee et al. 2018. This study cannateportthe site location becausmur industrialpartnerhas
liability for environmental damage ammés requestetthatits name andite locatiorremain
anonymous (Dr. Mingluo Lee, personal communication, December 3, 2008.fieldsite
falls within the East Gulf Coastal Plain subset of the Coasdit Beologic province. The oldest
rocksexposedht the site are limestosef early Mioceneage whereas the youngesarficial
materialsare quartzich sand, gravels, and clay Pleistocene and Holoceage The limestone
extend 900 minto the subsurfacendoverliessandstoneshale, angranitic tasemen{Schmidt
and Clark, 198D

The aquifer at the field site belongs to sheficial Aquifer system of Florida as discussed in
Lee et al. (2018). Quartich sand and sandy clay lensegend 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 topoggaptly slopes west
the groundwater generally flows in a northwestvest direction at an average rate of 20 m per
year (Lee et al. 2018). Furthermore, Hoyaifer is under moderately oxidizing conditions and is
slightly acidic, with pH values ranging from 5 to 7 (Saunée¢ral., 2018).

The fi el d wabdomtanmataitamithe&xensivause of an Asontaining
herbicide on the land prior to 1990 (Lee et al., 2018; Saunders et al., 2018). Groundwater quality
assessments from 1989 to 1993 determinedhleadrseit levels in the aquifer surpassed the
EPA limit of 0.05 mg/L and tharsenichad begun to spread to surrounding ardéstg and
Miller, 1993 Lee et al.2018).To remediate the contamination, approxima&dQ cubic meters

of As-contaminated soil was removad1992(Mintz and Miller, 1993). Due to the excavation,
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As levels on site decreased by 4G#d the plume also significantly decreased in size (Mintz
and Miller, 1993). To improve the initial remediation effoggmpandtreat tacticsvere used to
remove and tredargevolumesof groundwater externally (Saunders et al., 20D&gpite these
remediation effortsAs concentrationsemained well abovithe EPA andFlorida Department of
Environmental Protection (FDERygUation standardafter treatment, with concentrations
ranging from0.3mg/L to >1.0 mg/L After failing to reduce As concentrations belthe site
regulation levelthe expensive egitu remediation techniquegased in 199@ ee 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 clagSchmid and Clark, 1980)As such, the Jackson Bluff acts a confining unit for
the Surficial Aquifer, preventing groundwateorih migratingdownward to the underlying
hydrostratigraphic units. This confinirgay unit, fortunately indicates that the As is mogtl
containedwithin the Surficial Aquifer on site, which theoretically will aid in the current removal
of As (Schmidt and Clark, 1980; Wilson, 2018).

Previous research dghe hydrogeology anéds remediatiorof the field site has been
conducted by Auburbniversityand manyof its geoscience graduate students over the past five
years. Starne@015)characterizedhe Surficial Aquifer geochemistgnd As contaminatioat
the siteapproximately 15 years after remediation efforts had ce&athes (2015)etermined
that As concentrations were on aver@dEs0 mg/L. with a maximum concentration 0577
mg/L. Through geochemical modeling, Starnes (2015) also determined that injecting hydro
ferrous sulfat§FeSQ-7H>0) and a source of organic carbon wouldtgshe groundwater

conditions to sulfate reducirapdform thermodynamically stablrsenian pyrite. Furthermore,
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his models calculated that the groundwater flows \westhwest at approximately 20 m/yr.
Consideringhe groundwatér 8ow directionand slow velocitythe arsenicaherbicides were
likely used in the southeast portion of the sikgl@ning why the plume is centered around

injection well }3 (Fig. 2).

Dissolved As Concentrations - Pre-Injection (05/15/2018), NW FL

|57

Legend
® Injection Wel Dissolved Arsenic Concentrations (mg/L})

®  Monitoring Well I .01 [ Joost-oors [ ]o.101-025 [0 0.501-0.75 -
Contour Lines [Joot-005 [ Joors-01 [ Jozs1-05 [ Jorsi-1

Contours (0.1 m intervals)

Wells

Fig. 2. GIS map depicting dissolved groundwater arsenic concentrations at the field site from before the
injection in May 2018Regulatory arsenic is depicted in green to indicate safe levels.

Starnesd wor k was e x gradmtstudents ShahreadiShandgleam s ci e n c
Eric Levitt, and Ted Wilsortio a proofof-conceptattempt to remediate the -@itearsenic
(Ghandehari, 2016; Levitt 201Wilson, 2018. To determine whether ferrous sulfate injection
could remove dissolved arsenic attheefl d si t e, Auburn Universityos
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conducted a smaticale pilot test at the site between February 2016 and Nadch
(Ghandehari, 2016; Levitt, 2017; Lee et al., 2018; Saunders et al., 2018; Wilson, 2@ 8ot
project installd four wells(injection wells +1 and +2 and monitoring wells M. and M2), with
the monitoring wells placet}2 metersdowngradient of the injection wells toonitorhow the
hydraulic gradient wuld control remediation across the gjigg. 2 Ghandehari2016 Levitt,
2017) In February 2016, a mixture of ferrous sulfate (Fe3B,0), molassegorganic carbon
source), anagricultural gradéertilizer was injected vidghetwo injection wells to provide the
indigenous SRB a source of carbon, iron, antustib form pyrite(Ghandehari2016) The
experiment also used two solution constituavith differing strengthgor the injectiongo
determine if one solution was more effective ins&gjuestration. Injection welllwas injected
with the weak solution, which was comprised of only a comparatively small amount of ferrous
sulfate in a watedominant solution: 5 kg of FeS(®27.2 kg of molasses, and 0.9 kg of fertilizer
per7,570.8 liters (2,000 gallonsof water. Converselynjection well 2 was stimulated with the
strong solution, consisting of a higher proportion of Fe2® kg of FeSQ 27.2 kg of
molasses, and 0.9 kg of fertilizeer3,785.4liters (1,000 gallonsof water(Ghandehari2016
Wilson, 2018. After the injectionsgroundwater samples were collected from the injection wells
and eight monitoring welld.H-2, LH-5, LH-10,M-1, M-2, RA-9, RA-10, and RA12) weekly
in the first month and themmonthlyfor the remaimg year, through which Wilson (2018)
assessd thechanges in the concentratgof As, Fe, and S in the groundwater otveelve
months(Fig. 2).

The experiment successfully sequestered As in biogenic pyrite and reduced As levels from
0.3-0.5 mg/Lto below thesite standard of 0.05 mg/L faix months with >90% As removal

rates in the site aquif¢Lee et al., 2018; Saunders et al., 200@son, 2018. Sulfatereducing
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conditions were established one week after the injection, which was confiyntiee low
oxidationrreduction potentialORP) and highhydrogen sulfid¢H2S) levels (Wilson, 2018). Due
to this stabilization of sulfateeducing conditionsarsenidevels significantly decreased
thereaftedue to theactivation ofSRB andsubsequerfbrmation of arsenian pyrite in the
groundwater, asmdicatedby sulfur isotope analyses. Moreover, ¥weay diffraction (XRD), %
ray fluorescence (XRFandelectron microprob€EMP) analyses confirmed the successful
adsorption of As onto arsenian pyriteith 0.050.4 wt%of As sequestered into arsenian pyrite
during its rapid precipitatianThe SEM data also showed the definitive formation of arsenian
pyrite, whichprecipitateceithe as euhedral crystals-(0 e min diamete) or spherical
aggregates (:680¢ mn diametey (Wilson, 2018)

However, there were a f ew s hobotemaediatiomgs of
techniquelt was discoverewvas that Axoncentrations only remained below 8ie standarof
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 oxygerto 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., 201Burthermoreuntreatedyroundwateupgradient of the
site flowed down into the site andirdroduced higher levels of arsenic into the system (Lee et
al., 2018)
3. Methodology
3.1.Field andinjectiontechniques

For the currensstudy,we revised the injectioschene aiming atsequesteng arsenic for over

six monthsover a largespatial scaleThefluid mixtureused to amend the aquifeas a strong
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solution for SRB stimulatiorgonsising of 5 kg of ferrous sulfate27.2 kg of molassesand0.9

kg of fertilizer per3,785.4liters of water(Ghandehari2016. This fluid wasinjectedinto eleven
injection wells(l-1 to1-11) duringthe week of June7l 2018(Fig. 3). Two of these injection
wells were previously used in the pilot projeefL(and +2), while nine (13 to F11) were newly
drilled and installedor the study (Lee et al., 2018; Wilson, 2018)addition, this study utilize

a new injection strategyheinjection wells were placed hydrologically upgradient to allow the
injectateto travel downgradient for fubcale remediatio(ig. 3). Over thenineemonth
experiment, twentfive wells (eleveninjection and fourteen monitoring wellgth well screens
that cover the entire ~7 aquiferthicknes$ were monitoredo fully capture the geochemical

changes of the groundwaiig. 3).

0 2.5 5 10 Meters
LH-7 |
| ® I I B |
Leaend Projection: Lambert Conformal Conic.
9 Projected Coordinate System:
Wells Contour Lines NAD 1983 2011 StatePlane

Florida North FIPS 0903 Ft US.
Conteours from DEM (in em) published
by the University of Florida GeoPlan Center.

@ Injection Well
@  Monitoring Well

Contours (0.1 m intervals)

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 samplasere collectegbrior totheinjection forbaseline informationsawell as
after the injection fogeochemical comparison. Aftdreinjection,samplesverecollected
weekly for the firsfour weeks thenmonthlyfor the firstthreemonths and finally quarterly for
the remainingnine months Groundwater angolid samples wer obtained from the bottom of
the wells using a peristaltic pum@and bagsvere also used to capture some of the biominerals
that formedAfter well purging, &Sl 556 Multiprobeunit measurd the groundwater
temperatureelectrical conductivitypH, oxidationreduction potential (ORPanddissolved
oxygen(DO) concentrations onsite during each collectibime samplesvere filteredwith
Geotech 0.4%m filter capsules and then adiéid with 5% HNOs. Finally, theduplicatewater
samplesverestoredin high-densitypolyethylene bottlesithout headspacédrozen with dry ice
for preservationandsert to TestAmerica and Auburn University for elemental analyses of the
water and precipitated solids, respectiélig. 4). The u® of frozenpolyethylene bottles
without headspacensure that the sampleserepreserved in a nereactive storage space at
cool temperatureg-5°C) until reaching their laboratory designations for preparation and

analyss (Gong et al., 2002; Rasul et al., 2002; eeal., 2018

Fig. 4. Samples of arsenicontaminated groundwater from the field site stored in sterile bottles. The
labels indicate the well from which the samplaseollected and the date of collection.
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3.2.Samplepreparation

The groundwater samplé®m weeks one, two, and three and months one, two, three, six,
and nineof the experimentJune2018 toMarch2019 were prepared for subsequent
geochemical analysis. These sampleseplacedupright in a refrigerator to allow theediment
to settlefor dewateringand to preserve their geochemical compositidre cewateringprocess
consisedof centrifuging the samples for at least 15 minutes at 4,700 rotations per minute (rpm)
andstoringthe solid material imfreezer set tapproximately-20°Cto await further analyses
(Fig. 5). When ready for analysis, the sediment samples were remmradHe freezer and set
in petri dishedo thaw and dryn a labroom without sunlightasthe oxidation of arsenite from
the photoreduction of Fe(lll) is known to occur in natural lighe(j a k ov i [ ). letaok al . ,
approximatelythreedays for the sediments to dry fgeochemical and minal analysesThis
sample preparatioprotocol ensures that the groundwater As and its speciation are preserved and

stable for monthsRasul et al., 2002

Fig. 5. Centrifuged samples containing the solid mineral aggregates, which are prepared for eberdental
mineralanalyses.
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3.3.Geographianformationsystems (GlSanalysis
Geospatial analysis wasnducted using ArcMap 10.4 to display the spatialtangporal
changes in As, Fe, sulfate (90OpH, ORP, and hydrogen sulfidex &) throughout the
experiment duratianTo determine the As concentration changes and groundwater flow
directions, contour maps of the field sitere createdl'he Clip (Data Manageent) tool clipped
a onecentimeter DEM of Florida to the extenttbk countyin which the field site is located
create a smalcale DEM(data from University of Florida GeoPlan Center, 2QI¥13). The
Focal Statistics (Spatial Analyst) tool was used to smooth the DEM. The Field Calculator
convertedhe mapcentimeterso metes as well as rounded the contours to one decimal place
Thetwenty-five wells (eleven injection anburteenmonitoring wells)were addedo 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-§4. State Plane Coordinates
(North Zone) andall themap dataveregeoeferenced to NA[L9832011 StatePlané&lorida
North FIPS0903Ft US. The groundwater As, Fe, aB@, and HS concentrations as well as the
pH and ORP valuesere interpolated from the well vectors using the Spline (Spatial Analyst)
tool. Thelnverse Distance Weighting (IDW9ol was also attempted for the interpolation, but
the Spline mapproduced smoother concentration gradient chahge®mparisonSpline
choropleth maps were created for each sampling period: (A) before the injectioryd®dMa
2018; (B) one week after the injection on JuBeZD18; (C) one month after on Julg, 2018;
(D) three months after on September 20, 2018; (E) six months after on Decdn@t8 and
(F) nine months after on MarcI8,12019.Additionally, the pecent change of As, Fe, sulfate, pH,
and ORP was calculated using the Field Calculdioese mapdepict thespatial and temporal

changes in these elemettisoughout the experiment durationorder topinpoint theaquifer
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zones remediated by tfi@mation of arsenian pyritandassess the SRBioremediation efcts
at the site.

Furthermore,lie Groundwater Toolsedlongside the conservative tracer analysas used
to determine the groundwater flow directions améctantflow 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 Leeet 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 groundwatkaw across the site. The Flow Direction (Spatial Analyst) Tool
was used to determine the groundwater flow directi@sed orthewater table elevation data
Finally, the Particle Track (Spatial Analyst) Tool calculatedinfectantflow paths across the
site to determine where SRB remediation was (and was not) occurring.
3.4. Mineralogical and geochemicahalyses

Themineralogical and geochemiaamposition of the SRPrecipitated solids and mineral
aggregates from the groundwater were determinedXvitly diffraction (XRD), Xray
fluorescenc€XRF), and electron microprobe (EMB)alyses. These analyses allowed the study
to examinethe temporathanges in arsenic concentratiorparallel withthe mineralizationof
arsenian pyritéhroughout theimesparof the experiment.
3.4.1. X-ray diffraction (XRD)

The mineralogyf the biomineralized solid sample®re determined with Auburn
Uni v e BruketD2 BHASER Xay Diffractomete(Fig. 6). The finegrained particlesf
each sediment sample were first separated usingnan38ieve in order tocrease the fraction

of arsenic and biogenic iron sulfide minerals, which form at the mexaleas noted from the
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field proceduresThe sieved samples were then powdered with a mortar and pestle, placed in
Bruker powdered sample holder, aathlyzedver 575 thetaand forl secondat each pointA

few samplesluring each collection period yieldedly a small volume of solid material, and,

thus, were unable to fill the sample holder for a progieD analysis In such cases, the sediment
was placed onto a zebackground glass sample holder for analysis. Each sample was analyzed
for an hour with the DIFFRAC.EVA software, whitfanslates the spectra peaks tspécings
(Wilson, 2018).These dspacings can thdwe correlated with specific minerals, given their

unique dspacing patterns and intervafss suchthe mineralspotentially formed by bacterial

sulfate reduction, such agrite and Ascontaining pyritealong with the relative abundance,

could be idetified in the samples

Fig. 6. The Bruker D2 PHASER Xay Diffractometer at Auburn University, used for the mineralogical
analyses of the samples.

3.4.2. X-ray fluorescence (XRF)
The elemental compositions thife solid samples were determineds i ng Auburn Uni v
Bruker Tracer IVSD Handheld Xray Fluorescence Analyz€Fig. 7). The sievec@ndpowdered
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samples were placed intolgethyleneXRF sample cups amabsitionedonto the XRF
examinatiorwindow, consising of aflat sampletablethat iscovered with the sample shield
accessory foanalysis. The samples were analyzed witgred filter (filter 1), whichanalyzes
samples usingl) 12mil( 0. OAli2kayer 1 1 mil( O . OTid layer2,and1mill 0. 001 0)
Cuin layer3; (2) a40 keVtube voltage(3) the highest available curreand (4)the vacuum

turned off(Bruker, 2010) Thered filter is thestandard way to analyzesenic as these settings

use 1440 keV X-rays that can reach and excite As in the san{Blescer, 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 anglyme. Similar to XRD, peaks of energy (keV)
correlate with specific elements, allowing for the identification of AsSkmd other elements in

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

Fig. 7. The Bruker Tracer INSD Handheld Xray Fluorescence Analyzer at Auburn University, used for
the elemental analyses of the samples.

22



3.4.3. Electronmicroprobe (EMP)

The As contents giotential Asbearing sulfidaninerals in the samplegere quantified
with the JEOL-8600 at Auburn Universit{Fig. 8). Thin sections of sampse-2 and F3 from
two weeks after biostimulation and sangplRA-9 andRA-10 from two months after
biostimulation were analyzed, along with sputteated sample stula$ I-2 throughout the entire
experiment durationlThe stubs were created by placing sediments from the samples onto a piece
of conductive tape on the stub and using Aubu
stubs with goldThe EMP can examineimerals at thenicron scale, allowing the user to
determinghe compositional changes in any identified mineral gieed, 2005Wilson, 2018)
As suchthe EMP was used to identify the heterogeneitheformedoyrite grainsand
determine their arsenr@dsorbing capacity by quantifying the concentratioarsénicaswt%.
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 pyaites.
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Fig. 8. The JEOLL8600EMP at Auburn University, used to determine the amount of As in the solid
samples.

3.5. Imagingand modeling

3.5.1. Scanningelectron microscope (SEM)

Auburn Universityds Zeiss EVO 50VP scanni
image theSRB-producedmineralsthatprecipitatedn the groundwatefFig. 9). Thin sections of
sample 12 after two weeksnd samples RA and RA10 after two monthsvere analyzed, along
with sputtercoated sample stubs eRlthroughout the entire experimefhe instrument aided in
determining the abundance of pyrite and arsenian pyrite igrtendwateas well as the

physical changes of these grains, such as in sfegr compositiongrystal form, andexture,
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throughout the experiment duratidviinerals were confirmedisingINCA Energy Dispersive

Spectroscopy (EDS)

Fig. 9. The Zeiss EVO 50VP scanning electron microscope (SEM) at Auburn University, used to image
pyrite andarsenian 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
wasused to demonstrate groundwater flow paths and injectate arrival times throughout the
remediation proces$he bioremediation injectate contained fertilizert tt@nsisted 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 arceltent 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
groundwaterFor this analysis, the study obsenddioride spikesn the wells to pinpointhe
arrival imes of the injectatthroughout the sitdJs i ng t he si t eGmestadgui fer p
also calculated the arrival times of the injectateompare tahe observed arrivals.
3.5.3. Ge o ¢ h eWorkkehch €GWBanalysis
FieldmeasuredjroundwateEh and pH valuewereprojected into an Aspeciation activity
di agram using Geochemi s.iTheprogrdm predictecwhibh ( Bet hk e,
thermodynamically stable phaseould form in response to shifting redox and pH conditions
theaaquifer. The sturation in@x (Sl) of key sulfide minerals (i.e., pyrite, arsenian pyrite,
orpiment, and realgavyerecalculated to assess whether the treated water will tend to precipitate

or dissolve these solids. Saturation indices were determined with the following foi@as
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4. Results
4.1. Spatial and temporathangesn groundwater geochemistry

Thewater chemistryparametersespecially arsenic concentratiosgnificantly changed
following the iron sulfate and molasses injection and biostimulation (3 &ke Appendix
TablesA1-10). Before the injection, arsenic levels were well abovesitestandard of 0.05
mg/L across the site, especially in ttenteras well as the northwestern side of the site (FAgs.
and10-11). Monitoring well M-2 was excluded from the analysis because geochemical data was
not collected from the well, while well RAO was excluded to due abnormally high As levels,
which were inconsistent with the datag&t.such, fourteenf the twentythree (6.%) measured
injection and monitoring wells were abo®€5 mg/L, while nineof the wells (18, 1-9, 1-10, LH-
4, LH-7, LH-10, RA11, RA13, and RA14) were below the standard (Fig@sand10-11; Tables
1-2). Based onhe spatial distribution adrsenic cooentrations, the contamination plunvas
most likelycentered around injection wetBlin the northwestern portion of the site (Fig. 2).

In the first four weeks following the injectiogroundwatearsenic levels in almost every
well began tassteadily decrease (Figsl And 2b; Table2). One month after the injection,
dissolved arsenic concentrations decreased in 57% (13/23) of the wells (TdtieAyhout
three months, groundwater As levels continudgreased in theentral and easteareas below
0.05 mg/L(Figs. 11 and 4c; Table 2)Ar seni ¢ c odlciegqhtrlay iiomsr eased a
regul atory standarafsséem ame ciemevemmsdfi hs hebusgi t
concentr aéd o with only®2aa(12423) of thevells contaiing concentrations
>0.05 mg/L after nine montl{sF i g s2d-e 1 18;n AT albkAlfd e2) .ni ne mont hs o
bi ostimuédlae vwwear weldl 0& |y -9.1-10, LH-2, LH-4, LH-7, LH-10, M-

1, RA-11, RA13, and RA14), and four aditional wells ha measureds levels slightly above
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the standard {4, I-6, I-11,and M-3) (Fig. 13; Table 2).Overall, Aslevels decreased from 0.17
to 0.08 mg/L in the monitoring wells (Table Eurthermore, the original plume around |

significantly reduced in size and intensity after nine mo(fit 13).
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Table 1

Total arsenic (mg/L) versus collection dateuafilteredgroundwater samples.

Well 05/15/2018 06/28/2018 07/06/2018 07/12/2018 07/19/2018 08/23/2018 09/20/2018 12/14/2018 03/18/2019
(Pre-Injection)  (Week 1) (Week 2) (Week 3) (Month 1) (Month 2) (Month 3) (Month 6) (Month 9)
1-1 0.519 0.466 0.247 0.272 0.281 0.15 0.206 0.107 0.267
1-2 0.719 1.87 0.582 0413 0.275 0.551 0.764 1.05 0.951
I-3 1.85 0.818 0.827 0.428 1.49 0.104 0.216 0.235 0.708
14 0.456 0.188 0.0248 0.0646 0.0899 0.0363 0.0516 0.0464 0.088
I-5 0.147 0.0831 0.227 0.213 0.362 0.293 0.121 0.164 0.187
1-6 0.0761 0.0143 0.00303 0.00622 0.00801 0.0507 0.0548 0.0616 0.0982
1-7 0.102 0.601 0.203 0.29 0.271 0.122 0.096 0.111 0.134
1-8 0.0234 0.0129 0.00707 0.0099 0.0169 0.0154 0.00867 0.011 0.0241
19 0.00455 0.00436 0.00671 0.00784 0.00404 0.0185 0.024 0.0402 0.046
1-10 0.005 0.00434 0.00489 0.00472 0.0033 0.00532 0.00513 0.00663 0.00944
I-11 0.158 0.0353 0.0198 0.0545 0.0312 0.0276 0.0272 0.0266 0.095
LH-2 0.573 0.545 0.516 0.579 0.649 0.154 0.0455 0.041 0.0197
LH-4 0.00228 0.00274 0.00158 0.00398 0.00348 0.00441 0.00275 0.00309 0.0017
LH-5 0.305 1.51 1.06 0.86 0.792 1.17 0.962 0.782 0.499
LH-7 0.00399 0.00363 0.0051 0.00417 0.00407 0.00261 0.00104 0.0035 0.0043
LH-10 0.0158 0.0226 0.0182 0.00888 0.00704 0.00886 0.0067 0.00573 0.00458
M-1 0.364 0.0666 0.0648 0.0489 0.0723 0.062 0.0335 0.0256 0.0198
M-3 0.279 0.337 0.279 0.267 0.522 0.194 0.117 0.197 0.0792
RA-9 0.851 0.451 0.61 0.517 0.822 0.393 0.45 0.0945 0.121
RA-10 0.228 4.08 9.35 1.84 8.12 5.25 1.73 1 0.579
RA-11 0.00924 0.015 0.0334 0.034 0.0287 0.0222 0.0109 0.0166 0.0197
RA-12 0.143 0.0901 0.102 0.0641 0.0754 0.2412 0.274 0.176 0311
RA-13 0.00252 0.00345 0.00334 0.00429 0.00287 0.00535 0.0088 0.0358 0.0305
RA-14 0.00604 0.00446 0.00212 0.00864 0.0039 0.00255 0.00428 0.00335 0.00509

29




Table 2

Dissolved arsenic (mg/L) versus collection datélt#red groundwater samples.

war | V3/15/2018 06282018 07/06/2018 07122018  07/192018 08232018 09202018  12/142018  03/18/2019
(Pre-Injection)  (Week 1) (Week 2) (Week 3) (Month1)  (Month2)  (Month3)  (Month 6) (Month 9)
I-1 0412 0.183 0.0484 0.123 0.176 0.113 0.18 0.0966 0.233
12 0.649 0.803 0.174 0.17 0.191 0.518 0.728 1.02 0.934
I-3 1.81 0.0978 0.107 0.102 0.444 0.0474 0.173 0.233 0.513
I-4 04 0.15 0.0126 0.0283 0.0543 0.0303 0.0369 0.0405 0.0825
I-5 0.111 0.03 0.068 0.0387 0.0606 0.159 0.094 0.13 0.171
1-6 0.0732 0.0106 0.00171 0.00369 0.00753 0.0403 0.048 0.495 0.0704
-7 0.0932 0.368 0.113 0.173 0.2 0.103 0.0977 0.102 0.124
I-8 0.0168 0.0123 0.00633 0.00876 0.0154 0.00806 0.00698 0.00808 0.0204
1-9 0.00361 0.00413 0.00661 0.00726 0.00428 0.0184 0.0221 0.0393 0.0418
1-10 0.00352 0.00357 0.0029 0.00358 0.00301 0.00386 0.00311 0.00379 0.00756
I-11 0.147 0.0277 0.015 0.0236 0.0105 0.0175 0.0167 0.0219 0.0835
LH-2 0.57 0.506 0.473 0.569 0.627 0.032 0.0279 0.0351 0.0122
LH-4 0.00116 0.00221 0.00206 0.00193 0.00116 0.00137 0.0046 0.00046 0.00102
LH-5 0.318 1.49 1.06 0.787 0.823 0.781 0.86 0.339 0.439
LH-7 0.00388 0.00363 0.00512 0.0036 0.0058 0.00259 0.00108 0.00298 0.00421
LH-10 0.0132 0.0198 0.0124 0.00566 0.00384 0.00521 0.00415 0.00307 0.00303
M-1 0.0835 0.018 0.0139 0.0188 0.023 0.0177 0.0176 0.0157 0.0128
M-3 0.141 0.151 0.193 0.197 0.285 0.0643 0.0487 0.17 0.0581
RA-9 0.768 0.448 0.618 0.444 0.722 0.254 0.4 0.0785 0.101
RA-10 0.210 4.08 8.65 2.15 7.12 4.84 1.71 0.872 0.538
RA-11 0.00733 0.013 0.0291 0.0281 0.0244 0.0134 0.0129 0.0164 0.0158
RA-12 0.0985 0.0671 0.101 0.055 0.0689 0.2412 0.232 0.155 0.305
RA-13  0.00144 0.0031 0.0046 0.00499 0.00357 0.00491 0.00842 0.0346 0.0256
RA-14 000188 0.00181 0.00198 0.00219 0.00265 0.00172 0.00204 0.00135 0.00239
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Fig. 10. Total As concentrations in four monitoring wells before the injection and throughmronths
after the injection. Over the experiment duration, As lesigisificantly decrease and drop neabelow
the maximum contaminant level (MCL) of 0.6%)/L (indicated by the black ling} the site.

3 08
S~
o0
E o7
= -LH-2
2 0.6
= M-1
fé‘. 0.5
@ M-3
L[ *]
g 0.4
4RA-9
03
wn
< —As Standard
- 0.2
k%)
>
= 01 \ -
Z — —
a 0
3 c 2 & 2 z Z ’ z 2 2
B, T, T, % % %, Y, %, % Tn R
~ ) ) ~g ~u 2 2 2 %, ~2 ~,
“® “® K % @ %, A % % %9 %9
Date

Fig. 11. DissolvedAs concentrations ifour monitoring wells before the injection and throughioimie
months after the injectio®ver the experiment duration, As levsignificantly decrease and drapar 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 dissolvedls concentrations (a) before the injection as well as (b) one month, (c)
three months, (d) six months, and (e) nine monthslgostimulation(Figs. AL3). Data from RA10 was
not included in ke due to inaccurate measuremexgsn outlierSafe As level$<0.05 mg/L) are shown
in green.
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Dissolved As Concentrations - Month 9 (03/18/2019), NW FL
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Fig. 13. GIS map of dissolved arsenic concentrations in the groundwater nine monthgpgbstulation.
As concentrations below thsite standardMCL of 0.05 mg/L)arerepresenteih green Data from RA
10 was notncluded due to inaccurate measuremastan outlier
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Fig. 14. Iron concentrations in four monitoring wells before the injection and througimaimonths
after the injection. Over the experiment duration, Fe levels increase in the first four weeks after the
injection and then decrease throughout the remaining month
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Fig. 15. Sulfate concentrations in four monitoring wells before the injection and througineuhonths
after the injection. Over the experiment durati®@y 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 mbat and (e) nine months pdsbstimulation(Appendix Figs. A48).
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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 monthdmssimulation(Appendix Figs. A9L3).
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Fig. 18. pH measurements in four monitoring wells before the injection and througineuhonths after
the injection. Overall, the groundwater pH decreases in the first four weeks after the injection and then
steadily increases to slightly acidic values betweed & 6.0 throughout the remaining months.
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Fig. 19. GIS maps of groundwat@H (a) before the injection as well as (b) one month, (c) three months,
(d) six months, and (e) nine months pbtstimulation(Appendix Figs. A1418).
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Fig. 20. ORP measurements in four monitoring wells before the injection and througheuationths
after the injection. Overall, the groundwater Odtghificantlydecreases in the two months after the
injection and then steadily increases to slightly reducingegéi® mV) and slightly oxidizing values (0
50 mV)throughout the remaining months.
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Oxidation-Reduction Potential - Pre-Injection (05/15/2018), NW FL
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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 pbgtstimulation(Appendix Figs. A123).
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Furthermore, there are some notable tremtkchanges ihydrogen sulfideH,S) and
dissolved oxygen (DQjver the experiment duration (Fig®-24; AppendixTablesA5-6).
Hydrogen sulfideconcentrations prior to the injection iedfrom 0.01 mg/L to 2.36 mg/L and,
on average, l@between 0.01 and 0.1 mg/L (Fig& @&d Ba; AppendixTableAb). After the
injection, BS levels increaskthroughout the center of the site, reaching maximulmegaf
1.00-7.75 mg/Lafter three month@~igs. 2 and Bb-c; AppendixTableAb5). H2S concentrations
then slowly decreasiever the following six months until reaching values slightly above pre
injection levels (>0.20 to <2.00 mg/L) (Fig and &d-e; AppendixTableA5). Additionally,
dissolved oxygen concentrations in the groundwaterage approximately 0.5 mg/lprior to
the injection while ater the injectionDO levels mostlydecrease andstabilizel to around 03

mg/L (Fig. 2; AppendixTableA6).
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Fig. 22. Hydrogen sulfide concentrations in four monitoring wells before the injection and throughout
ninemonths after the injection. Overall,&llevels increase throughout the experiment duration.
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Fig. 23. GIS maps of K|S concentrations in the groundwaterl§ejore the injection as well as (b) one
month, (c) three months, (d) six months, and (e) nine monthdmstimulation(Appendix Figs. A24
28).
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Fig. 24. Dissolved oxygen (DOgoncentrations in four monitoring wells before the injection and
throughoutinemonths after the injection. OverddQ levelsdecrease taround (8 mg/L throughout
the experiment duration.

4.2. Geochemicanalysis

The XRD analysisof solid sediments recovered from the groundwater saraes
conductedvith the DIFFRAC.EVA software and the Crystallography Open Database (G@D)
mineral identification. The datavealed that the sedimemisllected from all wellsvere
primarily comprised of four mineralpyrite (COD50001519000595 and9000594) arsenian
pyrite (COD 901307@nd 9013071), quartz (COD 9009666), and kaolinite (COD 1011046).
arsenian pyrite found in the samples were shown to have formulas @825 974 (COD
9013070) and AssdeS .46 (COD 9013071)Thepeak positions of thelentified arsenian pyrite
and pyrite minerals align with the reported software spectra of these minerals, with distinct
arsenian pyrite peaks aff 2alues 0f28.5°, 33.0°, 37.0°, 40.7°, 47.3°, and 5Riys. 25 and
26). Arsenianpyrite was first detected in monitoring welltsclose proximity to thénjection
wells one week aftdriostimulation, with 54% of the samples displaying clear arsenian pyrite

peakg(Figs. 5 and &). The arseniaipyrite peaks then increased in intengtiyoughout the
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Fig. 25. XRD spectra of solid samples from monitoring we-2 throughout the experiment duration
plotted against thd-spacing patternassociated with pyrite and arsenian pyffgrite and arsenian pyrite
are detetedone month after the injection
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Fig. 26. XRD spectra of solid samples from monitoring weldMhroughout the experiment duration
plotted against the-gpacing patterns associated with pyrite and arsenian [yitée and arsenian pyrite
are detected one weakter the injection

The XRF anajlsis demonstrated thatost ofthesampled sedimeshowed clear elemental
peaks of arsenidron, and sulfur (Figs. 2-31). Arsenic peaks were evident in all samplesne

weekafterbiostimulation and these peakgere seen in all samples throughout the following
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nine monthsin two representative samples from monitoring well8fnd RA9, iron counts
remaired consistentifigh throughout the experiment, whereas arsenic either indréage
from 10,000 to 45,0000untsin M-3) or maintaireda mediunthigh intensity over the nine
months (e.g. RM) (Figs. Z-30). Althoughthe arsenic intensitgecrease from 120,000 counts
in one month to 50,000 counts in nine months in®RAhe study dcernedhat RA9 maintaired
ahigh arsenic intensity considering that most wells inciebssimilar countsasM-3 and as
such,did not surpass 50,000 counts (Fig8:31).

Moreover, the relative amounts of As to Fe in the precipitated solids increased throughout the
experiment posbiostimulation. After one week, 62.5% of the samples had saraknic peaks
(<10%in relativeAs countscompared td-e county while 37.5% of the samples had medium
large As peaks (>10% in relative counts compared to Fe). Over one ®@%ilnf the samples
had small arsenic peghkshile 40% of the samples showed medilarge As peaksas
demonstrated in Fig.13 The relative counts of arsenic in each sample continued to increase
throughout the following eight months, until a majority af gamples (52%) exhibited medium

large As peaks after nine montiffsg. 31).
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Fig. 27. XRF spectra of solid samplasd sedimenfrom monitoring well M3 one month after
biostimulation, with the sulfur, iron, and arsenic peaks displayed.
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Fig. 28. XRF spectra of solid samplasd sedimenfrom monitoring well M3 nine months after
biostimulation, with the sulfur, iron, and arsenic peaks displayed.
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Fig. 29. XRF spectra of solid samplasd sedimenfrom monitoring wellRA-9 one month after
biostimulation, with the sulfur, iron, and arsenic peaks displayed.
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Fig. 30. XRF spectra of solid samplesd sedimenfrom monitoring wellRA-9 nine months after
biostimulation, with the sulfur, iron, and arsenic peaks displayed.
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Fig. 31. XRF spectraof solids andsedimenfrom monitoringwells M-3 and RA10three months after
biostimulation The spectra from M arerepreserdtive ofthe Ferich spectral patterwith low-intensity
arsenic peakBom approximately twehirdsto onehalf of the samples throughout the experiment
duration. These Fech samples do contain a notable amount of As. The spectra froffORépresent the
As- and Ferich spectral pattern from approximately eth@d to onehalf of the samples throughout the
experiment duration.

The electron microprobe (EMR)alysiswas conducted ofour polished thin sections from
two sampling intervals during the experimemto weeks and two monthmstbiostimulation
These twaollection periods were chosen to observe the sequestratiosemidmmediately
after the injection as well as the middleof thebioremediation proces¥wo injection welk (I-
2 and +3) werechosen for the twaveek postiostimulationanalysisto ersurethatthe
underlying groundwatewas treated bthe injectate Additionally, two monitoring welk (RA-9
andRA-10), located approximately 6.0 m downgradient from injection s\iel and 17,
respectivelywerechosen for the twononthanalysis to obsge whether the injectate was
adequately migrating and treating areas away from its points of dvigireover wells 3 and

RA-9 are in the vicinity othe arsenic plume, and, as such, it was necessary to demonstrate the
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successfusequestrationf arsent in this contaminated areAcrossfifteen arsenian pyrite
grains fom each of the four wellshe arsenic content ranged from3t0 0.89wt% arsenic
(Table3). The average As conteott the twoinjectionwells was 019 wt%, while the averaga
the monitoring wellsvas 0.35n% of arseniqTable3). Furthermore, nine to ten poiniere
analyzedn a linear fashion acrossfew of thesarsenian pyrite grairia wells I-2 and RA10
(TableA11). Using these linear compositional analysesas demonstrated that the arsenian
pyrite is heterogesous with respect to arsenic, with values ranging from-0.2Qwt% arsenic

(1-2) to 6-1.02 wt% (RA-10) throughout the individual graifTableA11).
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Table 3.

Electron microprobe analysjexpressed in wt% of Fe, S, and A&$)ixty arsenian pyrite graina

injection wells 2 and 13 two weeks posbiostimulationand in monitoring wells RA and RA10 two
months posbiostimulation
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