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Abstract

Naturally occurringpiogenicpyrite has beefoundin Holocene fluvial aquifers
UphapeevatershedMacon County, Alabama. Tleectron microprob€EMP) analysis showd
that the pyrite grains contain 0-B.92weigh®s of arsenic (As)Thescanning electron
microscopeand energy dispersive spectroscdpizM-EDS) analysisconfirmedasimilar level
of As concentration in pyritthat was consistent with the EMP analysis. The SEM analysis also
confirmedthe presence of additional trace elements such as d@bha@wt.%), and nickel (0.15
wt%),i ndi c at i vcapaatyto gequesiertarsdnisd other metalfyrite grainswere
naturally formed andevelopedaslarge (26200 & m)  die.lcubeakfruadatedctahedon)
crystalsandnoneframboidaggregateslhe XRF analysis of theollected lignitc wood (from
the wells) also showetthie presence dis. However the ICRMS analysisshowed thaAs level
in the groundwatewas not high and it was within ti&PA drinking water standards10 ppb).
These results indicate that dissolveskaic is sequesteredmaturally formedyrite foundin the

fluvial sediments.

The groundwater was moderately redudimglightly oxidizing(Eh= 46 t0173 mV), and
nearly neutrato slightly acidic(pH = 5.53 t06.51). Groundwategeochemistry data indicate a
redox sequence of oxidation, Mn(lV) reduction, Fe(lll) reduction, and suédtection along the
flow pathin fluvial aquifers. The dowagradient increases in dissolved Mn and then Fe
concentrations reflect increased Mn(ll)daRe(ll) production via microbial competition as the
aquifer becomes progressively more reduced. Bacterial sulfate reduction seems to dominate near

the end othe groundwater flow path as the availability of Mand Feoxyhydroxides becomes



limited in sedments richin lignitic wood where increased sulfateducing activities, leading to
the formation of biogenic pyritd.he groundwater ia CaSQ; type, is not SQ-limited, as
compared to most Holocene groundwater systems in Banglddeslsulfate magerve as an
electron acceptor fahe bacterial sulfateeducingreactionghatsequesteAs into pyrite, which
in turn resuls in very lowgroundwateAs concentratior{ %2 ppb).This result implies that
groundwater in Holocenaluvial aquifers in Bangladesh (a sulfditaited system) must be
amended witlan electron acceptor (e.g., iron sulfate) fuile organic carbon to stimulattee

metabolism of indigenous sulfateducing bacteria (SRB).

This study compared the size and morphology of biogenic pyrite precipitated naturally in
the Uphapediluvial sediments with those formed via biostimulation &aida industrial site
wheregrourdwater was severely contaminated vatielevated level ofs (300-500 ppb.
Arsenianpyrite graindormed viaa biostimulation process appesather as wetdefined
euhedral nanarystals or as spherical aggregates (framba@ti$)5 0 e m | nsnalera met er
than those formed naturalily the Uphapee watershethe biogenic pyriteformed atthe

Florida sitecontained between 0.6540 wt.% of As, indicating similar As adsorbing capability
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Introduction

Sources ofArsenic

Arsenic (As) is one of the most common metalloid contaminants found in groundwater;
andthe mode of occurrence and mobility of arsenic in sedimentary aquifers are mainly
influenced by local geology, geomorphology, hydrogeology, and geochemistry of seddament
water, as well as anthropogenic activitiBdattacharya et al., 199Welch et al., 2000; Harvey
et al., 2002; Smedley and Kinniburgh, 2002; van Geen et al., 30@B)sudduh&007).
Naturally-occurring arsenic contamination is a widespread probididolocene aquifers
worldwide (Figure 1)(Turner, 2006)and itis relatively abundant in crustal rocks, with an
average concentration of 10 parts per million (ppm) (Smedley and Kinniburgh, B0&#) be
found as different types of ore depositith a higher concentratio(Kruger et al., 2013)The
most abundant arsenic ore mineral is arsenopyrite (FeAsS), commonly associated with igneous
rocks Shamsudduh&007). Arsenic can occur as a major constituent in more than 200 minerals,
includingelementahrsenicsulfides, oxides, arsenates, and arsenites (Smedlggimamiturgh,
2002) Arsenicbearing pyritds consideredhe major solid arsenic phase formadder sulfate
reducing conditions in natural syste(@aunders et al., 1997; 2005a; 20@3rtan geological,
microbiological, and geochemical conditions exist in shallow aquifi@tsause unusually high
levels of As, Sr, Ba, Mn, and Fe in groundwater (Dowling et al., 28K et al., 2004).
Alluvial aquifers, black shaleand hydrothermal systems have been shown to comiaia

elevated levels dadrsenicdhan other natural envirorents (Nordstrom, 2002).



Anthropogenic sources afsenicarethreetimes more commoworldwidethan natural
sources\\Vilson, 2018. The mosicommonanthropogenisources ofrsenian groundwater are
mining, burning of fossil fuels, wood treatment, and theafisesenical herbicides and
insecticides (Mondal et al., 2013jany industrialized countries such as the USA used excessive
agricultural products such assetticides and herbicidespod preservativeas well as the high
arsenic concentrations in mine tailingghe mid-twenty centurythatresultedn significant
increase in arsenic concentration in both sediment and groundwater (USEPAVIa8€3al and

Suauki, 2002).



Fairbanks, - s 3w ST - — -

Alaska — A e T = = & o= = -
\ s = >
Aleutian - ® . s [ == L e
Islands =~ Goeur dF >3 i iceianc . sou;?wyst ank <
British ® 7 ? B South- wesctﬁ 20 @ Kamchatka
Columbia ‘ oshe /4_{ England @, !g Great Hungarian Plain, ) \
Yellowstone Park @ 1ali Massif Central, @ ,S ia, Hungary, Romania Inner
Western, U.S.A._ Clark Fork W'sw"ﬁn/’ﬂamax' i ranoe/ Austia Xinjiang -
, ® ark Fol Nova Scotia K] Province, n?o G R f K
() River g X @Lavrion China Ch na. . ubor\g ep. of Korea
D%lﬁi?ﬁ?é Nonh-CentraI / RoninPy ‘Kyushu Japan
; Greece .. _Punjab, Terai, Nepal
{ a} Pakistan ']
Baja California @ Comarc . ~Bengal Delta, _/ yTaiwan Province, China
Lagunera, WesmBengal B
Zimapan® ' Mefico o] N B Banglad /'Red River Delta
aley ® WRonunice Irrawaddy Delta, Kandal, Cambodia
El Salvador / 7 yannmar , kong River,
4 e an Phibun,® Cambodia B
| Ashanti Reg'E)n i Thailang \ o {
4 hana ) Saraw?k —
€ % . e~ N

] | G T o)
A . > \
/ [ 2 =2 A
] / ] }
o Zimbabwe ® ! ;
An(olagast_a... /‘,{1 a8 Corate) : .
Chile Brazil g /
2:’ r;t:“\ﬁ:st / 3 }Ath Africa oy Wairakei,
9 ” LEGEND - < New Zealand
. »'b)haoo -Pampean <
J/ SlalniArgentna Arsenic-affected aquifers >
@® Arsenic related to mining and mineralization
® Arsenic related to geothermal waters

Figure 1.Distribution of arsenikcontaminated groundwater from both natural anthropogenic sources in maguifers of
the world (Smedley and Kinniburgh, 2002). The map showslieaiorthern side of the UniteStates is affected due to

anthropogenic (mining) activifyandthewestern side is affected by both anthropogenic and natural activity.



Global Arsenic Senario

Naturalorigin of arsenic in groundwater has been reported in many countrieding
Argentina, AustraliaBangladeshChina, Chile India (West Bengal)Rakstan, Taiwan,
Thailand, Mexico, Vietham, and many partgteé United State@-igurel) (Smedley and
Kinniburgh, 2002; Nickson et al., 2005; Liu et al., 2086amsudduha, 20p 7T helist of
arsenieaffected countriess gettinglongerasrecentgroundwater qualityeportswere issued also
in Nepal,Myanmar and CambodiaArsenic associated witmining andgeothermal waters
including hot springfias been reportad Argentina, Chile, Fance, Ghana, Greece, Iceland,
Japan, New Zealand, Thailand and the USAedley and Kinniburgh, 2002).

Quaternary alluvial aquifers are contaminated with eleViatezks of arsenioworldwide.
These include aquifers in parts Afgentina,BangladeshChile, Ching Hungary, IndiaMexico,
Myanmar, NepalRomaniasouthwest United Statesnd Vietnam. These arelave similarities
in geology and hydrogeologyh& majority of the higlarsenicgroundwaer provinces are in
young unconsolidated sedinte mostly of Holocené<12,000 years) age (Ravenscroft et al.,
2005). These aquifers are usually large inleloded basins in arid or semiarid settings (e.qg.,
Argentina, Mexico, andhe southwest Unite&taes) or large alluvial and deltaic plains (e.qg.,
Bergal delta, Yellow River plainyrawaddy delta, Red River deltggmedley and Kinniburgh,

2002).



Arsenic scenario in Bangladesh

Alluvial aquifers of South Asian countries, such as Bangladesimost affected by
naturalarseniccontamination (Kinniburgh and Smedley, 2001; Mandal and Suzuki, 2002;
Nordstrom, 2002) anthus arddeal to studyarsenicenrichmentn relation to thé local
geology.In Bangladesipart of the Bengal Basin arsemtrichment is mainly restricted to the
Holocene alluvial aquifers at shallow and intermediate depths (Ahmed et al., 2001; McArthur et
al., 2001; Mukherjee anBhattacharya, 2001; Bhattacharya et al., 2002Asenic
concentrationss highas2503 0 0  ecgufinithese aquifers at shallow dep{Rahman, 2015
Rahman et al., 20)8Holocene alluvial sediments are rich in organic matter and reactive
minerals,and groundater is mostly of Cavigi HCOs and C& Nai HCOzs types (Figure 10
(Bhattacharya et al., 2@b). Low SQ? and NQ and high dissolved organiarbon(DOC) and
NH4 concentrations are typical chemical characteristics of groundimaBamgladestiAhmed
et al. 2004)Groundwater is moderate to strdygeducingin nature.Saunders et al., (2008) had

asimilar observation in the Gang&rahmaputrdloodplain in central Bangladesh

In Bangladesh, the occurrence of arsenic and its mobilization is associated with
geochemically reducing subsurface environment (Shamsudduha, 38@&jalhypotheses
invoke pyrite (Fe$S) or arsenopyrite (FeAsS) oxidatioasulting from dowering ofthewater
tableas amechanisnfor arseniomobilization(Mandal et al., 1996; Mallikrad Rajagopal, 1996).
But several recent studies agreed thmtrobialreductiondissolution ofFe-oxyhydroxides and
thelimited amount of dissolved S®that limits biogenic precipitation of sulfide minerals tre

primary release mechanissharseniomobilization in the groundwaters of the alluvial aquifiers

5



Bangladesl{Ahmed et al., 1998IBhattacharya et al1,997;Nickson et al.1998,2000; Routh et
al., 2000; McArthur et al., 2001; Dowling et al, 20@Reng et al., 2004 Harvey et al. (2002)
suggested tharsenianobilization is associated with recenputsof carbon(C) due to large
scale irrigation pumping central BangladestiRouth et al. (2000) noticed microbial processes
influence thearseniomobilizing when the sediments in the aqudegrich in organic matteThe
authorssuggest that microbial activity creates a reducing environment that favors the

transformations of Fe(lll) to Fe(ll) as well as As(V) to As(lll), and helps mobiliansgric.

Saunders et al. (2005) attempted to link the elevated arsenic occurregeasitwater
with the retreat of continental glaciation at the end of Pleistocene, whith tleel rise of sea
level durng the Early to Middle Holocerand deposition of alluviurand extensive marsh and
peat and finer sediments in Behd¢pwlands During the Pleistocene time the mechanical
weathering of rocks in source ardasy., Himalayas, Indian Shield, and IrRBarman
mountains) was enhanced duertountain building activities and glaciation. The aquifer sands
in the Bengal Basin wetargely derived from physical weathering and erosion at a time of
extended glaciation ithe Himalayas, but the intensity of chemical weathering was limited by

the lowtemperatures during erosion (McArthur et al., 2004).



Arsenic Senario in the United States
TheUnited States has a different arsenic situation compared to South Asia. Though
arsenic is considered as the second most common contaminant of groundwater in the United
States (USEPA, 20023rsenic concentrations in groundwater vary regionally due to a
combination of climate and geologiligher arsenic oncent r at i arenparticglarfhid 0 € g/ L
observedn westernUnited StategWelch, 2000). Highearsenicconcentratiosarereported in
many states such as Michigan, Minnesota, South Dakota, Oklahoma,iscah¥ih. Arsenic
concentrations in groundwater of the Appalachian Highlands and the Atlantic Plgenarally
very low (01 e€g/L) and relatively higher in t
(Welch, 2000)In contrastwith theyounger Holaene sediments of the Bangladesh coastal plain,
the sediments of the study area in Alabaremuch older and usuallheir arseniccontentis

low (Starnes, 2015).



Objectives of theStudy

0] To determinghe geochemistry ajroundvater and naturallgccurringbiogenic
pyrite in anaturalfluvial aquiferalonggroundwater flow path neaiphapee
Creekat Macon CountyAlabama

(i) To understand the biogeochemical reactions controlling the fate and transport of
arsenic and othd@race metals under changing redox condition

(i)  To comparegroundwategeachemistryin similar fluvial system at natural sites
(Alabama and Bangladesh) and an industrial site (Florida)

(iv)  To compare arsenic sequestering capabilityyoite that formed naturallyin
Alabamanaturalsite with biogenic pyriteformeddue to a bioremediation

experimentatan industrial site in Florida



Background
Location of the Study Area at Macon County, Alabama
Thestudy area is locatadsidethe Tuskegee National Forest Macon Canty,
Alabama approximately 17 miles southiest from Auburn University campyBigure 2). More

specificallyit is locatedalong the bank of U@pee Creek.
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Figure 2.A mapshowing the locationf the study areat Macon County, Alabama.



Geology and Geomorphologyf the Study Area at Macon Caunty, Alabama

The UphapeeCreek is a relately large fourthorder streamatributary of the lower
Tallapoosa Rivein the northern side of thdrainage basimAppalachian Piedmont is present
which consist of PrecambriafPaleozoic crystalline rockgigure3). The creelflows through
the Coastal Plain province of the Southeastern United States, more specificatigniiadt
Alabama(northern Maon County)Markewich and Christopher, 1982Baunders et al 1997).
Tallapoosa RiveandUphapee Creek draboth Piedmont and Coastal Plain terrates,
Uphapee Creek is predominantly a Coastal Plain drainage, incised into threarioa Upper
Cretaceous Tuscaloosa Group (Markewich and Christopher, 1982igtal Plain aquifer
materials ad associated sediments consishonmarine alluvial deposits (Penny et al., 2003).
The sediments are characterized by petrified and lignitic wood fragméits, are commonly
associated with crystalline pyritéith no signs of visible organic matt@varkewich and
Christopher, 1982b)hese undifferentiated sediments consisting of gravel, sandysllt,
lignitic wood, which were derived from the weatherargl erosion of the Appalachians and
were deposited in a Holocene floodplain (Saunders et al., 20@&thering of a variety of
crystallinerock typesmaylead to releasef arsenic and other metals/metalloidghe
hydrosphereGroundwater irAlabama and Flada coastal plain sedimertgweverdo not
normally have high concentrationsakeniqWelch et al., 2000). Arsen(d present) has been
largely flushed out bgravity-driven regional flow over a longer geologic period of time
(Starnes2015).By contrast, high arsenic level has been sustained i@dngetBrahmaputra

MeghnaDeltawherelow hydrologic gradients hindgroundwater flow and cause slow flushing
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of aquifers Shamsudduhat al., 2008)Thearsenicconcentration fluctuates riegally, due to a

combired influence frongeology and climate (Welch et al., 2000).
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Figure3. Geologic map of the study area at Macou@y, Alabamashowing the major rivers
and streams and approximate outcrop patterns of the Piedmont crystalline rocks and the
sedments of Late Cretaceous ageddified afterMarkewich and Christopher, 1982b
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Geologic Setting of the hdustrial Site, Florida

The industrial site ifocatedin Bay CountyFlorida. The specific namandlocationare
not mentioned in this thesis as the site is located in a private property and it was requested not to
disclose detail information. linegeologic contextthe study ares located in the western part
of the Apalachicola Embayment which is a shallowilbastween the Ocala and Chattahoochee
uplifts (Ghandehari, 2016). The hydrogeologic units of the area are categorized into four major
groups: the surficial aquifer system, the intermediate confimiity the Floridian aquifer system,
and the suff-loridian confining unit. Three of these hydrogeological units occur in the shallow
subsurface, from top to bottom as follows: surficial aquifer, the Jackson Bluff confining bed, and
the Intracoastal Formation aquifer (Schmidt and Clarke, 1980). ThentmmfinedSurficial
Aquifer mainly composedf quartz sand and gravel. This aquifer extends from the surface to a
depth of approximately-8.6 meters (Levitt, 2017) and the water table at the study site is very
close to the surface{Aft.) (Wilson, 2018). The Sficial Aquifer is underlain by the Jackson
Bluff Formation, which consists of three clayey, sandy shell beds (Schmidt and Clark, 1980).
This formation acts as a barrier, restricting flow from the Surficial Aquifer downward to the
other hydrestratigraphiaunits. The groundwater of the Surficial Aquifer became severely
contaminated witlanelevated level of arsenic by the use of herbicides. The avarsgeidevel
observed at this siteagaround 150 ppb, with levels reaching as high as 577 ppb (Starnes,

2015).
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Previous Research

Arsenic speciation, mobilization, and remediation became one of the major interests of
researchn thelast several decadeldounslow (1980)Smedley and Kinniburg (2002) identified
redox potential (Ehand pH as the two main driving factors that determining arsenic speciation
and whethearseniowill mobilize in subsurface aquiferAn Eh-pH diagram is showing different
species ath stability feld of arsenic (Fjures 12). Mobilized arsenic is most commonly observed
in two oxidation statearsenat¢As(V)], which hasanoxidation state of +5; and arseniges(l11)] ,
which hasan oxidation state of +3 (Saunders et al., 2018)oxidizing environments, arsenate
species (BAsOs, H2ASOs, HASOs%, and AsQ@*) are dominantand more toxic arsenite is found
undermoderatelyreducing conditions (Farquhar et al., 2002; Wolthers et al., 2008B)arsenate
tends to be mobile under oxidizing conditi@m&l its speciation is highly ptependent, however,
arsenate can heavily sorb onto iron and manganeskyakgxide (FeOOH and MDOH) coatings
if present in the environment (Saunders et al., 198¥3enitecan exist as neutral aqueous

complexessuch as As(OH)andwhich makest is highly mobile.

13



Korte (1991) first proposed that thesanic enrichment of alluvial aquifer groundwater is
caused by the edeposition of hydrous ferric oxides (HFO) containing sorrsénicand
natur al organi c matter in river pareddcpve ai n
dissoltion of HFOreleasing both H#) and As to groundwateGaunders et al. (1997), Penny
et al. (2003) and Lee et al. (20@Rplairing the releasing FAs and other trace elements such
as Mn, Co, Ni, Ba, V, etc. in alluvial aquifers in the U&tended the geochemigcaodel
developed b¥orte (1991) to include the metabolic effects ofrEducing bacteria (FeRB) and
Mn-reducing bacteri@nRB). The contribution of Feeducing bacteria and Mreducing
bacteria for releasing arsenic and other metal contaminasislsoreported by Dowling et al.
(2002). Saunders et al. (1997, 2005) and Lee et al. (2005) proposadsdratis mobile under
iron-reducing conditions and immobile underifatereducing conditions, given ample supplies
of necessary electron donors and ataes. Similarly, Keimowitz et al. (2007) demonstrated
based on laboratory experiments thegtenids releasd under Feeducing conditionand

immobilizedduring biogeniculfatereduction.
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Saunders et al (1997) studiagbortion of thedrainage basin of Uphapee Crekeast
central Alabama. Thefound thaigroundwater in the alluvial aquifer of Holocene floodplain
deposits contaif.10-4 mg/Lof Fe,1-1 0 ¢ g / andothér trakes elements such as Co, Ni,
Zn, La, and Ce, and 4D 7 5L otBa. The study indicated that the groundwater chemistry is
largely controlled by the reduction and dissolution of ferromanganese coatings mediated by Fe
and Mnreducing bacteria. Lignitic macro wood fragments were replaced by the authigenic
euhedral prite crystals and from sulfur isotope data it was evident that pyrite crystals were
precipitated as a consequence of bacterial sulfate reduction. The authigenic pyrite contains
several hundred ppm of As, Co, and Ni, indicating that these trace elemeatsopeecipitated

in pyrite during bacterial sulfate reduction.

Starnes (2015) studied the geochemistry and hydrogeology of arsenic contaminated
shallow alluvial aquifers il\labama(Macon Cainty) andFlorida The study found biogenic
pyrite naturally forming at the Macdbounty site, and had removed arsenic, presumably by co
precipitation and sorption. Starnes (2015) also studied groundwater of a contaminated industrial
site in Florida. That was contaminatedh anelevated level oarsenicq(up t00.57 ppm). This
research suggexta high degree of mixing of meteoric and carbonate groundwater in the
surficial aquifer. The main hydfchemical facies of groundwater in the surficial aquifer is
characterized as@aHCOz-Na-Cl type. Groundwater is enriched in Ca, Mg, and HQ®@lative
to the conservative mixing line of seawater. The groundwater is slitfated (sulfate

concentration <9 mg/L).
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Saunders et al. (2008) presented data from field bioremediation experiments and
geochemical modeling to illustrate the principal geochemical behavior of arsenic in anaerobic
groundwater. Two field bioremediation experiments were carried out, one in Baslyland the
other one is in theJSA. Three former graduate students of Auburn University worked on thesis
projects(Turner, 2006 Shamsudduha, 200@ndDhakal, 2019related to groundwater
contamination in Bangladesh. In central Bangladesh at Manikggtrigtigroundwater in
Holocene alluvial aquifers was amended with labile, wstduble organic carbon (molasses)
and magnesium sulfate (Mg®Qo stimulatethe metabolism of indigenous sulfateducing
bacteria (SRB). In the United States, groundwater was amendesimilér ingredierdg such as
sucrose and methanol to stimulate suffa@ucing bacteria. These studies showed that arsenic is
mobie and releasednder irorreducing conditions and becomes immobile under t&ulfa
reducing conditions (Figure 4The studieshowed that if sulfate reduction can be engineered

and maintained, it is possible to reduce the arsenic concentration at the field scale.
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Ghandehar{2016) Levitt (2017) and Wilson (201&onductech bioremediation
experiment using sulfateeducing bacteria at fieldcale in a arseniecontaminatd industrial
site, in FloridaTheseresearches demonstrated that the stimulation of natural stdthieing
bacteria in groundwater can precipitate bioggmyirite nanoparticles thaanplay an active role
in sequestering dissolved arsenic from contaminated groundwatertroduce an artifial
sulfatereducing conditiothe aquifer was amended wautrient rich solutionEh-pH

diagrams (lgure 5 from Levitt (2017) showing tharsenicspecies under various redox

conditions and formation of stable arsermmite solid phase under strongly reducing condition.

These studies confirmed the formatiorbai-mineralizd pyrite and itsequesteredppreciable
amountof arsenicThe dissolved arsenic concentration in ghneundvater decreased to below
the site regulatory limit of 50 pph afew weeks after injectianLee et al (2018 compiled all
thefield observatios made by Ghandehg2016),Levitt (2017),and Wilson(2018). This
presented additional sulfur isotope data to suppertdeabacterial metabolism is responsible
for the biogenic pyrite formation. Enrichment afdvy®S (r ange fr oma2. 02
observed inreated groundwater with most active bacterial sulfate reductiopared to
unaffected well watef0.400 . 6 1 Maxe)detail of these studigsdescribed in the result

section.
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Figure 5 Eh-pH diagram showing stable As spediegler various redox conditions. The
groundwater EfpH diagram showing a clear shift of the groundwater condition and formation of
stablearseniarpyrite solid phasafter 4 weeks of injectiorfLevitt, 2017)
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Methodology

Well Drilling

An appropriate location for drilling new wells was identified thropgiliminary
fieldwork. We followed the Uphapeaézk towards downstreat find the location where
authigenic pyrite wae forming naturallyandFe- andMn-oxidizing surfaces were expoge
(Figures 6, 8). Four wells have been drillezh the bank of Uphapeer€ekusing a handheld
auge. On 17th July, 201&raduatestudens Md Mahfujur Rahman, Collins Stan and Professor
Dr. Ming-Kuo Lee and Dr. Ashraf Uddin of Auburn University Geoscenbepartment visited
the site and drilled the first wetbubsguent fiéd works wereconducted in October, 2018 to
complete the first wellandto drill another thregvells in the same locatiofihe well diameter
was3.5 inchesand thecasing materiavasPVC. The study area andeN locatiors areshowed
in Figures 6 and ,frespectively. Anewly installed well ishown inFigure 8B. In Januaryl7th,
18" and24th 2019 all four wells were developedurgedand representative groundwater
samplas werecollected Wells were named based on the sequence of drilling, such ag,well
well-2, well3, and welt4. Well-1 and weli4 are 5ft apart from each other; and w&hnd weH
3 further downgradiertioward the ceekare 3.5 ft apart from each oth&he ground surface

elevation for welll andwell-4 was 266.5 ftand welt2 and3 was 255t.
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bank of Uphapee Creek at Macon County, Alabama.
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groundwatetable elevationselativeto sea levebn 20" November, 2018 andé arrowis
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Figure8. (A) An outcrop of Feand Mn oxidized zondormed from spring dischargéB) A
newly installedvell in the study eea, (C) A bucket of aquifer material including large gravels
that were recovereflom the upper aquifer.
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Injection at Industrial Site, Florida

Ghandehari (2016), Levitt (201,9nd Wilson (2018)lescribedhedetail of theinjection
processonducted at the arsertontaminated industrial site in Florida. H@ust a brief
description of thenjectionprocesss describedThe injection was conducteal February, 2016
by former graduate students Eric Levitt, Shahrzad Sa#fadProfessoDr. Ming-Kuo Lee, Dr.
James Saundeo$ Geosciences Department, Auburn Universiiyo injection wells {1 & 1-2)
wereused where-L was injected with 2, 00 02wgsanjettan s
with 1, 000 g al Isoon 3he golotioa injécted intoomelid had the following
mixture ratio per 1000 galhs of water: 2.5 kilograms of ferrougifate, 2pounds (0.9 kg) of
10/10/10 Allpurpose értilizer, and 60 pounds (27.2 kg) of molas§éwe mixture ratio for the-|
2 injection solution per 1000 gallons had 5 kilograms of ferrous sulfai@rzds (0.9 kg) of
10/10/10 Altpurpose értilizer, and 60 pounds (27.2 kg) of molasses. In the strong solution, the
amount of FeS©was doubled relati® to the weak solution per 1000 gallons of wakero
monitoring wells (M1 & M-2) wereinstalled 1 meter downgradietat monitor the changes
arsenic level and groundwater geochemidtrsing different stages of the bioremediation

experiment.
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Field Sampling and Measurements

Pyrite samplealong withlignitic wood werefound alonghe Uphapee @ekfluvial
systemduring the preliminary fielorks. Four monitoring wells were installed adjacent to this
location to study the fluvial sediments and groundwater geochemistry slighgiadi@nt from
where pyrite minerals were formédhile drilling the wells, a lignit wood layer was
encountered in well and weH3. Samples were collected and preseifeednineralogical and

geochemicahnalysis.

To collect groundwater samples from the aquigperistaltic pump was used to purge
the wellsby removingaboutthree well volumes of watdor at least two durs The purposef
purging the wells is to malaure that all of the stagnant water residing inside the well casing is
flushed out and fresh groundwater percolates through the well screen. This processsatiows

get representativgroundwater sampseaandanalyzeactual geochemistry ofié aquifer

An YSI 556 haneheld multiparameter probes connected to a flow cell was used in the
field to measure the water quality parameters including temperature, pH, dissolved @@gyen
oxidationreduction potentiglORP) and electrical conductivitfEC) etc. Measured ORP values
are often normalized to a standard hydrogen electrode (SHE), depending on the type of ORP
electrode (e.g., Ag/AgCl) used. Since pH and ORP electrodes areopeiliér as a single probe
for YSI 556, ORP is read relative to the standard SHE, so no conversion of ORP measurements
to Eh values is needed. When the readings for these parabwtarsestable the numbers were

written down.To measure the dissolved sdHiconcentration, a HACH DR2700
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spectrophotometer wased in the #ld, via the standard Methyl Blue Metd (USEPA Method
8131). A HACH DR82Ccolorimeter was used to measure the ferrousdomtentration via 1.10
phenarthroline Mehod (USEPA Method 8146n the field. The HACH digital titrator test kit
was usedd measure the alkalinity in theefd usingtitration method (USEPMethod 8203was

used

Groundwater sampgaverefiltered through a 4%nicron filter using a syringe and purged
into four 30mL vals. One of the filtered water watso filtered througllisposablersenic
speciation cartridge@Meng, 1998)o determine arsenic speciatidrne vials weraised for
different geochemical analyses, includimgemicspeciation, ICPMS (thelnductivelyCoupled
Plasma MissSpectrometry), IC (lon Chromatography), and DOC (dissolved organic carbon).
Thesamples fotCP-MS analysiswere acidifedand preservedsing 70% nitric acid fotrace

metal and cation analysis.

Thefirst 5 mL of the fitratethat passed through the arsenic speciation cartvidge
discarded before colléng the samples. As speciatioartridges contain an adsorbent that
adsorbs the negativeljnarged As ions [such as As(\H;AsOs] while allows the neutral
arsenic complexesfich asAs(l1l), HsAsOzs] to pass throughlThe ICRMS analysis of these two
sets of samples will indate the amount of total As and As(kkhncentration in the water. After
collecting the water samplésey were keptvith dry ice butremained unfrozen, until they were

delivered taherefrigeratorin the laboratorypefore ICPMS analysis.
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Laboratory Groundwater Chemistry Analyses

The groundwater samples were analyzed in different labs for water chemistry. An Agilent
7900Quadrupoldnductively GupledPlasmaMassSpectrometry (ICAMS) at Auburn
University was used to determine major cation and trace element concentrations invgteund
samplesUn-acidified groundwater samples weracked with dry ice and shipped overnight to
Activation Laboratories located in Ontario, Canadl®IONEX DX-120 lon Chromatography
was used to determine anion concentratibissolved organic carbon (@C) analyses were
performed to quantify the level of organic matter contents in groundwat@malyze DOC,

groundwater samples were sent to the Stable Isotope Ecology Laboratory, University of Georgia.

Geochemical Analysis

X-ray Fluorescence (XRF)Spectrometer provides fast, nondestructive semi
guantitative analysisf powdered samples dahear overallbulk chemical composition (Fitton,
1997).XRF measures themission of characteristftuoresceniX-raysreleasedrom a material
that has been exeitl by being bombarded with higimergy Xrays Pieces of the bladkgnitic
woody material were separatiedm the associatefiuvial sedimentslong the creek bank and
wells using a petrographic microscoféelignitic woody material thatvasassociated with the
pyrite waspowdered before analydis get better results. The results were used to characterize
the bulk elemental composition of the samples including the presemoea,ulfu, arsenic and
other trace elenmds in a semguantitative manner. The analysis was condugsguga portable

Bruker ElementalracerlV-ED XRF in the Department of Geosciences, Auburn University.
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X-Ray Diffract ometer (XRD) can beused to identify unknowarystalline material
(Bish and Post, 1989XRD analysisprovides peaks corresponding to different minenaiesent
in selectedignitized woodcollected from the creek and wells during drillibdRD analysiswas
conductediusing a BrukeD2 Phaser Xay DiffractometerWhen the volume of the sample was
not enough to fill a standard Bruker powdered sample holder the sample was mounted on a zero
background glass sampielder. Samples were run frorrit2eta values of 5 degrets75
degrees vth a 0.02degree step interval which is considered as standaelgeologic sample.
The mineral composition of the samples was determined by a peak search and match with the
resultant XRD spectra using DIFFRACWEVA softw
converts the dominant peaks detected on the spectragacihgs, which can be searched and
matched to the uniquespacings of known minerals thus identifying the mineral composition of
the sediments. This analysis was conducted at the Departm@absiences, Auburn

University.
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Electron Microprobe (EMP) Analysis

To better quantifthe chemical compositioand arsenic conteof the pyrite grains
collected from the Uphapégreek, three samples were seledtmtanalysis using the JEDJIXA
8600 SuperprobElectron Microprdve (EMP)and accompanying Geller System automation in
the Department of Geosciences, Auburn Univer3ihe pyrite samplesecovered from the creek
were sent to National Petrographic Service, Texas to prepare pafisteveed) thin sectios.
Theses thin sections were named asM®™C-2, and MG3; where MC stands fdvlacon
County.Unlike the XRFE, EMP can analyze spots on mineral grains as smalasicrons in
diameter in a quantitative manner (Reed, 200Busthis allows assessing and mapping
compositional changes across a single pyrite grain and more importantly to quarsdifyotinet
of arsenic per unit mass. As pyrite is not naturally conductive, the thin sections were carbon
coated to increase conductivityy EMP analysisThe AU microprobe is equipped with BSE and
SEM imaging along with EDS and WDS detectors, which were instrumental in understanding
the size, morphology, arambmposition of the pyrite grains. BSE and elemental map images were
obtained at a current of ~ 50 mA and an accelerating voltage of 19Ke\standards for Fe, S,
Si and Aswere used to obtain the element contents as weight % and the elemental maps in the
grainswithin certain areas of the thin sectidine software progims usedor theanalyses
include: (1) Geller System dPict: BSE and Elemental Mapg)gseller System dQuant and
dSpec: Spot and line analyses for major oxide wt%;(@ntlational Institute of Health Image J:

Image processing
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Scanning Electron Micros@pe Analysis

A scanning electron microscope (SEM) analysis was conducted to determine the size and
texture of the pyrite grains using a Zeiss EVO 50VP SEM at the Auburn University
Instrumentation FacilityPyrite sampless well aghe samearbon coatethin sectionghatwere
usedfor EMP analysisvasusedin SEMstudes The scanning electron microscope produces
images by scanning the sample with a keglergy beam of electrons. As the electrons interact
with the sample, they produce secondary electrons, backsdatteotrons, and characteristie X
rays. These signals are collected by one or more detectors to form idadge€A EDS system
was connected with the SEM that was used to studguhatitativeelemental compositioof
the samplesThe software programssadfor theanalysesnclude:(1) Zeiss SmartSEM?2)

RemCon32and(3) EDS INCA

Geochemical Modeling

Geochemi stds Workbench (GWB) wa siron smandandsed mod e
under various EfpH conditions and to calculate saturation in@&xXlogQ/K) of various Feand
Mn-minerals Thethermodynamic database presented3gunders et al., 2008vereused to

prepare EfpH diagram for arseniapyrite-

FeS.oAsoort 1.02 HO + 3.5 Q(aq)= Fe#* + 1.995 SG* + 0.01 As(OH¥ +2 H',
log K2s=199.78
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Results

Hydrostratigraphy at the Natural Fluvial Site in Macon County, Alabama

The wells werdogged based on visual inspection of samples brought to the surface
during drilling (Figure9). Well logs showed a consistent lithologgnong the wellsTwo fining
upward sequenasereidentified, though the second sequence was not completely observed as
we didnotdrill that deepTwo aquifer systeswereobserved (upparnconfinedand lower
confined. The lower aquifer wasf interestin this studywheregroundwater occsrunder
confined aquifer condition.

Total depth fomwell-1 and wel4 wasaboufl9ft. First 6i 6.5t below the land surface
was very fine sand, followed byftlof pebbly sand. At depth 7.5ft12ft a gravel layer with
coarse sand was observed underlain by 6 inchelay layer. Fine to medium samdis found at
a depth of 12.5ft 16ft and 16fi 19ft was coarse sand. A ligritivood layer was encountered
at 17.5tt depth from the surface. During July'" 2018the water table was at B& below the
ground surface in well but in Octobe®™, 2018during the completion of the \We water level
went down to 1ft in the same well indicating 3.5ft water level dro@round surface
elevations of wll-1 andwell-4 are107 12ft higher than those afell-2 and wel3.
Groundwater table elevationseasuredt welt-1, well-2, well-3 on 20" November, 208 were
250.5ft, 249.7 and 249.2 respectivelyrelative to sea leveindicating welll is an upgradient
well. Water table datavasnot available for wll-4 on the same day as this weiths drilled after

20" November. The water table elevations and calculgitadient(0.016 suggestd
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groundwater is moving a general directiofrom southeast to nortfwest(Figure 7) and
eventually discharges into the Uphapee Creek

Total depth of wll-2 wasabout9ft and welt3 was 11t. For these two wells, the
lithology consists o®ft of clay from the top underlain by fine to medium sand that extendls 2ft
4.5ft of depth. A 6inch clay layer was foundtdepth of 4.%. A medium to coarse sand layer
was encountered at a depth éfthat extendedownto 11ft depth The same ligniti wood layer
was found at a depth of 5t5To know more about the subsurfditkology we continued to drill
well-3 downto 17ft. A clay layer @ddish color) was founat depth ofL1 fti 17 ft, suggesting

that the aquifer is confineddm above and below by the low permeability clay layers.

32



Groundsurface
P Al

:_ 1 Tree roots
E ::____ Clay
. N
: =0 '."‘.' Fine to medium sand
= . -. o
E ®* + | Coarse sand
:_4 B .': Pebbly sand
:—5 ] Y S Coarse sand with poorly
8 - " 2| sorted gravel
% :—Ei :-] Ligmutic wood
S > -
Q o -
— ()] o
0 n —7
> - C
e 5\ Es
£ [ 2\ F
g -] o
© o -
— c I~
L I= — 10
[} [ o
) — 11
) - Ground surface
Aquitard/ E 12 ra—~ — 7
Aquiclude - -
—13 -
1 =
: : -
7 o —15 -
P o C =
B % 16 -
(] > - -
= o = -
2 |3\ Ev L
AN F, fiis
— S —19 - L * - "
2 Fo [anad
-E : 4 - - - L |
B o [-1-]
; 10 )" : - :
N | 3 . 9 i
SRR S
Figure 9. Stratigraphic column of Macon @aoty study area reveale -
from the well drilling showing correlation(vertical scale is in ft, - :
horizontal distances not in scale) Groundwater is movingowngradient E 4 1
from well 1 to well 2 and well 3. - ]
— 15
= 18 |
33 = 47 ]




Groundwater Chemistry

Field measuremens: Table 1 shows water quality parameters aondcentrations of
ferrous iron,hydrogen sulfideand alkalinityof well water measured in the field. ORP values
indicate thatgroundwaternn the fluvial aquiferoccurs undeslightly oxidizing to moderately
reducing conditions (Eh= 46 t0173 mV), and nearly netralightly acidic(pH =5.53 t06.51).
Concentration bferrous iron is much higher in well (3.30 mg/L) than those in welland wel
4 (0.08 mg/L and @2 mg/L, respectively). By contrast, ORP valume significantly lower in
well-2 andwell-3 (68.5 and 46 m\kespectively) than those in welland weHl4 (121 and 173
mV respectively). Sulfide concentration in these wells ranges from 16tg/B9lron and sulfide
measuremestwerenot taken in wel as the water coming from the well had too much sedisnent

Laboratory measuremens. Results of IC analysis of anisim well waterare shown in
Table 1.Results o CP-MS analysisof cation and trace elements are showed in Tablg2r P
diagram wa prepared based t¢ime major ion concentration3he diagram shows that the
groundwatefrom theUphapee CreeWwells is a CaSQus type (Figure 10), which typical Asrich
groundwater in Bangladesh Holocene aquifers is-Ga1COs type. Dissolved total iron and
arsenic concentrations are much highaw@hl-2 and wel3 thanthose in well andwell-4.
Figure11A shows that As is positively correlated to Fe and inversely correlated to ORP. Low
dissolved Fe, Mn, and As concentras@amd reatively high ORP values in well reflect an
oxidized condition.Nitrate level decreases downgradient from well 1 and well 4 {0.02
mg/L) to well 2 and well 3 (<0.01 mg/L), indicating nitrate reduction reactiblevated Mn

concentration (318g/l) andmoderately higlFe level(239 pg/L)in well-1 suggestshat the
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groundwater ipredominantlyunder Mn reduction conditiofiFigure 1B). The combination of

very hightotal Fe(1.3 to 4.2 mg/L)ferrous Fe, and lower ORP values indicate an Fe(ll
reductionconditionfurtherdowngradientn well-2 and weH3. Fe and Mnrich groundwater

oxidizes to form black (Ivitich) and orange (Fech) solids as it discharges into the creek as
springs(Figure &\). Arsenic levels slightly higher in wel2 andwell-3, suggesting that some

As adsorbed bivn- and Fe oxyhydmoxides may be released undén(lV) and Fe(lll)reduction
condition. Arsenic mobilized in groundwater is subsequently adsorbed by biogenic pyrite formed
under sulfate reduction condition fuethdowngradient (see next section) near where

groundwater discharges into the creek. Sulfate level in groundwater (Table 1) is relative high (up
to 53 mg/L)in downgradient weiR and wel3, providing ample electron acceptors for bacterial
sulfate reductin. Overall the fluvial aquifegroundwaters notlimited in SQu, Fe, and organic

carbon (supplied by the lignite wood), which facilitates bacterial sulfate reduction, precipitation

of biogenic pyrite, and sequestration of arsenic in pyrite forf®ee next section).
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Figure10. A Piper diagramepresentation of groundwater samghesn Alabama Macon Cainty), Florida and Bangladesh fluvial
aquifer system.
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ORP, and (Barelation of arsenic concentration with iron and manganese concentration.
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Table 1. IC analysis and field parameters of the groundwater samples at natural site, Macon Co.

AL. Units are in mg/L (except as noted)

Well-4 Well-1 Well-2 Well-3
F 0.02 0.02 0.01 0.06
Cl 2.51 2.15 2.21 2.93
Br <0.03 <0.03 <0.03 <0.03
NO, <0.01 <0.01 <0.01 <0.01
NOs 0.02 0.03 0.01 <0.01
PO <0.02 <0.02 0.09 <0.02
SO 6.75 7.48 30.6 53.1
DOC 2.741 3.706 7.382 3.714
Alkalinity 6.50 12.10 - 27
Ferrous Iron 0.08 0.32 - 3.30
pH 6.51 5.53 6.07 6.08
Sulfide (ug/L) 17 39 - 16
ORP(mV) 173 121 68.5 46
Temp (°C) 16 17.12 15.60 15.50

Table 2 ICP-MS analysis (cation and trace elements) of the groundwater samples at natural site,

Macon Co. AL. Units are ipg/L.

Well-4 Well-1 Well-2 Well-3
Na 1872.35 1361.62 8800.18 5492.71
K 1685.58 3774.89 4295.06 4952.12
Ca 4060.79 7471.53 24177.84 28853.27
Mg 889.75 2178.08 5863.65 6651.73
Mn 45.92 317.62 159.58 328.32
Fe 2.42 239 1350.60 4210.04
As (total) 0.09 0.37 0.75 1.08
As (lll) 0.06 0.27 0.66 1.01
Co 1.44 2.12 0.60 0.55
Ni 3.97 2.71 1.56 0.066
Zn 5.74 9.74 4,70 7.34
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The ICRMS laboratory analysis showed that higheasenicconcentratior(1.08 pg/L)
occurs in wel3 andlowest concentration (0.09 pg/L) in well The analysis of groundwater
from all the wells showed that both total As and As(lll) has similar concentration indicating
As(Ill) is consistently higher in concentration than that of As(V). Asi{$lthe dominating
species of arsenic in the groundwaidrese analytical resultgereconsisent with the
geochemical models. Fieleh-pH dataof wells 1, 2, and 3 (Figure 18howed thattlominant
arsenic aqueous specigsre found in the form oAs(lll) (or As(OH)) under moderately

reducing conditions. . AY) is the dominant species in well 4 under oxidized condition.

Iron exists in water as either ferrous {Her ferric iron (F&"). Field measurement of
ferrous iron and lab measurement of total iron it indicatedeéhatus ironis the dominant
species in wells 1, 2, and 3 under Fe(lll) reducing conditions (Figure 13). Fe(lll) oxyhydroxides
represent the stable phase in well 4 urdédized condition. Table 3 showalculated
saturation index (Sl = log Q/K)f various Fe and Mn oxides in groundwater. The results indicate
that the dominant amorphous-Bryhydroxides in fluvial sediments are highly undaturated
in well 1, well 2, and well 3, the bacteralediated reduction reaction will lead to higk wate.
Amorphous Feoxyhydroxides may convert to more thermodynamic stable phases such as
Hematite, Goethite and Magnetdger geologic timeSaturation index for arsenigryrite and
arsenepyrite is too negative in all wellsnder oxidized condition in well and iron reducing
condition in well 2, well 3, and well 4t can be predited that probably further dowradient, in
the sulfate reducing zone saturation indexkomegositive for arseniajpyrite as it is

precipitating there. Saturation icdsfor Mn solid phase(i.e. Pyrolusite, Bixbyite,

39



Hausmannite) are also strongly negative indicating under saturaisdeEh-pH data indicate
that aqueous Mn(ll) (Figure 14) is the dominated Mn species in the wells. Lower Mn

concentration is observed in wellwhere Mn oxyhydroxides likely form under oxidized

condition.
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Figure 2. EhpH diagram showing As species under various redox conditions with plotted
groundwater samples from the wellghere As log activity is4, for both Fe and S® log

activity is-3, ScoroditgAs oxides) issuppressed. |Be fields are aqueous phase and pink fields
are solid phases.
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and pink fieldsare solid phases
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Table 3.Calculated aturation indexSI) for the groundwater sample from the wells

Saturation Index Log Q/K

Well-4 Well-1 Well-2 Well-3
Hematite 7.03 0.57 3.08 3.23
Goethite 3.03 -0.19 1.06 1.14
Magnetite 3.90 -3.93 0.18 0.78
Fe(OH)3(ppd) -1.35 -4.58 -3.33 -3.25
Pyrolusite -15.81 -20.66 -20.63 -21.05
Bixbyite -17.56 -23.55 -22.78 -22.89
Hausmannite -21.79 -28.92 -27.43 -27.22
Arsenianpyrite -58.3501 -29.6983 -24.2970 -18.2552
Arsencpyrite -85.8697 -60.3395 -55.1280 -50.2149

Oxidation-reduction sequences

A sequence of redox reactiooscur innaturalgroundwatein confined aquiferss the
groundwatemigrates from recharge zones to areas of dischAgthe reactionproceed
towardsdowngradient, usually the potenti&h) of the groundwater decreases and alkalinity
increase¢Champ et al., 1978Yhis variations inEh and variations in concentrations of elements
with variable oxidatiorstateqge.g., xidized, nitratereduction, manganese reduction, iron
reduction, sulfate reduction, and methanogehesis be accounted for bysaqience of
oxidationreduction reactions occurring groundwateflow systemgChamp et al 1978) The
oxidized species reducen thesequace Oz, NOs, Mn(IV), Fe(lll), andSQ:*. Oxygen levels
remain high in higher Eh valumut isdecreasas theredoxpotential decreasellitrate is also

stable in the presence of oxygen, but rapid denitrification occurs at the redox boimtizey.
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iron reducingsection of the aquifeia zong(+100 to 0 nV) appears to be controlled by e
Suffide, together with F&, affects the B value to drop below 0 Yhin sulfate redutton zone

A similar oxidationreduction sequence has besrserved in the fluvial confined aquifer
system of the Uphapee Creeck waterdffegure 15). Oxidized condition has been observed in
well-4 (ORP = 173 mV) where natural organic mattdremgdecomposed and oxygen is the
dominantterminal electron acceptdFhe measuredlalinity was 6.50 mg/LWell-4
groundwaterunder oxidized condition (ORP = 173 m¢pntainsnotableconcentration of N©
(0.02 mg/L) and very low level dfe(2.42ug/L) andMn (45.92ug/L). As the groundwater
move downrgradient and thdenitrificationreactiongemove nitrat€<0.01 mg/L) as the aquifer
becomesnore reducingA significant increase ivin (317 pg/L) concentratigrandalkalinity
(12.10mg/L) were observed in well. Well-1 is probably locatedh an overlapping zone of

NOz and Mr(IV) redudion.

Fe(lll) reducing conditiong well-2 and wel3 are evident from very high iron
concentration (1350.60ug/L and 4210.04 g/L, respectively) high alkalinity (up to 27 mg/L),
andrelatively lowORP (68 mVand46 mV, respectively)Fe(lll) oxyhdroxidesvere reduced
and ferrous irormas well as sorbed arserigcreleased into groundwater by bacterial iron
reduction Further downgraiént from the irorrich zone, ferrous iron reacts with$igenerated

by bacterial sulfate reduction to form pyntesulfate reduction zone.
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Figurel5. Oxidationreduction equences ithe Uphapee Creeck fluviat@undvater flow ystem.
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In the study areaughigenicpyrite, occurring as coarsgrained crystalgeplacedignitic
wood fragmentsiear the base of the alluvial aquitéigure BA) (Saunders et al. 199 Byrite
most commonlyrecipitatesn zones ohatural pemeabilty and porosity in the wood and also
fills secondary fracture$n the pyrite crystals there i signs of visible organic matter other
than remnant wood cellular textur@sgure 16B) Pyrite also forms concretions up to a few
centimetes in diameter that mayave only a small core of replaced wood. The concresbaw

that mostpyrite crystalhas euhedral form.e. cubes, octahedrohps

Lignitic wood

Figure B. (A) Naturally occurring biogenic pyrit@ssociated with lignitic wood materiabm the
UphapeeCreek (B) Photomicrograph of pyrite grains under reflected liglawsng cellular
texture
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Thesamplesf lignitic wood layerand associateffuvial sedimentgfrom thewells) were
studied under microscogEigure 17. Individualwood/blackpiecesof solids (Figure 1Bwere

separatedrom the associated sedimeatsd then analyzet getbetter results

Figure T. Lignitiic wood materialg¢from the wells)with associated sediments under

microscope.
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Figure18. Individual pieces of lignit wood materials collected from the wells during drilling.
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X-ray FluorescenceAnalysis

X-ray fluorescencéXRF) analysis was conducted for individual piece$igitic wood
(from wells) material toassesshe overalichemical composition including the trace elements.
The XRF spectrum showegxbaks for iron, sulfur anarseniqFigure 19). XRF analysis of the
lignitic wood materiathat wasassociated with pyrite grains showed similar specfamron,
sulfur and arseniFigure20); where sulfur and arsenic peaks were much stronger than the wood
materialrecoveredrom wells. In the spectrum another elemgetmaniumshowed a strong
peak.Presence ajermaniumwas not reported in previous literatur€&ermanium has little or no
health impactlt usually occur®nly as a trace element in oresybonaceoushaterialsor a
mineral calledArgyrodite (AgsGeS) (Wikipedia) The significance of presencegdrmaniumin
thefluvial sedimentwasnot understoodnd documenteXRF spedrum for the pyrite grains
showedstrong peakiron, sulfur anl arsenigFigure 17)
X-ray Diffraction Analysis

The XRD spectrum of the pyrite from the creek and lignitic wassbciatedavith pyrite
showedpresence of pure pyrite (COD 500011%®)OD 9013069and arseniaipyrite (COD
9013070).The chemical formula for this arsenipgrite is Ag.02d-€S 974 (Reider et al. 2007).
The peak positions of arsentpgrite (COD 9013070) and pyrite (COD 90130690D
5000115)n and closely matt arseniarpyrite speatum at 2thetas 28.5°, 33.0°, 37.0°, 40.7°,

47.3°, and 56.2(Figures 22, 23).
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Figure19. XRF spectrum showing F&, andAs pesks for thelignitized wood or blacknaterialcollected fromwell-3.
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Figure20. XRF spectrum showing Fe, As, S, Ge pg#ik the lignitized wood or black materiassociated with pyrite grains collected

from the creeloutcrops
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Figure21. XRF spectrum showing Fe, ASpeals for pyrite grains, collected from theeek.
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Figure22. XRD spectra showing representative pyrite and arsguyate peaks in the lignitic wood materigcovered from the

creek outcropsThe blue and red vertical lines serve as indicators forgyure and arseniapyrite, respectively.
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Figure23. XRD spectra showing representative pyrite and arsepyéte peaks in pyritegrainsrecovered from the creek outcrops
The blue and red vertical lines serve as indicators forpuree and arseniapyrite, respectively
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Sanning Electron MicroscopeAnalysis

The Scanning Electron Microscope (SEM) connected withrargy Dispersive
Spectroscopy (EDSjrovideda quantitative elemental compositiofthe pyrite grainsThe
elements were identified from tipe&s in the spectrumThe spectrum showdte presencef
variouselementsncludingiron, sulfur, arsenic, cobaknd nickel(Figures 24A, 24B). The
results show thahe pyrite graingontaintrace element8.17wt.% of As, 0.19wt.% of Co, 0.15
wt.% of Ni, 0.18wt.% of Al in oxide forms(Table 4) The concurrent SENEDS peaks of Fe, S,
and As and XRD results confirm that the solids are arsenian pyrite rather than pure pyrite. In
additional arsenic, other trace elements such as Co and Ni are also sequestered into biogenic
pyrite. The arsenic concemationof biogenic pyriteobservedn the SEM analysis isonsistent
with the result fromthe EMP analysigsee next section), suggestitg éxcellent sorbing
capability. The ICRMS analysis of thgroundwateshowed thateasurable amounts Ak, Cq
andNi are present in the groundwater (Tables 1 andit®).results are also compatible with the

previous study by Saunders et al. (1997).

Table 4 Elemental composition of the pyrite grainghis study

Element Weight% Atomic% Compro Formula
Al 0.18 0.15 0.34 Al20s
Si 0.21 0.17 0.45 SiO;

S 26.71 19.48 66.69 SG;
Fe 24.96 10.45 32.11 FeO
Ni 0.15 0.06 0.18 NiO
As 0.17 0.05 0.23 As;03
Co 0.19 0.08 0.25 CoO
O 47.62 69.62

Total 100.00
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Figure24. Energy Dispersiv&pectroscopy (BS) spectrum showinthe chemical composition

of the pyrite grainsvith different peaks for respective element
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Thescanning electron microscopeaging analysis provided medetd about the
morphologiegshape and si®f the pyritecrystals The analysis showed that most of the pyrite
grainsare euhedrdii.e. cubestruncated octahedns) shaped large crys&20um 200 um),
and formed as individual graiiiBigures 25, 26). Relatively smaller (20 pm30 um) pyrite
grains werealsoobserved whicliormed & nonframboidaggregateéFigures 27, 2Bandhave
thesame morphalgy as large crystalindividual pyrite crystals were reported as big a® trh
by Saunders et al. (199'Wjicrocrystallinespherical aggregates pyrite framboidsvere not
found in the samplesom Macon Cainty siteformed quickly (in days) by biostimulation.
Though the age of the pyrite graimasnot studiedfrom the size of grainand lack of
framboidsit wasassumed that it took a long time to develop the largstalsat a natural fluvial

setting
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= WD=125mm Date :23 May 2019 Photo No.=6179

Figure25. Scanning electron microscoffeEM) backscatteimage of crystalline euhedral shape
of pyrite grains at eight hundred times magnificafimm sample MCL.
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20 ym Mag= 700X EHT=20.00kV Signal A=QBSD Time :15:00:41
— WD=125mm Date :23 May2019 Photo No.=6178

Figure26. Scanning electron microscoffeEM) backscatteimage of crystalline euhedral shape

of pyrite grains asevenhundred times magnificatidnom sample MCL.
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20 um Mag= 700X EHT=20.00kV Signal A=QBSD Time :15:07:57
— WD=120mm Date :23 May2019 Photo No.=6181

Figure27. Scanning electron microscoffeEM) backscattermage ofaggregates afrystaline
euhedral shapef pyrite grairs at severhundred times magnificatidnom sample MCL.
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20 ym Mag= 1.50 K XEHT=20.00kV Signal A=QBSD Time :15:11:59
= WD=120mm Date :23 May2019 Photo No.=6183

Figure28. Scanning electron microscoffeEM) backscattermage ofaggregates afrystaline
euhedral shapef pyrite grain aggregatat fitteen hundred times magnificatidnom sample
MC-1.
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Electron Microprobe Analysis

Electron Microprobe (EMPanalysisof three polished thin sections was conducted to
obtainquantitative contents of individual elements. In this study arsenic was the main element of
interest.The standardsample used allow quantificatiofor As, Fe, S and Si. The results showed
thatmost of thepyrite grairs contain 020-0.92 wt%of arsenic The results were consistent for
each thin sectioand consistent with SEMDX results. The standard does not allow

guantification of other trace elements such as Co, and Ni.

Backscatter images (BEI) were taken for diffengyrite grains(Figures 29, 32 ad 35).
Elemental mapfor As, Fe, Sand Siwere also taken teisualizethe compositional variation
across the grainghe elemental maps showtctsilicon is rarely present; where sulfur and iron
is present in great amount and equdiktributed all over the grains (Figas 30, 31, 33, 34, 36

and 37.

Arsenicmapsshowedthatin some of the grainsrsenic is equally distributed all over the
grain(Figure36). On the othehand,in somegrains arsenic idistributed in diferent pattens

such agoning(Figures 30, 33).

62



Figure29. Stageraster photomicrograph (BSE image) giyaite grainlin sampleMC-3. The

grain contains 0.92 wt%f arsenic. This image was taken at magnification 250, pixel size 0.227

pum, number opixel/line 1000 using an instrument setup of voltage 15 KV, current 50nA.
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As MC-3

90um

Fe MC-3

Figure30. Stageraster photomicrograph (BSE imagowing elemental map ¢A) arsenicand
(B) iron of a pyrite grainl in sampleMC-3. The grain contains 0.92 wté6 arsenic. This image
was taken at magnification 250, pixel size 0.227 um, number of pixel/line 1000 using an
instrument setup of voltage 15 KV, current 50nA.
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Figure31. Stageraster photomicrograph (BSE imagkpowing elemental map ¢€) Sulfur
AND (D) Siliconof a pyrite grainl in sampleMC-3. This image was taken at magnification
250, pixel size 0.227 um, number of pixel/line 1000 using an instrument setofiagfe 15KV,

current 50nA.
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BSE MC-3

Figure32 Beamraster photomicrograph (BSE image) giyaite grain2 in sampleMC-3. The
grain contains 0.31 wt%f arsenic. This image was taken at magnification 150, pixel size 0.255

pm, number of pixel/line 600, voltag® KV, current 50nA.
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Fe MC-3
Figure33. Stageraster photomicrograph (BSE imagkpowing elemental map @A) arsenic&

(B) iron of a pyrite grain2 in sampleMC-3. The grain contains 0.31 wt®f arsenic.
Magnification 150, pixel size 0.255 umyumber of pixel/line 600, voltage 15 KV, current 50nA.
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Figure34. Stageraster photomicrograph (BSE imag#owing elemental map ¢€) sulfur and
(D) siliconof a pyrite grair2 in sampleMC-3. Magnification 150, pixel size 0.255 pmyumber
of pixel/line 600, voltage 15 KV, current 50nA.
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BSE MC 2

Figure35. Beamraster photomicrograph (BSE image) giyaite grain3 in sampleMC-2. The
grain contains 0.28 wt%f arsenic. This image was taken at magnification 150, pixel size 0.88
pm, number opixel/line 600, voltage 15 KV, current 50nA.
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Figure36. Stageraster photomicrograph (BSE imagkpowing elemental map @A) arsenic&
(B) iron of a pyrite grain3 in sample MG2. Magnification 150, pixel size 0.88 um, number of
pixel/line 600, voltage 15 KV, current 50nA.
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