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Abstract

This study integrates groundwatgrochemicatlata and modeling withydrogeological
modeling to study the geochemistry and hydrogeology of arsenic contaminated stilaNoal
aquifers inFlorida and Maon County, Alabama. Geochemicalalabllected for thé&lorida site
showedevels of arsenic (As) in groundwatieom 0.0002 to 0.577 ppmabove the US EPA
drinking standard for As concentration. Geochemical data also suggest a high degree of mixing
of meteoric and carbotegroundwater in theurficial aquiferThe main hydrochemical facies of
groundwater in the surficial aquifer is characterized as-AC@-Na-Cl type Groundwater is
enriched in Ca, Mg, and HGQelative to the conservative mixingné of seawater.

Groundwater geochemistry data indicate that reduced ferrous iroi §Re arsenite (As(OH))
are the dominated species under moderately reducing conditions {Eto130.4mV).
Geochemical modeling utilizing reaction path modelsBingbH diagrams predict that a further
drop in current redox conditions will lead to the precipitation e§tédes (i.e. pyrite) and
arsenic sequestration.

XRF and XRD data from both sites indicatieat biogenic pyrite is naturally formireg
the siteand had removed arsenic, presumablgdyprecipitation and sorption. XRF analyses of
dark sediment slurry recovered from monitoring wells indicate elevated concentrations of Fe, S,
and As. XRD analyses indicate pyrite and perhaps other forms of if@esware currently

forming at both sites in reducing environments.



Hydrogeological modeling and historical water table data show a general flow trend from
east to west avelocity ofa few toa few ters of meters per yeaacross the Floridendustral
site and the main factors controlling to arsenic transport at this site include advection, dispersion,
and adsorption. Varying thegKalues (1 to 10 ml/g) for different adsorption models showed that
the higher the degree of sorption (highvdlues) he more arsenic transport is inhibited.

Sensitivity numerical analysis shows thasaption can lower the peak concentration and cause
time lag of transport.

Field data and geochemical and hydrogeologic modeling provide the basis for a future
bioremedation strategy of the Floridamdustrial site. The Floridsite is sulfatdimited (sulfate
concentration € mg/L) and thus should be amended with labile organic carbon and iron sulfate
to stimulate metabolism of indigenous sulfegducing bacteria. Thetrategy will utilize the
biogeochemical reaction involving natural sulfate reducing bacteria to form iron sulfide solids.
With time, perhaps within months, groundwater is expected to become more reducing, and most
dissolved arsenic will be removed dueptecipitation of iron sulfide once biogenic sultate

reduction begins.
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Introduction

Arsenic is the second mosiramon contaminant of concern (COC) for sites listed on the
Superfund National Priorities List (USEPA, 200A total of 1209 sites are on this list and 752
of this total list arsenic as the COC in eiteediments, aquifersy groundwater (Ford et al.,
2007). The maximum contaminant level for arsenidrinking wateraccording to the U.S. EPA

is 0.01 mg/L omparts per million ppm).

Remediation technologidsr arsenic found isedimentvary from those targeting
arsenic in groundwater. Remedial teologyfor arseniebearingsedimenincludestreatments
thateffect containment, immobilization, or geestratiorwithin the solid matrix (Ford et al.
2007). Technlogies targeting arseniaden groundwateare based on either-axu or insitu
approacks. Pump and tre@x-situ) technologiesepresent @aommon water treatmeptocess
for the removal of arsenic. 4situ approaches are far less comnao involve the application of
permeable reactive barriers or bioremediation utilizing natural bdatesietions, such as those
described in this thesi®?ermeable reactive barrier technology involtresinstallation of
reactive solid material into the subsurface to treat the plume as it is interceped egdtive

barrier (Ford et al.2007).

The number of groundwater arsenic contamination casessbeen increasing across the
world in the last few decades (Figure 1). Bangladesh and India have been hit harder by this
epidemic than perhaps any other oegand millions of peoplare being affected (Mkson et al.,
2000; Harvey et al., 2002; Smedley and Kinniburgh, 2002; Charlet and Polya, 2006). In recent

years, a shift of water supply fromrfacewaterto shallow alluvial



® Arsenic related to mining operations
® Geothermal waters
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aquifers has occurred duegollution of major rivers (Shamsuddubgal., 2008). For countries
like India andBangladesh the situation went from bad (polluted rivers) to warsedn

exposure to arsenimontaminated groundwajdrsecause of this switch.

In contrast to Bangladesh, the United States has a much diffesentcasituation. The
concentration of arsenic fluctuates regionally, due to a combination of both geology and climate
Groundwater irAlabama and Florida coastal plaadimentgloes not normally have high
concentrations of arsenic (Welchatt 2000). The sediments in Alabanae much older
(Cretaceous) than th@ungerHolocene sediments of the Bangladesh coastal plain, and the
arseniq(if presentlhas been largely flushed out by gravdtyven regional flow over a longer

geologic period of time.

The sourcesf arsenic found in groundwatean beeither natural oanthropogenic
(Harvey et al., 2002). In either case, the remediationeotdntaminated water muss
addressed. Ithe past, remediation usually consisted of pump andriveidiods, but in places
where furds are lowthis is not a feasibleption. In these situations,-gitu bioremediation is

more cost effective and thus represents the preferred method of treatment (Saunders et al., 2008).

The objective®f this researcktem from theneed forfinding a cost effective way to treat
arseniecontaminatedyroundwater. These objectives include: 1) assgsiow
biomineralizatiorand geochemical sorption work together to remove dissolved arsenic from
groundwateat the field sale, 2) investigating tharseniccontaminant assimilative capacity of
iron sulfide (pyrite) biominerals formed in shallow alluvégjuifers,3) developing a plan to use
biomineralizatiorof sulfides forimmobilizing arsenic aa contaminated indust site located in

Florida based on field data and geochemical and hydrological models



Background

Geologic Setting

The first site of this study is located in Macon County, Alabama. At this site the coastal
plain aquifes and associated sedimengst in the Tuscaloosa Formatievhich consists of non
marine alluvial deposits that are considered undifferentiated (Penny et al., 2003). These
undifferentiated sediments consisting of gravel, sand, silt, and lignitized wood were derived from
the weatleringand erosion of the Appalachiaasd were deposited in a Holocene floodplain
(Saunders et al., 2008). At this location (Figure 2), groundwater discharges locally into stream
banks of Uphapee Creek and Choctafaula Creek wiihskegee National Foreaunders et
al., 1997). Age dating of organic clay at the base of the aquifer produced a date of 7000 years
before present (Markewich and Christopher, 1982). Arsenic and other trace metals (e.g., Co, Ni,
Cu, etc.) all occur in significant concentratan biogenic pyrite found at this site (Saunders et
al., 1997). All of these hydrogeologic characteristics are simildotocene sedimentsf
southern Asigpermittingthe comparison ahe geochemical characteristicgla Macon

County site tdhosein Bangladesh.

The second location fdhis study is the Floridandustrial site, whershallow
groundwater and sediments conthigh levels of arsenic derivdtbm pesticides. The Florida
industrialsitelies within the Gulf Coastal Plain of the FloridanthandlgFigures3 and 4) The
Florida panhandle falls within theaSt Gulf Coastal Plain section of the Coastal Plain

physiographic province. Within Bay County itself are four different physiographic subdivisions:



Choctafaula Creek
Uphapee Creek

o
Reconnaidsancesdtilling

Figure 2. Locationof the MaconCountysite (Alabama) where arseniich
biogenic pyrite replaces wood fragments near the base of the coastal plain
alluvial aquifer. The occurrence of pyrite supports localized suiéatecing
conditions in wirch arsenic is sequestered in solids.
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Sand Hills, $nks and Lakes, Flatvoods Forest, and Beach Dunes and WaueBluffs. The
FlatWoods Forest subdivision takes up the largest portion ofd®amty Locatedwithin Bay
County the Florida industrial sitests in the Fla¥Woods subdivision, and can beseloved as
having a slightly rolling to flat topography covered in pine trees (except where it has been
cleared). Areas of the lowest elevations are likely to becomeetbm times of heavy rainfall

(Schmidt and Clarke, 1980)

Thedeposition othick segiences of marine sediments underneath Bay County is
controlled bythe Apalachicola Embayment. The Apalachicola embayment is a regional basin
whose axis plunges to the southwest, producing increased sediment thickness towards the
coastline (Schmidt and Glee, 1980) These sediments céxe called marine terraces that
represent ancient sea flosexeiving sedimentationin addition to the Apalachicola
Embayment, other regional structures tinaty affect geologyand sedimentatioaf the Gulf
Coastal Plairare the Chattahoochee Anticline and the Ocala Arch (VaadhiStephenson

1911)

The oldest rocks found in outcr®@pxposedh the county are Early Miocene limestone
units The youngest rocks foundtime county are Pleistocene &xrent age undifferentidged
guartz sands, clayey sands, and gravels. These sands theelimestone units which can
extend to depthsf@000 feet, and below the limestone un#andstones and shalesesd to

granitic basement rodischmidt and Clarke, 1980)

There ae fourmajorhydrogeologic units that are recognized in the state of Florida:
surficial aquifer system, intermediate aquifer system (or the intermediate confining unit), the

Floridan aquifer system, and the gtilbbridan confining unit. The surficial adar system is



made up of undifferentiated terrace marine and fluvial depositeindrthern Florida panhandle

andnormally consists of clayey sands and grawelsr the coagSchmidt and Clarke, 1980)

Specifically in Bay County, #surficial aquiferis mainly composed of quartz sand and
gravel with occasional clayey sand and sandy clay I€@ss#snidt and Clark, 1980)
Groundwater from the surficial aquifer dischargese incal streams or springs, ibmay migrate
into thedeeperFloridan aquifer gstemwherethetwo aquifer systems are hydraulically
interconnected Underneath the surficial aquifer is the Jackson Bluff Formation, which is an
important intermediate confining unit that separates the surficial aduiferthe intermediate
aquifer. The Jackson Bluff Formatios characterized as sandy clay to clayey sand possessing
large portions of mollusk shel{Schmidt and Clark, 1980)Because of irregular deposition and
erosion the Jackson Bluff Formation occurs intermittently in the soutpertion of BayCounty

and is more common imorthen parts of theounty.
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Florida Industrial Site History

Groundwater in the surficial aquifer beneathltgan Haven industrial g& (Figure 3
was contaminated via the userbicides containing arsenic trioxide (a common-psoduct of the
copper smelting processlExtensive contamination assessment activdies analysisvere
performed from 189 to 1993and confirnedthatthe contaminatioextende off-site to the north
andwest withthe highest arsenic concentration reactabgut4.5ppm (Mintz and Miller,

1993).

In 1992, approximately 770 cubic yards of arsenic contaminated soil were removed and
disposed of in a nonhazardous waste landfill. In areas of close proximity to thecssiaition

arsenic concentrations in groundwater were reduced from 30 to 70 percent.

Remedial actions began at this site with the installation of a pump and treat system
utilizing a combination ofron co-precipitation, ceramic membrane filtration, aadl flushing
with selected reagents in 1994. These operations ended in 1999 due to the fhiltinerto
lower arsenic concentrations beloveiffda Department oEnvironmental Protection (FDERNd

EPA levels. At this time the site then began a momitdy program that was approved by FDEP.

The last excavatioat this site occurred in 2008, at the suggestich@f+DEP.
Impacted soilslong 11" street were removed based on data from previously collected soil

samples.

Arsenic Geochemistry

Arsenicthat occurs in soil and groundwater can originate from both natural and

anthropogenic sources (USEPA, 1997). Natural sources of @aceene from a large arraof

13



geologic materiasuch as sedimentargneous, and metamorphic rocks (Korte and Fernando,
1991). Arsenic can also accumuldtging the precipation of secondary minerals during
diagenesis Anthropogenic sources are derived from arsenic bearing pesticides and herbicides

and/or arsenic bearing waste disposal from the processing of metdlUSERBA, 1995).

Hounslow (1980) and Smedley and Kinniburgh (2002) provided evaluations of different
geochemical triggers that could lead to the mobilization of argesicbsurfacgeologic
materials. hcluded arethree scenarios: 1) desorption at highynder oxidizing conditions or
due to the influx of dissolved ions that compete for sorption sites on aquifer minerals, 2)
dissolution from change to a more reducing environment, and 3) mineral dissthiatianot
redox driven The first scenario aes from the addition dissolved iof@sg., from seawater or
brines)that compete and displace arsenic that is already adsorbed onto mineral surfaces. The
second scenario arises from a change in groundwater chemidiffgtent redoxconditiors
where tle sorbent material is no long&table. Lastly, the third scenario arises from changes in

groundwategeachemistry(not redox)to where arsenibearingminerak areno longer stable.

Once arsenic is mobilized intoaymdwater it can occur several oxidtion states-8, O,
+3, and +5)but is mos common as the oxyanions arsenate [As(V)] and arsenite [As(111)]
(Smedley and Kinniburgh, 2002Many toxic trace metals that occur in solution as cations
(PE?*, CU*, Ccf, Zr?*, etc.) generally become moresatuble as pH conditions increase in a
system.Thus, in near neutral conditions of masturalgroundwaters the solubilityf trace
metal cations is quittmited (Smedley and Kinniburgh. 2002However negatively charged
oxyanions includingirsenatend arseniteisually become less stigly sorbed during pH
increaseso in near neutral groundwaters oxyanions can persist in larger concentrations than

cations (Dzombak and Morel, 1990).

14



The most important factors controlling arserpeaation are | andredox potentia(Eh)
(Figures 8 and)®@ Under oxidizing conditions at low pH the aqueous speciés®k is
dominant, and at high pH HAs®becomes dominant. Both of these species contain arsenate.
Under reducing conditions and at pH less thémeddominant aqueous species of arsenite is
H3AsOz° (Smedley and Kinniburgh, 2002). Under even more reducing conditions, solid arsenic
sulfides (orpiment or realgar) or thioarsenite aqueous complexes become the dominant phases in
S-rich systems, if theresilittle or noFe (Figure 9. Sulfide produced by bacterial sulfate
reduction tends to react with metals to form sulfide minerals including pyrite)(feefment
(As2S3), galena (PbS), and sphalerite (ZnS). Previous studies also showed the adsocgtion or
precipitation of arsenic on F& or AsS solids formed under sulfate reducing conditions (e.qg.,
Huerta Diaz and Morse, 1992; Saunders et al
The precipitation of arsenic sulfide or iron sulfidkegure8) would reduce the dissolved arsenic
concentration in solution, whereas the formation of thioarsenite aguoeoysexesnay enhance

arsenic mobility in aquifers.
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Eh (volts)

o

o

H2ASO&

pH

Figure 8. An Eh-pH diagram for agueous arsenic species in the syste
As-Fe-S-0,-H20 at 28C and 1 bar pressure. The diagram was generated
with Geochemistds Workbench.
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pH

Figure 9. An Eh-pH diagram showing the dominant solid phase arsen

species in low Fe systems (&sH>0). Realgar and orpiment dominate

moderately reducing conditions and thioarsenate (As(b&tjueous

complexes dominate at even more reducing conditidhge diagram was
generated with Geochemistds Workbench.
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Previous Works

There are many published studies that characterizgd@aion, mobilization and
remediation of arsenic within aquifers. Examples include Lee and Saunders (2003), Saunders et
al. (2005 and 2008), Keimowitz et al. (2008hamsudduha et al. (200BgFlaun et al. (2009)

and Lutes et al. (2014)

Lee and Saunde(2003) and Saunders et al. (20pB¢sented studias which a
geochemical reaction path model was constructed to trace the geochemical evolution (including
precipitation and adsorption reactionsyhuheralsand groundwater during an-gitu
bioremediatio experiment. The #situ bioremediation experiments were carried out at the
Sanders Lead cdrattery recycling plant in Troy, Alabama. The geochemical nsctheiwed
the effectsof redox potential (Eh) on mineral precipitation and pH controls on théi@ogf
heavy metalsModeling results showed thatostmetal ions remained isolution when pH was
below35and as pH increased over the reaction the
significant. Dissolved Pb was strongly sorbed at low pH (less4haonsistent with their field
observationsFor As, increases in pH triggered increases in sorption foraseémate and
arsenite (Figure 1&). However, arsenite dominates atvkr pH than arsenatelhe modeling
also showed that at low oxidation st#s desorbs with increasing pH at approximately 5.8,
because of reactions with dissolved sulfide leading to the fasmafiarsenic sulfides (Figure

10B).
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Saunders et al. (2005) studied the natural occurrence of arsenic in Holtheeiaé a
aquifers anadtoncludedarsenic derived from different geological sources such as mountain belts
or glacial deposits will be wdatred, transported, and depositedlluvial aquifers. This study
collecedgeochemical data from two sites in the Unitedetavhere biogeochemical and
hydrogeologic conditions are comparable to arsenic contaminated sites in southern Asia. To
explain the mechanisms behind the natural contamination of arsenic, Saunders et al. (2005)
proposed that different geomicrobiologgeahemicaland hydrogeologic processes work
together to cause long distance transport and mobilization of ansextligvial aquifers
Tectonic uplift coupled with weathering and glaciation of bedrocks allowed for the release of
arsenic into streams whethe Asbearing sediments weudtimately deposited and buried.

Eventually, anaerobic conditions will develop in these aquifers, and iron reducing bacteria will
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release theobedarsenic into solution. The steps in this geochahagcling model explaiand

help predict locations of potentiatsenic contamination based on their geologic locations

transport historyand local biogeochemical conditions

Keimowitz et al. (2007) studied whether the method of enhanced sulfate reduction could

be a viableemediaion strategy. Their samples were taken from a landfiilaine that was

contaminated with arsenic. In both of their experiments, sediment, water, and acetate (carbon

source) were incubated. The first experiment analyzed small agueous phase famgkrge

vessel incubations, and the second experiment analyzed aqueous phase and sediment samples
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from microcosm incubation. The results of this study showed that significant aanbargenic
were removed from solution lilge forming of biogenic psite under highly reducing conditisn
(with low negative Eh values) at the endlod both incubations (Figure L1For the large vessel
incubation there was an approximate decrease in arsenic concentration of fifty. pEarethie

microcosm experimenhe arsenic concentration decreased by approximately 85 percent.

Saunders et al. (2008) presented new 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 Bangladesh, where
carbon and MgS©were added ta shallow Holocenaquifer to stimulate sulfate reducing
bacteria. Another was in the United States, where groundwatemeasiedvith sucrog and
methanol to stimulatsulfate reducing bacteria. These studigain showed that arsenic is
mobile and released from iron oxides under ireducing conditionandbecomesmmobile
under sulfate reducing conditions (Figuld. Thus, if sulfate ragction can be engineeread

maintainedit is possible to reduce the arsenic concentratidghe field scale

The objectives of DeFlaun et al. (2009) were to examine the mineralogy of iron
hydroxides harboring arsenic andmweasurehe dissolution r& of the pyrite under aerobic
condtions. Ifarsenic sulfideformedin a lab settingvould be stable on a decadal time scale
under changing redox conditigriken this technology malgefeasiblefor a field remediation
strategy. The results of DeFlaunag¢ (2009) showed successful sequestration of As under
anaerobic, sulfate reducing conditions, and that As precipitates were resistant to dissolution

under aerobic conditior(&igure 13.
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Lutes et al(2014) presented a study in which a field demtration of insitu
groundwater remediation technology was carried out. This technology was termed enhanced
anaerobic reductive precipitation (EARP) and enhanced reductive dechlorination (ERD). The
location of this study was the U.S. Departmentof Epegigs Savanah River Site
location three key contaminants were targébedemediationuranium radionuclides,

technetium, and nitrate.

EARP involves the use of a foagade carbohydrate substrate that acts as asimade
for microbiological processes. By injecting this food source into the subsurface, an aquifer that
is currently aerobic or mildly anoxic can be amended to a strongly anaerobic zone. This newly
amended anaerobic zone is suitable for the precipitation of naetisdionalidesin insoluble

forms or for the degradation of chlorinated solvents.

The goals of this field demonstration at the SRS were the attainment of continuous
sulfatereducing biogeochemical conditions for a period of 18 months, achievement of treatment
goals for specific contaminants within two years in the main area of the reactive zone, and the
presence of precipitated uranium and technetium in insctuitfiele forms followingthe

treatment.

By the end of the active treatment period redaxeswere chagedfrom aerobic to
methanogenic At the target date of 18 months after injections the reactive zone of the SRS was
observed to be returning to original redox conditions, but still exhibited methane concentrations

suggesting that sulfateducing conditns were still ongoing.

The treatment goal for the key contaminants of concern at thee&dRswith mixed

results. The longerm trends for all contaminants fell sharply immediately after injection.
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However, within a year of injection nitrate and stiom-90 were elevated above GWPS levels.
The remaining contaminants {283/234, U238,and Tc99) were still observed to be below

GWPS levels one year after injection.

Finally, the presence of precipitated insoluble forms of uranium and technetidra can
indicated by the continuing of lortgrm monitoring at the SRS site. For a successful test
precipitated uranium and technetium will not baligsolved at an unacceptable rate after
aerobic conditions are+established. Most recent datallected2.5 years after injections shows
that conditions have returned to background levels and the uranium radionuclides and technetium
concentrations have remaith low, suggesting that sorbingneral phases have formed and

remainedstable in the aquifer
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Materials and Methods

Sample Collectionand Water Quality Measurements

During January21through 24' 2015, Peter Starnes, Shahrzad Saffari, and Dr. Ming
Kuo Leeof Auburn University collected both sediment and water samples from the study site in
Lynn Haven, Florida.In addition to thecollection of samples, isitu measurements of water

guality parameters were also taken.

In order to cokkct representativeediment samples of the surficial aquifer at the Lynn
Haven site a peristaltic pump wasds Once the pump was placed into the well and lowered to
the bottom, sedimestverecollected into a clean beaker and then frozen in a test tube on dry ice

to preserve any bacteria@dox states athemical species present in the well sediment

To wllectrepresentative groumgater samples the aquifera peristaltic pump was used
to purge the wellsAt leastthreewell volumes of water were removeand all water quality
parameters readings became staletore sampling.This purgingmakes sure that all of he
stagnant groundwateesidinginside the well casing flushed out anffesh groundwater
percolateshrough the well screen. This procedure allows for the sample to accurately represent
the groundwategeahemistry of the aquifer beirapalzed After the well purging was
completed, water quality parameters includiegyperature, pHjissolved oxygen, oxidatien
reduction potentiakand electrical conductivity were measured in the field usiag556hand
held multiparameteprobesMeasuredORP 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 are built together as a single probe for YSI 556, OR¥ i®l&tive to the

standard SHE, sao conversion 0ORP measurements to Eh valuesasded.
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After a water sample was collected in a clean beaker, it was then filterea4&ith
micron filterand acidified with 5% nitric acitbr preservation beforgace metal andation
analysisusinginductively coupled plasma mass spectrometry {M3¥). A second sample was
filtered for anion analysis usingn chromatograph{dC), as well asDOC analysis A third
sample for each well was filtered through arsenic speciation cartfolg@sarsenic peciation
study The sample was first filtered through a 45 micron filter and about 50 mL of the water
sample was passed through the cartridge using a syringe (with luer slip tip). The first 5 mL of
filtrate was discarded before collecting the filtereti8on for analysis.The adsorbent in the
cartridgegetainsarsenate anions [As(VH2AsOy4], butallowstheuncharged arsenite complex
[As(Ill), or H3AsQO3] to pass throughAs(lll) is then measured in the effludiitered through the
cartridgesand AgV) is calculated from the difference between total As and Asfllwater

samples were refrigerated for transport preservation before chemical analysis

Redox sensitive ions were measured in the field using HA@&ttrophotometsrA
HACH DR2700was used to measuressolved sulfideconcentrations in the fielda the
standardMethylene Blue Method{SEPAMethod 8131).Ferrous iron concdrations were
measured by the 10 Phenanthroline Method (USEPA Method 8146) using a HACH DR820.
Alkalinity wasalsomeasuredn the fieldusing the standard titration meth@dSEPA Method

8203)

Monitoring Wells

Groundwater andediment samples were collected from a total of 22 monitoring wells at
theLynn Havenstudy site. All wells were drilled using hollostem auger drilling procedures.

11 of the 22 wells were constructed of 2 inch diameter PVC casing, with a well screen of 0.01
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inch slotted PVC, and ar e n a#foetdcregrediatervale | | s .
used to monitor the surficial aquifand to avoid breaching the Jackson Bluff confining layer.

Sand filter packs surround the screened intervaba@glacedt least one foot above the

interval. Over top of the sand filter pack, a bentonite seal of at least one foot was installed, and

all wells were grouted to the surface.

The remaining wells were installed as recovery and injection wells for the pump and treat
process that previously operated at this site
installed via hollow stem augerqredures. The RA wells were constructed with 6 inch PVC

pipe with five feet of screen below the water table.

Geodemical and Mineralogical Analyses

A total of 44groundwatesamples were shipped on ice to Actlabs Ltd. for major ion and
trae element analysis. 22 samples were tested for mags using ion chromatography, and

the other 22 samples were tested for trace eleraadtsationsising ICRMS technology.

Biogenic pyrite sample@-igure 14 were also takefrom the Macon County &, and
submitted to ACME Labs Inc. for agua regia digestion followed byM3Ptesing of the
remaining leachat& he aqua regia (3:1 volume ratios of HCI to Hi)l@igestion procedure
(ISO standard 11466) is considered adequatarfatyzingtotal acid lechableheavy metals in

sediments.
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Dissolved organic carbon (DOC) ayss were performead quantify the level of
organic matter contenis groundwater 22 filtered groundwateasples from each well were
prepared for DOC analysis the AU Schoolof Forestryand Wildlife Sciencessinga

Shimadzu TO€/ Combustion Analyzer.

X-ray fluorescencéXRF) and Xray diffraction(XRD) technology were used to
determine thehemical compositions amdineralogical makeip of sediment samples collected
at the bottom of each well. Determining the mineralagyg chemistrpf these sediments can
show the hydrogeology and geochemuahditions of the aquiferThe XRD andXRF analyses
were conducted usinthe Bruker D2Phaser Xray Diffractionspectrometeandthe Bruker X-
ray FluorescencElementalTracer IV-ED in the Department of Geosciengat Auburn
University. For XRD analysis,@amnples were run from 2 theta value@fdegrees t®0 degrees
with a0.004 degrestep intervalThe mineral composition of ¢hsamples was determined by a
peak search and match procedure using DIFFRAC.EVA software. XRD pattern also reveals
semiquantitative makeip ofa samplesince the areas under the peak reflect the amount of each

phase present in the sample.

XRF technology malyzes the energy emission of characteristic fluoresceayXfrom a
sample thiahas been excited by bombardmeith high-energy (i.e., shonvavelength) Xrays.
The XRF technology can quantify the elemental composition of a material because eaoh eleme
has unique electronic orbitals of characteristic energy and the intensity of each characteristic
radiation is directly related to the amount of each element in the material. Major elements and
most trace elements (Ba, Cr, Co, Cu, Mo, Nb, Ni, Pb, RRJSFh, V, Y, Zn, Se, As, etc) of

sample in the range of parts per million (ppm), were measured in the laboratory.
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Hydrogeologic and Geochemical Modeling

To develop areffective remedial plan for the Lynn Haven industrial site, geochemical
and hydrogelogicmodel i ng techniques were employed to c
hydrogeochemistry and groundwater flow regimesT he s of t waWakbeBaho c he mi st
(Bethke,2008 was usedo calculatespeciation andeachemical reactionassociated with
sulfate reductin based on the current fiekdydrochemicaknvironment. Field grameters
measuredtémperature, pH, Eh, etf@andtheconcentrations of major ions and arsemare
upl oaded i n a s pr e adrkbbnereActivily didgmms &€ bydrbcleemidas t 6 s
faciesanalysiswere used to graphically characterize geechemical conditions d&fynn Haven
surficial aquifer. Eh-pH diagrams are particularlysefulin showing stabldields of varioussolid
and aqueous phasenderdifferent redoxand geochemicalonditions Piper diagrams are used
to show thecharacteristic hydrochemical faciesgroundvaterin thesurficial aquifer In
addition, a reaction path model was created incGee mi st 6 s Wedictwhaemmgoth t o

happermminerogically and chemicallgs a result of sulfate reduction within the surficial aquifer.

Three dimensional numerical modeling of groundwater flow and contaminant transport at
the Lynn Haven site was performed using the U.S. Geological Survey model MODFLOW
(McDonald and Harlugh, 1988).The governing equation for 3D groundwater transient

simulation is

whereh is hydraulic head% is specific storage, ar, Ky, andK; are hydraulic conductivity in

X, Y, and z directionsR* represents a source term derived from water pumping or injection. The
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solute transport equation involved advection, dispersion, and adsorption processes in one

dimension is given by:

whereC is the concentratiorof a given contaminar§tol cni®), vis groundwater flow velocity
(cm sed), tis time (sec)andD is hydrodynamic dispersion (éraec?), which accouts for
molecular diffusion of solutes as well as mechanical dispersion. The model calculates the
coefficients of hydrodynamic dispersi@nfrom the following equation

D =D*+ aw

whereD* is the diffusion constant (chsec!) anda is the dispersivitycm) in thex direction.

Graphic interface modeling was carried out with the programs Visual Modflow Classic
and Visual Modflow Flex. These two programs are industry standards in characterizing the
groundwater hydrogeology of an aquifer and are distribboye8ichlumberger Water Services.

The input parameters required for modeling a system were: conductivities, porosities, storage
capacity, initial heads, concentration observations, observed head values, contaminant
concentrations, hydraulic gradient, red@rprecipitation, and groundwater boundaries. All of
these variables were gathered through the January 2015 sampling evierrantbus studies
(Mintz and Miller, 1993).By using measured field hydrogeologic parameters and proper
boundary and initiatonditions numerical models of groundwater flow were generated.

Sensitivity analysis was also conducted to examine the effects of adsorption on arsenic transport.

31



Resultsand Discussion

Groundwater Geochemistry

Tables 1 an@ show the completeesultsof the geochemical analysef this study.
Tablel lists the field parameters that were measured during the January 2015 sampling event.

The water temperatures encountered in the wells ranged frof€ 14.82.4C. Themean

groundwater temperature wa846°C with a standard deviation of 11

The pHvaluesfor groundwater irthe Lynn Haven surficial aquifer wembserved to be
nearneutal to slightly acidic, agxpected for a coastal plesurficial aquifer. ThebservedpH
ranges from 4.46 in Li25and 6.82 in RAL1. The mean pH was calculated to be 5.72 with a

standard deviation of 0.65.

Oxidationreduction potential (ORP) was also measured in the field during the January
2015 sampling eventThe highest ORP recorded occurred in welk25lat B0.4 mV, and the
lowest ORP value was recorded in well RAt-77 mV. The mean value for field ORP was
46.72 mV and the standardwdation of ORP was 40.03 m\ORP is determined by measuring
the potentiabf a chemicallyinertelectrode which is immerden the solution.The sensing
electrode potential is then read in reference to the electrode of thepeland presented in
mV. Becausé¢he values aralreadyreferenced to the standard hydrogen electrode (SHE) in the
pH probe they do not needhereferencel againto be used as Eh valueghis will be discussed

in moredetailin the results of the geochemical modeling section.
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Conductivity vallameiswellldi@®@e d of/cr@ dell @F12s S
The mean conductivity for the gui c i a | aqui flcenand theastandar8 devigdioh was S
6 6 . 2/dm. Gouctivity values correspond to the total dissolved solids (TDS) of the
groundwater.The more dissolved solids are present in the whghigher the electrical

conductance ad sample, especiallf/there are dissolved metals and metalloids present

Alkalinity can be defined as the net concentration of strong base in excess of a strong
acid with a pure C@system as a point of referen@édorel, 1983) In natural groundwatethe
generation of a net positive charge through the dissolution of carbonate minesaislig
greater than the contribution of negative charges tr@monization of strong acid®omenico
and Schwartz, 1990Thus, as a general rule of thumb, natgroundwaters typically will
display a positive alkalinity, unless there is some point of strong acidic contamingtien.
results of our field measurements of alkalir{dg HCQ) yielded a averagenode of 40.95
mg/L with a standard deviation of 2@.&g/L. These results can be expectedtifigr Lynn Haven
aquifer, since there are few carite minerals in the surficial aquifend recharge imainly of a
meteoric originGroundwater inthe surficial aquifer maystill acquire alkalinity via mixing with

deeper groundwater associated with the Bruce Creek Limestone

Dissolved oxygen (DO) was also measured in the field with the5%6] The highest DO
measurement was taken at wellBHat 1.59 mg/L. The lowest DO was observed at wellsARA
andRA-5 at 0.09 mg/L.DO values are genehallow as compared to those in shallow aquifers
or surface watemnder oxidizing conditions. Dissolved oxygen concentration will reduce to low
levels due to breakdown or degradation of organic matter in the adthterelatively low DO

values areonsistent with ORP values thaticate anoderately reducing environment
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Table 2 shows the results of geochemical analyses including measured major cation
concentration, major anion concentration, trace elefdenand Feomposition, dissolved
organic carbon (DOC), and TDS calculated from these concentrations(niti@te)
concentrations ranged from below the detection limit (0.01 ppm) in several wells to 0.16 ppm in
well RA-11. The average Nf&oncentratiorwas calculated to be 0.06 ppm with a standard
deviation of 0.04 ppm. The relatively low values for this aquifer are expected, since there are no

surficial sources of excess nitrate in the area (fertilizers).

Naturally occurring dissolved organic carb@@OC) in groundwater is produced by
biological and biochemical decay of organic matter in the aquifer. Results indicate the lowest
DOC value of 11.22 ppm in well L4325 and the highest value of 90, 08min LH-15. The
mean DOC value was calculated to3ie91 ppm with a standard deviation of 19.09 ppm. The
relatively low DOC values indicate that the aquifer needs to be amended with organic carbon and

nutrients o boost the activity of sulfateeducing bacteriduring biostimulation

Fluorine, which usally occurs as fluoride (JFin natural groundwaters, was measured. In
all but 4 wells, LH7, RA-10, RA11, and RA12, fluoride concentrations were below detection
limits. The main sources for fluoride in groundwater are the minerals fluorite arite.apaine

of these mineralare present in aquifer materials, so expectadtsefor fluoride should bew.

Sodium (Na) is another majoonstituent of groundwater amypically occurs as the ion
Na'. Sodium concentrations ranged from 26.30 ppm irR2Réd 2.12 ppm in RAL4. The

mean sodium concentration was calculated to be 9.25 ppm with a standard deviation of 8.10

ppm.
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Magnesium (Mg) occurs in groundwater as the iorf\md is considered another major
constituent of groundwater. From the water saspollected during the January 2015 sampling
event M@* concentrations ranged from 4.67 ppm in well-RAnd 0.29 ppm in well LH5.

The mean M§' concentration was 1.99 ppm with a standard deviation of 1.26 ppm.

Phosphate (P£pconcentrations in the loyy Haven Surficial Aquifer occurred at very low
concentrations. In all but 2 wells (LEb and LH16), phosphate levels were below the detection
limit (0.01 ppm). The relatively low values for this aquifer are expected, since there are no

surficial source of excess nitrate in the area (fertilizers).

Sulfide ($) concentrations measured range from 0.01 ppm in several wells to 0.43 ppm
in well LH-16. The calculated mean for sulfur concentrations was 0.10 ppm and the standard
deviation was 0.12 ppm. Higdulfide concentrations in certain locations may be resulting from

bacterial sulfate reduction, as indicated by its typical rotten egg smell.

Sulfate (S@) is a major ion found in stacewater, seawater, and groundwatekt the
Lynn Haven site, S& concentrations ranged from below detection (<0.03 ppm) in wef2 LH
and LH19to 33.7 ppm in well RAL2. The mean sulfate concentration was 8.12 ppm and the

standard deviation was98 ppm.

Chlorine iscommonly found in water as the ion chlorideJCIThe chloride
concentration of the Lynn Haven Surficial Aquifer ranged from below detection (<0.03 ppm) in
well LH-2 to 50.60 ppm in well RA2. The mean concentration was 12.74 ppm with a standard

deviation of 12.22 ppm.

Potassium found in water exssas the ion K Results from the January 2015
groundwater sampling showed that potasstmmcentrations ranged from 0.08 ppm in well-RA
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13 and 2.21 ppm in wellH-12. The mean concentration of potassium in groundwater samples

was 0.74 ppm with a standbadeviation of 0.58 ppm.

Calcium occurs in water as the ion?CaThe concentration of calcium in the Lynn
Haven industrial site samples ranged from 50.00 ppm in well®&And 1.00 ppm in LH9.

The mean concentration was calculated to be 16.48 pdrtha standard deviation was 12.73

ppm.

Iron exists in water as eith&rrous Fe?*) or ferric iron(Fe**). The iron concentration
measured by ICIRIS presented in Table 2 is the total iron concentration including both ferric
and ferrous oxidation stes. The total iron concentration ranged from 0.05 ppm in wellRA
and 4.40 ppm in well RR. Field measurements of ferrous iron¥fFreanged fron0.08 t02.74
ppm.The similar range of total iron and ferrous isurggest that ferrous iron is the damant
iron species at the field site under moderately reducing conditions. The mean concentration of

total iron was 0.84 ppm and the standard deviation was 1.04 ppm

The dissolved arsenic concentrations in the surficial aquifer ranged from 0.0002 ppm in
well LH-25 and 0.577 ppm in well RB. The mean concentration of arsenic was calculated to
be 0.15 ppm and the standard deviation was calculated to be 0.22 ppm. The average arsenic
concentration is higher than that of EPA drinking water standards (Om9)L When arsenic
concentrations are mapped using the collected data from the January 2015 sampling event a
residual plume aabe seen at the site (Figure).19he zone of highest concentration occurs in a

hot zone between wells RA RA-5, and LH5 and ha a highest concentration of approximately
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0.550 ppm. Historically, the highest arsenic concentration reached about 4.50 ppm befere pump
andtreatremediationMintz and Miller, 1993).Results of ICPMS analysis show that arsenic

concentrations of bgenic pyrite at the Macon County site reach approximately 3670 ppm As.

Another major constitent of groundwater is tHeromideion (Br). The concentration of
bromide in the Lynn Haven wells ranged from below detection (<0.03 ppm) in several wells and
0.23 ppm in well LH12 and LH19. The mean bromide concentration was 0.14 ppm and the

standard deviation was 0.06 ppm.

The last parameter measured inTlable?2 is that of TDS (total dissolved solid3his
value orrelatesvell with conductivity in Tablel. The well with the highest TDS should also
have the highest conductivity:DS in the surficial aquifer groundwater samples ranged from
37.35 ppm in well LH26 and 187.04 ppm in well RA2. The mean TDS was calculated to be

81.24 ppm with a standard\dation of 35.65 ppm.

Groundwater Mixing and Water -Rock Interaction

Plots of major ion (Ng C&*, Mg?*, K*, SQ?) concentrations against chide
concentrations (Figures 16 to)2@lative to theeonservativeseawater dilution trend, reveal that
different watetrock processes (e.g., precipitation, dissolution, and ion exchange) occur to

varying extents well aspotential mixing of deep carbonate groundwébBever, 1997)

Figure 16shows the sodium concentration versus the chloride contentveith the
conservative mixing line. Most data taken from the well samplesdialor close to the mixing
line, suggesting conservative mixing of seawater with freshwater in the surficial aquifer. Points
plotted above or below the conservative mixing may be explained by Na exchange or
fixation on clays. Clayich Jackson Bluff Formation is present underneath the surficial aquifer.
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Figure 16. Sodium cacentratiorversuschloride concentration of the surficial aquifer.
The bold line represésithe conservative mixingf seawater witlireshwater.
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The bold line represésthe conservative mixing of seawater wrdgshwater.
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Figure 18 Magnesiunconcentration versushloride concentratioof the surficial
aquifer The bold line representhe conservative mixing oéawater witHfreshwater.
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For example, ation exchange reactiaf the following equationvould produce a NaBO;s type

water with high Na contentsAppelo, 1994 Penny et al.2003)
CaCQ+ Na-clay+H"- Caclay+ 2 Nd + HCOs

Furthermore, ion exchange between Na and a divalent cation such as Ca may be expressed as the

following reaction (Drever, 1997):
Caclay + N& U 2 NaClay + C&*

When the aquifer is invaded by saline seawater, the resulting salinization may cause monovalent
ions (Na) in groundwater to replace divalent ions (Ca) from the clay. Groundwater affected by
saltwater intrusion and subsequemt @xchange thus tends to be depleted inWith lower

Na/Cl molar ratios (Drever, 1997). At the study site, groundwater with higher salinity tends to

be slightly depleted in NgFigure16).

Figures 17 and 18 plealcium and magnesiugoncentration verss chloride
concentratiorof the sampled wells along with the conservative mixing line for seawater and
freshwater. The results indicate that there are strong enrichafdatth calcium and
magnesium in the surficial aquifer. This may be attributectbanate stratigraphic units
(Bruce Creelimestone) below the surficial aquifer where the Jackson Bluff confining bed is
not presen(Schmidt and Clark, 1980)The Jackson Bluff confining unit is locabypsenin the
eastern part of Bay County (Figurg Eading to possible sé®f calcium enrichment. The
enrichments of Ca and Mg may be also attributed to ion exchange processes (see equation above)
when the aquifer is diluted by freshwater (Drever, 1997). The dolomitization process,

represented by éfollowing reaction:
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2CaCQ + Mg?* U MgCa(CQ), + Ca*

would release Ca but consume Mg in the solution. ;Tdalemitization or dedolomitization is

not likely to cause the sintaneous enrichments of Ca aid in solution(Drever, 1997)

Figure 19show the concentrations of potassium versus chloride concentration. The result
also suggests a slight enrichment of potassium. External sources for potassium may be from
seawater or saline formatievaterfrom the Jackson Bluff confining unit since it rsdirect

contact with the surficial aquif¢6Schmidt and Clark, 1980)

Figure 20shows the concentrations of sulfate versus chloride relatively to conservative
mixing line. Most of the data plots slightly above or along the mixing line. This suggests a
slight enrichment of sulfate relative to seawater dilution trend. The result implies that local

sulfate reduction has not removedaahilablesulfatein the aquifer.

Iron and Arsenic Speciation

As stated earlier, the dominant iron species at the Hawen industrial site is ferrous
iron (F€"). Field measurement of ferrous iron was plotted against the lab reeasus of total
iron (Figure 2). The plot shows an approximately 1:1 ratio of ferraog total iron
concentrationsuggesting that the f@us iron is the dominant species. However, there were
some instances where the ferrous measurements exceeded the total iron measurements. This
may be caused by different instrumental methods used in field and laboratory measurements.
For arsenic spedian, geochemical modeling resultsnducted in this study (Figure Riddicate
that arsenite [As(lIl)] should be the dominated species in the groundwater at the site under

moderately reducing conditions. Laboratory measurements of various arsenic agecies
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Figure 21 Plot of Ferrous irorconcentratiorversus the total irononcentratiorof the
surficial aquifer The bold line rpresents 4:1 ratio of the two concentratians
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Figure 22 An Eh-pH diagram for the predicted dominant As phases at the Lynn
Haven site (blue fields are aqueous phases and tan fields are solid.pRésis)l on
the diagram are the redox conditions for each msample collected.
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underway using new IGRIS facilities at Auburn. The results will be addressed in another

study.

XRF and XRD Analysis Results

Selectedsediment samples also underwent XRD and XRF ana(ifsgsres 23 to 30
XRF analyses were used terdify the chemical composition of sediment slurry deposited
inside the well casing before remediatioRF analyses of representative samples consistently
resulted irmajor peaks for Fe, S, and fSigures 2327). The spectra were created using the
voltage and current settings of 40 KeV and 18 pA (filter #1) without vacuum. This suggests that
minor precipitation of pyrite is already taking placehezones of sulfate reductionResults of
Larger peaks correspond to larger concentratibusXRF reslis shouldonly be taken
gualitatively. Quantitative ICPMS analysis showthat arsenic concentrations of biogenic

pyrite at the Macon County site reach approximately 3670 ppm As.

Dark sediment slurry samples collected from well-Rfested positive fathe presence
of elements Fe, S, and As. The presence of these elements supports the idea the arsenic bearing
pyrite is already be formed locally under reducing conditions. Welld2H H-19, and LH26
not only showed positive results for Fe, S, andbAs,also showed elevated concentrations of
other trace metals that will not be addressed in this study. Interestmdly.H-25 samples
showed a strongerggiature for Zn than Fe (Figure)2@éhis may suggest that sphalerite may also

be precipitating iEnough zinc is present.

XRD analysesverecarried out to show what minerals are present in a given sample.
This was @ne to compliment XRF results and compare dominant minerdstmant elements

to make sure that there is some degree of accoedan
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All the sediment samples that underwent XRD analyses showed signatures for the
minerals quartz, pyrite, or arsenopyrite (Figures3@8 Not all wells underwent XRD analyses
due to limitations on the amount of sediments cad@dor each well. The presence of these
minerals also supports the idea that current precipitation of arsenic bearing pyrite is taking place.
Quartz is common since it represgtite main aquifer minerallncreased flux of organic matter
and nutrient@mended duringproposediostimulation may fuel bacterial sulfate reduction and

formation of sulfide solids at shallower depthan the sediments that were collected

Geochemical Modelingi Hydrochemical Facies and Speciation

Geochemical modelingwasa r i ed out wusing the computer
Workbench. Results of our field and laboratory analyses of water samples were used to
constrairthe site geochemistry. Major ion compositions of groundwater samples collected from
the January 2015 sampdj event were plegd in a piper diagram (Figure J3tb characterize the
hydrochemical facies of groundwater in the surficial aquifnis type of diagram allows for
anion and cation compositions of many water analyses to be plotted on a single grapf sho
possible mixing owaterrock interaction trend@reeze and Cherry, 19;7Resbitt, 1980;

Stueber, 1993

Figure 31shows that the samples fell in a wide range of hydrochemical facies. Samples
(8) that plot near the far left portion of the gharepresent groundwater enriched in Ca and
bicarbonate. The far right side of the piper diagram represents waters that have similar
compositions to seawater. significant number of samples (14) fall within the middle portion of
the graph that represanheteoric mixing compositiofit.is important to note thaalthough the

site is close to the coastpne of the Lynn Haven aquifer samples plotted near seawater
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compositionBased on Figure 31 the most dominant cations of the groundwater samples were
Ca* andNa". The most dominant anions were HC@nd Cl. The main hydrochemical facies

in the aquifer can thus be characterized as-BlC@s-Na-Cl type.

Activity diagramswere generatetb characterize thgpeciation and stability fields of
various aqueus and solid phases of iron, arsenic, and sulfur in the aquifer under differé&it pH

conditions

All samples showed a similar trend for moderately reducing conditiohg isutrficial
aquifer (Figures 22 and 32The Eh values cluster between 0 to 0:@ls and pH between 5
and 7. This data is consistent with previous groundwater studiesucted at the siteéS@unders,
2005). The field ERpH diagramof 22 samplesdicate that Ad(l) (i.e,, H3AsQOg) is the
dominantarsenicspeciesat the field site nder moderately reducing conditioR$gure 22shows
that by forcing a drop in the redox potential (Eh) of the groundwater would result in the
sequestration of arsenic into a solid phase of arsenian pyrite (as a solid solutigA$ed
under sulfateeducing conditions (Saunders et al., 2008). This will be a key process to lower the

dissolved arsenic concentrations of this site.

Figure 32shows the groundwater Fe speciation at the Lynn Haven madwsste. Similar
to Figure 22 all samples clstered from an Eh of 0 to 0.25 volts and a pH of 5to 7. This also
provided evidence that the surficial aquifemis moderately reducing environmenith near
neutral pH. The modeling results show that the dominant Fe species is ferrous3ijprhige
result is consistent with measurements of ferrous \al.itoh concentrations (Figure 21 The
modeling results also show that reduced ferrous iron may react with bicarbonate in the aquifer to

form iron carbonate (sideriteyigure 32alsoshows tlat by forcing a drop in the redox potential
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(Eh) of the groundwater would resulttime sequestration afon, along with arsenimto a solid

phase of pyrite

Geochemical Modelingi Reaction Path Model

The subprogralRe act wi t hi n Wolkeenct softwarwasmsedo trates
the sequence of mineralogical reactions associated with the propossuirhilated bacterial
sulfate reduction Reacttan be used toalculate the equilibrium distribution of different
agueous species in a fluid, wadttion states with respect to minerals, and fugacity of dissolved
gases (Bethke008. The program traces tiggochemicagvolution of a systertincluding both
fluids and mineral phasea} it undergoes a reactipathin which the initial system ispen to

mass transfeait a given temperature.

The Reactmodel haswo components: the initigjeochemicasystem and the process
of mass transfeand ERpH changes hat al ter i t. React will
equilibrium state and then the gram will change the system by adding (titrating) or removing
the reactants (Bethk2008. This process isalledthe reaction path. Another feature of the
reaction path model used in this study will be sliding the Eh. This means that the Eh of the
sydem isincreased or decreased lineaslyer areaction pathsuch as those occur from iron

reducing to sulfate reducing conditions

The modefirst equilibrate atypical groundwatesampleat the sitaundermoderately
reducing conditionat measured &ld temperature The calculation uses the water chemical data
collected fromwell RA-5 presented in Tables 1 and 2. Becatisereaction that is being
modeled involves the reduction @doxconditions, sliding the Etvasenabledand the value

was decresed from +0.2 te0.2V overthe course of the reactiohe modehlsosimulates the
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geochemical effects of titration 8£2SQ (1 nmol) into the systenas proposed amendments of

iron sulfate during biostimulatioffFigure 33)

As the reaction startégrrous iron (F&") dominated in the initial systenNext the
reactionproceeddo precipitate realgar (AsS) a pure-ddfide speciesvhen more iron sulfate is
titrated into the systemin this reaction, realgar is a thermodynamically stable speciespobut
likely to form in natural aquiferas itsprecipitation igprobablykinetically inhibited at low
temperaturesThe formation of realganayrequirehigher temperatures to achiex&inetically
favorable environment. As the reaction progresses artehtliecreasdselow-0.08V, pyrite is
the next mineral to precipitate. This can be explained by imposing-ahi Eiragram on top of
the reaction patfFigure34). From the start of the reaction, decreasing redox conditions move
thereactionpathfrom into the stability fieldof F&* into that ofpyrite; available F&' ions (from
initial solution and FeS©amendments) react with,B produced from sulfate reduction to
facilitate pyrite precipitation.The reaction path in Figure 34 also shows an incregsid walues
because His consumed in b6 productiorduring bacterial sulfate reductios this trend
continues anthe pHEh conditiondollow the boundary of siderite and pyrite stabifigids and
it is also possibléo precipitate siderite. Sideriterdims from Fé&" ions reacting with HC®from

the initial systenor breakdown of organic matter

The modeling results suggest thatlar highly reducing conditions, reduced aqueous
Fe?* reacts with HS to form pyrite, which can remove trace elements asés, Co, Ni, and
othersfrom groundwater by cprecipitationor adsorption processeSgunders et al., 1997
2008; Lehner et al., 2006)his biogeochemicateactionformsthe basis fothe proposeth-situ

bioremediatn strategies at this site.
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Figure 33. Plot of results of thesaction path model createvith Geo ¢ h e m
Workbench. The plot shows the sequeacd amounts of minerals precipitated
as a function of biogenic sulfate reductimsing RAS5 groundwater as the
starting aqueous compositioReaction progress traces mineralogical changes
from leftto right (Eh decreasing) asrasult of biogerit sulfate reduction
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Eh (volts)

Figure34. Reacti on path model <cremhed
imposed on an EpH diagram showing the relationship between the path of the
reaction and the stable mineral precipitatethefLynn Haven industrial site.
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Hydrogeologic Framework and Modeling

Regional Groundwater Model

Regional groundwater flow across the Bay County was modeled using Basin2 (Bethke et
al; 2003). Data from Schmidt and Clark (1980) were used to reconstruct the hydrostratigraphy in
the cres section. The sides and bottom of tlss section are set to be flmv boundary
conditions. The simulation models the regional groundwater flow in response in regional
topography and water table alongsteiasiwest cross section. Thensecbf themodel domain
(Figure 39 is intepreted to cross the Lynn Haverdustrial site intie vicinity of well 6 (Figure
35). The model predicts that shallow groundwater flow in the basin is controlled by local
topography; groundwater recharges in local topplgically high areas and discharges toward
local topographically low areas. A general westward groundwater flow is predicted near the
vicinity of well 6 at the Lynn Haven site. The predicted @ess$t direction of groundwater flow
near the well 6 locatiorsiconsistent with water table data and westward hydraulic gradients

observed at the Lynn Kan site (see section below).

Hydrogeologic Framework

Results othreedimensional, nmerical groundwater modelirg the Lynn Haven site
arepresented in this seoti. The flow boundary of the study area ve&s to bea constant head
boundaryusing historical water table data. The modelezh is too small to contain any real
hydrologic boundaries such as riverdakes(Figure 36) Four continuousontaminant
transport modelgand twodiscontinuous contaminant transport modaetse developed tchew

the effects of the distributiocoefficient (Ky) has on reactive transport of arsenic.
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The first step in building flow and contamindrdgnsport models is to credtesinitial
conditions. This serves as a basis for all travisi@dels that will be runFirst, a base site map
(Figure 2) was imported into Visual MODFLOW. This base map was then portioned into a grid
consisting of 10@olumns and 37 rows (Figures 86d ¥) with 3700 total cells for the sucfal
aquifer Each cell is then assigned specific hydrologic parameters. Since historical arsenic
contamination is only found in the surficial aquifer and hydrologia @i only available in the

surficial aguier, deeper geologic layers are not considered in the numerical simulations.

Topogaphy for the surface (Figure 38nd initial heads of groundwater tafegure39)
werethe first parameters imported into the model. The head values were calculated by

subtractingvater table depthfsom the land surface elevations for each well.

Most groundwater flow models have complex conshesaid or neflow boundaries for
different geologic units. For the model presented in this study, the boundary conditions are
relatively simple becauserphysical groundwater boundaries such as rivers or lakes are present
at the site Due to the small area simulated one constant head boundary away from the main
model domain was created to maintain flow regimes consistenhisttirical water level data.

A constant head boundary (Figure) 4@ approximately 200 feet away from the worst

contaminated zone was selected during the course of simulations.

After initial and boundary conditions are defined other hydrologic pammgtcluding
hydraulic conductivity, storage, dispersion, distribution coefficient of arsenic between sediments
and water, and recharge (from surface precipitation) were also assigned. Since the surficial

aquifer is composed of relatively homogeneouy séinds most of these parameters remained
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constant throughout the grid. Values for input parameters (Table 3) were taken from historical
data collected on the site (Mintz and Miller, 1993) or from values recorded during the January

2015 sampling event.

Input Parameter Value
Hydraulic Conductivity 0.0014 cm/s
Specific Storage 9.3x 107 1/m.
Storativity 0.01

Effective Porosity 0.35

Total Porosity 0.35
Dispersivity 10.4 meters
Recharge 66 crmyear
Distribution Coefficient 0; 1; 4; 10 mlg

Table 3. Values of various hydrologigarameters assigned to the model domain.

Hydraulic conductivity can be defined as the rate of flow of a volume of groundwater
through across section of rock and has dimensiohlength/time (Bates and Jackson, 1984). It

is used to show how much water can move throughtaisexquifer type per unit time.

Normally, the hydraulic caductivity may vary in differendirections. For relatively

isotropic media present at the Lynn Haven industrial site, the geometry of void spaces is assumed

75



to benearisotropic andequal in thre dimensions (x,y, and z). The hydraulic conductivity for the
surficial aquifer was determined with previous slug testing and was calculated to be 0.0014 cm

in all directions (Mintz and Miller, 1993

The Visual MODFLOW model allows for the usedh types of storage parameters:
specific storage (Ss), storativity (S), and porosity (n). Specific storage (Ss) is defined as the
volume of water a unit of volume of aquifeeleases from storage undeurat decline in

hydraulic head (Freeze and Chet9,/79). The ui of specific storage is/length.

Storativity (S) is a dimensionless quantity defined as the water released from the
saturated interval of aquifers under per unit decline in hydraulic head, it is calculated by

mul ti pl yi n saturatad thickneasbk, bydts spexific storag8s
S = $*b; where

S = storativity
Ss = specific storage
b =thickness of the aquifer

A value of 0.01 was used (Freeze and Cherry, 1979) to specify the storativity of the
unconfined aquifer at theite. The specific storagalueof 9.3x 107 1/mwas used for the
model(Freeze and Cherry, 1979Porosity is a measure of percentage of the amount of void
space with a unit volume of aquifer. Effective porosity and total porosity for the suaficidiér

are assumed to be eqahD.350r 35 percent

Recharge can be defined as the vawhsurface water introduceer unitof surface

area of an aquifer through surface infiltration per ohttme. The units for recharge are
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length/time. Fothis model cm/year were us&dm previously published data (Mintz and

Miller, 1993) andrechargdor the site is approximately6@&m/year.

The distribution coefficient Kcan be defined as ratio of sorbed concentration C* of a

contaminant on solids @dissolved contaminant concentration C:
.0
U -
0

Thus, larger KK values ndicate thathe sorbed concentration ofjaren contaminant is larger
thanthe dissolved concentration and vice versa. This parameter controls the extent to which a
dissolved ion can be adsorbed by sediments, which causes the retardation of the solute front as it

travels through an aquifer. The retardation faBkas calculated as:

Where isr  the dry bulk density of the sediment (gmA&rand f is the porosity of the sediments.
The Ky values for arsenic trapert in an aquifetypically range from 1 to 1énL/g (Allison and
Allison, 2005). If the average linear groundwater flow velocity is v, the average velocity of the

plume v is given by

The average velocity of a given contaminant plume is lower than that of groundwater because

the value of retardation factor R greater than one. This study used the range of repogted K
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values (Allison and Allison, 200%to assess thimpact of adsorption on the moverheharsenic

at the study site.

Groundwater Flowlodel

MODFLOW was used to predict changes in hydraulic heads and flow velocities in the
unconfined aquifer at the studyesitWater levels measured in all the sampletlswere
selectedhs the initial condition Hydrologic parameters usedsimulations are shown in Table
3. Figures 41 through 5dhow the calculated hydraulic head distribution and flow direction from
thesimulations over geriod of 10 yearsThe firg time output resultpresentedvas 1 day after
the start of the simulationnd then each successive step was yeafor 10 years. There are
variations in hydraulic head values of time in the model fronctimstant recharge that is added
to each celfor each time stepHowever, the models show that groundwater flows in a general
direction along an east to wastrthwest trend over the 10 year simulation spéme predicted
flow direction at local scale is consistent with those predicted in thereggmal scale model
near the Lynn Haven sit(Figure 3%. The predicted flow velocity is on the order of a few to tens

of m per year depending on the local hydraulic gradients
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Particle TrackincAnalysis

Velocity fields calculatedrom simulated groundwater flow were used in conjunction
with a particle tracking program (MODPATH) to delineate advective transport of contaminants.
Particle tracking simulations predicted flow paths and advective travel distances for specified
periodsof time by tracing particle movements through a computed flow field. In this study, a
number of particles were released from two contaminated locations and the advective advance of
those particles through the aquifer was calculated from the simulatetidldvever a 10 year
span (Figure 52 The computed flow path of a particle was displayed graphically as a line
connecting tree of discrete points (Figure bResults indicate that contaminants such as arsenic

released from the site travel to west orthwest on an average rate of 13 m/year.

MT3DMS (Zheng, 1990) was used to simulate the reactive transport of arsenic at the site
based on flow field and advection process predicted by MODFLOW. Specifically, the model
was used to examine the effect di’action, hydrodynamic dispersion, and adsorption on the
migration of arsenic plumes released from specified locations at the site. Theansaireters
influencing solute transpoused insimulations are shown in Table 3’he main parameter that
contrds the adsorption and retardation of arsenic transport is the distribution coefficient or K
As stated earlier the purpose of these models is to examine the different scenarios of adsorption

for arsenic transportation.

ContinuousContaminant Transpoiodels

Fourcontinuouscontaminantransport modslweredeveloped to examirtee reactive
transport of arsenic arfitbw thedistributioncoefficient mayaffectthe spreading of a plume

the aquiferAll contaminant transponbodels were run in the grodwater flow fields computed
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from transient, thredimensional numerical modedtiown in the previous section. For the
simulations, concentration dfmg/L of arsenic was specifieat a couple cells ne#s initial
source derived from Adch pesticids at the site. 8nsitivity analysesvere conducted to explore
how variations in distribution coefficientgzaluesmay affectarsenidransport in the aquifer. In
four sets of numerical experiments, the aquifer had conktavalues of0, 1, 4, and 10 iYg,
respectivelyclose to the range of values reported in literature (Allison and Allison, ZD0&)
dispersivity U washeld constanat 10.4m (about 10% of the dimension of model domain
Gelhar et al., 1992n these simulationg\n increasen distribution coefficient wouldlecrease

the extent ofirsenic spreadinigy increasing its sorption on sediments

This first contaminant model with the;Kalueequal to zero mig (i.e, no sorption of
the contaminant solutioyjeldedthe greatesiegree of sgrading and highest arsenic
concentrations downstreamherearsenids transportdatthe same ratas groundwater
Figures 53, 54, and Sfhow the movement, size and spreading of the plume 1 day, 1 year, and
10 years after arsgnwas released from thewrce The size of the initial plume is very small
and restricted tthe source areafter 1 day due twerylimited advection and spreadigigure
53). After 1 year the zone of maximum contamination or the center of mass of the plume has
started to treel down gradient with the groundwater flow and the overall area of the plume has
grown noticeably by dispersion and spreadifigure 54. The front of the plume (defined as
0.01 mg/L of concentration) has traveled al#fumetersdown gradientLastly,after 10 years
the size of the plume has increased significantly and the zone of maximum concentration has

traveled
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Figure 53. The distribution of arsenic day after injection and &= 0. The contours are
values of the simulated hydraulic heads.
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Figure 54. Distributionof arsenicafter 1 year with K= 0. The contours are the simulated
hydraulic head values.
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Figure 55. Distribution of arseniafter 10 yeas with Kg = 0. The contours are the simulated
hydraulic head values.
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significantly beyond the site toward the wastthwest(Figure 59. The front of the plume has

traveled aboubl metersdown gradient

The second contaminant transport model was run with same parameters as the first. It
contained the sae location of injectionbut had dargerKq value of 1 mllg. The distribution
coefficient used in this model simulated aaimmount of arsenic that is being sorbed by the
aquifer sediments. Initially, one day after an injection the plume of contaminant remains close to
the injection location and the zone of maximum contamination is small and restricted to the
source(Figure56). After 1 year the size of the plume has grown by advection and dispersion
(Figure 57, however it is still smaller than the corresponding plume witedGal tozero
(Figure 54. The front ofthe plume has traveled about2tersdown gradientshater than the
no-adsorption caséifter the 10yearsimulation the plume is at its largest and is moving in the
north-northwest directiorfFigure 58. The size of the plume is still relatively smaller than the
corresponding plume witthe Ky equal to zergFigure 55. The front ofthe plume has traveled

about 45metersdown gradienafter 10 years.

The third contaminant transport model was set up with a highetbdisbm coefficient
value of 4 mllg. This value represents stronger adsorptionlitihés the spreading of the
arsenic plume. Thus, the modeling results show that the plume grows and advances slowly with
time compared to the previous models. The size and distribution of the plume after 1 day is
similar to that of the simulations with loweg Kalues. The size and distribution bétplume
after 1 year (Figure §thas grown little due to strong adsorption and retardation effects. Lastly,
after 10 years the plume is at its largest size and has transgotiedvesinorthwest (Figure
61), butits spreading is very limited compared to other simulations with smallealdes.The

front of the plume has traveled about@®&ters down gradient after 10 years.
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Figure 56. The distribution of arsenic after 1 dajth Kq = 1. The contours are the simulated
hydraulic head values.
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Figure 57. The distribution of arseniafter 1 yeawith Kq = 1. The contours are the simulated
hydraulic head values.
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Figure 58 The digribution arseniafter 10 yearis with Ky = 1. The contours are the simulated
hydraulic head values.

99



H-25
s
100 3 d
<
@ o <
@ f ) g T
mo) NN | | [ T
0.01 0.08 015 0.22 0.29 0.36 0.43 05

Figure 59. The distribution arseniafter 1 daywith Kq= 4. The contours are the simulated
hydraulic head values.
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Figure 60. The distribution asenicafter lyearwith Kq= 4. The contours are the simulated

hydraulic head values.
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Figure 61 The distribution arseniafter 10 yeass with Ky = 4. The contours are the simulated
hydraulic head values.
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In the last model the distributiamoefficient was sebta value of 10 milg, which is at the
higher end of the spectrum for distribution coefficients expectearganic (Figures 62, 63, and
64). The modeling results show the most restricted contaminant transport of tratng
contiruous contaminamhodels. The front of plume has only migrated approximately 15 meters
toward the west from the injection location after 10 y¢aigure 64. The advection of the
plume is significantly retarded by strong adsorption and only dispersids te limited

spreading from the center of the mass.

Discontinuous Contaminant Transport Models

The discontinuous contaminant transport models were set up in the same manner and
with the same flow parameters as the previous continuous contaminapbttanodels.
However, the timing of the contaminant injection was reduced from 3650 days (10 years) to just
1 day. This was done to see arsenic transport in the same flow field where the contamination is
an isolated incident that occurs for a very shiaré period. An observation well located about
12 meters dowsgradient from the source was also added to record the breakthrough and
calculated concentration of the traveling plume over time. The distribution coefficients of

arsenic used ithe models wre 0, 0.5, and 1 nigy (Figures 6570).

The first discontinuous transport model was run withyafl0 mL/g. This model
represents how arsenic distribution is affected by an isolated exposure of arsemit with
sorption. In the first year of the sinatilon the leading edge of the arsenic plume (with As
concentration = 0.01) traveled approximately 24 meters from the source (Figure 65). After 10
years of groundwater flow and recharge, the plume continued to follow the regional flow

direction to the nohwest approximately 60 meters offsite (Figure 66).
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Figure 62 The distribution arseniafter 1 day with Ky = 10. The contours are the simulated
hydraulic head values.
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Figure 63.The distribution arseniafter 1 yeawith Kq = 10. The contours are the simulated
hydraulic head values.
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Figure 64. The distribution arseniafter 10 years with Kq = 10. The contours are the simulatec
hydraulic head values.
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Figure 65. Calculated arsenic distribution for a discontinuous source with=akand 1 year
after introduction. The highlighted cell is the source.
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Figure 66. Calculatedarsenic distribution for a discontinuous source withha B and 10 years
after introduction. The highlighted cell is the source and the arsenic contour line shows the EPA
limit of 0.01 mg/L.
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Figure 67. Calculated arsenic distribution for a distinuous source with agkc 0.5 and 1
year after introduction. The highlighted cell is the source and the arsenic contour line
shows the EPA limit of 0.01 mg/L.
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Figure 68 Calculated arsenic distribution for a discontinuous source with=a06 and
10 years after introduction. The highlighted cell is the source and the arsenic contour line
shows the EPA limit of 0.01 mg/L.
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Figure 69. Calculated arsenic distribution for a discontinuous source with=alkand 1
year after introductio. The highlighted cell is the source and the arsenic contour line
shows the EPA limit of 0.01 mg/L.
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