Fate and Transformation of Oils and Trace Metals in Alabama and Louisiana Coastal
Marsh Sediments Associated with the British Petroleum Gulf Oil Spill

by

Michael Gilbert Natter

A thesis submitted to the Graduate Faculty of
Auburn University
in partial fulfillment of the
requirements for the Degree of
Master of Science

Auburn, Alabama
May 7, 2012

Copyright 2012 by Michael Gilbert Natter

Approved by

Dr. Ming-Kuo Lee, Chair, Professor, Department of Geology and Geography
Dr. James SaundemBrofessor, Department of Geology and Geography
Dr. Charles Savrda, Professor, Department of Geology and Geography



Abstract

The effects of the 2010 BP Macondavell oil spill on the geochemistry of sediment
andwater columns at ten Gulak-marsh sitesvereinvestigatedmonths after the spill ceased.
The ten sampling sites inclufeur heavily contaminated sit@s Louisiana (Bay Jimmy North,
Bay Jimmy South, Bayou Dulac, and Bay Batiste), three intermbdatetaminatedites in
Alabama (Walker Island), Mississippi (Point Aux Chenes Bay), and Louisiana (Rigolets), and
three pristine sites in Alabama (Weeks Bay, Longs Bayou) and Mississippi (Bayou Heron). Five
of the ten sites are discussed at length intti@sis they include Bayithmy South, Rigolets,
Walker Island, Longs Bayou, and Weeks Bay

Results indicaténmediate and potentially loAgrmimpacts of MG252 Macondel
spilled oil on sediments and penaters of coastal wetlands. High levelgatal organic carbon
(TOC) cortents of ded wetland sediments range frdi®28% whereagristine sites are
generally < 3%. Furthermordissolved organic carbo®(QC) levels in porewaters at oiled
locations which reachhundreds of mg/kgare one to two orderd magnitude highertan those
atpristine locations.GC-MS analyss of oil extracts clearly correlagource MC-252 crude to oll
extracted from sediments down to 15 cm. -6 analysis also shows significant degradation of
lighter compounds while heavier oils still persissediments.

Most probable numbemalysis obacteria suggesthat the oil and organic carbon that
wasled into the coastal wetlands haezelerated the growth and colonization of sulfatel
iron-reducing bacteria. Oiled sediments are charactebyeery high sulfide concentratien

(up to 80100 mgkg) and an abundance of sulfailucing bacteria. The influx of oil and its



biodegradation creatassrongreducing conditioaalong with the increased microbedtivity,

which in turnfacilitatethe bological and chemical transformatiohtoxic trace metals. Highly
elevated concentrations of certain trace metals and elements (Cu, Pb, Zn, Fe, Hg, As, V, Ni, and
S) arefoundin heavily oiledsediments, likely resulting froMC-252 oil and itsassociatd

chemical constituentsAdditionally, oiledwetlandsare dominated bfine-grainredmud and

organic matterwhich have a high capacity to adsorb metals. Interestingly, despite high levels of
trace metals in bulk sediments, concentratiortsage metalslissolved in porevaters are

generally low. PetrographiS§EM EDAX, andLaser AblationlCP/MS analyses indicate that

many toxicmetals(As, Hg, Pb, Zn, Cuetc.)have been sequestered in biogenically produced

metal sulfides at heavily oiled sites.

Resuts indicate that the increase of organic carbon (i.e., oil) at heavily contaminated sites
causes an acceleration of sulfadad irorreducing bacteriaolonizationthatpromotes strorlyg
reducing conditionsUnder stronty reducing conditiongdissolvedrace metalsre sequestered
by sulfate reducertghrough the formation of sulfidebds. Althoughheavier components of
crude continue to exist in sediments, the biodegradation over the long term and possible
oxidation of biogenically produced metal sdéfs and the resultant-reobilization of trace
metals remains unclear. Continued evaluation of ecologically sensitive estuarine environments is

neecakd to fully understand the losigrm effects of the oil spill.
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INTRODUCTION

The devastating explosion and subsequent sinking of the oil platform Deepwater Horizon at
the British Petroleum Maconebwell on April 20, 2010, released approximately 4.9 million
barrels of crude oil ito theNorthernGulf of Mexico (Flow Rate Technical Group, 2010; Crone
and Tolstoy, 2010). This oil, which in itself can have adverse effects when introduced into the
environment, also changes the geochemistry of sedsrmapdtwater column with which ibmes
in contact Most research on tlwl release at the Macondobwell site has focused on the
immediate and direct impacts of the 68,000 square mile slick on surrounding aquatic
environments (Amos, 2010). Althoughese studies are of utmost importartbe alteration of
sediment and poreater geochemistry by influx of oil could have an equally profound effect on
the aquatic and coastal ecosystems for years to come. Possiblerfardgtrimental effects
include the enhanced biotransformation and teaiion oftoxic metals (e.gmercury and
arsenig due to increased concentrations of organic carbon in the syktegdt al., 2002
Keimowitz et al., 2005Hollibaugh et al., 2009_ee et al., 2005, 2007, 201BlanefFriedrich et
al., 2009. Althoudgh most light compounds of oil may be easily degraded by natural microbes on
the short term, saturated heavy oil (e.g., asphaltenes, resins, polycyclic aromatics, etc.) and those
adsorbed by sediments could persist in thérenment for decade©(dot andChaillan, 2010).
Recent studies have shown that the enrichment of soluble arsenic takes place when minerals
that haveadsorbed arsenic (e.g., Fe and Mn oxides) are reduced in algtreddgcing

environment by ironand sulfatereducing bacteria (€eze and Cherry, 197Brever, 1997;
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Figure 1. Location map of sediment samples collected fromctastal wetland sites in Alabama,
Mississippi, and Louisiana (white indicates no contamination, yellow indicates slightly contaminated, and
red denoteseavily contaminated sites).



Lee et al., 20055aunders et al., 2008). The oil and organic carbon that washed into the coastal
wetlands can greatly facilitate the growth and colonization ddfteuand irorreducing bacteria.
Consequent aptification of reducing conditios, along withmicrobial activity has been shown
to facilitate the mobilization, transpotitan, and speciation of arser{i€eimowitz et al., 200b

While atmospheric deposition and riverine inputs are the domseamtes of mercury over
most areasMjason et al., 1994JSGS Fact Sheet 146, 2Q0the toxicity of mercury often is
determined by its chemical form and route of exposure. MethylmercuryHg)hs the most
toxic form (USGS Fact Sheet 146, 2000; Ullrictaket 2001). Recent studies show that organic
rich, strongly reducing environments can facilitate mercury methylation (USGS Fact Sheet 146
2000 Mason etl., 1994 Monreal, 2007). This is a process in which inorganic mercury and
carbon are joined to ake monomethylmercury under strongly reducing environments by iron
and sulfatereducing bacteria. Environmentally, this is of particular concern due to the fact that
monomethylmercury is a bioenvironmental toxicant and can become a major source of
contaninant in the aquatic fud chain (Keimowitz et al., 200®lIrich et al., 2001). In many
Gulf estuaries and coastal watersheds, Hg bioaccumulation from fish consumption already poses
a health hazard. The methylation and bioaccumulation process can heeshbyg large
amounts of organic carbon entering the aqueowgonment (King et al., 2002)T'he main
objective of this study is to assess the geochemical changes resulting from the interaction of oil
with coastal wetland sediments in selectedf @Gwarshlocations (Figure 1). Sedimetres,
surface bulk sedimentsurface water, degraded oil, oiled dead marsh gaasiive marsh grass
werecollected from a total of ten different marsh logas in Louisiana, Mississippand

Alabama(Figure 2) Five of these sitegncludingBay Jimmy SouthBJS) Rigolets(RG),



Walker IslandWI), Longs BayoyLB), and Weeks BafWB) areconsideredn this study
(Figure 1). Source MacondbMC-252 crude oilvas also obtained fmomparisorpurposes.
Samplingsites varied from pristineindfected marshes (e.g., Weeks Bay and Wolf Bay of
Alabama) to heavily oiled wetlands (e.g., Bay Jimmy of LouisiaB&diment and pore/ater
samplesvereanalyzed ¢ test four key hypotheses:ihjlux of oil and organic magt promotes
microbial growth and thereforeauss release and biotransformation of some metals such as
iron, arsenic, and mercury; Riflux of oil in coastal wetlandslevats levels of certairirace
metak, specifically Ni, Cu, VandS, thatare all conpositionalconstituents of crude oil; 3)
sulfate- and irorreducing horizons aratered due to thadditionsof limiting substrates (i.e.,
carbon and metalprovided by spilled oiand 4) natural microbetigest lighter compounds of
oil quickly (within months) while heaviewoil fractions may persist much longeniretland
environments.
Geochemical alterations as a resulth@oil spill weredocumented by comparirtata
obtained fronoiled and pristine sitesThese alterations can then be correlatéh anychanges
in geochenistry (e.g., sediment and penater chemistry, organic carbon contents, reduced Fe
and S, etc.) andiotransformation of trace metals, especiatigeaic and mercury if present.
Spilled oil present at sites and residing idiseentswere alsdingerprinted anatorrelated to
source MG252 crudeusing geochemal biomarkers and stable carb@otope signaturesThis
study documetsignificantgeochemical changes that can be utilized at a later date in efforts to

remediate anditigate the damages caused by this and other oil spills worldwide.



SITE LOCATIONS AND BACKGROUND

Field sampling was conducted in affected Gulf coastal wetlands to investigate the spatial
range and changestinelevelsof oil, tracemetalsand their biogeochemical impacts. Ten
samplirg sites (Figure Ylinclude fourheavily contaminated zones in Louisiana (Bay Jimmy
North, Bay Jimmy SouthBay Batiste, Bayou Dulagfigure 2) three intermediate sites in
Alabama (Walker Island), Mississippidiat Aux Chenes Bay),mal Louisiana (Rigolets), and
three pristine sites in Alabama (Weeks Bay, Longs Bayou) and Mississippi (Bayou Heron). Five
|l ocations were chosen in Al abama and Loui sian
(Walker Island, bbngs Bayou, Weeks Bay, Rigolets, and Bay Jimmy Souive other wetland
locations in Mississippi and Louisiana are studied by Keevan (2Ba2h of these areas was
chosen for their specific geographical location amying degree of contaminatiorfll ten
sampling sites are included in resudind analysis sections for comparig¢dable 1 and Figure

1).

Figure 2. Sediment core recovered at the heavily oiled Bay JirsiteylLouisiana
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Table 1L Saltmarsh amping locatiorsin the Gulf region

Samping Sample Latitude Longitude Date Water
Sites ID (degees (degres) Sampled Temp C

Weeks Bay WB 30.413 87.831 10/19/10 22.8
Longs Bayou LB 30.308 87.623 10/20/10 22.6
Walker Island Wi 30.288 87.541 10/20/10 230
Bayou Heron BH 30.396 88.401 10/22/10 21.6
Point Aux Chenes Bay PACB 30.335 88.451 10/22/10 23.1
Rigolets RG 30.172 89.690 01/10/11 8.8
Bayou Dulac BD 29.456 89.808 01/11/11 11.5
Bay Batiste BB 29.472 89.831 01/11/11 104
Bay JimmyNorth BJIN 29.454 89.885 01/13/11 6.6
Bay Jimmy South BJS 29.445 89.891 01/13/11 7.2

Weeks Bay, Alabamdhis coresampling site was abbreviated WB for all labeling and

identification purposeélable 3. WB sampling took place in the northwe® portion of the

bay (Lat. 30.413 Long.87.83). Water depth at this site was 85 cm at the time of sampling
(October 19, 2010)Weeks Bay is an estuary of Mobile Bay and has a watershed 0D026,0
acres Watersheds in the areas that feed Weeks Bagwarounded by populated residential and
urban areathat host large industrial armdjricultural activities. These activitiase potential

point and nofpoint sources of etals pollution.Previous studies have demonstrateat bays or
ocean estuarieare efficient traps for Hg and other metal®stuariesike Weeks BayNason et
al., 1994,1999) Fish consumption advisories have been issti®deeks Baydue to elevated

Hg levels(ADEM, 1996;ADPH, 2008)

This sampling locatiorfFigure 3 waschosen because it is in close proximity to the mixing
area of Fish Riveroés freshwater and the Gulf
(2007). Weeks Bay receives its freshwater and metal inputs from Fish Riedgrgest surface
stream in Bldwin County Several maps of surfaseaterquality (i.e., temperaturgH,
electrical conductivy, dissolved oxygen, oxidatiereduction potentiaiwere producedsing

data froma previous stuyg by Monrreal (2007)Figures 48). Waterquality data wergathered

6



from more than 30 locatioret the surface and 1 meteaterdepthshroughoutWeeks Bay, Fish
River, and four nearby USGS muming wells(Figure 3. Thewatersample sets weranalyzed

in conjunction with the currerst t u d y 6 B ordee tscanktrtuct maps and identify favorable
environments for microbial activityThe waterquality maps shova distinctsaltwatemwedge
produced bymixing freshwater with saltwatenVater collected from in depth has higher pH
and conductivity values with spect to those collected near the surface. This trend suggests that
the seawater intrudes along the bottom portion of the water column in the bay before mixing with
acidic freshwater from the Fish River. Seawater intrusion creates a front of saltyhaater t
penetrates below acidic, leeonductivity freshwater, forming a saline wedge, which is also
indicated by steep contour gradients of conductivity, temperature, and pH ppérebay. The
neutralpH of watersgn mixing zones favors precipitation of narals(i.e., iron-oxyhydroxides,

and perhaps adsorptiontofice metaland other pollutants that wemgobilein more acidic Fish
River waters.The freshwateand seawater mixing zone also provides desired geochemical
conditions (i.e., warm temperatsrdow salinity, high levels of nutrients and biological activity)
for biological transformation of heavy metaisch as mercuryThis specificcoringlocation was
also chosen becaustee silt andclay size sedimenthat dominaténereprovide high surfae area
for tracemetal adsorptioand precipitation Surface watenear the mouth of Fish River where
river water mixes with bay water hdasetlowestdissolved oxygenO) values (Figure )l The
reduced oxygen levels in tineixing zonemayreflectenhaned microbial activity, which is an
important factor ifmercurymethylaton. Some bacteriauch asulfatereducing bacteria

(SRB), prefer anaerobic waters with low DO or ORP that may contribute to the methyéatio
mercury King et al, 2002) WB 6 scatibnavas not contaminated by the oil spill and, thus, was

chosen as a control site for comparison with knovied sites inthe Gulf region
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Longs Bayou, Alabam& his sampling site was abbreviated LB for all labeling and

identification purposesT@ble ). LB samples were collected from a small inlet in the
southwestern corner of Wolf Bdlat. 37.353,Long.87.623 (Figure 2) Water depth at this site
was 40 cm at the time of sampling (October 20, 2010). This location was chosen because of its
protected location in WolfBaywo | f Bay, an EPA Cl amaWateppisd fOut
located on the Gulf of Eiico in southern Baldwin County between Perdido Bay to the east and
Mobile Bay to the westWolf Bay is an estuary where freshwater and seawater miksand
environmenhoss a diversity of aquaticavian, and reptilian specieStreamsthat empty into
Wolf Bay includeWolf Creek, Sandy Creek, Mifflin Creek, Graham Creek, Owens Bayou,
Moccasin Bayou,red Hammock Creek. Wolf Bay also ¢é®nnected to th&ulf Intercoastal
Waterway which carries commercial barge traffic and connects Perdido Bay to Méyle
Several maps of surfaceaterquality were produced witkdata collectedby Beasley (2010)
(Figures 1014). Waterquality measurementseredeterminedy Beasley (2010fpr more than
30 locationsat the surface and 1 meter deptirveughout Wolf Bay(Figure 9.

Beasl eyds ( 20ibo6ohundientwahdatm@esvedunsthe durrent study in order
to construct mapandhelp identify favorable environmentsr microbial activity Parameters
measur ed i n Be aiscludemygenpeat(re PHL Ipegcificccondudtance, dissolved
oxygen (DO), and oxidain-reduction potential (ORP)Saltwater wedgdgemperatureand
salinity stratificationsin the Wolf Bay watershedre similar to those that exist in Weeks Bay,
AL (see Figure10-14). Thedata collected at depth show a higher pH annductivity than
those ofsurfacewates. This trend suggests that the higher pH and denser seawater is intruding
along the bottom of the water cohn and mixing with the more acidic and lssfinewaters

from the creeks flowing into Wolf Bay. The electrical conductivity values in Wolf(Bay@80
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to 40,000uS/cm) aranuch higher tharhbse in Weeks Bay’Q to 5,70QuS/cm). High salinities
imply less favorableonditiors for Hg methylation Compeau and Bdra, 1987; Ullrich et al.,
2001; Celo et al., 2005; Kongchem et 2D06) The pH values showlightly greater variations
in Weeks Bay (6.3 to 8.8) than those in Wolf Bay (6.9 to 8.8), possibly reflecting stronger
mixing and freshwater inputs the WeeksBay watershed.

Local news agencies reported tepilled oil penetrated the boom systenthe narrow
Perdido Pass thabnnects the Gulf of Mexico to Wolf Bay. Tidal currents bring seawater into
Perdido Pass and help feed the bays and estuarieensyslowever, it is unlikely that this site
was contamind bytheoil spill. Northwesterly littoral drifandwinds that predominate in the
Gulf of Mexico during the spring and summer months likely would have taken any contaminants

in the opposite diion of LB. Hence, this protected site serves as an additional control site.
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Walker Island, Alabamarhis sampling site was abbreviated WI for all labeling and

identification purposeélable 3. WI sedimensamples were collected from a small inlet in the
northeast corner of Walker Islafidat. 30.288 Long.87.541)(Figure 2) Water depth at this site
was 40 cm at the time of sampling (October 20, 2010). This location was chosen because it is
one of the mostontaminated sites insidiee Perdido PassWalker Island is one of three
exposed flood tidal shoals that Hescome vegetated aaghermanent exposed shoal just north
of Perdido PasfFigure 15) The Pass allows access from the @tl¥exicoto CottonBayou
and Bayou St. JohrDuring the Deepwater Horizon oil spidl pipe boom was installed at the
Pass and access to the bagsclosed duringlood tidal activity. Multiple localnewssources
reporedcontamination to various deges in Perdido Passid surroundingdys (WKRG CBS
News, 2010) The pipe boombkad limited effect during peak phases of otmnination
allowing the influx of oil through Perdido Pass onto Walker Island. Howewerisible oil was

seen in the surface water during sanglisix months after the initiation of the oil spill.
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Rigolets, LouisianaThis sampling site was abbreviated RG for all labeling and identification

purposegTable 3. RG samples were collected from Rigolets Rhat 30.172,Long.89.690)

(Figure 2) which is a deep water pass between Lake Ponchartrain, Louisiana and tbé Gulf
Mexico. Water depth at the edge of the pass were sampdggonductd was 20 cnfJanuary

10, 2011). This location was chosen because it was only slightly contaminated and thus serves
as a control sitéo heavily oiled sites in LARIigolets is a 12-kKm-long deepwater tidal pass

that supplies saltwater to Lake Ponchaantvia the Gulf(Figure 16) After the Deepwateoil

spill, pilings for boom systems were installed and barges strategitatigd in the Pass in

attempt to close off and protect the surrounding wetlands. However, according to local news
sourcesminoramounts of oil penetrated the system and entered Lalah&adrain via the Pass

and through its defenses (The Tirl&sayune News, 2010However, o visible oil was seen in

the surface water during sampling, nine months after the initiation of thelbil sp
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Bay Jimmy South, Louisian&his sampling site was abbreviated BJS for all labelirty an

identification purposesT@ble 3. BJS samples were colledifrom the southern portion &ay
Jimmy, Louisianal(at. 29.445 Long.89.891)(Figure 2) Water depth at this site was 10 cm at
the time of sampling (January 13, 2011). Bay Jimmy is a small body of wakter $duth ¢

New Orleans, Louisiana. It wase of the most heavily contaminated coastal wetamd
Louisiana(Figure 17) Thissitewas chosen because it was heavily contaminated occupies a
unique oceafront setting Bay Jimmyis partof theBaratariaBay basin and ikcated along the
shores oBoutheastern Louisiana as tpafrthe Mississippi River delta (Figure 18 he

Barataria Bay basiis a large estuampat holds a diversity of wildlifancluding shrimp, crab,
sea turtles, and a variety of avian and fish spedxegraded ogin oil-covered marsh grasses
werepresent at this sitduring sampling A chemical odor was detecteahd &ilm of oil

coated sediment coring devices. Erosion of the marsh shore was in progress at an accelerated

rate due to the suppression and mortality ofsingrasses.

Figure 17. Photograplof suppressedil covered marsh grass ira Jimmy, LA

22



89°54°0"W

29°28'0°H 29°28'0°H

29°26'0°NH 29°26'0°N

89°54°0"W

M B3y limmy Scuth S=dimsnt Cors

220 240 830 Meters

e c o bt s ~p )

Figure 18 Map showing sdimentcoring and watesampling site iBay Jimmy South, LA

23



BACKGROUND

This researclocuses orbiogeochemical chameg andnobilizationandbiotransformatiorof
trace metals (e.garsenic and mercuyyn coastalvetlandsin response tincreased levels of
organic carbomesulting fromthe Gulfoil spill. Backgraind information on site geology and on
the fate and trafermation ofarsenic and mercufpllows, with a brief explanation of the

biogeochemicabrocesses that could be attributed to the oil spill.

Geologic Setting

The five wetland sampling locations utilizedthis study all reside in the CoastiR
province of Alabama ahsouthern Louisiana. Alabama CoastairfPsediments in the area can
be divided into three major groups. In ascending order, these are the Miocene undifferentiated
series, Pleistocene Citronelle Formation, and Holocene alluviunn{ithaet al., 1996). All
sediments analyzed for this study from Alabama and Louisiana are classified as Holocene
alluvium and were locateid deltaplain or coastal satharsh locals. The Louisiana sediments
directly overlay Late Pleistocene continershélf deposits, Late Pleistocene Citronelle and
Willis formations, or Pleistocene terrace deposits.

Sedimensamplescollected from all Alabama and Louisiana sites consist of coastal deposits
that include fine to medm quartz sand, silt, and clayfhese deltglain and salt marsh
sampling sites all contaielativelyhigh levels of organic content with various amounts of peat.
While Alabama sampling sites reside in Weeks and Wolf Bay watersheds, the Louisiana

sampling sites are areas of activebandoned delta lobes of the MississiRper.
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Trace Metal Speciation, Mobilization, and Bioaccumulation

Heavy metalsmorecommonly known as trace metdésg., mercury, arsenic, lead, cadmium,
copper, zinc, nickel, etg.have been determined te bxtremely toxic to wildlife and humans
when elevated in the environment. Anthropogémpuits oftrace metalin coastal and estuarine
environments hze been identified as a majondronmental concern due tbe long residence
time of metals ircoastaletlands (Cohen et al., 2001). Specifically, arsenic and memhrgh
are concentrated by industrial activitiesay be found at elevated leveiscoastal bays and
estuaries. Little is known about the biogeochemical and hydrological controls atetlaad
transformation of trace metals in coastal watershetichoften depends on aquatic chemical
and redox conditions.

Arsenic and mercury are recognized as two of the most toxic inorganic contaminants in
drinking water. Current EPA drinkingater standard®r arsenic and mercury are ig/L and
2 ug/L, respectively (EPA Fact She@009. While these two highly toxic heavy metals are
found in insignificant amounts in Earthés cru
industrial purpses and have been used for many commercial applications. Arsenic also is
commonly found incorporated inswlid phase Fsulfides (e.g.pyrite) under sulfateeducing
conditions (Saunders et al., 2008). Arsenicalanbe sorbed onto the surface afriroxide
minerals under oxidizing conditiong/glch et al., 1988Wadigan et al., 1997). This adsorption
process often takes place as geochemical or redox changes allow soluble arsenic to precipitate
onto the surface of minerals (King et al., 2002). ddey, while only having an average crustal
abundance by mass about80 ng/kg, does not readily blend geochemically with minerathe
Earthd srust(EPA Fact Sheet46, 2000. When found in terrestrial environments, it is

typically sequestered andshimited mobility. The movement and transportation of these
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pollutants often depend on chemical conditions present in the aqueous environment (Keimowitz
et al., 2005).

Arsenic enrichment in natural waters occurs around the world as a resuloofsvari
biogeochemical processes (Smedley and Kinniburgh, 2002). Recent studies have shown that
enrichment of soluble arsenic takes place when minerals that have sorbed arsenic énd., Fe
Mn-oxides) areeducedn Fereducing environments (Saunders et2008). The arsenic
becomesnobilized and goes into solution as ire@ducing bacteria reduce the minerals and use
the freed electrons for energy during anaerobic respiration (Nickson et al., 1998, 2000; McArthur
et al., 2004;dlam et al., 2004). In Hate-reducing environments, dissolved arsenic may be
removed by ceprecipitationwith sulfide solids, or remaim solution as it reacts with reduced
sulfur to form thioarsenite aqueous complexes (Lee et al., 2005).

Increasing reducing conditionsc&microbial activities may facilitate the mobilization,
transformation, and speciation of arsenic (Keimowitz et al., 2005). In the resulting redox
reactions, arsenic is freed from its sediment or minerathgses into solution and can
accumulate as agqous species in elevated amounts. This mobilized arsenic can then form
agueous compounds and becomednoumulated in nature. The kagcumulation of arsenite
(As(I), in the chemical form of As(OH) as reduced neutral aqueous compounds is of
particular concern due to its extremely high toxicity and mobility with respect to other As
species (Saunders et al., 2008). Arsex@s(V), in the chemical form of HAsY or AsQ®)
are negativeharged anions and are more strongly adsorbed -byr fén-oxyhydroxides with
positive surface charges.

Mercury is a highly toxic element that is found both naturally and as an industrial

contaminant in the environment. Metal processing, combustion of coal, medical waste and
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mining of gold and mercury contribute high concentrations in certain areas (USGS Fact Sheet
146, 2000. However, atmospheric release from burning fossil fuels in conjunction with
mercuryoés volatilization is theMadooetalnl®t sour
USGS Fact Shed#6, 2000. Once in the atmosphere, mercury can be widely circulated and
distributed by winds and wteer patterns.The toxicity of mercury often is determined by its
chemical form. MethylmercurfCHsHg) is widely accepted as its most toxic form (Mahget

al., 1997). Recent studies have shown that strongly reducing environments created by sulfate
and ironreducing bacteria can facilitate mercury methylation (USGS Fact Blge&000

Mason et al., 20Q9Monreal,2007). In this process, inorganic meeiry and carbon are joined to
make monomethylmercunSulfatereducing bacteria are particularly efficient mercury
methylators (Chapelle, 1994). In many Gulf estuaries and coastal watersheds, mercury
bioaccumulation from fish consumptiorreddy poses health hazardThe methylation and bio
accumulation process can be enhancethéyntroduction into aqueous environmentsanfje

amounts of organic carb@uch as those delivered from Belf oil spill.

Carbon

Carbon is the fifteeh most abundan el ement i n tthedourtBmost hds cr us
abundant by mass in the universe. The carbon atom, also referred to as the building block of life,
exists in nature as various allotropes and is stable in a numbedatioristates fror to +4.

Enemy is released during carbons oxidatiand the series of redox reactions that alter its
oxidation state iseferredto what is known as the carbon cycle. The cytdeqs carbon into

two forms organicand inorganic. While inorganic forms contagrbonas an oxidized species
(+4) typically as CQin atmospherigas or in water aa dissolved species, it also can be bound

in aquatic environments by calcibcarbonate precipitating organisms. Organic carbon is a
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reduced species of carbon (0) tiats beemeduced from Coto carbohydrates by the process of
photosynthesis. This organic carbon is often thesxigized by means of respiration from
animals and microorganisnas part othe carboncycle.

Organic carbon created by plants and organisn®ih aquatic and terrestrial environments
often becomes buried and broken down into simpler forms of carbohydrategoic acids by
fermentators and other bacteri@hapelle, 1993). Thexalation of buried organicompounds
leads to increased levad§ CO,, creating moreeducing and anoxic environmenthere
anaerobic bacteria utilize the remaining simplified organic compounds for energyaiRitet
al., 2001). Increasemmounts of organic carbon in sequestered environments suaitlasds
lead b increasegbopulations of microorganisms that utilize the carbon substrate for energy, in
turn creating increasing amounts of biomass in the system (Berner, Fa8dermore, oil and
organic carbon that wash into the coastal wetlands from oil spillgreatly facilitate the growth
and colonization of sulfatend irorreducing bacteria, which may lead to intensification of
reducing conditions. This, in turn, may facilitate the mobilization, transformation, and speciation
of toxic trace metals (Keimatz et al., 2005).

Carbon isotopic signatures of petroleuytocarbons are influenced bgrious factors,
including the source of organic mattbiogeochemical reactionand isotopic fractionation
involved in the generation of the petroleum. @kgnthesis enriches biologically synthesized
organic compounds in light&fC. Fossil fuels such as petroleum and materials formed from the
bacterial oxidation of organic compounds (products of photosynthesis) are typically depleted in
¥C(<-1 54, RlBtBetoinorganiccarbonsources uch as marine carbonat

(Faure, 1997). Stable isotoignatures do not change much dummyironmental alteratian
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and fluctuation. However, introducing nenganic compourgithat have different sratures
will alter the ratiosthusproviding a reliable way to correlate the spilled oil with the source.

The stable carbon isotopic composition of organic matter in marsh sediments is primarily
controlledby the type of vegetation growing in the relar Coastal salt marshes dominated by C
plants (i.e., primari\Bpatina patensandSpatina alterniflora) haveii™>C signatures of14.4 to
-17.74 (Chmura et al., 1987). G valdes rarming s by ¢
from-23to-32a depending on the source of the oil (
Jackson et al., 1996). The report&dC vaues of crude oils from different reservoir rocks of the
southern USA and the Gulf of Mexico dr26.6t0-3 3. 0a ( Stahl , 1977; Ma c k-
1983), wheh are very different from th#> C signatures of sedimentary carbon in salt marshes
along the Louigna coast (Chmura et al., 1987). Sadtrstes dominated by £type plant
Juncus which has more depleté&’C signatures(2 4 &) similar to those o

carbon isotopic difference between thet@de marsh vgetation and the oil providesunique

opportunity tatracethe source of the spilled oil in coastal marshes.
Crude oll

Crude oils and petroleum are naturally occurring flammable mixtures of hydrocarbons that
exist in nature as gaseous, liquid, and solid states. Hydrocarbassangially organic
materials chemically converted during deposition under various pressure, thermal, geological and
microbial conditions. By definition hydrocarbons are molecular chains that only contain
hydrogen and carbon and account for an infinitelper of complexes. Petroleum hydrocarbons
are dominated by saturates or alkamdsich are saturated hydrocarbons with single carbon to
carbon sigma bonds. Crud# also contains various amounts of alkenes, aromatic

hydrocarbons, and polar compound8hile crude oil is mostly composed of petroleum
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hydrocarbons, which include small volatile compounds to heavyvalatile ones, it also

contains minor amounts of sulfur, oxygen, nitrogen, and trace metalsémadium, nickel, and
others)(Morrison et &, 2006). Weathering and biodegradation of crude when it is exposed to
oxygen can alter the structures of the lighter compounds as microbes preferentiallgradtack

break dowrthe single bonds in the lighter moleculealthough most light compounds of

may be easily degraded by natural microbes on the short term, saturated heavy oil (e.qg.,
asphaltenes, resins, polycyclic aromatics, etc.) and those adsorbed by sediments can persist in the
environment for decades (Oudot and Chaillan, 2010).

Variations in source factors, matsial activity, and environmentdeposition lead to a unique
chemicalmakeup for each crude o{Wang et al., 1999). This distinct chemical malpealso
known as a fingerprintan kad to analysis and correlatiohoil to source, original organic
matter, thermal maturity, migration, degiamal environment, and sourceck agesPReters et
al., 1991, 1986Morrison et al. 200§. Organic molecules present in the crusiech as terpanes,
steranes, and acyclic isoprenoaigl thei isomers known as bimarkerscan be analyzed to
construct a chemical signature or fingerprint. The selectethbrtiers used for fingerprinting
show little change in structure during prolonged weathering and oxidation when introduced to
the ewvironment (Peters et al., 200@prrison et al., 2006Wang et al., 2007 Thefingerprint
constructed fromesistant biemarkers can then be used in environmefotansics for

correlation of spilled oito source contamination.
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MC-252Crude oil

The crude oll released from the M1 well in the Mississippi Canyon lease block 252
eventually created an oil slick in the Gulf that covered an estimated 68,000 square miles. An
estimated 1.84 million gallons of Corexit dispersant was applied to bosuttaee slick and at
the well site in an attempt to disperse and breakdown the leaked GiR5Ricrude is classified
as light mature oil with an American Institute gravity of 38.8. On Septefdh&010he U.S.
Coast Guaradsked the USG® perform firgerprinting identification of tar balls and degraded
surface oil along the coast and affected wetlands of Texas, Louisiana, Mississippi, Alabama, and
Florida (Rosenbauer et a2010). Rosenbauer et al. (200@monstrated that spilled oil present
in sedments and tar balls positively correlated t€4452 crude in various locations this area
Rosenbauer et al. (2010) published several reference standards thatised tmecorrelate
spilled oils to possible sourceb the current study, thatio of seveal bio-markers present in
MC-252crude (see Rosenbauer et al., 2010) was used in conjunction WithS=fIM analysis

of sampled MG252crudefor biomarker analysis
Bacterial Processes

Aerobic and anaerobic bacteria contribute to or mediate wiaine biogeochemical
processes that take place in sedimantporewatess under various redox conditions. These
processesvhile complex in nature, account for various auspicious and detrimental organic and
inorganic reactions. These thermodynamjcafiontaneous redox reactions aralyaed by
microorganisms imaturalwatess (Freeze and Cherry, 1979; Chapelle, 1993; Drever, 1997).
Natural mcrobial species compete amonge another for substrates, carbon sources (also

function as electron donors)nd availabiliy of electron acceptors (e.§z, NO> Mn(IV),
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Fe(lll), SQ?, etc.). The relationship between microorganisms becomes competitive in these
instances as they vie for space, moisture, electron donors, and electron acceptors (Chapelle,
1993). This competitive relationship leads tstohct environmental zones in which selected
species thrive. Zoneseate separation in populations that can fluctuate from location to location
based on the resources present and levels of biomass. Tda rgmation in Coastall&n

sediments follow a downwakquencef progressively more reducing conditions: @idizers

- NOZ®reducers Mn(IV) reducers Fe(lll) reducers SOy, reducers CO,reducers

(Figure 19 (Froelichet al. 1979Chapelle, 1993Rittmann et al., 2001, Griffin. 2005).
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Zonation of microbial species, originally thought to be a direct inhibitory processnbas si
been demonstrated solely as a resul tinnaaufe compe
(Drever, 1997; Chapelle, 1993). While competitive exclussahe major factor controlling
microorganisneonation,cooperative relationshiggsohavebeen recognizedin highly organic
carbon contaminated locations with sulfidic wateth Fe (111) reducers and $®reducers
maythrive together (Beeman and Sulflita, 1987). While competitive exclusionary processes
limit the activity of microorganismout of their specific zonatipaubstrateich (i.e., carbon)
locations may lead to an environment that is conducive to coexistence of bactBeeman
and Sulflita,1987 Chaelle, 1993. The major biogeochemical reactions and praess

evaluatedn the current study amaitigated by sulfateand irorreducing bacteria
SulfateReducing Bacteria

Sulfatereducing bacteria (SRB) are a diverse group of prokaryotes that contribute to and
regulate many geochemical processes in various geolagieebnments (Chapelle, 1993).
These unicellular organisms that lack a cell nucleus exist as Hudbtetia and archgidadigan
et al., 1997, 2003). SRB can be placed into two broad physiological subgroups or four groups
based on RNA sequence charasters (Madigan et al., 1992003). The physiological
subgroups are defined based on whether or not the batdar@idize fatty acids, lactate, and
succinate all the way to d#on dioxide Thefour phylogenicsubgroups ar&ramnegative
mesophilic SB, Grampositive spore forming SRB, thermophilic bacterial SRB, and
therm@hilic archaeal SRB (Castro &lt, 1999). The geochemical processes SRBilitate vary,
but they are one of the most important facilitators of carbon and sylfling worldwide by
way of dissimilatory sulfate reduction. The sulfur cyelbich includes sulfur in three common

oxidation states- for sulfides O for elemental sulfur, and #6r sulfates)relies heavily on

34



these reducing bacteria for the storage and releasewiicl energy (Chapelle, 1993). SRB
also prevent the buildup of fermentative productsedimentby usi ng t he fer ment
products as a carbon source. This process plays a major role in the cycling of the carbon
worldwide.

These obligate anebes use sulfate as a terminal electron acceptor in a redogtatation
reaction that ultimately produces energy for the prokary®kes isalso known asheterminal
electron acceptqgurocess (TEAP). Organic carbon that is oxidized in this prosesspgped of
el ectrons by SRB. El ectrons are then consume
produce biomass and energy for eedlintenance. The organism then transfers the eledtv@ns
newly reduced agentThis substratéimited reactio oftenproducesydrogen sulfide (kB5) as a
productfrom sulfate (S@ ?) aselectrons are placed on sulfur. This reaction is dependent on
adequate amounts of electron donors and accdpgorg presenfNational Research Council,
1993;Chapelle, 2001Saunders et al2005). A generalized bacterialigcilitated sulfate

reduction reactioywith acetate as the electron donier
CHsCOO + SO*+H'Y 2 K €Sy 1)

SRB are capable of deobilizing dissolved heavy metals as a result of their respiratory
activities by way of raising pH levels and producing hydrogen sulfid8)(thus precipitating
metals as highly insoluble metslifides. A generalized metal suk production reactiowith

Me?* as a divalent normally reded form of a metal can be shown as
HS +Me®*Y MeS*™ + H 2)

Low-valence or reduced forms of metals present in the aqueous phase often bond to the

hydrogen sulfide (b5), producing metal sulfides referred &s bacterial produced metal sdés
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(BPMS). These BPMSuch as iron sulfides (pyritpyrrhotite, troilite, mackinawite) and zinc
sulfides (sphaleritanarmatite) can become a adsorptwte for various other divalent metals
In reducing environment8PMS ardancorporatecandadsobed withPb(ll), Cu(ll), Cd(ll),
Zn(I1), Ni(ll), Fe(ll), and As(V) HuertaDiaz and Morse, 1992dong et al., 2004). BPMS are
efficient sinks for various toxic trace metals

TheBPMS in modern marstediments are mostlarious species and textsref
sedimentary pyrite when ample amounts of Fe(ll);$@nd organic carbon are present (Berner,
1970, 1984). Laboratory studies have shown that organic carbon present in the system for
bacterial casumption ighe most important contributing factourthg BPMS growth in
terrigenous marine sediments (Berner, 1984).

During nucleation and growtharious pyritic minerals show distinct textures and forms
under alternating redox conditions in tigaihfluenced salt marshe8PMS, especially pyrite
evolve into framboidal spheres, fused octahedral pyrite crystals, well developed octahedral
crystals, loose euhedral pyrite crystals, and fused frambdidsse forms are theorized to
indicate differences inxygenconcentrationgn coastal and marine setents during mineral
growth (Wilkin et al., 1996) Hence, BPMS forms may be usefat paleoenvironmental
analysis However, recentlyexture and growth of BPMBave been attributed alternatively to
substrate availability, and interplay of several biajemical processes (Roychoudhury, 2003).

While SRB are widely considered to create auspicious biotransformative reactions such as
trace metal sequestration, several key pathways that are taken by SRB can be extremely toxic
and detrimental. This audes the formation of thioarsenate and thioarsenite, known arsenic
bearing aqueous compounds, in highly sulfidic watémeas with elevated hydrogsualfide

concerrations often produced by SRfan lead to the formation of these two toxic aqueous
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compainds instead of forming insoluble metal sulfides. These aqueous compounds bind the
arsenate and arsenite released from arsenic incorpamated-oxides by iroareducing bacteria
(Keimowitz et al., 2005).

Recent studies have shown that strongiiuoeng environments created by SRB can facilitate
mercury methylation (USGS Fact Sh&d, 2000 Mason et al., 2009vionrreal, 2007. In this
process, inorganic mercury and carbon are joined to make methylmercury under strongly
reducing enviroments. &B areparticularly efficient mercury methylators due to their
coupling with sulfate reduction. dwever the process is poorly understo@hapelle, 1994). In
many Gulf estuaries and coastal watersheds, mercury bioaccumulation from fish consumption

alrealy poses a health hazard.
Iron-Reducing Bacteria

Iron-reducing bacteria (IRB) exist in nature as a multitude of anaerobic prokaryotes using
various resources as electron donors and acceptors in TEAP. While IRB classifications are
currently in a st of flux, it is commonly recognized that there are four members of the delta
subdivision of the class Protobacte@eobacter, Desulfuromusa, Pelobactand
Desulfuromonasall of which are Granmegative (Lonergan et al., 1996). In coastal
environmers, chemoheterotroph species commonly use organic carbon as an electron donor in
TEAP (Lovely and Chapelle, 199Brever, 1997 Straub et al., 2000 These chemoheterotrophs
contribute to one of the most important microbial mediated groundwater redarmedbht
occur in wetland sediments (Chapelle, 1993). Reduction of ferric irdf) tBeferrous iron
(Fe") by way of iron being an electron acceptor and organic carbon the donor leads to the
principal cause of undesirable high concentrations of disdolvon and associated trace metals

in groundwater.
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Iron is most commonly introduddo wetland environments by depositoinFe- and Mn
oxides/hydroxideminerals being derived froterrestrial erosion and run off. These negatively
charged claysral silts sorb divalent toxic metals often concentrated by anthropogenic means
(Freeze and Cherry, 197Brever, 1997). During the TEAP facilitated by IRB, organic carbon is
stripped of electrons and then placed on ferric irons that constitugmé&é/Inoxides/hydroxide
minerals. A generalized bacteritfiacilitated irorreduction reactioywith acetate as the electron

donorcan be shown as:
CH5;COO + 8 FeOOH(s) + 15 HY 2 HCO; +8 F€% + 12 H,O (3)

Toxic metals such as arsenic and mercury are released during inatioedvhenFe- and
Mn-oxides/hydroxids breakdown andre™ is reduced by IRB. Release of sequestered metals
into the enviroment cause high concentrationgiigfsolved metals in th&kB environment. In
addition to the release of metals, speciation can take place due to reducing condisensc
can be reduced from As(V) to As(lll), the more adsorptesistant and toxiform of arsenic
(Bose and Sharma, 2002aunders et al., 2008eobacter metallireducersas been identified
as the major specid¢isat metabolize these reactionsov€ver multiple stainscontribute to the
process (Lonergan et al., 199hapelle, 1998

IRB exist innature wherapecialized electron donors and acceptors exebundancéo
fadlitate its TEAP. The deptht which the reactioflourishesisrelatalt o | RB6s -abi |
compete deeper microbesile more efficient microbes oeompete IRB in shalloweFEAP
zones Figure19). In ironrich, sulfatedepletedenvironmentsIRB also havéeen linked to
mercury methylatiopalthoughthe process poorly understood. In contrast, sultaieh
environmentsSRB will out-compete IRB fomercury methylation (Kerin et al., 2006; Merritt
and Amirbahman, 2009). In irdmmited, sulfaterich environments (i.e. coastal wetlands)
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IRB can ceexistbutin most caseare commonly outompeted by SRBSRB will dominate the

environment at thee locationgMadigan et al., 1997Straub esl., 2000.
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METHODS

Sample Retrieval and Preparation

Surfacewater samples were first drawia a VarDorn style sampler from immediately
above the sediant surface a@ach site for irsitu analysis. Additional water samples also were
collected and placed in sealed bottles for bulk chemical and\dkssotganic carbon (DOC)
analyses. Waterampeés were filtered through a 04#n filter, and suksamples taken for trac
element and cation analysis were acidified with tgi@ele concentrated HNQ@cid.

At least eight cores of sediment were takerach site using Wildco hand corer with a two
meter extensiarEach sediment core was caught and sealed ircan&@ll plastic tube, inside
the coring device. The corers metal nose was replaced with a plastic one, and all other parts that
came in contact with the sediment were plastic tocatraicemetal contamination. @es
collected at each sampling site wererastted from the hand corer and surface water was
removed. The plastic tube containing the sediment was then capped as quickly as possible.
Cores were labeled with their specific site location prefix and additionally labeled with A, B, C,
D, E, F, G, andH to differentiate them from one another within tregimpling locations
(Table 3. The cores were then stored uptigfha cooler on ice and transporteack to the lab.

Immediately following cdkction, cores were taken to neakkgt chemistryjaboratories for
further processingThese labs were chosen based on of freiximity to sampling locations
which permitted rapid processing. All cores were processed within twelve hours of sampling to
minimize changes in redox conditions and potdrsedimentivater reactions. WB, WI, and LB

samples were brought to Weeks Bay Reserve Laboratory for processing, while RG and BJS
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samples were processedsab ut her n Mi ssi ssi ppi Uni versityods |
Center
Live marsh plants wereotlected from each location fetablecarbonisotope analgis. Oil
suppressed plan&sowerecollected at each heavily oiled location where oil persisted. All
plants colleted were eitheduncasor Spartina alterniflora. Bulk sediments from the sudaof
heavily oiled sites also weomllected andtheir degradatiofresistant polycyclic aromatic

hydrocarbons (PAH) were extracted for S and biomarker analysis.

In Situ Water Analyses

In situ surfacewvaterfrom each site wsanalyzed for disseked oxygen (DO), pH, ettrical
conductivity, oxidatiorreduction potential (ORP), and temperature during each site visit using
handheld meters or with a TROLL 9000ulti-parameters port. Surface wafierm each
location wasanalyzed at Auburn Universlys For estry Depart-Ment by a
Combustion Analyzefor DOC contents. Filtered (0.45n filter) surface waterfrom each site
were sent immediately after colleatito Vassar College for analyses that includegomionand
trace metal analysdxy ion chromatograpy (IC) andinductivelycoupledplasmamass

spectrometr§ICP-MS).

PoreWater Geochemical Analyses

Sedment cores were sectioned at®® intervals to insure 5l of sediment volume for each
section from the top of the core dowen30 cm. Several dhese cores and their component
sections were then centrifuged waBeckman Coulter Allegra »22that was transported to
each lab in ordetio separate poreaters from the sediments (Tablg ZI'o better understand the

effect of oilspill on sediments, geochemical analyses were conducted on l@gteresamples
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extracted from various depth intervals3@m, 36 cm, 69 cm, etc.) of each core to delineate
any changes with depth. Pematers used in anaerobic analyses were sectimeextracteth
nitrogenfilled glove bags. This insured a continued anoxic environment forvpater
geochemistry and trageetal analyses. Powmeater samples for trace elements and cation
analysis were acidified with trageetal grade concentratedNi®s. After all porewaters were
separated and preppeldey were used for thenalyseslescribed below

A HACH DR/2700 was used immediately in the lab to measure redewwedsiron (HACH
method 8146) and sulfide (HACHethod 8131) concentrations porewaters. A handheld pH
meter(Hanna 8424yvasused to test pH values in posaterfrom each sectianSamples for
total and organic mercury analyses were stored in VWR trace clean vials. Thelss seen@
shipped and analyzed using ekran 2500Fluorescence Mercury Detector at Woods Hole
Oceanographitnstitution. ncentrations of fluoride, chloride, nitrite, sulfate, bromide, nitrate,
phosphate, lithium, sodium, ammonium, potassium, magnesium and calenendetermined
using lon Chromatogrduy (IC) facilitiesat Vassar Collegelnductively coupled plasma mas
spectrometry (ICRMS) to evaluate trace metal concentratioras performeat Columbia
University. Arsenic speciation measurements were conducted at Vassar Colleg€-using
Atomic Fluaescence SpectrometrnA Shimadzu TO€/ Combustion Analyzeat Auburn
Universityds Forestry Depar tonganitctarbanaBOClis e d

porewater.

Grain-Size andseochemicaRlnalyses of Sediments

Each of the 3@m-long coredrom 10 coring sites wergectionednto 3-cm segments and
hundreds osedimensubsamples were processed for grain sizegaodhemical analyses ([@la

1) to recognizeany changes witbubstratelepth. Sediments utilized for anaerobic analyses
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were sedbned in nitrogerfilled glove bags. This insured a continued anoxic environment for
trace metal analysis and anaerobic mi@bpreservation.Unless otherwise notedediments
were dried in an oven at 3C to insure minimum volatilization of any mesal After drying,
sediments were handiperized to pass through a 2B8@esh sieve. Ten sets of sediment samples
(0-3 cm, 36 cm, 69 cm etc.) from eackite were used ianalyseslescribed below

Samples were shipped to ME labs to analyze bulk @nental compositiohy ICP-MS after
total acid digestion ahremoval of organics. ofal digestioranalysis quantified results for 38
elementsincluding mercury and arsenic. Additional sediment samples arealyzed for carbon
isotope t°C/**C) ratios tdfingerprint sources of organicatter in the wetlands. abonisotope
analyses were performed usingianigan MAT delta Plus XP Mass Spectroaredt Florida
State University. A LECO c Sedmemary&eobdylaz er i n
was usd to determingotal organic carbon (TOQpontents of sediments.

Puverized sediments from thf@®3 cm, 1518 cm, and 2-80 cmsections of the corieom
each site were used taantitativelyanalyze mineral composition by a Rigaku XRBused in
the Chemistry Departmerdat Auburn Uiversity. Samples were spread with hexane onto a zero
background holder to eliminate preferred orientation. Meessents of the intensity of
reflectionsat 2theta values we recorded from three to sixfive degrees. Hflections and
intensities are determined by uoéll dimensiors, which reveal information about the
crystallographic structures of minergiesenin eachsample. @tawascopied into RAW files
for input into identification software. The files weremhanalyzed by a free demonstration
version of the Match Crystal Identification software. Background subtractiaipha?2
stripping, data smoothing, anett®eta correction were performed when necessary. Qualitative

and semquantitative results were recled for each sample.
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Sediments fronthe0-3 cm, 1518 cm, and 2-B0 cmsections from one core at each site (15
samples) were analyzed for graizeby wetsieve and pipette techniques (Geel Or, 2002).
Sedimentsamples were wedieved throgh a 230mesh sieve usindistilled water to separate
sands and larger organic matefraim the fines (silt and clay). Thustilled waterfines and 50
ml of deflocculant were added to a 10@0graduated cylindeiThe sad and organics left in the
230-mesh sieve were washed into a beaker with distilled water and all organics were removed by
floating them off the surface.

The sand portion of ehcsection was dried in an oven and weighed. For samples in which
sand exceeded 5% by weight, sandsapeocessed bgtandard dry sieve analysis using -quine
interval screens. The firgortions of each sample were analyagdstandard pipette analysis.
Grainsize analyses allowed fquantification of grain sizes frorl phi to >10 phi in 4phi
intervds.

Sedments from0-3 cm, 1518 cm, and 280 cmsections from one cowid each sitevere
separated in anoxic conditions, packed with ice, and then sent overnight to Dr. BenedictOkeke
Auburn University at MontgomeryThese samples were useddalturing and DNA analysis of
possible ironand sifate-reducing bacteria (Table.2Microbial analyses included the use of
Eppendorf thermo cycler and mosbpable number/polymerase chaeaction techniques.

Heavy mineral separation of sedimefntsn Weeks Bay and Bay Jimmy South was
conducted at Auburn Uni oriesinoiddr tp Gnalyze reethilfidee nt ol o g
precipitation. Sediments from greater than 12 cm of core were disagdjgregatecnd then
added toegtrabromoethanandplaced in 56ml centrifuge tubesTetrabromoethanis a
halogenated hydrocarbon that has an unusually high density around 3 g/ml. Samples were

centrifuged for fifteen minutes at 3000 rpm and the less dense material was removed from the
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top. Additional tetrabromoethan&as added and the process repeated amiyithe >3 g/ml
sediment fraction remained. eblvy minerals were removed, washed with acetone, and dried.
Heavy minerals were used to make gnaiount thin sections for petrographic identificataomd
photographic documentation of sulfidéBhin sections and goldputter coated loose samples
were then taken to Auburn Universityos Materi
elemental analyses. Enerdigpersive Xray spectroscopy (EDAX) waamployed in
conjunction with the SEM tomagevarious metal sulfides arid quantifytheir approximate
chemical compositios

Selected metaulfidesidentifiedin thin sections were transported to the National High
Magnetic Field Lab in Tallahassddprida, for laser ablation inductivelgoupled plasma mass
spectrometri¢LA-ICP-MS) analysis. DrMunir Humayunof Florida State University assisted
with all LA-ICP-MS measurementst the National High Magnetic Field Lab Plasma Analytical
Facility. Analyseswere performed with a UP 193 BXF (193 nm) excimelaser ablation
system (New WavResearch, Fremont, CA, USApupled to a Thermo Finnigan Element XR
ICP-MS. The ablating spot size ranged from2%5nmm. All results werenormalized to Fe and, S

andresults of selected metals were recorded.

Gas Chromatography/Mass Spectromgelime of Flight & Selected IeNode Analyses

Bulk surface sediments and selected sectiofd&sd®,12-15 cm, and 280 cm) of sediment
coresfrom oiled sites (i.e.,BJS,WI and RG) were prepared at Aubu
of Geology and Geography Sedimentology laboratories for PAH extraction and GC/MS
analyses. EPA modified method 3570 was used for PAH extraction from sediments. PAH
extraction began with mixing & of anhydrous sodium sulfate, 10 g of dichloromethane (DCM),
and 3 g of sediment in a pobeaned PTFE extraction tube. The tube was sealed, wrapped with
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Parafilm, and then agitated vigorously for 2 minutes. Tubes were placed in a rotating incubator
andspun for 24 hours then centrifuged for 10 minutes at 3000 rpm. All supernatant was then
pipetted into a glass exirtion vial, filtered with a 28nm 0.2um PTFE filter, transferred to a

new extraction vial and placed under a fume hood. Samples wergdmanwith N, gas for 30
minutes so as to volatize all DCM. A solvent mixture of hexane and rrettirautyl-ether

(1:1) was added to the extraction vials in order to solvate any resultant shkige R small

volume (1.5 ml)pf the solvation was thezvacuated by a glass syringe and needle into a 2.0 ml
auto sampler vial foéas Chromatography/Mass Spectrométitpe of Flight andGas
Chromatography/MasSpectrometr§elected lorMode Analysesnalyses.

Oil-suppressed plants collected from heawilgd locations (BJS)ere scraped to recover
weathered oil This weathered odndBP source M&52 crude oil were prepared for GC/MS
analyses by the following process. Tdiks wereplaced into an extraction tube with a solution
of hexane (1:200). Enhextraction tube containing the mixture of oil and hexane was then
wrapped with Parafilm and vigorously agitated. The agitated sample was placed on a rotating
incubator and spun for 24 hours. The solvati@s then filtered through a 2Bm 0.2um PTFE
filter, and 1.5 mbf solution was placed into arll auto sampler vial.

All samples (sediment extractsolvated crude oil, and solvated weathered oil) wasdyzed
at Auburn University Chemistre. ADMaeraGEGTment 06s
Premier benckop gaschromatograph orthogonal acceleration tiofidlight mass spectrometer
(GC/MSToF) was used to identify and sequantify concentrations of organic compounds and
hydrocarbons.The GC/MSToF originally ran at an initial temperature@ C with a 5degree
ramp until 300C was reached for each sample. After initial interpretation, samples wene re

at a sarting temperature of 30° & a 10 degree ramp until 36@grees was reached.
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Finally, samples that showed positive hydrocarbament were analyzed at specific stag
ranges at a 2 degree ramp in order to evaluate precisely any chromatograph peaks that
indicated hydrocarbon presence

Selected samples initial BP crude oil (MC 252 crude), site recovered weatheredrd oil
compounds extracted from core and bulk sediments were analyZe@ MS under high
sensitivity Selected lon Mode (SIM) fpetroleum biomarkers witspecific masgo-charge
ratios (M/Z) of 191, 217, and 218 at Columbia Analytical Labs. Tkaspleswereanalyzed
using a Agilent 5975@aschramatograph mass spectrometer (@S} in both full-scanand
selected iomodes (SIM). When operated in the SIM mode, a triplequad detector minimizes the
background noise and virtually eliminat@any of theextraneous peaks, allowingtter
identification and quantife&tion of targebiomarkercompoundsvith specificmassto-charge

ratios (M/Z) of 191, 217, and 218

Remaining Cores and Samples

Additional cores that were detted but not sectioned areibg storedntactin the event
additional sampleare needeth the future. They are stored upright in a cold room at Auburn
Universitydéds Funchess Halll. , sé&diment aal extracts,i o n a |
and crude samplese storedatAbur n Uni versityds Department

Hydrogeology Laboratory.
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Table 2 Analyses of poravater, sediment, plant, and crude oil samples.

Core/ | N2 | Analysis Instrument Location | Analytical/
Media of Analysis | Preservation
A X | 1. Mapr lons lon Chromatography (IC) Vassar Flash Frozen

X | 2. As Speciation IC-Atomic Fluorescence MS | Vassar Flash Frozen
X | 3. Trace Metals ICP-MS Columbia Acidified
B X | 1. Hg Speciation Tekran Mercury Detector Woods Hole | EPA 1631
X | 2. Fe(ll) HACH Spectrophotmeter Field HACH 8146
X | 3. Sulfide HACH Spectrophotometer Field HACH 8131
C 1. Dissolved Organic TOC-V Combustion Analyzer | Auburn Filtered
Carbon
2. Sediment Total LECO Carbon Analyzer Auburn Inorganic CTest
Organic Carbon & Removed
D 1. Grain Size Analyses | Sieveand Pipettévethods Auburn Statistical
2. Mineral Identify X-Ray Diffraction Auburn MATCH
3. Metal Sulfide SEM, EDAX Auburn Separation
E 1. Sediment Bulk ICP-MS ACME Labs | Total Digestion
Composition
2. SedimentC/*C Finnigan IRMS Florida State | CO, Equilibrium
F X Microbial Analysis Eppendorf Thermal Cycler AUM MPN/PCR
G 1. PAH Fingerprinting Gas Chromatogiphy/Mass Auburn PAH Extraction
2. Bio-Marker Analysis | SpectrometryToF & SIM CASLAB Statistical
3. Pyritic Framboid LA-ICP-MS Florida State | Slide Mount
Composition
H Supplemental Supplemental Auburn Freezer
Plant Plant C/ C Finnigan IRMS Florida State | CO, Equilibrium
Source 1. PAH Fingerprinting | Gas Chromatography/ Mass | Auburn PAH Extraction
& Plant SpectrometryToF & SIM CASLAB Chromatograph
o] 2. BioMarker Analysis Auburn Statistical
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RESULTS AND DISCUSSION

Results are presented and discussed in the following ofdist, sednent grainsizeand
XRD derived mineralogy is describe®&econd, water geochemistry including major ions, trace
metals, reduced Fe and sulfides, gHbore waterandoxidation reduction potential (ORP),
conductivity, and dissolved oxygen @) of surface water is addressethird, dissoled organic
carbon (DOC) in porgvaters and total organic contents (TOC) in sediments are reviewed. Next,
sediment geochemistry including bulk chemistry, petrographic and-BEMNX analysis,
aluminum normalize enrichment factors, and laser ablation analysis of sulfide solids are
reported and discussed. Next, gas chromatography mass spectromelfgj@@alysis and
geochemical correlation of oil biomarkers are reviewed, then carbon isotope systems of marsh
saliments, oils, and plants are presented. Finally, microbiology of analyzed sites is addtessed.
is important to reiterate to the readerthavfe | ocati ons were chosen
coastal wetlands for this particular study (Walker IsJdrahgs Bayou, Weeks Bay, Rigolets,
and Bay Jimmy South)However, in some instances data for all ten sites is reported for
comparison and discussion purposAsdditional data referred to but not reported in tthapter

areavailable in the Appendix staons.

Sediment GraiBize and XRD Analyses

Sediments from-@ cm, 1215 cm, and 2-B0 cm sections at all sites were evaluated faingr
size distribution (Figures 20, 21, 22nd mineralologyTables 6, 7, 8) All sites catained
various amounts dine-grairedsand, silt, clay, plant debriand organic matter (Tables 3, 4, 5
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WAB, a pristine siteis characterized by relatively fine sediments. Graindata indicate that
sedimentat WB are dominated by mud (&3% clay and 451%silt). LB, another control
site, consists mostly of fingrainedsand (6985% sand) with subordinateday and silt. The
dightly contaminated site Wh Alabamais the sandiest of all sites evaluatheving finesand
contens of 88 to 93%. RG, a slightly contanaited site in Louisianahows variations igrain
sizewith depth. Sections 88 cm and 1215 cm atRG are dominated bgilty sand and sandy silt
(47-57% sand and 583% mud), while section 2730 cmis mud finer ©8% silt and 32% clgy
The coarsegrainsizes in the upper padf RG coresmaybe attributed to wasbver of coastal
sediments into the estuarine environment during Hurricane Katrina in 2005. BJ8iJya hea
contaminated site, is characterized by muds. BJS sediments only containgi¢4yand clay
(27-23%)

The presence of fingrainedsediments and natural organic matter is important for the
retention and transformation of metals and oils in marsh sediments. Trace metals often
concentrate in fingrainedsediments (@., clay) thathave negativelghargedhigh-surface
areador adsobing positivelycharged metalsOther finegrainedsolids such as Fe sulfides and
oxides alsomayserve as important sinks for toxitetals such as arsenigné-grained marsh
sediments containing Higevels of organic matter have a greater potential for mercury
methylation and @enic mobilizatio(Hammerschmidt et al., 200Burnol et al., 2010 BJS
and other heavily oiled sites all contain high percentages of clay gnitsiltittle to no sand
Fine-graned sediments and high orgaisiarbon concentrations that dominate at oiled sites
providefavorable environmesfor biological and chemical transformation of trace metals.

X-ray diffraction (XRD) analyses of sedents were performed @3 cm, 1215 cm, and 27

30 cmcore sections at adlites(Tables 6, 7, B Results indicatéhatsediments consist mainly of
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quartz, clay (phyllosilicate mineralsulfate,and sulfide mineralsMineralogical composition
correlates with both grain sized bulk chemistry (see Sediment Geochemistry section). Sites
that haveoredominantly coarser sedimefite., sand and siltsuch as WI, BH, and temost
sections of RGaredominate@ by quartz Sites dominated by fingrained sedimentssuch as

WB and BIS are relativelyguartzpoor andclayrich.

Suffide mineralsncrease witlcoredepth, most notably in fingrairedsections Metal
sulfides are present at WB and BJS sites at shallower depti$ () under a stroihg
reducing condition By corirast, sulfide solids do not occabove depths dt7-30 cmatthe
coarsergrairedsites (i.e,WI, RG, and LB).

The presence of Hidesin the 1215-cm section®f sites WB (17%) and BJS (31%)icates
that finegrained, inherently organigch sedments allow for the establishment of sultate
reductionconditionsat shallower substrate depths. Increaseddfwtganics (i.e. oiljnto salt
marsh environmest(such as at BJS) may fumdcterial sulfate reduction and formation of
sulfide solidsat shallower depths The presence of sulfur solids at shallower depths when
compared to pristine sites is also evident at dihergrained oiled sites Louisiana The
shallower reduction horizon is characterized by accelerated SRB colonization aneldineiive
activitiesthat produce hydrogen sulfide ahigh pHporewater (see Water Geochemistry
section) The accelerated TEAP process is theorized to be tise cd increased sulfide

productionvia BPMS.
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Figure 20. Sediment textures of samplesrh 0-3 cm depth plotted on Folk diagram

Table 3. Grainsizecharacteristics of marsh sediments frot® ©m deph intervals.

Sand Silt Clay Sediment Name Mode Textural
Group
% % %

WB 0.00 54.03 45.97 Mud Bimodal Mud

LB 75.25 15.87 8.88 Muddy very fine sand Unimodal Muddy sand

Wi 88.46 7.93 361 Fine silty medium sand Unimodal  Silty sand

BH 35.87 45.13 19.01 Very fine sandy coarse silt  Trimodal  Sandy silt
PACB 63.68 23.88 12.44 Muddy fine sand Bimodal Muddy sand

RG 56.69 34.83 8.47 Very coarse silty very fine san. Trimodal  Silty sand

BD 0.00 70.31 29.69 Medium silt Bimodal Silt

BB 0.00 75.97 24.03 Medium silt Trimodal Silt

BJN 0.00 67.34 32.66 Very coarse silt Trimodal Silt

BJS 0.00 77.33 22.67 Very coarse silt Bimodal Silt
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Figure 21 Sediment texturof samples from 125 cm depth plotted on Folk diagram
Table 4. Grainsizecharacteristics of marsh sediments fromlB2cm depth interval.
Sample Sand Silt Clay Sediment Name Mode Textural
ID Group
% % %
wB 0.00 60.78 39.22 Mud Bimodal Mud
LB 83.45 11.48 5.07 Very coarse silty very fine sanc Unimodal  Silty sand
Wi 93.30 4.00 2.70 Medium sand Unimodal Sand
BH 50.63 37.07 12.30 Fine sandy very coarse silt  Bimodal Sandy silt
PACB 56.02 29.63 14.35 Very coarse si fine sand Bimodal Silty sand
RG 47.49 37.20 15.31 Very fine sandy very coarse si Bimodal Sandy silt
BD 0.00 65.55 34.45 Mud Bimodal Mud
BB 0.00 62.09 37.91 Mud Bimodal Mud
BJIN 0.00 41.37 58.63 Mud Trimodal Mud
BJS 0.00 73.57 26.43 Coarse sl Bimodal Silt
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Figure 22 Sedinment textures of samples from-30 cm depth plotted on Folk diagram

Table 5. Grainsizecharacteristics of marsh sediments fron38®7cm depth interval.

Sample Sand Silt Clay Sediment Name Mode Textural

ID Group
% % %

wB 0.00 61.73 38.27 Mud Bimodal Mud
LB 69.08 17.81 13.11 Muddy fine sand Bimodal Muddy sand
Wi 92.66 4.66 2.68 Medium sand Unimodal Sand
BH 29.04 59.48 11.47 Very fine sandy coarse silt  Trimodal  Sandy silt

PACB 74.08 21.85 4.07 Coarse silf fine sand Bimodal Silty sand
RG 0.00 68.05 31.95 Medium silt Bimodal Silt
BD 0.00 57.52 42.48 Mud Trimodal Mud
BB 0.00 56.71 43.29 Mud Bimodal Mud
BJIN 0.00 87.16 12.84 Medium silt Bimodal Silt
BJS 0.00 73.49 26.51 Coarse silt Bimodal Silt
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Table 6. Average mineral composition of sediment samples frértt of depth determined by XRD.

Minerals WB LB Wi BH PACB RG BD BB BIJN BJS
12-15 cm % % % % % % % % % %
Quartz 46 63 75 73 83 53 57 43 57 65
Clay Minerals 48 37 15 27 9 41 27 50 43 15
Sulfates 0 0 10 0 8 6 0 7 0 20
Fe Sulfides 0 0 0 0 0 0 5 0 0 0
Non-Fe Sulfides 0 0 0 0 0 0 0 0 0 0
Others 6 0 0 0 0 0 11 0 0 0

Table 7. Average mineral composition of sediment samples frort5l@m of depth determined by

XRD.

Minerals wB LB Wi BH PACB RG BD BB BIJN BJS
12-15 cm % % % % % % % % % %
Quartz 54 63 88 66 84 41 27 9 29 54
Clay Minerals 20 29 7 26 9 52 15 51 51 15
Sulfates 9 0 5 8 7 7 16 12 7 0
Fe Sulfides 8 0 0 0 0 0 15 9 13 6
Non-Fe Sulfides 9 8 0 0 0 0 27 19 0 25
Others 0 0 0 0 0 0 0 0 0 0

Table 8 Average mineral composition of sediment samples froB®3dm of depth determined by

XRD.

Minerals WB LB Wi BH PACB RG BD BB BJIN BJS
27-30 cm % % % % % % % % % %
Quartz 26 79 82 49 63 56 18 58 49 54
Clay Minerals 42 16 12 23 24 23 41 29 15 19
Sulfates 4 0 0 4 8 0 9 0 0 7
Fe Sulfides 28 1 6 0 5 7 3 0 5 6
Non-Fe Sulfides 0 4 0 3 0 14 29 6 31 14
Others 0 0 0 21 0 0 0 7 0 0

55



SurfaceWater Geochemistry

Surfacewater datancluding temperature, pH, ORP, DO, DC#d electrical conductivity,
from all sitesare provided in @ble 9 Large variations in surfasgater temperature (6.6 to
25.3 C) are directly related to different sampling dates for different sitexb@hha and
Mississippi sites, October 2010; Louisiana sites, January 2011). Surface water pH (7.03 to 8.3)
and conductivity (>2000 to 13950 us/cm) data indicate that varying degrees of freshwater and
seawatemixing occurs in various satharsh settingsORP (65 to 230 mV) between sites vary
slightly but all indicate slilgtly oxidizing conditions irsurface watex Cold water can hold
more DO than warmer water. The total amounts of dissolved oxygen at all Louisiana sites (9.73
to 12.32 mg/kgjneasuredn January are higher than those at Alabama and Mississippi sites (6.9
to 8.09 mg/kg) measured during the warrmonth of SeptembeDOC values indicate
variations in total organic loading in filtered water (compounds belowr@®b5and the values
increasegoroportionally with the degree of contamination at each site. BJS, a heavily
contaminated and more tidally influenced site, shows more than twice the levels of DGE€ than
WAB, a pristine site These lgher DOC levels most likely resifiom degraded oithat was
present along the contaminated shoreline. The degraded oil has leached or dissostethce
waters durindidal fluctuations or cycles The DOC levels in surface water (< 45 mg/kg) at
contaminated sites, however, are significantly lowen thase in porevaterextracted from
sediments (up to hunells of mg/kg, see next section). This indicétas the vast majority of
oil contaminant in thevater column has been evaporated, dispersed, or degraded by

microorganisms months after oil spills
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Table 9. Surface water data gathered from all sites.

Sample Water Temp. pH ORP DO Cond. DOC
ID Depth (°C) (mV) (mg/kg)  (us/cm)  (mg/kg)
(cm)
wB 85 22.8 8.3 189 8 >2000 17.33
LB 40 25.3 7.03 196 6.98 >2000 26.60
Wi 30 25.3 7.53 160 8.09 >2000 33.00
BH 20 21.6 7.54 134 6.9 >2000 32.38
PACB 25 23.1 7.88 135 7.7 >2000 31.29
RG 20 8.78 7.63 230 10.80 16990 23.40
BD 10 115 7.73 102 9.73 20000 40.00
BB 10 104 7.81 65 10.72 18000 43.43
BJIN 5 6.6 7.90 220 12.32 15360 41.79
BJS 5 7.2 8.08 180 11.65 13950 41.85

Pore-Water Geochemistry

Pore water in WB and LBediments is characterized by high chlorine, sodium, and sulfate
contents (se@ppendix 3, similar to those of surface wat@ionrreal 2007) The WB pore
water has much lower S| ratios (0.018 0.011) compared to those suirface watey(average
0.048) and seawater (~0.052), indicatingregrbacterial sulfate reductiotn contrast SQ/CI
ratios of pore water in LBre higher (average 0.065) and alose to those of seawater.
Relatvely higher levels of nitrate and methylmesgur ar e f ound i n WBO6s pore
to those of WB, indicating that WB receives motgrientsand trace metals from anthropogenic
sources.The concentration of NH?28.932.8 mg/kg) is higher than thoeeNO;™ (<2 mg/kg) in
WB porewater, suggesting that bacterial nitrate reduction occurs under reducing conditions. No
NOs or NH; were detected in LBorewater. Total mercury concentrations in ponater are
similar at both sites, however, moderate Is\xé Me-Hg (0.153.52 ng/L) were found in WB

porewater relatve to those in LE<1 ng/L).
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Iron, arsenic, and totalissolved sulfur levels in porgater were relatively similar &/B and
LB sites. Manganese concentrations in posa@er are much Igher in WB(mean = 164 hg/L)
than in LB(mean = 154y/L). Similarly, WBsediments have higher Miontents than those in
LB (see Sediment Geochemistry sectiodigh Mn cortents in pore water of WBre likely
derived from bacterial reduction of Mich sediments such as Myxyhydroxides. The Mn
content of poravater in Weeks Bay reaches a maximum just below the sedwateat interface,
and then remains relatively constant below this depth (FRR)rel his trends consistent with
moderate Mrreducingconditions just below the sedimenater interface. The pongater
arsenic profile in WBexhibits similar patten to that of iron and manganese (Fig@fy,
suggesting that similar biogeochemical proessslease Fe, Mn, and As into pavater. It
shoutl be noted thate and reducefl contents in WB poreater show no strong correlation
with As or Mn, implying that porgvater chemistry may be affected by various biogeochemical
reactions (i.e., bacterial manganese and iron reduction, sulfate reductipandtaccompanying
bio-mineralization processes (se&-ICP-MS Analysissectionbelow). A perfect correlation
among these parameters might be expected if avater profile is dominated by a single
biogeochemical or meral reaction Recent studiese(g.,Park et al 2006;Lee et al.2007),
however, found no compelling evidence that th@iration of one type of microbgould
exclude dbers from a particular substrate redox zomkis implies that a change from higfte
into low-Fe porewatersovera short distance at depth may result from a minor adjustment in the
balance between the activities of iron and sulfate reducers or biomineralization. For example,
bacterial sulfate reduction and precipitation of iron sulfides could stfip 62, H*, and
perhaps other trace elements (bypcecipitation) from poravater in different ratiosAnalysis

of porewater geochemistry at heavily oiled sites is in progress and the preliminary data show
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that tracemetalconcentrations are generally lmomparedo those in sedimen{&eimowitz,
personal communication).

Reduced Fe amslilfide concentrations in poveaters extracted from sediment cores were
measured via BIACH Spectrophotometer DR/270®Reduced Fe concentrations show that
ferrous iron wa present at all sites (Figure 2thd Appendix 2). The reduced iron concentrations
are fairly low (< 0.02 mg/kg) aheheavily contaminatBJSsitewith respect to those
measured at pristine and slightly contaminated sites WB and WI in AlabEmegpresencef
reduced Fe and Feducing bacteria (see Microbiology section) at all sites inditha#ts
reducingenvironments necessary for anaerobic bacterial reductibe aeihd Mn
oxides/hydroxides weresablished. Reducing conditiors sediments is facilited by the
terminal electron acceptor process (TEAP) and organic decomposition. During @IE&tFon
acceptors (e.g., Fand Mnoxideshydroxides) are reduced by ireaducing bacteria (IRB) and
adsorbed metals (e.g., arsenic) are released (Freezdnang,d979Drever, 1997; Bose and

Sharma2002; Saunders et al., 2008).
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marsh sampling sites. Contaminated gjites, BJS)show lower levels of reduced Fe compared ts¢h
at noncontaminatd sites (i.e., LB). Circles designaistliers.

Reducedsulfide concentrations in poreaters are very high atl heavily oiled sites (Figure
25 & Appendix 2). Hydrogersulfide contents reached 9 mg/kg at BJS, a heavily contaminated
salt marsh in Louisiana. Other nearby contaminated sites (BJN, BB:tB[Pshow even higher
levels of hydrogen sulfides (up to-800 mg/kg). Reduced sulfide levels are much lower (< 1
mg/kg) at pristine sitesuch as WB. The alarmingly high reduced sulfide concentrations at
heavily contaminated locations indicate thatterial sulfate reduction mighaive been
enhanced by the introductiaf spilled oil. Influx of oil in muddy sediments probably provided
additional substrate and carbon sources for sulfate reducing bacteria.

Porewater pH déaindicates a mixingf fresh water and seawater. Rarater pH and
sulfide concentrations show similar increawith depth (Figures 26 & 37 Combined, these

results indicate that seawater intrusion and enhanced bacterial sulfate reduction are likely
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responsible for theigh pH values and sulfide concentrations at depth. Bacterial sulfate

reduction may be expressed as the following:
SO%+2CHO +2H' Y 2 ¢4H,S + 2HO (4)

Sucha reaction is enhanced when massive introdudiail and organic matter stimulates SRB
activity ard accelerates the TEAP proce&acterial sulfate reduction also raises the pH
primarily due tothe conversion 080,* to H,S andHCOs production It should be noted that
reduced sulfide concentratioasd SRB MPN (see Microbiology semti are relatively low at
the BJ site compared to those at other heavily oiled sites, even tBdSgihowsa similar pH
trend with depth (Figure 27 It is not clear to what extent physical environments may affect
biogeochemical processes; BJS faces the open ocean and harsh environments there may suppress
anaerobianicrobial activitiyto some extent

Elevated sulfate dauction facilitated by sulfateeducing bacteria resslin highly reducing
sulfidic waters. kgh sulfide content in water may transform arsenic into aqueous complexes of
thioarsenates and thioarsenites (Hollibaugh et al., 208/ owitz etal., 2005 Lee et al., 2007;
PlanerFriedrich et al., @09; Lee et al., 2007 In Ferich environments, rected sulfide may
react with ferrous iron to form sulfide solids (e.g., pyritic minerals) and sequester arsenic and
other metals via cprecipitation (Saunders et al., 2008). Strongly reducing environments
maintained by SRB can also facilitate mercury mietingn (Chapelle, 1994USGS Fact Sheet
146, 2000 Mason et al., 2005; Monreal, 2007). Favorable reducing conditions for these

biogeochemidaprocessesertainly exist at heavily contaminated sites.
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Figure 25. Box and whisker plot of raded sulfides irextracted pore waters of ten sadairsh sampling

sites. Contaminated sites show much higher levels of sulfides from bacterial sulfate reduction compared
to those at noontaminated sitesSolid circles show scattered measurements at WB, LB, WI, and

RG sites. Open circles represent low outliers (with distance from the box > 1.5 times the
difference between the third and the first quarter) associated with low concentrations measured at
heavily oiled sites BD, BJN, and BJSACB and BHareomitted due tdack of data.

Heavily contaminated, highly sulfidic sites such as Bd&w less reduced iron in pore waters
compared to pristine sited.ow reduced iron and very high levels of sulfide indicate that
bacterial sulfate reduction has fixed mostueetl Fe and other trace metals by fornsald
iron-sulfides. Estuarieand coastal salt marshemn be considered as iron lindtesulfate rich
environments.Although IRB have been found to-exist with SRB in such environments (see
Microbiology sectbn), they are often ottompeted by SRB due to the ample supply of sulfate
from seawaterwhichfavors bacterial sulfate reductiod@adigan et al., 1997Straub et al.,

2000. Due to the competition for available electron donors (i.e., organic materjenlucers
are probably outcompeted by sulfate reducers #eankaminated marsh environments. This,
coupled with irm sequestration via metal sulfide precipitatfsee Sediment Geochemistry

section), explains the low levels of reduced iron at contai@ihsites.
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Louisiana. Sites show higher levels of sulfides from bacterial sulfate reduction with depth. Various sites
in Alabama and Mississippi arenitted due to incomplete data.
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due to incompdte data.
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Carbon Contents of Pore at&rs and Sediments

DOC levels of pore water extracted fra@diment corewere also analyzed and the results
are compared to tise in surfacavater DOC levelgFigures 28, 29 andppendix 2). DOC
levelsat heavilyoiled sites ranging up to hundreds of mg/kg, are on the order of one to two
magnitudes higher than those at pristine and slightly contamingedBOC levels increase
with depth, possibly indicating saltwateshwater mixing near the sediment soefar
freshwater recharge from rainfall. Thertical spatial changes in DQdIsocouldindicate that
seawater and heawyl fractiors invaded the deeper levelsthe marsh sediments due to their
higher density with respect to freshwatBxOC levds arealso much higher in porgaters than
in surface watex(< 50 mg/lg) at heavily oiled sites. Thisdicatesthat elevated DOC levels
could persist in wetland sediments for a long period of time even after a signification portion of

the oil in the surfacevater haseenevaporated, dispersed, or degraded by microorganisms.

65



450 -

a/kg)
w wWw bH
o o1 O
o O O
-
}—|

250 -

200 - o -T-

150 A

100 - ° —‘7
50-%,%,El%lé, e

WB LB WI BH PACB RG BD BB BJN BJS

DOC Concentration (m

Figure 28 Box and whisker plot of dissolvedganic carbon (DOC) in pomgater from ten saltmarsh
sampling sites. Contaminated sites show significantly higher DOC levels cahtpdh®se at nen
contaminated sitesCircles designateutliers.

WB
0~ LB
- Wi
B BH
ARe PACB
5I— RG
BD

c BB
[ BJN

Em ) BJS

S fnm
=7

,"E 15 [ ‘

o .

[ b b *\

el o e £
_‘. - & : \A

25I‘- + A '
E- o \A
30 L 1 1 1 L 1
0 100 200 300 400
DOC (ppm)

Figure 29. Dissolved oganic carbon (DOC) in pongaterversus depth at ten saltarsh sampling sites.
Contaminated sites show significantly highéd© levelscompared to those at naontaminated sites
and increasing DOC levels with substrate depth

66



TOC values of sediment samples show similar increagbsdepth at contaminated sites
(Figures 30, 31 and Appendi¥.4The TOC contents afiled sediments range from 0f29%,
whereasediment TOC contents ptistine sites are generally < 3%Moreover,a linear
relationshp between DOC and TO observedFigures 28 and 3@)lthough the cause of
correlation is not @ar. This correlation suggesigt either DOC or TO@aybe used as an
indicator ofthe level of oil contaminationBJS, a heavily contaminated sitecorded very high
TOC valueg9.1+£3.9%), while LB and WB recorded the lowest (< 4%). Additionally, other
nearby heavily contaminatedes show even higher TO@lues. Foexample, TOC contents
range up to 29%t the BD site

Higher TOC values can be attributed to influx of oil, natural orgswiid contents, and finer
grain size at sampled sites. While grasize characteristics play a vital rolethe adsorption of
organic carbon isedimentgi.e., smaller platy grains have more adsorbing capability), TOC
values show no strong correlation & 0.203 with clay size contents (Figure B2This implies
that sediment TOC contents mag affected by ther factors.The pristineWB site is dominated
by clay and silt(Tables 3, 4, % but it has much lower TOC contents (<3%) with respetidse
at heavily oiled sitesThe influx and persistence of oil in contaminasgds remains the key
trait that cantributes tcelevated levelsf TOC at contaminated sitedoreover, the primary
adsorptive surface for spilled oil is the fraction of natural organic solids presentsedingents
(Dzombak and Luthy, 1984). While clay minerals also provide adsomsaiivacesthere is very
limited adsorption of organics or metals on the surfaces of common silicate minerals (e.g., quartz

and feldspar) (Ciccioli, 1980).
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Sediment Geochemistry

Geochemical resulfsom total digestion analysis of 50 sediment samples from sites WB, LB,
WI, RG, and BJS show variations in concentrations of major ions andeteanents with depth
(Figures 3541 and Appendix 67). Bulk chemical analyses shalat Weeks Bay contains
highly elevated levels of trace metals (e.g., Cu, Pb, Zn, Fe, Hg, As;@ttppared to other
pristine sites. Weeks Bdnas been the subject of several studies due to its high Hg
bioaccumulation potential artle issue o$everal fish consumption advis@{&DEM, 1996,
ADPH, 2008). Bays and estuarkesve been considered by manye#fcient sinks for metal
pollutants(Mason et al., 1994,999). This is the case at the WB site in part due to its large
freshwater input and constricted mouth leading testtee(Monrreal2007). Large industrial and
agricultural activities irBaldwin County represemiotential point and nepoint sources of trace
metals. The fingrained sedimenand relatively high natural organic carbon contents in WB
also contribute tthe retention andnrichment of trace metal¥he analysis of 2002009 data
of weekly precipitation and associated mercury lex@lgal possible sources of Hg in the&is
Bay and surrounding areathe data, obtained from the Mercury Deposition Nek(MDN)
(http://nadp.sws.uiuc.edu/mdn/), include weekly precipitation (mm), total mercury
concentrations (ng/L) in precipitation, and total mercury wet deposition fhgéitected from
two Alabama MDN sites ALO2 and AL24 near Mobile Bayighermercury eépositionclearly
correlates wittperiods ofhigher precipitation (Figure 33supporting the hypothesis that the

most likely source for mercury in the coastal watershed is from atmospheric deposition.
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Figure 33 Bivariate scatter plot showirmear relationship betweental mercury wet deposition and
predpitation. The data wasollected from Alabamdercury Deposition Networkite ALO2 near Mobile
Bay from June 2001 to December 2009.
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The enrichment of trace metals in shallow (pagustrial) sediments (20 cm of depth, see
Figure 34 of Weeks Bay can be attributedatmospheric depositicend riverine inputs derived
from recenindustrial activities. Sedimentation rates in coastal marshes are estimated to be less
than about 0.8m/yr. which would yield about 20 cm of sediments over 60 years of
sedimentation (@llaway et al., 1997). Elewvaed concentrations iRe and other trace metals in
Weeks Bayods sediments most | i kel yzanonie a direc
Baldwin County. Eevatedlevels of trace metals and Fethe bulk sediment analysis clearly
show that the cheieal constituents for metal cycling and possible formation of bacterially
produced metal sulfides (BPMS) are preserder reducing environments.

Total digestion analysis of sediment samples also shows approximately 150 to 200 %
enrichment of certa trace elements (e.g., Ni, Cu, Pb, Zn, Sr, Co, V, Ba, Hg, As) in heavily oiled
zones with respect to les$feced and pristine sites (Figures-8%). Trace metalevels at
heavily oiled Louisiana marshes are even higher than those found in WeekatBa\s and
other Louisiana oiled siteslevated metal levels extend beyond shallow {(pahistrial) profiles
to greatedepths (down to 30 cm) (Figures-8%), suggesting that oil and various associated
metals have spad through the deeper levefsmarshsediments Elevated concentrations of
arsenic can beveaklycorrelaed with the finer grain sizes {R 0.225 that dominate at BJS and
othe heavily oiled sites (Figure 32 Hne graired sedimentat these sites aid in the retention of
trace metals

While grain size is obviously a contributing factor to elevated metal content, heavily
contaminated sites also shelevatedevels of Ni, Cu, S, and to a lesser degree V. These four
elements are common metals in crude oil and thus can be aelsidéoe indicators of oil

contamination. Ni/V ratios haveeen used in the past as sotnwek parameters and as a crude
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oil indicator (Barwise1990;Lopez et al., 1995 Light or immature crudeils (e.g., BP MC
252) haethe highest concentrationg i, Cu, V, and Svhen compared to mature oils.
Immature crude contains more trace metals tthar crudeil types (Ball et al., 1960; 8wise,
1990; Lopez et al., 1993998).

BJSandother heavily contaminated siteavel50 to 200%more Cu ad Ni thanpristine
sites. The Ni and Cu concentrations of heavily oiled sites are also higher than WB, which retains
the most metals derived from industrial actastnstead otheoil spill (Figures 35, 3p S and
V alsoareelevatecht heavily oiledsites compared tpristine sites sutas LB. The elevated S
levels atheavily contaminated sites cannot be derived frorsear intrusion aloneas
conductivity measuremenssiow smilar seawater presence atl sites(Figure 40).

BJS and othehneavily oiled Louisiana sites all show elevated leveidrace metals and S.
These elevated levels may redulim a combination of finegrained sediments that retain
metalsand the incursion of oil intthe sediments. The extent to which increased trestal
concentrationsan be attbuted to the oil remaianclear. Howevel is important to nte that
high levels of Ni(a common metal in crude pitorrelate well with extremely highOC contents
in heavily oiled sediments (Figure 3t appears tat the incursion of oil hded to a substantial

increase irfrace metals and S at heavily oiled sites.
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Figure 35. Box plot (left) and depth profiles (right) show the range in concentration and spatial

distribution d Cu (top), Pb (middle), and Zn (bottom) in sediments at 10 sampling sites. Heidedly
sediments contain higher levels of trace metals compared to thoseaifdes=d sites. Higher metal
concentrations in shallow sediments of Weeks Bay are derigatifrdustrial sources via atmospheric
deposition and riverine inflowCircles designate outliers.
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Figure 36. Box plot (left) and depth profiles (right) show the range in concentration and spatial
distribution of Ni (top), Co (middle), and Mn (bottom) in sediments at 10 sampling sites. Haxbty
sediments contain higher levels of trace metals compared to thoseaifdes=d sites. Higher metal
concentrations in shallow sediments of Weeks Bay are derived fromriatlastirces via atmospheric
deposition and riverine inflowCircles designate outliers
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Figure 37. Box plot (left) and depth profiles (right) show the range in concentration and spatial
distribution d Fe (top), As (midte), and Th (bottom) in sediments at 10 sampling sites. Heaidgl
sediments contain higher levels of trace metals compared to thoseaifdes=d sites. Higher metal
concentrations in shallow sediments of Weeks Bay are derived from industrialssaiaraémospheric
deposition and riverine inflowCircles designate outliers.
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Figure 38 Box plot (left) and depth profiles (right) show the range in concentration and spatial
distribution d Sr (top), V (middle), and Bbottom) in sediments at 10 sampling sites. Heawillyd
sediments contain higher levels of trace metals compared to thoseaifdes=d sites. Higher metal
concentrations in shallow sediments of Weeks Bay are derived from industrial sources viaetimosp
deposition and riverine inflowCircles designate outliers.
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Figure 39. Box plot (left) and depth profiles (right) show the range in concentration and spatial
distribution d Ba (top), Al (middle), and Hg (bottonmn sediments at 10 sampling sites. Heauiled
sediments contain higher levels of trace metals compared to thoseaifdes=d sites. Higher metal
concentrations in shallow sediments of Weeks Bay are derived from industrial sources via atmospheric
deposition and riverine inflowCircles designate outliers.
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Figure 40. Box plot (left) and depth profiles (right) show the range in concentration and spatial
distribution ofS (top), Camiddle), and Mg (bottom) in sedimisnat 10 sampling sites. Heavit{ied
sediments contain higher levels of trace metals compared to thoseaftdetes] sites.Circles designate
outliers.
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Figure 43. Plot showingpositive correlatiorbetweerNi concentrations (a common metal in crude oil)
and TOC contents in oiled sediments indiogitbiled sites have elevated concentrations of Ni.

The duminum-normalized enrichment factor (ANEF) was calculated ftbenbulk
geochemical data in an attempt to determine the influence of anthropogenic inpoeohétals
at all sites (Table )0 ANEF, which to a large degree filters anputs from terrigenous
(natural) sediment sourcdgas been demonstrated todffective in quantifying tracenetal
inputs from posindustrial pollution. The following equation selects aluminum (Al) as the

referenced element to calculate ANEF for various metals:

Mesamy/
AI sample
Mem%

Al crust

HereMerepresents trace metal content of sediments and crustalaatmenAl represents

aluminumcontentof sediments and crustal abundan€austal concentrations of various
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elements were calculated and compiled by Wedepohl (18383eAl has no known
anthropogenic soues to sediments, quantificatiohany metafrom the equation that ressiih
a positive ANEF number can be inferredhasinganthropogenic inputs (neerustal sourcs).
Estuarine sediments thiaave shown to be trace metal sinks would have positive ANEF
anomalies for anthropogeniictroduced tracenetals.

ANEF results indicate that there is substantial anthropogenic input of several trace metals
paricularly at WB and oiled sites (i.eBJS and R Hevated trace metal contsmt WBcan
be directly related to industrial input, atmospheleposition, and riverine inflow as discussed
earlier. Additionallyall sites record positive ANEF values for tranetalsto some degree
This can be directly related to the estuargnvironment acting as a traceetal sink. However,
oiled sites shovhigherANEF values foNi, Cu, and V (common components in crude oils)
compared to those at pristine sites including WB. Other trace elements such as Pb, Zn, As, and
Hg also display relatively high ANEF values (>4) at contaminated sites.

ElevatedANEF values 6S exist to some degreeadt sites partially due to the presence of
seawater and the precipitation of sulfates and evaporites. The sulfur ANEF Jabuesser are
more devated at oiled sitesSince sulfur is a main constituent of crudle ANEF values of
sulfur thus may be used an indicator of oil contamination.

While bulk geochemical and ANEF analyses indicate elevated levels of trace metals in
sediments at highlcontaminated sitegoncentrations of trace metals are generallyifopore
waters extracted from heavily contaminated sedim@lison Keimowitz, personal
communication2019. One possible notion for the low concentrations in pore waters is
enhanced bacterial sulfate reductiatich removes reduced aqueous metglprecipitating

them into metal sulfidesee next section)

82



Table 10 Average calculated normalized aluminum enrichment with respect to major and trace
elements.

Element WB LB Wi BH PACB RG BD BB BJIN BJS

Cu 4.40 495 2191 5.68 568 20.68 1549 24.89 16.27 18.43
Pb 4.53 6.32 6.04 8.92 5.87 7.61 5.39 7.64 6.70 6.28
Zn 4.85 1.34 6.79 1.14 3.95 7.98 7.62 8.65 7.15 6.89
Mn 2.12 0.34 0.90 0.47 3.44 3.93 3.46 3.42 3.06 3.59
Fe 3.97 3.04 3.16 3.95 4.59 4.07 3.70 4.17 4.17 3.80
Ba 0.16 0.13 0.15 0.18 0.17 1.22 0.74 0.82 0.93 0.85
Hg 4.71 1.76 1094 155 1.15 7.17 4.63 6.24 8.38 7.52
As 2097 2348 23.78 13.62 3528 27.73 16.92 16.79 16.58 23.34
S 75.51 120.86 92.14 153.08 122.59 85.22 153.72 155.79 173.73 141.57
Sr 0.38 0.81 0.82 0.88 0.64 0.85 1.60 1.66 2.01 1.63

Ni 2.55 1.88 3.83 1.64 2.87 5.34 6.30 7.25 6.63 6.15
Co 2.53 1.64 1.76 1.35 291 4.33 4.04 4.77 411 3.47
\% 2.57 4.74 3.58 2.53 4.56 3.49 3.26 3.39 3.92 3.79

Th 2.69 4.67 2.37 4.54 3.89 4.38 2.71 2.98 3.36 3.80
Ca 0.22 0.82 0.61 0.53 0.49 0.55 1.00 0.99 1.30 0.99
Mg 1.23 1.40 3.14 1.92 2.04 2.45 3.97 3.95 4.43 421
Na 0.77 2.55 4.74 3.28 2.82 1.44 4.58 4.52 6.08 4.77
Al 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Petrographic, SEMEDS, and LaseAblation ICRMS Aralysis

Petrographic, scanning electron microscope basedgy dispersi analysis (SEMEDS),
and laseiablation ICPMS analyses were conducted on sediments recovered froninobtal
sites WB and BJS. Analyses aimratestigating chemicalompagsition, grain size, and texture
of metal sulfides formefrom porewater under sulfateeducing conditionsSediments from
shallow depths of WB and BJS (2P cm) were slideand puckmounted for analysis.
Bacterially produced metal sulfideBFMS) are dearly evident at both sitesPyrite with distinct
framboidalforms were recognizeid petrographic aamyses (Figure 4dand SEM imaging
(Figure 45. During nucleation and growtkthe various pyritic minerals take on distinct textures

(Wilkin et al., 19%).
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EDS analysis of pucknd slidemounted framboidal pyriteonsistently result in peaks for Fe
and S, confirming the petrographic analysis that #veypyritic minerals (Figures 49, and
Table 1). The formation of BPMS in modern marsh sedtsehas been demonstrated to take
place when ample amountsfé(l), SO, and organicarbon are present (Berner, 197084).
Laboratory studies have shown that organic carbon required for bacterial growth is the most
important contributing factor dumg BPMS formation in marine sediments (Berner, 1984).
Thus, the incursion of oil into heavily contaminated sites most likely enhanced BPMS production

and in turn, sequestedreduced trace metals (e.§e, As) that were present in pore water
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40x Reflected Light BJS

40x Reflected Light WB

Figure 44. Photomicrographs of biogenic pyrite formed in Bay Jimmy South (top) and Weeks Bay
(bottom).
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Figure 45. SEM images oflgle mounted (BJS top left, WB bottom right) and puck mounted (BJS
bottom left, WB bottom right) framboidal pyrite foed by sulfateeducing bacteria in WB and BJS
sediments. SEM image shows framboidal texture of pyrite with pyrite microcrgstsiglsize ranges
from 0.52 um) aggregates.
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Figure 46. SEM photo and energy dispersiveay (EDS) spectra of frambaitipyrite formed by
sulfatereducing bacteria in Weeks Bay (sample W& Spectrum 5).
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Figure 47. SEM photo and energy dispéve xray (EDS) spectra of fraboidal pyrite formed by
sulfatereducing bacteria in Weeks Bay (sample WB Spectrum 2)
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Spectrum 1
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Figure 48 SEM photo and energy dispersiveay (EDS) spectra of fraboidal pyrite formed by
sulfatereducing bacteria in WeslBay (sample WB R Spectrum 1).
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Spectrum 1

0 05 1 15 2 25 3
Full Scale 1122 cts Cursor: 8802 (4 cts)

Figure 49. SEM photo and energy dispersiveay (EDS) spectra of framboidal pyrite foethby
sulfatereducing bacteria at Bay Jimmy South site (sample BISpectrum 1).
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Table 11 Elemental composition by mass pemtage of various slidmounted and pueknounted
grains.

Sample Fe S Si Al Total
ID % % % % %

SlideMounted

BD & Spectrum 2 62.51 37.49 100.00
BD & Spectrum 7 64.11 35.89 100.00
WB S1 Spectrum 5 65.11 34.89 100.00
WB S3 Spectrum 2 63.35 36.65 100.00
PuckMounted

BD P1 Spectrum1  53.90 46.10 100.00
WB P1 Spectrum1  67.97 32.03 100.00
BJIN PL Spectrum 1 32.64 55.10 8.80 3.46 100.00
BJS A Spectrum1  50.61 48.24 1.15 100.00

Recent laboratory and field studi¢suertaDiaz et al., 1990Jong et al., 2004ound
significant uptake of metals Pb, Cu, Cd, Zn, Ni, Fe, and As by BPMS. Bulk sediment trace
metal concetrations (Appendix 7) in WB and heavilyoiled sites indcate that BPMS probably
co-precipitated trace metals in much less abundance with respect to £e and

AlthoughEDS analysis shows limited trace metal content, the sensitivity of EDS anialysi
not suited for quantifyingracemetalat low concentrions. High-resolution &ser ablation
inductively coupled plasma mass spectrometry-(CR/MS) analyses were conducted to
guantify the elemental compositions of detrital and framboidal pyrites. Results from LA
ICP/MS analyses show that trace metals acerporated and adsorbed to the biogenic
framboidal yrites present in WB (Figures 50, 51) B&dheavily contaminated sites (Kesn et
al., 2011) (Appendix 10

Average S and Fe concentrations in framboid pyrite formed in WB7aeand 57.4 %

respectively.Mn, Pb, Zn, and V are the most abundant trace elements (average concentrations >
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1,000 mg/kg) in the analyzed framboid pyrites (Tali2, 13. The samples also contain various
amounts of Co, Ni, Cu, As, Se, Hg, Mo, and Gt§ and Te ar@resent but their concentrations
are not calculated due to the lack of standard referei@ssmical compositions of detrital

pyrite identified in thin sectiorfTables 12, 13 are different from those of framboid pyrite grains.
The averagé&racemetal ontents are much lower in detrital pyrites than those in the fra@boid
form. Mn, Zn, Ni, and As are the most abundant trace elemenieianalyzed detrital pyrites.
However,their maximum concentrations are less than 65 mgaegly stage frambol iron

sulfides in amorphous form ak@pable of adsorbing and incorporating trace metals into their
structure. Howevepver time iron-sulfide grains may lose their sorbing capability as they age
and reorganize into larger anetterdefined crystals Moreover, while the Fe/S molar ratios of
detrital pyrite are in @&markablynarrow range (0.58.58) consistent with pyrite stoichiometry,
those of framboidal pyrite grains vary and do not have thelsbmetric Fe/S ratio for either

pyrite (Fe$) or marasite (FeS). This again implies poedgfined crystastructures and

abnormal stoichiometricompositions for the earfprmed framboids. The large variations in
chemical composition also suggest a biogenic origin for framboid pyipgortunistic
microorganisms such as sulfate reducers may take advantage of desired geochemical conditions
(i.e., with abundant electron donors/acceptors and available carbon sources) to gnovweldnd

and randomly assemble nearby elements into pyrite with unique frdddoi. It is also
importanttonoteth&tggr egates of framboid pyrimet@d are fiz
concentrations (Figure $2The zoned pattern suggests tteatic metals ar@refeentially
sequestered from pore water durbagterial sufate reduction as pyrite begins to grow (Saunders
et al., 2005). @emical constituents of these biogenic pyrites indicate that they show little to no

preference when incorporating reduced trace metedgheir structure (Tables 12,)13The
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abundanceral variety ofmetalsincorporated into their poorly defined crystalline structure
indicate that these framboids most likely are amorplandbiogenicin nature, versus detrital
Low-valence or reduced forms of metals present in-p@ter may beequestered as

amorphous metal sulfides (MeS) via the following biogeochemical reaction:
HS+Me*Y MeS*™ + H (5)

Here Me** represents a divalent metalhe amorphous MeS solid formed will transform with
time to more stable sulfide minerals such as pyrite Jf-&& main end product. Reactid) is
very important since it limits the mobiligf trace metals and their dissolved loads in poater.

The increased organics present via the incursion of oil not only prbadithtional carboras
electron donorbut al® most likely increased the concentration of trace metals in redoced
via a reductive pathwayHydrogen sulfide produced by bacterial sulfate reduction could react
with reduced metals to form framboidal amorphous metal sulfides. The incursion and
persistence of oil at heavily contaminated sites like BJS may leadéagec! production of
metal sul fides. WB 6 s (i.a.cnot eelatedrtaathie ®ibspilipd3tNikely pr o d u ¢
is derived from high terrestrial trace metal and carbon inputs from industrial sources,
atmospheric deposition, and riverine inflow.

Bacteriallymediated redox reactions involving organic carbon, Fe, and S may lead to cycling
of trace metaldetween solid minerals and pavater. As reducing conditions fluctuate with
availability of limiting substrate®xidation can lead to thestiolution of BPMS. This oxidation
combined with the aging and restructuring (into a more stable form) of amorphous BPMS could
lead to tle expulsion of metals into poveater. As oil degrades over the long term, sulfate
reducing horizons are likely toiftback to a deeper location due to the degradation of organic

material in shallow sediments. Shifting reducing horizons to more oxidizing ones and

93



subsequent oxidation of metal sulfides malgase acidic and trace metah wateranto the

estuarine mvironment (Johnston et al., 2011
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Figure 50. Plots showingd.A-ICP/MSspectraof pyrites from WB.
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Figure 51 Plots showind.-A-ICP/MSspectraof pyrites from WB
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Figure 52. Plots showind.A-ICP/MS spectreof pyrites from WB
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Table 12 Averageelemental concentrations measured ftolCP/MS analysis of pyrites from WB.
Results are normalized to Fe.

Metal Conc. WB 1 WB 2 WB 3 WB3b WB4 WB 5 WB 6*
S wt. % 21.6 5.2 15.3 10.2 39.7 78.6 52.0
\Y, mg/kg 924 950 559 612 359 2010 6
Mn mg/kg 8224 9736 7763 8630 46103 3918 67
Fe wt. % 77.1 93.2 74.1 76.8 55.4 20.6 48.0
Co mg/kg 339 426 618 659 60 45 9
Ni mg/kg 8 151 2144 1015 140 259 40
Cu mg/kg 101 158 296 28 89 104 12
Zn mg/kg 937 1294 94334 118370 1950 1249 21
As mg/kg 114 119 0 0 164 66 62
Se mg/kg 31 0 0 0 18 49 3
Mo mg/kg 77 72 0 0 13 6 4
Cd mg/kg 10 7 5 4 8 18 0

Tel25(LR)**  mg/kg - -
Hg202(LR)**  mg/kg - -
Pb mg/kg 2901 3153 35 8 286 147 17

*detrital grain

** standard reference for calibration is not available

Table 13.Averageelemental concentrations measured ftoWICP/MS analysis of pyrites from WB.
Results are normalized to Fe.

Metal Conc. WB 6b* WB 6¢* WB 6d* WB 7
S wt. % 49.9 524 51.5 94.2
\% mg/kg 5 6 4 5736
Mn mg/kg 64 85 37 861
Fe wt. % 50.1 47.5 48.4 4.8
Co mg/kg 5 5 5 2
Ni mg/kg 23 21 20 143
Cu mg/kg 7 9 6 77
Zn mg/kg 20 28 30 344
As mg/kg 56 84 61 631
Se mg/kg 2 3 3 175
Mo mg/kg 11 24 12 400
Cd mg/kg 0 0 0 26
Tel25(LR) mg/kg - - - -
Hg202(LR) mg/kg - - - -
Pb mg/kg 9 11 11 1086

*detrital grain
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GC/MS analysis and geochemical correlation of oil

Gaschromatograph masspectrometryime of flight and selected iemode analyses
(GC/IMS-ToF, GC/MSSIM) were conducted to detemme the source and degradatiorcoide
oil compounds present at alirapling sites. In addition,sample oinitial Macondel MC-252
oil was analyzed to providecartrol for comparison Extraction of dicompainds from core
sections of €8, 1215, 2730 cm at all sitesaswell as bulk surface sedimentgere processed
via EPA modified method 3570 of microscale solvent extraction. Resultant extractions from
sediments and hexawat (200:1) degraded oil and tial MC-252 crude weranalyzedvia
GC/MSToF in full-scan mode.

Pristine and slightly contaminated sites such as WB, WI, LB, and RG all returgatilvee
results, indicatindjttle or nopetroleumrelatedhydrocarbos in any sedimentsMC-252 oiland
oil extractions from BJS surface sediments sediments fronothe heavily contaminated sites
returned bromatograms that clearly shdke presence of various hydrocarboi$ie complete
chromatograms of degraded oil indiedhat heaviehydrocarbonsre present while lighter ones
have largehbeendegraded. This is evident from the higher intensity returns of heavier
compounds on the right side of the chromatograms (ov@d IMinute range of higher
tempeatures) (Figures 53, 54 By contrast, fulscan chromatograms from the initial VE52
crude reflechigher percentagaof lighter compoundgFigure 53) These results clearly indicate
that heavier compounds persist in sedimentsle lighter compounds wepeferentially
biodegraded by naturalionobes or evaporated within months aftexoil spill.

The results of GAMS analysis of degraded oil and M&52 crude oil are consistewtth
previous studies, which show that natural microbes preferentially attack the single bonds in the

lighter mdecules first, especially-alkanes (Jobson et al., 1972; Bailey et al., 1973). Although
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most light compounds of oil may be easily degraded by natural microbes on the short term,
saturated heavy oil (e.g., asphaltenes, resins, polycyclic aromaticanetthose adsorbed by
sediments can persist in the environment for decades (e.g., Oudot and Chaillan, 2010). Some
heaver hydrocarbon compoundsentuallymay bebroken dowrby bacterial sulfate reduction.
However this degradation processnmsich slowethan aerobic degradatio8tfmonova and

Shaks, 197]1Bailey et al., 1978 The heavy compounds that persist in BJS and other
contaminated sediments can leadricreased microbial activityver the long term as the oil acts

as an electron donor and carlsmurce for slow anaerobic biodegradation.
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Figure 53 Chromatogramsf initial BP MC-252 crude (A) and degraded oil from plants at BJS (B)
sampled six months after the spill ceased. Analysis shows that heavier compounds persist itssedimen
while lighter compounds have been preferentially biodegraded by natural microbes.
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Figure 54. Chromatogramsf extracted oifrom surface sediments at BJS){And oil extrated from

12-15cm depth at BJS |Bampled six months after the $pibased. Analysis shows that heavier

compounds persist in sediments while lighter compounds have been preferentially biodegraded by natural
microbes.
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