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We measured the concentration of petroleum hydrocarbons in 405 wetland sediment samples immedi-
ately before the April 2010 Deepwater Horizon disaster led to their broad-scale oiling, and on nine trips
afterwards. The average concentrations of alkanes and PAHs were 604 and 186 times the pre-spill base-
line values, respectively. Oil was distributed with some attenuation up to 100 m inland from the shore-
line for alkanes, but increased for aromatics, and was not well-circumscribed by the rapid shoreline
assessments (a.k.a. SCAT) of relative oiling. The concentrations of target alkanes and PAHs in June
2013 were about 1% and 5%, respectively, of the February 2011 concentrations, but remained at 3.7
and 33 times higher, respectively, than in May 2010. A recovery to baseline conditions suggests that
the concentration of alkanes may be near baseline values by the end of 2015, but that it may take decades
for the PAH concentrations to be that low.

� 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction

Oil sheens and the smell of volatile organics remain in coastal
Louisiana three years after the 20 April 2010 BP Macondo Blowout
disaster (also known as: DWH; Deepwater Horizon) began at Mis-
sissippi Canyon Block 252 (MC252), located about 66 km offshore
of the Mississippi River delta. This disaster resulted in 11 deaths
and 17 people injured when the drilling rig exploded and burned,
and released an estimated 4.4 � 106 barrels of MC252 oil and gas
into Gulf of Mexico waters; 804,877 barrels were also collected
at the well riser (Crone and Tolstoy, 2010). This accident was the
largest marine oil spill event in history (Camelli et al., 2010), and
equal to twenty times the size of the Exxon Valdez oil spill
(Paine et al., 1996).

Oil from this industrial accident was first reported to be on Lou-
isiana beaches at Port Fourchon 11 May 2010, and on Raccoon
Island on 13 May 2010. Fresh sightings of the oily mousse and
tar balls in the estuaries continued after the compromised well
was capped on 15 July and officially declared shut on 19 September
2010. The Louisiana coastal ecosystems were disproportionately
exposed to the released oil (Table 1). Fifty-one percent of Louisi-
ana’s oiled shoreline was wetlands and the majority of the recov-
ered oiled birds, turtles and mammals were in the three states
north of the disaster site (AL, LA, MS), and 70% of the recovered
oiled birds were in Louisiana (Table 1).

Oil coated some emergent plants up to the high water mark, and
weighed some plants down as far as 10 m inland from the shoreline.
The results from studies examining other oil spill events suggest
that some of the MC252 oil deposited in anaerobic zones of coastal
ecosystems will persist and remain virtually unchanged for decades
(Vandermeulen and Singh, 1994; Reddy et al., 2002; Peterson et al.,
2003; Peacock et al., 2007; Boehm et al., 2008). Any effects of this
oiling might combine with other influences to have a synergistic
and maladaptive outcome. The immediate ecological effects of the
deposited oil may be its toxicity to a variety of organisms (Garrity
et al., 1994; Hershner and Lake 1980; Teal et al., 1992; Culbertson
et al., 2007a,b), and any damage incurred is expected to be depen-
dent on exposure length and frequency. This dependency is partly
due to oil composition that will change with temperature, volatili-
zation, and decomposition (weathering) in aerobic environments
as it moves between ocean, estuary and coastal wetlands as drop-
lets, tar balls, a brownish emulsion (‘‘mousse’’), and as a surface
sheen. Also, marsh re-oiling due to the re-mobilization of buried
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Table 1
Indicators of oil spill exposure and impact in Gulf of Mexico (GOM) States.

Indicators West coast FL AL MS LA TX

Percent of the GOM tidal shoreline In this statea 30% 4% 2% 45% 20%
Percent of the oiled GOM shoreline in this stateb 17% 14% 19% 51% 0%
Percent of all oiled turtles collected (live and dead)c 16% 40% 4% 40% 0%
Percent of all oiled mammals collected (live and dead)c 17% 0% 67% 17% 0%
Percent of all oiled birds collected (live and dead)c 11% 8% 11% 70% 0%

a http://www.st.nmfs.noaa.gov/st5/publication/communities/Gulf_Summary_Communities.pdf.
b Michel et al. (2013).
c http://www.restorethegulf.gov/sites/default/files/documents/pdf/ConsolidatedWildlifeTable110210.pdf.

Table 2
The target alkanes and polycyclic aromatic hydrocarbons analyzed with the GC/MS-
SIM method. The ion masses used in the SIM analytical method are indicated beside
each compound in parentheses.

nC-10 Decane (57) C1-Chrysenes (242)
nC-11 Undecane (57) C1-Dibenzothiophenes (298)
nC-12 Dodecane (57) C1-Fluorenes (180)
nC-13 Tridecane (57) C1-Naphthalenes (142)
nC-14 Tetradecane (57) C-1 Naphthobenzothiophenes (248)
nC-15 Pentadecane (57) C1-Phenanthrenes (192)
nC-16 Hexadecane (57) C1-Pyrenes (216)
nC-17 Heptadecane (57) C2-Chrysenes (256)
Pristane (57) C2-Dibenzothiophenes (212)
nC-18 Octadecane (57) C2-Fluorenes (194)
Phytane (57) C2-Naphthalenes (156)
nC-19 Nonadecane (57) C-2 Naphthobenzothiophenes (262)
nC-20 Eicosane (57) C2-Phenanthrenes (206)
nC-21 Heneicosane (57) C2-Pyrenes (230)
nC-22 Docosane (57) C3-Chrysenes (270)
nC-23 Tricosane (57) C3-Dibenzothiophenes (226)
nC-24 Tetracosane (57) C3-Fluorenes (270)
nC-25 Pentacosane (57) C3-Naphthalenes (170)
nC-26 Hexacosane (57) C-3 Naphthobenzothiophenes (276)
nC-27 Heptacosane (57) C3-Phenanthrenes (220)
nC-28 Octacosane (57) C3-Pyrenes (244)
nC-29 Nonacosane (57) C4-Chrysenes (284)
nC-30 Triacontane (57) C4-Naphthalenes (184)
nC-31 Hentriacontane (57) C4-Phenanthrenes (234)
nC-32 Dotriacontane (57) C4-Pyrenes (258)
nC-33 Tritriacontane (57) Chrysene (228)
nC-34 Tetratriacontane (57) Dibenzo (a,h) anthracene (278)
nC-35 Pentatriacontane (57) Dibenzothiophene (184)

Fluoranthene (202)
Aromatics Fluorene (166)
Anthracene (178) Indeno (1,2,3-cd) Pyrene (276)
Benzo (a) Anthracene (228) Naphthalene (128)
Benzo (a) Pyrene (252) Naphthobenzothiophene (234)
Benzo (b) Fluoranthene (252) Perylene (252)
Benzo (e) Pyrene (252) Phenanthrene (178)
Benzo (g,h,i) perylene (276) Pyrene (202)
Benzo (k) Fluoranthene (252)
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oil can result in chronic exposures. A series of cascading effects on
the plant-dependent food web were expected to follow in heavily
oiled marshes. Indeed, it appears that shoreline erosion was tempo-
rarily enhanced (McClenachan et al., 2013), that stressors on fish
physiology and reproduction were induced (Whitehead et al.,
2012), and that the resident insects and invertebrate populations
were suppressed (McCall and Pennings, 2012).

An essential requirement to evaluate the consequences of the
oil on these coastal wetlands is to quantify the hydrocarbon con-
tent in the soil/sediment and how that content changes over time.
Here we report a suite of ten data sets from samples collected
between May 2010 to June 2013. We used GC/MS-SIM (gas chro-
matography/mass spectrometry in selective ion monitoring mode)
to quantitatively measured C10 to C35 normal alkanes plus pristane
and phytane, 2- to 6-ringed parent polycyclic aromatic hydrocar-
bons (PAHs), and many of their respective C1 to C3 or C4 alkyl
homologs. These are called ‘‘target’’ compounds throughout this
study and are listed in Table 2.

The normal alkanes are saturated, straight-chain hydrocarbons
with single bonds for the carbon-to-carbon linked chains that are
readily biodegraded and are not considered to be major health haz-
ards. Degradation of n-alkanes is principally by oxidation of the
terminal carbon atom. Additionally, normal alkane profiles are use-
ful for characterizing changes in oil composition as a result of
weathering. The isoprenoid hydrocarbons, pristane and phytane,
are particularly useful because they are thought to biodegrade
slower than the straight chain saturates; therefore, a ratio of the
branched to normal hydrocarbons (e.g., nC17:Pristane or nC18:Phy-
tane) can be used to understand biodegradation and evaporative
weathering patterns. PAHs, in contrast, form multiple six-carbon
ring systems consisting of alternating single- and double-bonded
carbon atoms. Because of this bonding arrangement, microbiotoa
can incompletely or completely oxidize PAH compounds by P450
enzyme systems. This enzymatic oxidation potential results in
some of the metabolized PAH structures becoming more toxic pol-
lutants (i.e., carcinogenic, mutagenic, or teratogenic; Tuvikene,
1995; Bamforth and Singleton, 2005).

The purpose of quantifying and documenting the targeted n-
alkane and PAH concentrations in the surface soil layer of Louisiana
wetlands was to: (1) provide a baseline of concentrations in these
areas before the MC252 oil came ashore, (2) document areas where
the oil was accumulating, (3) characterize changes in the concen-
trations of the target alkanes and aromatics in these areas over
the first 3 years after the oil came ashore, and (4) examine how clo-
sely the variation in these site-specific data are represented by the
results of the inter-agency rapid-assessment comparative surveys
of marsh oiling.

2. Materials and methods

We sampled wetland sediments in three southern Louisiana
estuaries before the oil from the Macondo well blowout entered
the wetlands (Fig. 1A), and nine times afterwards, from September
2010 to June 2013 (Fig. 1A-J). The marsh locations sampled before
they were oiled included salt marshes east and west of the Missis-
sippi River (Fig. 1A). These 31 sites represented our best judgment
of conditions before the oil entered the estuaries. We were pre-
vented from accessing most marshes until the fall 2010. Various
agency and satellite image analyses at that time indicated that
the most prominent oiling was in east and west Barataria Bay
and eastern Terrebonne Bay. We focused on these three areas
and chose the target areas before the field trip began, and then
made our final selection while in the field and before landing the
boat. Subsequent sampling included these three general areas,
but the same exact sites were not always re-sampled because of
landowner permission, erosion, or logistical issues (principally
the shallow water depth that hindered boat access). A core set of
12–13 site locations were sampled on each trip. Thirty sites were
established on the northern edge of Bay Batiste in February 2011
(Fig. 1C). These were clusters of 3 stations 10 m apart and are the
EX5099-000002-TRB
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Fig. 1. Sample location maps by sampling trip. DWH = Deepwater Horizon oil well location. The black horizontal bar in A, B, D, E, F, and I is 10 km. The black bar in C, G, H, and
J is 1 km. The location map (K) has all sample locations.
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same sites used by McClenachan et al. (2013) for a marsh erosion
study. Sites were marked with a plastic 0.25 m2 quadrat to facili-
tate repeated sampling at the same location. We had no access to
data on oil concentration to assist in site selection for any site until
late summer 2011.

2.1. Sample collection

We collected 405 surface-sediment samples from Louisiana
coastal wetlands during May 2010 (n = 31), September 2010
(n = 64), February 2011 (n = 30), May 2011 (n = 87), September
2011 (n = 66), June 2012 (n = 22), August 2012 (n = 30), September
2012 (n = 30), October 2012 (n = 15), and June 2013 (n = 30)
(Fig. 1). The majority of the samples were collected within 10 m
of the shoreline. Others were collected every 20 m along eight
90 m transects in June 2011, and five 100 m transects in September
2011. These transects were perpendicular to the wetland/water
interface. Sampling in February 2011, August 2012, September
2012, and June 2013 were within 1 m of each other. The primary
emergent vegetation was Spartina alterniflora and Juncus sp. with
minor amounts of Schneoplectus americanus. The wetland type is
commonly known as a ‘salt marsh’. All sediment samples were col-
lected as a composite sample of the upper 5 cm, stored on ice until
delivery to the laboratory, and either immediately extracted or
refrigerated at 4 �C for no more than 14 days until extraction, as
recommended by the US EPA (2007).

2.2. Sample extraction

The samples were analyzed using GC/MS-SIM that targeted 28
alkanes, 18 parent PAHs, and 25 alkyl homolog groups (Table 2).
The target petrogenic compounds were extracted from the sedi-
ment samples using EPA SW-846 method 3540C (US EPA, 2000).
Reagent grade or pesticide grade solvents were used in all the
extractions and analyses. Samples were homogenized and a 15–
20 g subsample was weighed, spiked with surrogate recovery stan-
dards (5-alpha androstane and phenanthrene-d10, AccuStandard,
Inc., New Haven, CT) at 20 lg g�1 and dried by mixing with anhy-
drous sodium sulfate in a Soxhlet extraction thimble and then
extracted for 24 h. At the completion of the extraction procedure,
no sample clean-up procedures were performed and the extraction
solvent was concentrated, unless gross oil contamination was
observed, to a final volume of 1–2 ml using rotary evaporation
and blow-down with nitrogen gas. The QC/MS was set up for detec-
tion limits of 1 ppb in sample extracts and was typically linear over
four or five orders of magnitude. If samples contained large
amounts of oil, as seen by particularly dark color of the methylene
chloride extracts, then they were diluted as appropriate to bring
the amount injected into the calibration range.

2.3. GC/MS instrumentation

The samples were analyzed by GC/MS-SIM to quantify the tar-
get petrogenic hydrocarbons, including the normal and branched
saturated hydrocarbons (from nC10 to nC35, pristane and phytane),
the two- to six-ringed PAHs and their respective C1 to C3 or C4
alkyl homologs (Table 2). Ion chromatograms for the hopanes, ster-
anes, and triaromatic steroids biomarker compounds were
acquired using ions 191, 217, 218, and 231). All GC/MS-SIM analy-
ses used a Agilent 7890A GC system configured with a 5% diphenyl/
95% dimethyl polysiloxane high-resolution capillary column (30 m,
0.25 mm ID, 0.25 lm film) directly interfaced to an Agilent 5975
inert XL MS detector system. The GC flow rates were optimized
to provide the required degree of separation, with particular atten-
tion given to nC17 and pristane which should be near-baseline
resolved. An Agilent 7683B series injector was used in splitless
mode to inject 1 lL of sample into the GC/MS system. The GC injec-
tion temperature was set at 280 �C and only high-temperature, low
EX5099-000003-TRB
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thermal-bleed septa were used in the GC inlet. The GC was oper-
ated in temperature program mode with an initial column temper-
ature of 60 �C for 3 min, and then increased to 280 �C at a rate of
5 �C min�1 and held for 3 min. The oven was then heated from
280 �C to 300 �C at a rate of 1.5 �C min�1 and held at 300 �C for
2 min. The total run time was 65.33 min per sample. The interface
to the MS was maintained at 300 �C.

The MS was operated in the Selective Ion Monitoring (SIM)
mode to ensure low level detection of the target constituents asso-
ciated with crude oil in sediment samples. The MS was tuned to
PFTBA (perfluorotributylamine) before each set of analyses. If any
of the tune parameters (e.g., percent air/water, peak abundances
and ratios) were significantly different from prior tune parameter
values, then the instrument was checked for error-causing prob-
lems (e.g., air leaks, worn septum, dirty liner, etc.) and then
returned to normal operating conditions. Internal standards were
added to the sample extracts just before the GC/MS-SIM analysis.
The internal standard mix included naphthalene-d8, acenaphtha-
lene-d10, chrysene-d12, and perylene-d12 (AccuStandard, Inc.,
New Haven, CT). Instrument detection limits were estimated from
the analysis of a 10 ppb oil standard calibration mixture that
resulted in detection of 1 pg peaks with signal-to-noise ratios
greater than 3. Assuming a 10 g sample size and injection of 1 uL
out of a total extract volume of 1000 uL, this translates into a
detection limit of 0.1 ppb for the target analytes.
2.4. Quantitative analysis and quality assurance/quality control
(QA/QC)

The samples were extracted and analyzed using modified EPA
SW-846 methods (2000), appropriate QA/QC procedures, and good
laboratory practices to prevent contamination and avoid sample
degradation. The same GC/MS-SIM operating procedures were
used for the initial calibration curve and all of the sample extracts.
The concentration of specific target oil analytes was determined
using a 5-point calibration and the internal standard method
(EPA SW-846 method 8270). A commercially available oil analysis
calibration standard (Absolute Standards, Inc., Hamden, CT) con-
taining the normal alkanes from nC10 through nC35 and the parent
PAH analytes of interest was used to prepare the five concentra-
tions used for the calibration curve. The average response factor
was calculated for each analyte in the calibration standard and
the percent relative standard deviation (%RSD) was determined
to ensure the analytes were within acceptable QA/QC limits
(<15% RSD). The average response factors were used for both par-
ent PAHs and their respective alkyl homologs; therefore, the alkyl
homolog data were considered to be semi-quantitative. This is a
standard operating procedure for oil analysis because there is a
limited variety of commercially available, alkylated homolog stan-
dards for the PAH homolog isomers commonly found in petroleum.

An extraction blank was prepared with each set of extracted
samples to detect possible contamination from the solvents, glass-
ware, or laboratory equipment used during the extraction and con-
centration procedures. Analysis blanks were run with each batch of
samples method blank concentrations were subtracted from those
found in samples and reported as background subtracted results.
Typically, blanks only contained low ppb levels of some analytes.
All extraction blanks and sediment samples were spiked with sur-
rogate recovery standards before extraction. The surrogate recov-
eries were acceptable if they fell within the range of 70–120%
recovery (EPA acceptance criteria).

A daily continuing calibration standard (one of the five initial
calibration curve concentration levels) was the first injection after
the tune, followed by the MC252 source oil extract, and then an
instrument blank. If the results from these injections verified
proper instrument performance, then the analysis of sample
extracts continued.

The data were compiled into a database of the total alkanes
and PAHs for each sample. The data are archived at https://data.
gulfresearchinitiative.org/data/R1.x139.142:0004/.

2.5. Source oil identification

The MC252 source oil used for sample analysis was collected
after the initial well blowout from the riser structure and archived
by the US Coast Guard. The MC252 source oil was extracted in a
weight:volume manner. One gram of pure oil was transferred into
an extraction vial with a clean, disposable pipette, and then 40 mL
of hexane, and a small amount of clean, anhydrous sodium sulfate
to remove any traces of water was added to the vial. The vial was
shaken to dissolve the oil and then allowed to settle before 1 mL
portions were removed and archived. These were used as daily
QC standards for ensuring proper instrument operations over the
range of petrogenic compounds on our target compound list.
The source oil extracts were also used for daily output of the bio-
marker profile chromatograms used for qualitative oil-source
fingerprinting.

The oil biomarkers were not quantified due to the lack of avail-
able standards and the data in this study were not normalized to
hopane concentrations. Our primary goal was to quantify and doc-
ument target compound concentrations as they currently exist,
and to determine whether or not any oil detected was MC252
oil. Hopane normalization is quite useful for understanding weath-
ering patterns of a single spilled oil event, but not for determining
the levels of potentially harmful PAH compounds from multiple
events of oil whose recent diagenetic history is unknown.

In order to determine whether the oil residues in the collected
samples were from the MC252 spill, we qualitatively examined
the ratio patterns of the: (1) triterpanes (hopanes), (2) steranes,
including the diasteranes and regular steranes, and the 14b(H)
steranes, and (3) triaromatic steroids in selected ion chromato-
grams of m/z 191, 217, 218, 231. All sediment samples were qual-
itatively examined and compared to the same biomarker patterns
in the MC252 source oil. The distributions for each of the oil bio-
markers is unique for each type of oil and these compounds exhibit
temporal stability to all but the most extreme weathering pro-
cesses, which makes them useful for oil-source identification
(Overton et al., 1981; Iqbal et al., 2008). The qualitative assessment
also determined if there were any effects due to weathering by
examining the n-alkane and branched alkane profiles, and checking
for the presence of unresolved complex mixtures. A source oil sam-
ple was run with each batch of sample extracts to ensure that the
biomarker patterns between the source oil and various sample res-
idues were not subjected to normal instrumental variations.

The hopanes, steranes, and triaromatic steroid biomarker ion
chromatograms were examined for any characteristic features or
obvious differences that could possibly determine if oil residues
in the sediments originated from a source other than MC252 oil.
An example is in Fig. 2. The ratios of specific compounds within
each of the oil biomarker ion chromatograms (marked with red
dots in Fig. 2) (Hansen et al., 2007) with near similar ratios to
the MC252 source oil were declared a match and the residue iden-
tified as weathered MC252 oil. For example, the heavily oiled sed-
iment shown in Fig. 2 was a clear match to MC252 source oil based
on this oil biomarker comparison. Additionally, the ratio of the C2
and C3 alkyl dibenzothiophenes to phenanthrenes were sometimes
compared for consistency with the MC252 source oil.

It is well established that oil biomarkers provide chemical fin-
gerprinting information that can be used to distinguish one oil
from another, even oils with similar geographic origins. We recog-
nize, however, that some Louisiana Sweet Crudes (LSC) have very
EX5099-000004-TRB
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Fig. 2. Selected ion chromatograms characteristic of the saturate hydrocarbons (ion 57) and hopanes, steranes, and triaromatic steroid biomarker compounds of petroleum
(e.g., m/z 191, 217, 218, 231) in the MC252 source oil and from a sample collected in September 2012 from a marshy shoreline. The red dots indicate specific biomarker
compounds used for source identification.
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similar biomarker profiles and could potentially be mis-identified
as MC252 oil. Only one LSC, however, was spilled in massive quan-
tities and reached the sampled areas in 2010. Samples of coastal
marsh sediments collected in spring 2010 (pre-spill) established
that there was not significant evidence of widespread oil contam-
ination before the DWH disaster. It is important to point out that
oil residues from oil spills are very heterogeneously distributed.
Some samples taken post-coastal oiling from visually impacted
areas did not have the typical unresolved complex mixtures
(UCM) indicative of oil contamination, while others had a very sig-
nificant amount of UCMs. Furthermore, the biomarker profiles for
samples with oil contamination were very similar to the biomarker
profiles in the MC252 oil, and only the MC252 oil was spilled in sig-
nificant amounts at that time or since. Given the facts that bio-
marker profiles were very similar to MC252 oil and a significant
UCM was present, most if not all of the residues were interpreted
to be from the DWH disaster and not from other LSC oil wells.

2.6. SCAT comparison

The multi-agency damage assessment operations employed the
Shoreline Cleanup Assessment Technique (SCAT) during the active
portion of the spill defined five levels of oil exposure (Michel et al.,
2013). The SCAT oiling categories were based on visual field
inspection, usually from a boat, to assess the width of the oiled
marsh, the percent vegetative cover that was oiled, and the oil
thickness. We matched these color-coded categories of oiling from
the SCAT surveys (red, orange, yellow, green and blue; heavy,
moderate, light, very light, and trace, respectively) (http://gomex.
erma.noaa.gov/erma.html#x=-89.88671&y=29.50386&z=12&layers=
10012) with the contemporaneous estimated concentration of
alkanes (mg kg�1) and aromatics (lg kg�1) for September 2010
and February 2011.

2.7. Water level

We calculated the average water level at Grand Isle, LA, using
data from NOAA tide gage 8761724 at Grand Isle, LA. The water
levels are daily means calculated from the hourly values which
are referenced to the local water level gage datum. The Mean Sea
Level at the gage is 2.015 meters. Concurrent water levels mea-
sured on the marsh surface during sampling trips were compared
to the recorded values at gage 8761724 to estimate marsh level.

2.8. Statistics

The concentration values below the detection limit were
defined as ‘zero’ values. We conducted a first-order kinetics analy-
sis of the changes in target alkanes and PAHs concentrations over
time (% day�1) to calculate a decline rate, if any. We compared data
taken at 1 and 10 m perpendicular to shoreline using a linear
regression analysis to determine coherence with distance. We
tested for differences in the concentration of PAHs in wetland soils
categorized in the SCAT surveys using a one-way ANOVA, and
tested for differences between oil and un-oiled sites using a Stu-
dent’s t-test and a Tukey’s HSD post hoc test for significant differ-
ences, with an alpha = 0.05. We created box and whisker plots
(minimum to maximum; 25th to 75th percentile) of the concentra-
tion of alkanes and aromatics for the three estuaries (Breton Sound,
Barataria Bay and Terrebonne Bay) that were sampled before the
oil reached the marsh in May 2010. We divided Barataria Bay into
east and west components using Grand Isle as the border and com-
pared the concentrations of alkanes and aromatics in September
2010. We then used a Kruskal–Wallis non-parametric analysis to
test for differences in the concentration of total alkanes and total
aromatics among estuaries for all data in May 2010 and September
2010, and amongst sampling at the four Bay Batiste sampling trips
to the same 30 sites.

3. Results and discussion

3.1. Overall concentrations of targeted alkanes and polycyclic aromatic
hydrocarbons

The total target alkane and PAH concentrations in the 405 sam-
ples ranged from 0.4 to 8,640 mg kg�1, and from below detection
limits (0.1 lg kg�1) to 355,744 lg kg�1, respectively. Samples with
the lowest concentrations were collected during the pre-impact
EX5099-000005-TRB
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Fig. 3. The average concentration of target alkanes (A; mg kg�1) and polycyclic
aromatic hydrocarbons (aromatics) (B; lg kg�1) in sediments collected at one m
(edge) or 10 m (inland) from the shoreline. The samples were collected in
Seotember 2010 (n = 31), June 2011 (n = 28), September 2011 (n = 21), June 2012
(n = 12), and October 2012 (n = 5).
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sampling in May 2010, when the concentration of target alkanes
and PAHs averaged 0.98 ± 0.005 mg kg�1 and 23.9 ± 1.61 lg kg�1,
respectively. Some samples from May 2010 had measurable traces
of petroleum in them, but no identifiable MC252 oil. We consider
these May 2010 data to be a baseline against which we compared
oiling amounts from after the MC252 spill in 2010 and subsequent
re-distributions.

MC252 oil was detected in 34 of the 94 samples collected in
September 2010 and February 2011. The average concentration
of target alkanes and PAHs in these 34 samples was
991 ± 377 mg kg�1 and 29,977 ± 11,410 lg kg�1, respectively
(Table 3). The average target alkane and PAH concentrations in
the MC252 oiled wetlands was, therefore, over 1,015 and 1,255
times, respectively, the concentration of these alkanes and aromat-
ics in the relatively un-oiled wetland sediments sampled in May
2010.

All samples contained numerous alkanes, with some samples
having obvious odd carbon preferences and others not. Samples
with significant oiling contained normal alkanes with the typical
pattern of alkanes, as well as the isoprenoid alkanes pristane and
phytane seen in crude oils. Except for samples with highly elevated
amounts of oil, many alkane patterns had biogenic and petrogenic
source signatures. In general, the samples with low levels of
alkanes exhibited a pattern associated with the various biogenic
sources, with only some having odd carbon preferences.

3.2. Oiling distance into the wetland

The average concentration of target alkanes within 1 m of the
water’s edge for 91 paired samples was 37.3 ± 26.4 mg kg�1, which
was 2.5 the average concentration of paired samples from 10 m
into the wetland (14.8 ± 4.5 mg kg�1). These values were not statis-
tically different (p = 0.31; t = 1.02; df = 90). The average concentra-
tions for PAHs were 2.7 times higher than samples from 1 m into
the wetland, compared with 10 m inland (3427 ± 2,072 vs.
1168 ± 305 lg kg�1), and were not statistically significantly differ-
ent from each other (p = 0.28; t = 1.08; df = 90). The variability
from 1 to 10 m is such that there might be a 10-fold difference,
either higher or lower, in the concentration of PAHs and a lesser
amount for target alkanes (Fig. 3). These results are similar to those
of Culbertson et al. (2007a) who demonstrated high spatial heter-
ogeneity over as little as 5 m in the concentrations of oil remaining
in salt marshes 20 years after the West Falmouth, MA, oil spill.

The concentrations of target alkanes and PAHs measured in
June 2011 and September 2011 along a 90 or 100 m transect
(Fig. 4) illustrate how this small reduction from 1 to 10 m contin-
ues further into the wetland with only a slight attenuation in con-
centration, if any. It is not surprising that oil would be carried
100 m into the wetland in light of the multiple high water events
between 2010 and the end of 2012 (Fig. 5). The tidal range is nom-
inally around 30–50 cm throughout these estuaries, whereas the
three tropical storms and two hurricanes inundated the wetland
between 50 and 100 cm water depth. The turbulence of the storms
Table 3
The concentration of target alkanes and polycyclic aromatic hydrocarbons in coastal wet
February 2011 (n = 30). The data are separated by those with and without MC252 oil iden

All samples No MC2

Alkanes Aromatics Alkanes
(mg kg�1) (lg kg�1) (mg kg�

Count 125 125 91
Average 271 8276 1.64
±1 SE 109 3294 0.18
Minimum 0.005 1.61 0.005
Maximum 8744 355,744 9.6
and water height also came with currents that would have mobi-
lized oil in the wetlands, bays, or even offshore, and brought it into
and over the wetland and perhaps out again.

3.3. Comparison with the SCAT shoreline assessments

There was not a good correlation between the five SCAT catego-
ries of shoreline oiling observed during the active portions of the
spill and the quantity of oil at the same sites that were measured
in our study (Fig. 6). There was no difference in the average con-
centration of aromatics at all SCAT sites that were oiled or not. Fur-
ther, there was no difference in the amount of oil amongst the
SCAT categories for the specific site where the sample came from.
These results agree with the conclusion of Michel et al. (2013; p. 4)
that ‘‘these descriptors are not adequate by themselves to develop
cleanup strategies and goals for each habitat type or shoreline
segment.’’ The SCAT team assessments are a necessary first-order
assessment for many purposes, including near real-time response
operations, but these assessments may not be useful for
land sediments for samples taken in May (n = 31) and September 2010 (n = 64), and
tified in them.

52 present MC252 present

Aromatics Alkanes Aromatics
1) (lg kg�1) (mg kg�1) (lg kg�1)

91 34 34
161 991 29,997
84 377 11,410
1.61 0.73 59.9
7633 8744 355,744
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Fig. 4. The concentration (l ± 1 SE) of target alkanes (mg kg�1) and polycyclic
aromatic hydrocarbons (aromatics) (lg kg�1) along (A) eight 90 m transects in
Barataria Bay in June 2011 (upper panel), and (B) five 100 m transects in September
2011 (lower panel).

Fig. 5. Water level height (cm station datum) at Grand Isle, LA. The mean sea level
at this station is 201.5 cm. The identified peaks are when a hurricane (H) or tropical
storm (TS) occurred. The sampling trips are the vertical bars, which started before
the oil came ashore. The dotted line is at the lowest marsh elevation (maximum
marsh flooding).

Fig. 6. The concentration of polycyclic aromatic hydrocarbons (aromatics)
(lg kg�1; l ± 1 SE) measured in this study aligned with the contemporaneous
estimates of shoreline oiling conducted by the Shoreline Cleanup Assessment
Technique (SCAT) surveys. (A) The color corresponds to the SCAT categories. Letters
indicate the results of a one-way ANOVA to test whether the categories are different
from each other. (B) Oil concentrations at SCAT category 1 sites (Group 1) compared
to sites in SCAT categories 3, 4 and 5 (Group 2).
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quantifying relationships between dose and response, changes
with time, or spatial distribution horizontally and vertically. Field
observations comparing oil exposures along the marsh shoreline
should consider taking their own site-specific measurements of
oil concentration rather than rely on these surveys to define the
relative exposure at the plot level (e.g., 1–10 m).

3.4. Trajectories of change

The average concentration of target alkanes and PAHs for each
sampling trip are in Fig. 7, which includes the MC252 oil for
reference. The concentration of oil in the wetlands ranged more
than 5 orders of magnitude, and was aligned (X vs. Y axis) along
a similar trajectory starting in 2010 through 2013. There was, in
other words, proportionality between the target alkanes
and PAHs that was grossly maintained, in spite of differences in
soil from shoreline to inland, wetland types, oiling amount, and
time.

There was no difference in the alkane concentrations amongst
the sampled estuaries for May or September 2010 (Fig. 8). The con-
centration of aromatics, however, were lower in Breton Sound (to
the east) than in Terrebonne Bay. The concentration of alkanes
and aromatics in the September 2010 samples, however, were
much higher than in May 2010. The variance about the mean for
these samples was often 2 orders of magnitude, which illustrates
the large spatial difference in oiling that confounded the estima-
tion of gross changes in concentration over time using all data.
Consequently, we did a similar analysis of data from the 30 perma-
nently marked plots that were sampled 4 times between February
2011 and June 2012 (Fig. 9). The May 2010 data are included for
comparison. The concentration of alkanes and aromatics were
higher, of course, than observed in the pre-oiled marshes (2010).
The concentration of alkanes were not different from each in the
first three of the four post-oiling intervals, but was in June 2012.
The concentration of aromatics in each of the four samplings was
determined not to be different from each other using the one-
way ANOVA test.
EX5099-000007-TRB



Fig. 7. The relationship between the concentration of target alkanes (mg kg�1) and polycyclic aromatic hydrocarbons (aromatics) (lg kg�1) for 10 sampling trips (A–J), the
average for each trip (K), and all data (L). The samples are for all samples at 1 and 10 m from the water’s edge.
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A different evaluation of the changes over time used the average
values for each trip. There was a significant decline over three
years in the average concentration of target alkanes, but not PAHs
(Table 4). The decay rate for the concentration of the target alkanes
was 0.39% day�1 for all samples and 0.59% day�1 for the 30 sites
sampled four times (p = 0.01 and 0.01, respectively). The decline
in concentration (% day�1) of polycyclic aromatics at all sites and
the 30 sites was not significant (p = 0.08 and 0.23, respectively;
Table 4). The trajectory of change for the target alkanes is such that
the concentration would be similar to the ‘baseline’ values by the
end of 2015. The changes in the concentrations of PAHs, however,
demonstrate no statistically significant decline in concentration
over time. The concentration appears to be declining so slowly that
many decades will pass before the baseline values are reached in
heavily-oiled areas. This persistence is contrary to PAH degrada-
tion rates determined from controlled laboratory microcosm stud-
ies using South Louisiana crude oil (Atlas, 1981) and a much faster
recovery rate observed in another wetland study (Mills et al.,
2003). A decade-long recovery from oiling has been documented
on the heavily impacted shorelines of Alaska (Peterson et al.,
2003; Boehm et al., 2008), Massachusetts (Reddy et al., 2002;
Peacock et al., 2007; Culbertson et al., 2007a,b), and Nova Scotia
(Owens et al., 2011), among others.

We wish to emphasize that these declining concentration rates
(% day�1) are not ‘decay’ rates of specific molecules that were all
deposited in a single oiling event. The oil that was initially
deposited in the marsh in 2010 underwent unequal degrees of
decomposition, mixing, evaporation or burial across all sampling
sites and had some additional oiling in 2012, and, perhaps, at other
times. The decline in concentration is the result of changes in the
EX5099-000008-TRB



Fig. 8. Box and whisker plots (range; 25th and 75th percentile) of the concentration of alkanes and aromatics in May 2010 (before oiling; A and B) and September 2010 (after
oiling; C and D). The letters above each bar indicates whether the data set is different from the others (based on a Kruskall–Wallis test for similarity).
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concentration of a heterogeneous mixture of alkanes and aromatics
whose arrival into the marsh came at various times (e.g., Figs. 5
and 6), not all at one time; the oil may have arrived with an analyte
mixture that was unequally decomposed or diluted as source
materials before marsh deposition, from one oiling event to
another, or after deposition.

There was a fourfold and sixfold increase in the average concen-
tration of target alkanes and PAHs, respectively, immediately after
the passage of Hurricane Isaac over Port Sulphur, LA (28 September
2011), located a few km from our study sites. The pre- and post-
Isaac data were from plots sampled within 0.5 m of the same plots
and are in Fig. 9A and B. These storm conditions, supplemented by
normal tidal inundations, would also re-distribute oil into rela-
tively un-oiled wetlands, raising the lowest values, as well. It is
interesting that these strong inundation events did not, apparently,
dilute the oil concentrations in the wetland sediments.

The interpretation of the degree of ‘restoration’ of the oiling of
these wetlands depends, in part, on the metric used to define suc-
cess. The concentration of total target alkanes and PAHs in June
2013 was about 1% and 5%, respectively, of the average values mea-
sured in February 2011. These numbers might be used to argue
that the wetland was between 99% and 95% restored at that time.
The concentration of target alkanes, however, remained 3.6 times
higher than the baseline values (May 2010) before the wetland
oiling, and are 33 times higher than the baseline concentration of
the PAHs. This suggests that impacted wetlands may take decades
to recover to the pre-disaster (2010) conditions. We do not, there-
fore, anticipate a ‘quick’ restoration in these heavily impacted areas
and recommend following the long-term persistence of the PAHs
within these Louisiana marsh sediments.

3.5. Baseline values

Most samples had some measurable petroleum hydrocarbons in
them, both before the wetlands were oiled in 2010, and afterwards.
The very lowest samples from reference sites, representing what we
think were the recently un-oiled sites from 2010, averaged
0.98 ± 0.31 mg kg�1 of target alkanes and 23.89 ± 6.07 lg kg�1 of
target PAHs, and have been increasing and remaining relatively
high. The average of the lowest five concentrations of target alkanes
and PAHs rose up to 131X and 829X, respectively, above the pre-
oiled conditions (May 2010). The average values in June 2012 were
8.1 ± 0.4 mg kg�1 and 4040 ± 712 lg kg�1 for the target alkanes and
PAHs, respectively, and 3.5 ± 0.1 and 1262.4 ± 578 in August 2012.
The comparable numbers in June 2013 were 1.01 ± 0.3 mg kg�1

for the targeted alkanes and 386.1 ± 202.6 lg kg�1 for the PAHs.
Whitehead et al. (2012) report that an average of
1.61 ± 2.15 mg kg�1 of the same alkanes and 1556 ± 5124 lg kg�1

of PAHs caused reproductive and physiological impairments of
marsh killifish (Fundulus grandis) in Gulf of Mexico coastal wet-
lands. The concentrations measured within the three years after
the spill represent, therefore, a fundamental change of the oil
EX5099-000009-TRB



Fig. 9. Box and whisker plots (range; 25th and 75th percentile) of the concentration
of alkanes (A) and aromatics (B) for sampling trips to the permanent plots in Bay
Batiste. The letters above each bar indicates whether the data set is different from
the others (based on a Kruskall–Wallis test for similarity).

Table 4
The rate of decline (% day�1) of the alkane and aromatic concentration for the Bay
Batiste sites and all sites. The decline is the slope of a linear regression of the ln
(concentration) vs. day.

Alkane Aromatics

n % day�1 R2 p % day�1 R2 p

Bay Batiste 4 0.59 0.99 0.01 0.37 0.85 0.08
All trips 9 0.39 0.62 0.01 0.17 0.2 0.23
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content in these wetlands since they were oiled in 2010. We caution
that if a hardy coastal wetland organism like the marsh killifish can
be compromised at such low levels, then other organisms are likely
susceptible to the long-term exposure to the remaining aromatics
in the impacted area.
4. Conclusions

The DWH disaster led to significant quantities of oil being carried
inshore and deposited on Louisiana coastal wetlands in multiple
oiling events. Although the baseline conditions were not pristine,
the 2010 oiling event raised the average concentration of alkanes
and PAHs in the sampled wetland sediments by 604 and 186 times,
respectively, and some oil was still being re-distributed throughout
the estuary two years later.

The concentration of alkanes is declining quickly enough that
the baseline conditions for alkanes may be reached by the end of
2015. The concentration of PAHs, which are the toxic materials of
concern, however, is not declining and proving resistant to the
sum of in situ decomposition, evaporation, and dilution. Further,
the ratio of target PAHs: alkanes is not moving in the direction
of recovery, and neither are the baseline ‘low’ values. It appears
that the pollutant load of these impacted wetlands has been
raised significantly higher, and that it will last for many decades,
if not longer. The ‘new normal’ concentration of target alkanes
and PAHs are at levels that compromise, for example, the rela-
tively hardy resident marsh minnows (Whitehead et al., 2012).
Recovery should not be assumed complete on the basis of re-veg-
etation of the marsh. Long-term monitoring the oil concentration
in these wetlands seems warranted, at a minimum, to understand
the long-term trajectory of recovery.
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