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We determined changes of 28 alkanes and 43 different PAHs in 418 wetland soil samples collected on ten
sampling trips to three Louisiana estuaries before and after they were oiled from the 2010 Deepwater
Horizon disaster. There was a significant decline in 22 of the 28 alkane analytes (0.42% day�1), no change
in 6, over 2.5 years. The concentration of five aromatic petroleum hydrocarbons (PAHs) increased
(range 0.25–0.70% day�1), whereas the total PAH pool did not change. Of these five, naphthalene and
C-1-naphthalenes are suggested to be of higher toxicity than the other three because of their relatively
higher volatility or solubility. The relative proportions of alkane analytes, but not PAHs, does not yet
resemble that in the pre-oiled marshes after 3 years, The trajectories of nine indicators for degrada-
tion/weathering were either inconclusive or misleading (alkanes) or confirmed the relatively meager deg-
radation of PAHs.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Oiling the marsh

The BP Macondo Blowout disaster (also known as: DWH; Deep-
water Horizon) began at Mississippi Canyon Block 252 (MC252)
and released an estimated 4.9 million barrels of South Louisiana
crude oil (MC252) into the Gulf of Mexico from 20 April to 15 July
2010 (Crone and Tolstoy, 2010). It is the largest unintended release
of oil to the marine environment in US history and resulted in the
death of 11 people and injured 17. The distribution of oil from the
‘spill’ was assessed under the Shoreline Cleanup Assessment Tech-
nique Program (SCAT) comprised of Federal, State, local and indus-
try representatives. The results indicate that 1773 km of Gulf of
Mexico shoreline were significantly oiled, of which 45% was coastal
marsh. The majority of the heavily and moderately oiled areas
were in Louisiana. Oil mitigation or clean-up occurred on 8.9% of
the oiled marsh shoreline (Michel et al., 2013).

Depending on initial conditions of oiling and other factors, petro-
leum hydrocarbons can persist for years (Teal et al., 1992; Reddy
et al., 2002) and with sustained biological effects (Culbertson et al.,
2007a,b). The average concentration of total alkanes and polycyclic
aromatic hydrocarbons (PAHs) in these marshes, in June 2013 were
20� and 374� the pre-oiled conditions (Turner et al., in
preparation). The concentration of total alkanes are on a trajectory
to be near baseline levels by 2015, whereas the concentration of
PAHs may take many decades to reach baseline levels if no addi-
tional oiling occurs. The concentration of PAHs in June 2013 was at
levels that affect the reproduction and growth of resident fish
(Whitehead et al., 2012; Turner et al., in preparation). Shoreline ero-
sion was accelerated (McClenachan et al., 2013) and insect commu-
nities were depressed (Pennings et al., 2014).
1.2. This study

This analysis is concerned with changes in the concentration of
the individual alkane and PAH analytes that make up the total
alkane and PAH pool measured in these marshes. We examined
data from before the arrival of MC252 oil to three years after it
arrived. Our main objectives were to examine: (1) the changing
composition of the oily residues in coastal marshes and (2) evi-
dence for biodegradation/weathering using nine indices of change.
1.3. General aspects of change

The analysis of petroleum hydrocarbons typically divides com-
pounds into two chemical groups that will have different trajecto-
ries of change in the marsh. The alkanes are saturated
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hydrocarbons with single bonds for the carbon-to-carbon linked
chains. They are neither very reactive nor identified as major
health hazards. Degradation is principally by microbial oxidation
of the terminal carbon atom. PAHs, in contrast, form six-carbon
rings of alternating single and double carbon atoms and are potent
pollutants. Some PAH compounds are carcinogenic, mutagenic, or
teratogenic (Luch, 2005).

A variety of factors will affect the degradation rate of various
alkanes and PAHs of the MC252 oil in the marsh. Some major fac-
tors are the molecular weight or carbon number (Cn), volatility, sol-
ubility, eH (oxidation potential) and pH, sediment organic content,
sediment type, oxygen availability, and temperature. Alkanes with
a lower molecular weight are more easily volatilized, whereas the
mid-length (Cn = 14–20) alkanes are generally non-polar liquids
(the melting point of C20 is 37 �C), with very minimal water solu-
bilities, whose melting and boiling points increase as their carbon
numbers increase. Aromatics are 100 times more soluble in water
than alkanes of the same carbon number (McAuliffe, 1966). This
means that alkanes may be more prone to evaporative losses than
are the aromatics. Hydrocarbons have been generally ranked in
the following order of decreasing susceptibility to microbial
metabolism: n-alkanes < branched alkanes < low molecular weight
aromatics < cyclic alkanes < high molecular weight aromat-
icsn hopanes and steranes hydrocarbons (Leahy and Colwell,
1990). The evaporative losses of MC252 oil moving from the well-
head to shore appears to be more important than microbial weath-
ering of the surface oil because 64% of the MC252 source oil PAH
pool were the easily volatilized 10 and 12-carbon naphthalenes
(Liu et al., 2012). In general, the higher the molecular weight of
PAHs, the higher the hydrophobicity and toxicity, and the slower
the compound is to degrade. Collectively, these physicochemical
properties mean that mid-length aromatic hydrocarbons are not
readily volatilized or leached from soil and can remain toxic unless
degraded to non-toxic forms.
2. Methods

2.1. Sample collection

We collected 418 wetland soil samples on ten sampling trips in
three coastal Louisiana estuaries. Their locations and distributions
are described in Turner et al. (in preparation). The first collection
was in May 2010 (n = 31) in the Breton Sound, Barataria and Terre-
bonne estuaries before the oil from the Macondo well blowout
entered the wetlands. Nine additional sampling trips were in
September 2010 (n = 64) and 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 = 28),
and June 2013 (n = 30). The February 2011, August 2012, September
2012, and June 2013 sampling trips went to the same 30 individual
sites and are from within 2 � 2 m plots. Soil samples were collected
as a composite sample of the upper 5 cm and stored on ice until
delivery to the laboratory, and either immediately extracted or
refrigerated for no more than 14 days at 4 �C until extraction, as rec-
ommended by the US EPA (2007). MC252 source oil collected from
the riser structure at the accident site and surrendered to the US
Coast Guard was extracted and analyzed as described for all field
samples.
2.2. Sample analysis

Sample analysis is described in detail in Turner et al. (in
preparation), which discusses changes in the total alkanes and total
PAHs in time and space. That study identified 28 alkanes and 43
aromatic hydrocarbons and their respective alkyl homologs (18
parent PAHs, and 25 alkyl homolog groups) using GC/MS-SIM (gas
chromatography/mass spectrometry in selective ion monitoring
mode), including the normal and branched saturated hydrocarbons
(from C10 to C35), the one- to five-ringed aromatic hydrocarbons
and their C1–C4 alkyl homologs, as well as cyclic biomarker com-
pounds like the hopanes, steranes and triaromatic steroids (SIM
ions 191, 217, 218, and 231 eluting between C23 and C31).

Briefly, the samples were analyzed using accepted standard
operating and QA/QC procedures to prevent contamination and
avoid sample degradation. The soils were extracted with dichloro-
methane (DCM) and spiked with surrogate standards to achieve a
final extract concentration of 20 lg mL�1. The concentrations of
the target PAHs were determined by an internal standard method
and response factors calculated from a 5-point calibration curve
using a commercially-available standard containing the normal
alkanes from n-C10 through n-C35 and the parent PAH analytes
of interest. The MS detector was tuned to PFTBA (perfluorotributyl-
amine) before each set of analyses. If any of the tune parameters
(e.g., percent air/water, peak abundances and ratios) were signifi-
cantly different from before tune parameter values, then the
instrument was checked for errors and then returned to normal
operating conditions. A daily calibration standard and blank were
analyzed with each sample batch to verify proper instrument per-
formance. If the daily standard indicated instrumental problems,
then no further analytical work was performed until the instru-
ment was restored to good operating condition.

The identities of all analytes were established using retention
times and full scanning mass spectral data of the riser oil sample.
The spectral data were processed by Chemstation Software
(Agilent Technologies). The data are archived at https://data.
gulfresearchinitiative.org/data/R1.x139.142:0004/.
2.3. Data analysis

Changes, both higher and lower (%day�1), for the various alkane
analytes were calculated using the slope of natural log of the aver-
ages vs. day, from the eight sampling trips taken from September
2010 to October 2012. Decay rates could not be calculated when
the concentration was below the detection concentration. We did
not use the June 2013 data for this part of the analysis because
the concentration of some alkane analytes and the total alkane
pool was near the baseline value by October 2012.

Nine indices of oil weathering were calculated: (A) n-heptadec-
ane: pristane versus year; (B) n-octadecane: phytane versus year;
(C) pristane: phytane versus year; (D) C3-dibenzothiophenes: C3-
phenanthrenes versus year; (E) C3-dibenzothiophenes: C3-chryse-
nes versus year; (F) n-heptadecane/n-pentatricontane versus
years; (G) n-heptadecane versus pristane; (H) n-octadecane versus
phytane; (I) pristane versus phytane. The proportional amount of
individual alkane or aromatic analytes were also calculated as
the percent of the total amount of measured alkanes or PAHs. All
reported statistical analyses are significant at p 6 0.05.
3. Results

3.1. Relative concentrations in alkanes and PAHs

A comparison of alkane and PAH analyte concentrations just
before the MC252 oil arrived in the marshes (May 2010), just after
it arrived (September 2010), and three years later (June 2013) is in
Fig. 1. The average concentration of total alkanes and total PAHs in
September 2010 was 134� and 110�, respectively, the pre-oiled
conditions. The concentration of total alkanes declined to 20� that
of the pre-oiling conditions by October 2012. The concentration
of total aromatics in October 2012 was 374 times higher than
EX5098-000002-TRB
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Fig. 1. The concentration (l ± 1 SE) of alkanes (A) and aromatics (B) in May 2010 (n = 31), September 2010 (n = 64), and June 2013 (n = 30) (Y axis) and the molecular weight
(x axis). The aromatics have multiple analytes with the same molecular weight, but different molecular structures. Analytical results below the detection limit are indicated
for visual illustration. The detection limits vary for each analyte.
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pre-oiling conditions – which suggests that significant re-oiling of
the marsh occurred. There was a significant decline with time
among all trips for the total alkane concentration (0.39% day�1;
p = 0.05), but not for the total PAHs (Turner et al., in preparation).
3.1.1. Alkane analytes
There were no alkanes detected among the analytes examined

that had a molecular weight <190 (n-decane, n-undecane, n-dode-
cane, and n-tridecane) in May and September, 2010, and only
sparse amounts in June 2013 (Fig. 1A). There was a steady rise in
the concentration of alkanes as molecular weight increased to
250 in the first months of oiling (September 2010), and then a
decline. This pattern of concentration versus molecular weight
was sustained through all sample dates, up to June 2013
(Fig. 1A). The alkane analyte concentrations in September 2010
were higher compared to June 2013, except for the three
lowest molecular weight compounds (n-decane, n-undecane, and
n-dodecane) that were undetectable in May 2010.

The decay rates (% day�1) of the 28 alkane analytes for the eight
data sets collected from September 2010 to October 2012 are in
Fig. 2, arranged according to their molecular weight. There was
no trend in the concentration of the relatively lighter alkane
analytes for n-decane, n-dodecane, n-tridecane, n-tetradecane,
n-pentadecane, n-hexadecane, n-heptadecane, pristane or phytane,
ranging from 142 to 212 molecular weight. The average value for
the 22 with statistically-significant declines in concentration was
�0.40% day�1, which is similar to the �0.39% day�1 rate observed
for the total alkane pool (Cn = 17–33).
3.1.2. Aromatic analytes
There were occasionally samples with undetectable concentra-

tions of aromatics in May 2010 (before oiling). The average concen-
tration of all aromatic analytes were higher three years after oiling
(Fig. 1B).
Fig. 2. The decay rates (% day�1) of alkanes from September 2010 to October 2012.
Unfilled circles represent statistically-insignificant changes (p > 0.05). The unfilled
circles had no detectable change in concentration.
An increase in concentration over the sampling trips from
September 2010 to September 2012 was measured for naphtha-
lene, C-1-naphthalenes, benzo(a)pyrene, dibenzo(a,h)anthracene,
and benzo(g,h,i)perylene, which ranged between 0.25% and
0.70% day�1 (Fig. 3). The change in concentration for the total PAHs
for the eight post-oiling sampling trips was a statistically insignif-
icant �0.17% day�1.

3.2. Relative change in analytes

The proportional amount of alkane analytes and PAH analytes in
the oily residues increased with increasing molecular weight
(Fig. 4A–F). The proportional amount of alkane analytes in the
MC252 source oil found in the marsh had relatively small amounts
of the lighter weight alkanes (100–200 MW) or PAHs in September
2010 (Fig. 4B and E). The proportional amount of alkanes in
September 2010 (Fig. 4B), and June 2013 (Fig. 4C) is starting to
match what was in the marsh before MC252 oil arrived in the sum-
mer and fall 2010, but the total amount, of course, was much higher.

The proportional amounts of PAHs for May 2010, September
2010, and October 2012 (Fig. 4D–F), however, are quite different
from that of the alkanes (Fig. 4, right panel). The relative propor-
tions in May 2010 had four aromatic analytes above 10% of the
total, and four others between 2% and 10% of the total. The compa-
rable distribution in September 2010 is that there were 1 and 6
analytes above 10%, and between 2% and 10%, respectively,
whereas three years later the distribution was 1 and 14 above
10%, or between 2% and 10%, respectively. There were 2 aromatic
analytes above 2% of the total aromatics in May 2010, none in
September 2010, and eight in October 2012.

3.3. Increases in analytes

The concentration of naphthalene and C1-naphthalene
increased disproportionately to the amount of oiling. The relative
amounts of naphthalene and C1-naphthalene in May 2010 were
2.2% and 0.4%, respectively, of the total aromatic pool. The propor-
tional amount of naphthalene and C1-naphthalene were 0.07% and
0.02%, respectively, of the total aromatics in September 2010,
0.15% and 0.2%, respectively, by October 2012, and 1.2% and 0.5%
by June 2013. The average concentration of naphthalene and C1-
naphthalene in October 2012 (45.2 ± 43.2 and 7.0 ± 17.2 ng g�1,
respectively) was equal to 24� and 17� times the average amount
present in September 2010. In June 2013 the average concentration
of naphthalene and C1-naphthalene had fallen to 2.36 ± 1.87 and
0.93 ± 2.10 ng g�1, respectively.

The concentration of the three heavier aromatics that increased
(benzo(a)pyrene, dibenzo(a,h)anthracene, and benzo(g,h,i)perylene)
EX5098-000003-TRB



Fig. 3. The natural log concentration (l ± 1 SE) of aromatics versus Julian Day (beginning 1 January 2010): (A) napthalene and C-1-naphthalenes; and, (B) benzo(a)pyrene,
dibenzo(a,h)anthracene and benzo(g,h,i)perylene. The baseline values are for May 2010 when MC252 oil had not yet made landfall in the marsh. A linear fit of the data is
shown (p < 0.05).
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went from 0.13, 0.18, and 0.05 ng g�1, respectively, before the
marshes were oiled to 9.13, 0.10, and 0.66 ng g�1, respectively, in
September 2010. By October 2012, the comparable concentrations
were 61, 1656 and 784 ng g�1, equivalent to 61�, 1656� and
784� higher, respectively, than in September 2010.
3.4. Indicators

All nine indicators of alkane and aromatic analyte degradation
failed to suggest differential rates of weathering for different
alkane analytes (Fig. 5), even though there was a loss of total
alkanes over the two years. The losses of individual alkanes
between C-17 and C-33 was similar (Fig. 2), and so the ratios
showed no changes over time, or when compared with each other.
The absence of a clear trend in the two indices of aromatic degra-
dation is consistent with the idea that the total PAH concentration
in the sediments was relatively stable compared to the alkanes.
4. Discussion

4.1. Persistence

The decomposition of organics in anaerobic soils is, in general,
considerably slower than in aerobic soils. These coastal Louisiana
marsh soils are anaerobic and organic-rich. One to 10 m beneath
them are the silts, clays and sand from the Mississippi River. Above
these inorganics is a surface layer comprised mostly of organic
matter accumulating from the centuries of plant growth, especially
of roots and rhizomes. It is the accumulation of this organic mate-
rial that keeps the marsh at equilibrium with sea level changes
(Turner et al., 2000). The anaerobic soil conditions in these soils
facilitate minimal oil degradation (Hambrick et al., 1980;
Delaune et al., 1981). Laboratory studies by Bauer and Capone
(1985), for example, revealed no remineralization of either anthra-
cene or naphthalene intertidal soils without oxygen, and that the
process was temperature dependent. The results of other labora-
tory studies by Boyd et al. (2005) revealed that the oxygen supply
was the determining factor controlling PAH degradation. This slow
degradation is not uncommon for salt marsh soils. Reddy et al.
(2002) found that pristane, phytane and other branched alkanes
were still present 30 years after the West Falmouth oil spill
(1969, MA) and predicted that ‘‘hydrocarbons contamination will
persist indefinitely in the sedimentary record’’.
These results suggest that the persistence of the oil in the marsh
(from the original oiling and probable re-oiling) may be a continuing
stressor, in combination with other stressors like tropical storms
and nutrient pollution, on the marsh ecosystem. Indeed, enhanced
marsh erosion has been noted by Peacock et al. (2007) analysis of
the Bouchard 65 oil barge release of No. 2 fuel oil in 1974, and soil
toxicity (to amphipods) remained 7 years after the Chalk Point oil
spill (Maryland; Michel et al., 2009). These two results also suggest
that the legacy of PAHs is a continuing stressor on the emergent
plants that have a cascading effect on the interdependent ecosystem
structure and functions. Culbertson et al. (2007a) documented how
the growth, condition index and filtration rate of the ribbed mussel
(Geukensia demissa), which is co-located at the base of the dominant
emergent salt marsh grass (Spartina alterniflora), were affected by
remnants of oil deposited 38 years earlier.

Venosa et al. (1996) studied a sandy beach with aerated soils
and found much faster decay rates (defined as ‘K’ values) for the
control plots (�2.6% and �2.1% day�1 for total alkanes and total
aromatics, respectively) which is 8 times higher than the values
we measured for individual alkanes. We also found that there
was no decline in the aromatic analytes, however, and five
instances of the concentration of analyte increasing. This contrast
between the analyte declines in aerated and anaerobic soils is con-
sistent with what other authors have found, except for the rise in
some PAH analytes.

4.2. Indices of degradation

The degradation of alkanes might be expected to result in a
decline in the C17: pristane ratio and the nC18: phytane ratios
(Ward et al., 1980; Diaz et al., 2000; Oh et al., 2001; Pritchard
and Costa, 1991; Qimin et al., 2007; Liu et al., 2012), and an
increase in the pristane: phytane ratio (Diaz et al., 2000; Qimin
et al., 2007). This is because the presumably less recalcitrant ana-
lytes (lower molecular weight) would degrade, solubilize, or evap-
orate at a different (faster) rate than others. The absence of change
in the indicators examined in this study suggests a slow degrada-
tion rate. However, we appreciate that the hydrocarbons in these
soils are a mixture of biogenic source material that is mixed with
pre-Macondo spill oil and Macondo oil, which complicates inter-
pretation of the fate of recently-deposited petrogenic
hydrocarbons.

The lack of changes in the indices of degradation for alkanes is,
perhaps, surprising in view of the decline in total alkanes of several
EX5098-000004-TRB



Fig. 4. The relative proportion of measured alkanes (A–C) and aromatics (D–F) in samples collected in May 2010 (n = 31), September 2010 (n = 64), and June 2013 (n = 30)
versus the molecular weight (x axis). The red dots are for oil from the Macondo Deepwater Horizon wellhead.
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orders of magnitude (Fig. 1). The ratios might not change in our
samples, however, because the losses of individual alkanes
between C-17 and C-33 were similar (Fig. 2), and so the ratios
showed no changes over time, or when compared with each other.
The decline in total alkanes was pervasive and somewhat homoge-
neous, and cannot be explained by dilution or burial because there
was no concomitant decline in the total aromatics.

Douglas et al. (1996) suggested that the two- and three-ring
aromatic compounds are more readily degraded than the four-ring
chrysenes. If the latter occurs, then both the C3-dibenzothioph-
enes: C3-chrysene and C3-dibenzothiophenes: C3-phrenanthenes
ratios would decline with time, and they do not (Fig. 5E and D).
This pattern is in agreement with the stability of the total PAH con-
centration over time.

4.3. Net increases in PAH constituents

We did not expect to find the increase in some aromatics, but
that possibility is obliquely suggested by Ward et al. (1980) who
studied the concentration of various PAHs in salt marsh soils after
the Amoco Cadiz spill. They made this brief remark at the very end
of their paper: ‘‘The long term persistence of Amoco Cadiz hydro-
carbons may be related to lower biodegradability of residual or
newly formed hydrocarbons.’’ (Italics added). They suggested, in
other words, the potential of a net rise in some PAH molecules,
although they did not document it. We know of no published
report documenting a rise in a PAH analyte in anaerobic soils.

We found that there has been a measurable and large increase
in the concentration of the relatively low molecular weight naph-
thalene and C-1-naphthalenes (10 times higher from September
2010 to October 2012), and in the much higher molecular weight
analytes benzo(a)pyrene, dibenzo(a,h)anthracene, and benzo(g,h,i)
perylene (100–1000 times higher). The two lower weight mole-
cules have a relatively high volatility and solubility. All five are
considered to be toxic. Naphthalene, in particular, has been a
known insecticide for decades (e.g., Tattersfield 1928).

The potential for the movement of oil and its by-products
between sites is a potentially confounding factor interpreting
changes in concentration in this analysis of 0–5 cm sediment sam-
ples. The visual impression of oiling on the shoreline in 2010 was
EX5098-000005-TRB



Fig. 5. Indices of oil degradation for alkanes (mg kg�1) and aromatics (lg kg�1): (A) n-heptadecane: pristane versus year; (B) n-octadecane: phytane versus year; (C) pristane:
phytane versus year; (D) C3-dibenzothiophenes: C3-phrenanthrenes versus year; (E) C3-dibenzothiophenes: C3-chrysenes versus year; (F) n-heptadecane/n-pentatricontane
versus years; (G) n-heptadecane versus pristane; (H) n-octadecane versus phytane; (I) pristane versus phytane. There was no detectable trend in the ratios with time (A–F).
The line in G–I connects data from each sampling trip sequentially.
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one of a heterogeneous distribution and it may have become more
homogenous with flooding during storm surges. McClenachan
et al. (2013), for example, measured oil concentrations that were
10 times higher at sites 10 m apart. Oil concentrations measured
within thirty 1-m2 quadrats were ten times higher one month after
Hurricane Iassac compared to one month before (Turner et al., in
preparation). In the larger view, though, the consistency of the
declines in the total alkanes and PAHs and of most individual
alkanes and aromatics, when compared to the rise in the concen-
tration of only a few aromatics suggests an in situ source, and
not one that is the result of lateral transport.

4.4. Distinguishing toxicity

Speculations on the relative toxicity of the five compounds with
increased concentrations are plausibly related to what is known
about how their molecular weight is related to its toxicity, volatil-
ization, and solubility. Sverdrup et al. (2002) measured the toxicity
of 16 PAH analytes to the soil-dwelling springtail Folsomia fimetar-
ia, a common toxicity test animal. They found that the springtail
was more sensitive to lower molecular weight analytes, including
naphthalene, than the three high molecular weight analytes that
increased in our analyses. They also quantified the indirect rela-
tionship between water solubility and molecular weight, meaning
that lower molecular weights are much more soluble than heavier
molecules. A similar relationship is observed between volatiliza-
tion and molecular weight. A marsh releasing naphthalene to the
atmosphere would, therefore, expose organisms at the soil–water
interface (and above) in greater amounts in warm weather when
water was off the marsh and during calm winds, and least in cooler
temperatures when the marsh was covered with water, and expe-
riencing strong winds.

But this speculation also occurs within the matrix of known
interactive and cumulative effects of multiple toxins, of which rel-
atively few are measured. The identified PAH and alkane pool nor-
mally investigated that are known to be important indicators of the
oil residue’s composition and weathering patterns, for example, are
in the range of 5% using conventional analytical methods (this
study), and less than 25% with more extensive analyses (Reddy
et al., 2012). There may be other compounds degraded that create
new toxic compounds, including synergistic effects.

It is not a speculation that some of the degradation products are
as toxic as the parent compound. In vitro studies by Cerniglia
(1984), for example, have shown the possible production of inter-
mediates from PAH degradation, particularly dihydrodiols, which
are of greater toxicity than the parent compound. Also, Lundstet
et al. (2003) measured degradation products from a bioreactor
treating PAH-contaminated gasworks soil. They monitored the
accumulation of oxy-PAHs, such as PAH-ketones, quinines and
coumarins that formed or increased concentration during the
metabolism of the PAH. The addition of a fertilizer to enhance oil
degradation resulted in 10 times more neutral oxy-metabolites of
hydrocarbons that exhibit significantly higher toxicity to develop-
ing atherinid and clupeoid fish embryos (Middaugh et al., 1996,
1998) and Inland Silversides (Menidia beryllina; Middaugh et al.,
2002). The damage to these fish included embryo malformations,
EX5098-000006-TRB
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genetic damage, and mortality. We conclude that it would be a
risky proposition to assume that the toxicity of some oil analytes
have been in decline since the marshes were first oiled in 2010.

4.5. Conclusions

The organic rich and anaerobic salt marsh soils that were heav-
ily oiled by the MC252 oil in summer 2010 are a significant reser-
voir of 28 alkanes whose concentrations declined to <10% of their
peak, but remain 15 times higher than before the oiling as of Octo-
ber 2012. The lighter alkanes in the parent oil are largely absent,
and are dominated by the alkanes with Cn between 14 and 33.
The concentrations of 43 aromatics, in contrast, are fairly stable
and five of them increased. Of these five, we speculate that the rel-
atively light PAHs, naphthalene and C1-naphthalenes, are more
likely to be of concern as being a toxic burden larger than when
first oiled. The specific chemical source and pathway creating this
additional toxic burden are unknown, and may be accompanied by
unidentified degradation products from the unexplored 98% of the
oil that is not routinely documented. The average concentration of
PAHs remaining as of June 2013, equals or exceeds the level at
which stressors occur in the common marsh fish, Fundulus grandis,
plants, and insect community. At current trajectories of change,
some hydrocarbons will remain for many more decades, as will
the impacts, which remain subtle and largely unexplored.
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