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Abstract

Hydrocarbons released during the Deepwater Horizon (DWH) oil spill weathered due to exposu
During weathering, the hydrocarbons’ reactivrt¥ and Iab|I|ty was altered, but it remained identifie
retention of the distinctive isotope signatures ( 4cand’ C) of petroleum Relative to the initial ¢
residue deposited in Gulf sediments based on 2010-2011 data, the overall coverage and quant
seafloor has been attenuated. To analyze recovery of oil contaminated deep-sea sediments in t
tracked the carbon isotopic composition ( 3cand C, radiocarbon) of bulk sedimentary organit
Using ramped pyrolysis/oxidation, we determined the thermochemical stability of sediment orge
time series. There were clear differences between crude oil (which decomposed at a lower tem|
natural hydrocarbon seep sedlment (decomposing at a higher temperature; A'4c = -912%o) anc
moderate temperature; A'4C = -189%o), in both the stability (ability to withstand ramped temper.
carbon isotope signatures. We observed recovery toward our control site bulk A'4c compositiol
in ~4 years, whereas sites in closer proximity had longer recovery times. The thermographs als
composition of contaminated sediment, with shifts towards higher temperature CO5 evolution o
and loss of higher temperature CO, peaks at a more distant site.
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Introduction

The results of a number of field studies indicate unambiguously that oil residues from the Deep
deposited on the seafloor [1-7]. Of the total oil released, an estimated 0.5-14.4% was deposite
Ziervogel [8] argued that these estimates were low because they failed to consider the formatio
spread of the surface oil slicks, which could have resulted in a greater extent of seafloor deposi
residue was limited to the surface sediment as defined by radiocarbon [3], hopane [1,4], and otl

The severity of impacts on benthic communities depends on the nature of the petroleum-derive
the seafloor. It has been suggested that biodegradation and dissolution of oil in the water colurr
moderated these impacts [5,7,9]. We used ramped pyrolysis oxidation (RPO) to assess the bioc
present on the seafloor due to the blowout. With RPO we examined 5 sites in all, 3 contaminate
as a function of depth, a control uncontaminated site and a natural seep site. Several studies h:
contaminated sediments and have shown a reduction in the overall extent of contamination anc
Stout et al. [4] and Adhikari et al. [10] showed reduced coverage of elevated levels of hopane a
(PAHSs) in the years following the blowout. Studies by Stout and Payne [5] and Bagby et al. [9] ¢
multiple hydrocarbons in the sediment, showing that biodegradation continued on the seafloor ¢
sedimented oil-residues. In contrast to focusing on specific petroleum compounds, studies by P
Pendergraft and Rosenheim [12] employed ramped pyrolysis/oxidation paired with carbon isoto
sediments. We applied their approach to the deep-sea floor.

RPO is an approach to determine the thermochemical stability of organic matter [13]. When pai
analysis, the source of the carbon can be inferred as a function of thermal stability. The thermoc
based on the amount of energy needed to break the bonds, with higher stability requiring highe
bonds break at lower temperatures. The thermal stability of a compound is thus related to its lat
substrate in microbially mediated reactions [14]. Fresh crude oil is quite labile, oxidizing at relati
degradation leads to oxygenated and higher molecular weight compounds that oxidize at highe
DWH event, the oil released into the environment was oxygenated [16], consumed by a variety
biomass, burned, or altered in many ways [15,17-19]. We define this altered and unaltered peti
petrocarbon [3]. Since portions of this material are no longer amenable to gas chromatographic
best method to identify it is isotopically, specifically with radiocarbon [20-22]

Pendergraft et al. [11] linked PAHs, an independent oil tracer, to changes in thermographs (tem
products as measured with an infrared gas analyzer) produced from oil contaminated marsh se
with elevated PAH content produced different CO, thermographs with C isotope signatures indi
Pendergraft and Rosenheim [12] studied the evolution of organic carbon over time in oil contarr
RPO. The thermographs shlfted from Iower to higher thermochemical stability and correspondir
increasing enrichment in both 5'3C and A'4C over time, indicating a transformation of the oil as
studies show the ability of RPO to detect oil contamination through both the thermographs and
COg, fractions.
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The purpose of this study is to analyze the evolution of the carbon isotopic composition of bulk
change in thermochemical composition of sediments at 5 deep-water sites in the northern Gulf «
the DWH oil spill was indicated by radiocarbon depletion in the bulk organic matter in the surfac
With RPO we examined 5 sites: 3 contaminated sites, two in time series and one as a function
seep site. We hypothesized that: 1) over time, the bulk isotopic composition of the surface layer
to baseline values, 2) the oil-residue deposited in the sediment following the DWH oil spill woul
fresh Macondo oil and 3) that over time and depth the oil residue would evolve towards greater
carbon isotope signatures of the RPO splits were used to infer the origin of the organic material

Materials and methods

Ethics statement: No permissions were required as all sites were in unprotected areas. This fiel
or protected species. Oil spill affected sediment was collected in time series from 4 sites (GIPO7
2010-2017 and analyzed for bulk radiocarbon. In 2015, we also sampled 4 sites that had conta
by Mason et al. [23]. We revisited one of these sites, BP444, again in 2017. Sediment from 5 si
(GOM) were analyzed using RPO, including 2 of the time series sites (GIP07 and GIP17), 1 hig
(GC600) and 1 non-hydrocarbon influenced control (GB480) site were analyzed using ramped |
1). Sediment samples were frozen upon collection, returned to the lab, thawed, treated in 10% |
freeze-dried and ground.
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Fig 1.
Sites of sediment collection for time series (green), high PAH (yellow), and RPO analysis (re
https://doi.org/10.1371/journal.pone.0212433.9001

Table 1. Sites examined in this study, measurements performed, location and date.

https://doi.org/10.1371/journal.pone.0212433.t001
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The Ramped Pyrolysis/Oxidation System (RPO) at the National Ocean Sciences Accelerator M
(NOSAMS) was used to serially oxidize sediments in a controlled environment following the ins
Rosenheim et al. [13]. All quartz glassware used in this study was pre-combusted at 850°C for
sediment, between ~80-110 mg, depending on the C content, was loaded into a pre-combustec
combusted quartz wool, and inserted into the combustion oven, sealed away from atmosphere.
small quartz cup and loaded into the quartz tube. A total gas flow of 35 mL/min of helium with 8
sample as the temperature was consistently ramped up to 800-1000°C (5°C /min). Prior to beir
evolved CO, was measured with a Sable Systems CA-10a CO, Analyzer, which was then usec
was integrated by cryogenically trapping using No(I) over selected temperature intervals based
evolution profile, by routing the flowing gases to different traps. Ultimately, the samples were ex
line, purified using alternating slurries of isopropanol cooled to liquid-solid phase transition with
manometrically using a capacitive diaphragm pressure gauge, and then sealed into a borosilica
were reduced to graphite usi g the hydrogen reduction method [__Ij Roughly 10% of CO5 was
process to be analyzed for 513C. The graphite was analyzed for A 4C on the USAMS instrumer
[25—26]3 Hemingway et al. [27] estimated the contamination blank for a typical RPO analysis on
with 373C = -29.1+ 0.1%o and potentially A'4C = -449 + 41%o. The blank carbon correction for &
+0.15%o and Fm ranged from -0.002 to +0.002 (A 4C ~3-4 %o) [27]. Due to the small S|ze of the
differences in endmembers in this experiment, the data herein were not corrected. Bulk AC al
NOSAMS or the University of Georgia Center for Applied Isotope Studies (UGA) using conventi
4c dating and graphitization approaches [24,28].

Results and discussion

Time series of bulk 14C values

As discerned by increasing isotopic enrichment, we observed recovery of bulk radiocarbon and
collected i |n time series from 4 sites (Fig 2A—2D). In general, all the spill affected S|tes showed r
period. A%C signatures were as low as ~-501%o (representative of a mixture of 38% 1 C free p
2010, and over time returned towards background values which are estimated to be A'4C = -2C
oil- sp|II affected sites present |n a fundamentally different manner from seep sites (Fig 2A). Oil ¢

fossil carbon overlying more 4C enriched * younger” C; as also noted by Adhikari et al. [10], wh
uniform 14C depleted fossil carbon signature through all depths. In addition to the stratified natu
evidence of Macondo hydrocarbons in the particulate phase in the deep-water hydrocarbon plu
southwest of the Macondo wellhead [29]. In 2015, the surface sediment AMC signatures of the
-187.1 to -467.5%0 (Fig 2E) indicating that not all sites in the northern Gulf of Mexico had fully re
Interestingly, at two of the sites, the sediment below the surface layer from 1-2 cm was jUSt as (
surface with A14C signatures ranging from -257.5 to -369.1%. (Fig 2E). Below that depth, A'4c
site) was revisited again in 2017 where we observed baseline values. We further explored the i
using RPO to analyze the potential evolution of the sedimented petrocarbon from the time serie

4 of 21 3/21/2019, 8:41 AM



Petrocarbon evolution: Ramped pyrolysis/oxidation and isotopic studies o...

50f21

AMC%, AN,
1000 -B00 -G00 -400 -200 O =500 400 -300 -200 -100 0

0 0
1
2 1
§3 H
£ g2
BS5 o
T S
e ——GIPOT 2010 e
7 =s=|POT 2011 (=]
“8 GIPOT 2014 ¥, | =—oPi7 2010
——GCE0 A ——GIP17 2011 B
g ==GCE00 GIP1T 2015
10 5
AMCE, AMCH,
500 400 -300 -200 -100 O 500 -400 -300 200 -100 O
[i] _T 0
1 \X \
z ) 1 !
- 1 -
g \ 1 I
£ 4 52
g 2
£s 3,
s £
8% | —aiIp16 2010 3
T |==GIP16 2011 4 | —s=GIP24 2010
g |~=GIP1G 2012 GIP24 2011
GIP16 2014 c 5 D
9
AV %,

=500 -400 -300 -200 -100 0

-

L5

<,u

=a=HP444 2015

BP444 2017
——BP278 2015
=e=EHP453 2015
——BPOT4 2015 E

core depth (cm)

B

5

Fig 2. Bulk radiocarbon signatures of time series and high PAH sediment from DWH affected sites and nal
A) GIP0O7 and replicate cores from mega seep site GC600, B) GIP17, C) GIP16 D) GIP24, E
Mason et al. [23] sampled in 2015 and Site BP444 revisited in 2017. Bulk A4C values of sec
back to baseline values, while the high PAH sites in E indicate that not all sites had returned
https://doi.org/10.1371/journal.pone.0212433.9g002

Changes in patterns of thermal stability

Our second hypothesis was that the oil-residue deposited in the sediment following the oil spill \
fresh Macondo oil. The contaminated sites that were run for RPO, GIP17, BP444 and GIP07, al
peaks at higher temperatures than the fresh oil (Fig 3). The evolved CO, thermographs from se
non-oiled (control), were different from the crude oil thermograph, which exhibited two large low
and tapered off at higher temperatures (Fig 3A). The thermograph for the seep, GC600, had tw:
building to a peak at ~460°C, before rapidly falling off (Fig 3A). The petrocarbon present in GC¢
thermochemically stable relative to the Macondo crude oil based on these thermographs. In cor
from GC600, sediment from the control site, GB480, exhibited a single prominent peak at ~370'
shoulders at higher temperatures (Fig 3A). CO5 thermographs from presumably uncontaminate
contaminated sites followed this same pattern yielding a prominent peak at ~370°C at site BP4«
sediments from GIP07 in 2014 which had returned to background-like values (Fig 2). We assigr
sedimentary organic carbon.
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Fig 3. CO3 evolution thermographs.

A) Crude Qil, Seep site GC600 and Control site GB480, B) GIP17, crude oil and control site,
site, D) GIP0Q7, crude oil and control site. Vertical “tic’ marks designate temperature boundar
https://doi.org/10.1371/journal.pone.0212433.9g003

Our third hypothesis was that there would be a change in CO» evolution from lower temperature
thermographs as the petrocarbon became increasingly degraded over time. We found evidence
the three contaminated sites, GIP17 (Fig 3B) and GIP07 (Fig 3D), and BP444 (Fig 3C). The the
contaminated site closest to the well head, had a lower temperature peak straddling 300°C, anc
similar to the control site. GIP17 profiles from 2011 and 2015 also exhibited the peak at ~370°C
higher temperatures over time to 450°C in 2011 and then 480°C in 2015 (Eig 3B). The peaks at
the peak evolving at 460°C at the seep site, GC600 (Fig 3A), indicating extremely weathered pe
from GIP07 2010, unlike the GIP17 curve, initially exhibited three peaks at higher temperatures
>500°C (Fig 3D). CO, thermographs from subsequent years at site GIP07 (2011, 2014) are sirr
prominent peak at 370°C, and the loss of the extra mid-high temperature peaks observed in 20
material evolving at around 500°C would presumably be relatively un-biodegradable, we sugge:
resuspended.

The depth profile collected in 2015 from site BP444 was similar to GIPO7 and GB480, with all di
(Fig 3C). BP444 2015 0-1cm had a secondary peak at high temperature ~530°C, which decrea:
within the core. Considering all the data in Fig 3, we generally observed a peak at 370°C, the c«
evolved at temperatures below 370°C, or above it, depending upon its “maturity” or evolution to
Changes in the magnitude and temperature of evolution of the peaks indicate changes in the th
seafloor petrocarbon as it matured from evolving at 300°C, (Eig 3B, GIP17) to over 450-500°C,
Pendergraft and Rosenheim [12] observed as we did, that fresh oil evolved CO, at temperature
that over time, as the oil weathered in the nearshore sediments that they studied, it shifted towe
temperatures. Consistent with this interpretation, we observed that at GIP17, over time, and wit
COg,, shifted towards higher temperatures. At GIP0O7, we believe our sampling effort temporally 1
temperature evolving petrocarbon, and that our initial sample contained more weathered petroc
in 2015. Note the similarity of the samples GIP07, 0—1 in 2010, and GIP17, 0—1 in 2015 (Table .
are consistent with this interpretation.
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Fig 4. Percent CO; evolved from low (300°C), medium (300-500°C) and high (>500°C) temperature.
https://doi.org/10.1371/journal.pone.0212433.9g004

Table 2. Comparison of bulk measured isotopic values vs RPO weighted average bulk values.

A paired t-test indicated no difference for Al4c values, p = 0.259, t = 1.103, while bulk meas!
significantly enriched relative to the RPO weighted average (p = 0.002, t = 4.158).
https://doi.org/10.1371/journal.pone.0212433.t002

The percent oxidized by the temperature intervals low: <300°C, medium: 300-500°C and high:
shifts in the thermochemical stability of the carbon in the sediments through time [12]. These c&
CO5 data continuously collected during RPO prior to purification on the vacuum line. The major
oxidized below 300°C, whereas all of the sediment, both oil-contaminated and unaffected, was
above 300°C, with only 10-16% oxidized at lower temperatures (Fig 4). Sediment from GIP17 v
hypothesis, with 2010 having the most C oxidized <300°C, 29%, decreasing over time to 14% ii
oxidized at >500°C increased over time from 6% in 2010 to 28% in 2015. The down core profile
percentages for C oxidized <300°C, ranging from 11-14%, while at high temperatures (>500°C
oxidized down core from 36% at 0-1cm to 28% at 1-2cm and 22% from 3-4cm. The majority of 1
of temperatures (300-500°C) throughout all sampling years at all sites, summarized in Table 3.
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Table 3. Percent of CO; evolved at low, medium, and high temperatures.
https://doi.org/10.1371/journal.pone.0212433.t003

Relative to Pendergraft et al. [11] and Pendergraft and Rosenheim [12], our thermographs were
temperatures, even in 2010, compared to their initial oiled marsh samples, which exhibited CO.
similar to crude oil. We suggest that degradation of the hydrocarbons en route prior to depositic
these differences. Almost half of the hydrocarbons released from the broken well head rose to t
before sinking, potentially during a Marine Oil Snow Sedimentation and Flocculent Accumulatio
hydrocarbon droplets (<100 ym) suspended in the water, formed a deep-sea plume that travelle
Both pools of hydrocarbons were exposed to extensive and rapid degradation while in the oxic'
dissolution, temperature, and pressure changes [36]. Through microbial processes, hydrocarbo
water plume formed aggregates or flocculants, which caused them to sink to the seafloor [1,9,3
the water column than it was following deposition on the seafloor [5,9]. Bagby et al. [9] modelec
and found that the size of the oil compound and aggregated particle affected the speed of degr:
sediment; the larger the particle and compound, the slower the degradation rate. This longer de
the seafloor for the deep-water samples accounts for the differences we observe between the ¢
sites and the marsh sediment from Pendergraft and Rosenheim [12].

The difference in the degradation period could account for the differences in the thermographs |
deposited at GIP07 (~90km from the wellhead), travelled further and therefore degraded more t
deposited at GIP17 (~17km from the wellhead). This extended degradation period was reflectec
temperature differences between the initial sampling years. The thermographs from GIP17 in 2
1-2) from 2015 had more CO5 evolved at higher temperatures, suggesting they had similar de¢

Trends in the AT4C composition of evolved CO,

We observed marked differences between the control (GB480) and seep site (GCBOO) due to tt
(GB480) of petrocarbon (Fig 5). Relative to the seep site, the control S|te had higher A'4C value
CO5 from Iower temperatures Evolved CO», fractions had decreasing A'4C values as temperat
fractlon was A'C =-316.1%0 (Fig 5A, Tables 2 and 4). The seep site had consistently Iow value
A'4c ranging between -881.1 to -950.5%o. over all temperature fractlons (Fig 5C). The 513C vall
first fraction, 5'3C = -25. 1%o, then increased at the ~370°C peak, 513¢c =-21 .7%o, before decree
5B). The seep sediments followed a similar pattern, W|th the lowest being the first fraction, incre
decreasing again for the final fraction, however, the 5'3C values of the CO5 evolved from the S¢
across all fractions, < -28%o. over all temperatures (Fig 5D).
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Table 4. Summary of ramped pyrolysis/oxidation (RPO) results.
https://doi.org/10.1371/journal.pone.0212433.t004

We expected the A'4C value of the evolved CO», at the time series sites (Fig 6) to initially exhib
petrocarbon contamination and to increase as petrocarbon degraded or was mobilized from the
However, at these sites, typically the first fraction that evolved at the lowest temperatures was t
fraction was the most depleted, similar to the control, in terms of AC (Fig 6 and Table 4). Only
trends: GIP17 2010, and GC600, where all temperature fractions were highly depleted in radioc
evolved CO», fractions of sediment from GIP17 became increasingly enriched over time from 2C
6A, 6C and 6E; Tables 2 and 4).
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The evolved CO5, from GIP0O7 also exhibited the trend of decreasing A14C S|gnatures as tempeil
Table 4). At site BP444 (Fig 8), segment 0-1cm and 1-2cm had similar A'4C values at Iower ten
-205.8%o, but at higher temperatures, the 0-1cm segment was lower than at 1-2cm, with AC =
further down core at site BP444, the evolved CO» fractions from sediment coIIected from 3-4cmr
the first two segments from 0—1 and 1-2cm, with the initial and final fractions A'4C = -96.7 and .
samples, GB480 and GIP17 2015 0—1 cm (Table 4) exhibited initial CO, evolution with high A 14
the deposition of bomb radiocarbon that had been sequestered in the terrestrial environment, e
sediments.
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https://doi.org/10.1371/journal.pone.0212433.9g008

Both the level of contamination and the distance from the source played a role in the recovery r
As mentioned previously, higher contamination may slow overall degradation rates, potentially ¢
sink faster from the water column [9]. Valentine et al. [1] found consistently high levels of hopan
wellhead. Similarly, Adhikari et al. [10] found elevated levels of PAHs < 35km from the well heac
sediment beyond this distance returned to background levels. Because the bulk of the oil degra
prior to sedimentation, the further the oil travelled, the more it degraded [4]. This supports our ir
between the thermographs of GIP07 and GIP17. GIP07, ~90km from the well head, has three r
temperatures in 2010 than GIP17, which is closer to the well head, ~16.9km away. This is also
of the first fractions of evolved CO, from GIP07 and GIP17.

Trends in the 5 13C composition of evolved CO,

The trends in the 8'3C values were more variable than the trends seen in the A14C signatures.
sediments followed the general trend of increasing from the lower 5'3C value of the first fractior
hlgher temperatures. The peak seen at ~370°C in the control and several other samples was of
dominant |nput term for sedlmentlng partlcles L] Overall the bulk mean calculated from all th
from GIP17 and GIPO7 were the most depleted in 513C, becoming more enriched in the followir
Sediments from BP444 had the highest 5'3C values, varying by ~1.1%. throughout the core, wt
lower than all the other sediment. The stable carbon and radiocarbon isotope signatures for all -
summarized in Table 4.
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Fig 9. Plot of RPO averaged A'#C and 5'3C from each site.

Darker shades are more contaminated, shifting towards lighter shades of the recovered time
(y =92.295x + 1824.9, r = 0.9187, n = 11, p < 0.0001), time series sediments: Red) GIP17 (y
n=3, p=0.0783), Blue) GIPO7 (y = 184.68x + 4072.6, r = .9999, n = 3, p < 0.001), Aqua) de
257.42x + 5431.4,r=0.9843, n = 3, p = 0.0157).
https://doi.org/10.1371/journal.pone.0212433.9009

Several studies have explored the potential of anoxic biodegradation of oil causing enrichment
Wilkes et al. [39] incubated alkylbenzene utilizing sulfate-reducing bacteria in oil amendments &
compounds at the beginning and ending of the experiment. Wilkes et al. [39] found that as more
heavier the remaining compound reservoir became. Griebler et al. [40] found similar results to V
contaminated site, with specific compounds showing carbon isotope enrichment of the remainin
compounds. Sun et al. [41] found similar increases of the 5'3C of low molecular weight n-alkan:
biodegradation, but found no fractionation in high molecular weight compounds even during he:
no change to the bulk 513c S|gnatures of the oil, no matter the level of degradation. Whereas th
closed systems, the fractionation of 513c during biodegradation of oil, in combination with the n
carbon, could account for the increase we observe in the 5'3C of the evolved CO» of sedimente
oil released from the oil spill. The petrocarbon deposited in the GOM was further degraded thar
studied. Degradation of organic matter also causes increases in 5'3C values in terrestrial soil S'
results from several studies of well-drained tropical soils where primarily C-3 vegetation derived
degraded down core. The degradation down core caused 5'3c signatures of the remaining org
[43-453].

Sediment source composition and variation
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We calculated the weighted average for 3'°C and A'*C per sample, combining the mass- welglgr
COg, fractions; which were not S|gn|f|cantly different from the measured bulk signatures for A
we employed a two-endmember mixing model using the A 4C results to calculate the percent «
sources (Table 5). For modern surface sediments we used a value of A14C = ~-200+29%o [3], ai
of -1000%o

14 14 | 14 14
ﬂ-"i'?\-rn-.‘]hn = Irl"ﬁl Cprlﬂ'u‘ﬂrl‘mn + ﬁ C’BLI]L RPD]."":lﬁ Cprlmmnh-rm - ﬁ C’ll.‘u‘kglm\

The results of a two-endmember mixing model followed the trends of the isotopes, with the proy
petrocarbon decreasing over time as the isotope signatures increased. Our seep and control sit
spectrum with the percent C from modern sources ranging from 11%, at GC600, to 101% at GE
-1%, from GB480, to 89% at GC600. GB480 is slightly more enriched than our estimated backg
caused it to have over 100% modern sources and below 0% petrocarbon (e.g. 101% and -1%).
GIPQ7 contain 36 and 31%, petrocarbon in 2010 and decreased to 8% and 5% by 2015 and 20
model data are summarized in Table 5. To test for sensitivity, we varied the radiocarbon backgrc
three sediments from a range of signatures including: background (BP444 2015 3-4cm), mid-ra
radiocarbon depleted (GC600). The sediment closest to background had the most potential var
range varied 2—-3%, and finally there was no difference in the highly depleted sediment (Table 6

#0 AMC Percemt Madors Peroem Feinocar ton

Table 5. Estimated percent petrocarbon from RPO analyzed sediments using a 14C mass balance with 2 er
and background at -200%e..
https://doi.org/10.1371/journal.pone.0212433.t005

Table 6. Sensitivity test for 2 end member model estimating percent carbon sources.
https://doi.org/10.1371/journal.pone.0212433.t006

The co-variation of the RPO averaged 513C and A'*C was consistent with the C isotope deplet
of petrocarbon (Fig 9 and Table 2). This co-variation has also been seen for particulate organic
estimated recovery rates as defined as mcreasmg |sotop|c enrichment over time from the linear
variation of the averaged RPO values of 5'3C and A'C for the 0—1 cm interval at the GIP17 ar

sample number at each site, there was no statistical significance for one of the regressions (Glf
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used it to estlmate what the recovery rates might be. Of the two time series sites, GIP07, ~90kn
recovery rate at AC = 46%o per year 31 84.68 in 4 years) than GIP17, ~23km away, wrth A'4c
(Fig 9). BP444 exhibited increasing A'*C values with depth, becoming A'4C = 257% less deple
analyzed. The radiocarbon profile from BP444 showed a distinct depleted layer from 0-2cm ove
from 2-4cm. These noticeable layers indicated that there was little to no mixing or bioturbation f
to sample collection in 2015.

Adhikari et al. [10] also analyzed DWH affected sediments using RPO and found depleted radic
temperature CO5 fractions. Additionally, they found elevated levels of PAHs near the Macondo
Adhikari et al. [10] and Bagby et al. [9] found that in highly contaminated areas, their respective
persisted for 3—4 years following the blowout. These estimates are similar to our recovery estim
wellhead, which was ~4 years. We found that sites closer to the wellhead, with potentially highe
5-6 years to reach background A'4C signatures.

The slower recovery rates at BP444 could be caused by the highly variable sedimentation rates
shortly after the blowout. There was increased sedimentation in the Fall of 2010 through earIy z
event following the blowout [2], with sedlmentatlon rates ranging between 0.48 to 2.40 g/cm lye
returning to pre-spill fluxes of 0.05 to 0.16 g/cm /year later in 2011 [48]. The large spatial heterc
could have created areas of higher contamination, which would be indicated by lower radiocarb
is closer to the wellhead by ~6km, surface sedlment from GIP17 in 2015 was more enriched wil
sediment from BP444 |n 2015, which had A14C = -422%.. Higher contamination levels would ha
explaining the lower A'4c signatures and slower recovery at BP444 in 2015 [1,9,49]. The mass
contaminated material to the seafloor also reduced the size of the benthic community as well as
decllne in these communities, there was a reduction in the amount of bioturbation in the surface

34Th results [2]. The reduced mixing would also lead to slower AMC recovery times at site BP:

An additional consequence of our study is to shed light on the origin of the sedimentary organic
Gordon and Goni [51-53] hypothesized that organic matter characterized as low-lignin, with hig
contributed to organic matter deposited in deep water of the northern GOM. They suggested ol
matter from historic C-4 prairie grasses alon g the MISSISSIppI River as a potential source of this
evidence to support this hypothesis. The 513C and A'C values from the CO5 thermograph of t|
closely resembles the samples from the deeper sediment at BP444, 3—4 cm, and the GIPO? 20
samples are representative of typical Gulf sediments. They all exhibited decreasing 5'3C and A
temperature, contrary to what would have been observed if recalcitrant C-4 organic matter was
matter would evolve CO5, with low A'4C and high 5'3C values at higher temperatures The final
from these samples were similar to or more depleted than marine organic matter 513C ~ -20%o :
C-4 source with a 5'3C ~ -14%,. The primary source of organic matter to deep water Gulf sedirr

Conclusions

Ramped Pyrolysis/Oxidation combined with isotopic analysis of the evolved CO» fractions provi
degradation over time. Hydrocarbons deposited on the seafloor of the deep-water Gulf of Mexic
Compounds of low thermochemical stability were transformed to compounds of higher thermal :
from hydrocarbon to petrocarbon. The time frame of this evolution appears to depend upon dist
distance the oil traveled prior to deposition.
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