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Resuspension, Redistribution, and
Deposition of Oil-Residues to
Offshore Depocenters After the
Deepwater Horizon Oil Spill

Arne R. Diercks'*, Isabel C. Romero?*, Rebekka A. Larson3, Patrick Schwing?3,
Austin Harris', Samantha Bosman*, Jeffrey P. Chanton* and Gregg Brooks?

" Division of Marine Science, School of Ocean Science and Engineering, The University of Southern Mississippi, Hattiesburg,
MS, United States, 2 College of Marine Science, University of South Florida, St. Petersburg, FL, United States, ° Department
of Marine Science, Eckerd College, St. Petersburg, FL, United States, * Department of Earth Ocean and Atmospheric
Science, Florida State University, Tallahassee, FL, United States

The focus of this study was to determine the long-term fate of oil-residues from
the 2010 Deepwater Horizon (DwH) oil spill due to remobilization, transport, and re-
distribution of oil residue contaminated sediments to down-slope depocenters following
initial deposition on the seafloor. We characterized hydrocarbon residues, bulk sediment
organic matter, ease of resuspension, sedimentology, and accumulation rates to define
distribution patterns in a 14,300 km? area southeast of the DwH wellhead (1,500 to
2,600 m water depth). Oil-residues from the DwH were detected at low concentrations
in 62% of the studied sites at specific sediment layers, denoting episodic deposition of
oil-residues during 2010-2014 and 2015-2018 periods. DwH oil residues exhibited a
spatial distribution pattern that did not correspond with the distribution of the surface
oil slick, subsurface plume or original seafloor spatial expression. Three different regions
were apparent in the overall study area and distinguished by the episodic nature of
sediment accumulation, the ease of sediment resuspension, the timing of oil-residue
deposition, carbon content and isotopic composition and foram fracturing extent. These
data indicate that resuspension and down-slope redistribution of oil-residues occurred
in the years following the DwH event and must be considered in determining the fate of
the spilled oil deposited on the seafloor.

Keywords: resuspension, hydrocarbons, accumulation rates, radiogeochemistry, geochronology, Lead-210,
radiocarbon, deep sea Gulf of Mexico

INTRODUCTION

A large percentage of the oil released during the 2010 Deepwater Horizon (DwH) spill in the
northern Gulf of Mexico (GoM) was either chemically or naturally dispersed (Lehr et al., 2010;
Lubchenco et al.,, 2012) and/or settled to the seafloor associated with the Marine Oil Snow
Sedimentation and Flocculent Accumulation event (MOSSFA) (Passow et al., 2013; Daly et al,
2016). MOSSFA consisted of oil residues mixed with organic and inorganic particles, including
bacteria, phytoplankton, microzooplankton, zooplankton fecal pellets, detritus, and terrestrially
derived lithogenic particles (Daly et al., 2020). The observed MOSSFA event transported a
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significant portion of the released oil to the seafloor in a short
time (Passow et al., 2012; Joye et al., 2013; Ziervogel et al,
2016; Romero et al, 2017). Increased short-term (months)
sedimentation rates reflected the rapid transport of sediments
to the seafloor associated with the MOSSFA event (Brooks
et al., 2015; Romero et al., 2015, 2017; Yan et al., 2016; Larson
etal,, 2018). Layers of detectable oil-contaminated sediment were
deposited on the seafloor directly below the extent of the surface
slick or under the southwest deep sea plume (Valentine et al.,
2014; Brooks et al., 2015; Chanton et al., 2015; Romero et al.,
2015, 2017; Larson et al., 2018). However, a sampling bias toward
seafloor locations under the surface slicks and the deep plumes
(Camilli et al., 2010; Diercks et al., 2010) exists, and sediments
were sampled at only few of the locations outside these areas
(Schwing et al., 2017).

Lehr et al. (2010) estimated that 11-30% of the released
oil was unaccounted for or listed as “other” (i.e., difficult to
measure/quantify including oil on beaches, in tar balls, in
shallow subsurface mats, and deep-sea sediments). While the
sedimentation of oil is often discussed, for example, Jernelv and
Lindén (1981) speculated that 25% of the 475,000 metric tons of
oil released from the 1979 Ixtoc spill went to the seafloor, its role
has never properly been assessed. Valentine et al. (2014) estimated
that 1.8 to 14.4% of the DwH oil remained in subsurface plumes
and was deposited on the seafloor around the wellhead, while
Chanton et al. (2015) indicated that between 0.5 and 9.1% of
the total oil released by the DwH spill reached the seafloor in
continental shelf to deep-sea areas. Covering a larger area from
the coast to deep-sea, Romero et al. (2017) using 158 hydrocarbon
compounds calculated that 21 &= 10% of the total oil released and
not recovered by the DwH spill was deposited on ~110,000 km?
of the seafloor, in which 32,648 km? corresponded to offshore
deep-sea areas. Similarly, Schwing et al. (2017) indicated that
increased sediment deposition occurred throughout an area
of 12,805-35,425 km? in deep-sea sediments. In contrast, the
surface oil slick covered a more extensive area, from 141,581 km?
for 1 day, to 42,023 km? for 10 days and 14,357 km? for 30 days
(Crowsey, 2013). All together, these studies define the spatial
footprint of the MOSSFA event, including areas that lacked
detectable oil. However, up to date, no study has addressed the
potential role of post-depositional processes in changing the
initial distribution of MOSSFA in sediments.

Natural heterogeneity of bottom topography and circulation
processes are key drivers in redistributing materials to deeper
areas in the GoM by erosion, transport and deposition of
contaminated sediments beyond the surface extent of the once
existing oil surface slick or the subsurface plumes(s). The
northern GoM deep seafloor depositional environment is of high
diversity resulting in non-homogeneous distribution and burial
of material arriving from the overlying water column. Seafloor
sedimentation is affected by currents, bottom morphology, and
physical forcing events of different temporal and spatial scales
that rework deposited material within the Bottom Nepheloid
Layer (BNL) (Lampitt, 1985; Turnewitsch et al., 2004, 2013,
2017).

Large-scale gravity flow events (e.g., turbidity currents) can
move large quantities of sediment downslope, regardless of

overlying currents, following gravitational pull and the path of
least resistance on the seafloor. Mobilized sediments flow along
pathways based on the highly variable seafloor morphology,
with its hills, slopes and channels, allowing for erosion and
deposition beyond the spatial extent of the once existing oil
slick or subsurface plumes(s). These processes can lead to a
redistribution of sediments and potential sediment focusing in
deep-sea depocenters that were targeted in this study. Previous
studies in the deep eastern Gulf of Mexico show redistribution of
sediments by gravity flow processes to be common, specifically
on the Mississippi Fan, adjacent to our study area (Coleman
et al., 1986; Cremer and Stow, 1986; Normark et al., 1986; Stow
et al., 1986; Thayer et al., 1986). Based primarily on sedimentary
structures, dominant processes are interpreted to be low-density
with fine-grained turbidity currents deposited very rapidly in
channel and overbank settings, as well as slides and slumps.
Turbidity currents likely occur up to 5-6 times per year, possibly
in pulses, and accumulation lasts hours to days before overlying
sediments are deposited, all of which may explain the lack of
extensive bioturbation, exceptionally high rates of accumulation,
and excellent preservation (Coleman et al., 1986).

We tested the hypothesis that DwH impacted sediments that
were initially deposited on the seafloor beneath the surface
oil slicks and plumes, were subsequently remobilized and
transported down-slope in the years following the DwH spill.
Sediment accumulation on the seafloor is not a simple one-time
process during which material settles to the seafloor, and not all
the material accumulates (i.e., is buried) at the location of the
initial deposition. Sediment cores were collected to determine
if the sediments at the coring sites were impacted by the DwH
spill. The distribution of contaminated sediments mapped in
the years following the spill is likely an underestimation (e.g.,
Valentine et al., 2014; Chanton et al., 2015; Romero et al., 2017)
due to resuspension and redistribution processes (e.g., Diercks
et al., 2018) following their initial deposition on the seafloor.
Characterization of the spatial distribution of oil-contaminated
sediments along the continental slope at depths >1,500 m is
critical for understanding the long-term fate of the spilled oil
from the DwH in deep-sea areas.

MATERIALS AND METHODS

Watershed Modeling and Site Selection

Based on the recently published high resolution bathymetry by
Kramer and Shedd (2017), a high resolution watershed drainage
model was created, restricted to vertical bin resolution of 5 m
to guide the site selection for in situ sediment coring. Stream
lengths of <1 km were excluded in the graphic representation
of the model data (Figure 1) to allow for better visibility in
the larger scale maps of the study area. Sampling sites were
determined based on the geomorphology of the seafloor, slope
angle and the flow direction from the watershed drainage
model. Selection of sampling sites was based primarily on
areas on the seafloor where we expected sediments to be
remobilized from and where they eventually would be deposited
to (i.e., depocenters). We classified these areas into channels, lee
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FIGURE 1 | Location of coring sites with watershed model results (blue shaded lines). Included are geomorphological and sedimentological data from the Bureau of
Ocean Energy and Management (BOEM). These data include locations of flows, fans, and terrigenous mass wasting areas, slumps, and channels.
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depocenters, and bathymetric depressions (Table 1). Channels
can be erosional and/or depositional in nature. Channels act
as conduits for the downslope mass movement of sediments,
and although commonly erosional when active, are most often
depositional over the long term. Lee depocenters are located
in the lee or “down-slope shadow” of morphologic highs.
They become centers of deposition as the energy level of the
transport mechanism decreases in the lee of the morphological
high (Turnewitsch et al., 2013). Similar depositional conditions
are expected over large flat areas which are characterized
as low energy environments. Isolated valleys or bathymetric
depressions, valleys surrounded by morphological highs isolating
them from any horizontal gravitational outflow, are similar in
that the energy level tends to decrease in these features, which
promotes deposition

Collection of Sediment Cores

Sediment samples were collected during the RV Point Sur
cruise 18-25 in May of 2018, using a MC-800 multi corer
(10 cm diameter x 70 cm long tubes) at the studied sites

(Figure 1 and Table 1). The Ocean Instruments MC-800 multi
corer collected eight cores simultaneously and each core was
used for a separate analysis (e.g., one core for bulk isotope
analyses, one for short-lived radioisotope geochronology and
sedimentology, one for XRF scanning, two for flume studies,
one for hydrocarbon biomarkers, one for foraminiferal analyses,
and one archived).

Sediment Resuspension Flume

To analyze resuspension behavior of the core samples, a linear
closed loop flume was constructed. The resuspension flume
(Supplementary Figure 1) was designed based on the Sedflume
published by Borrowman et al. (2006). A 95 cm long 15 cm
wide and 5 cm high closed channel was connected to a reservoir,
through 5 cm diameter PVC pipes. In the upstream section of
the flume, a DIGITEN model FL-1608 Hall Sensor flowmeter was
installed in line before the flow diverter that converted the 5 cm
PVC pipe into the rectangular test section of the flume. This flow
diverter together with 147 cm of rectangular channel before the
core insertion point allowed for full development of turbulent
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TABLE 1 | Table of morphological classification and flume experiment data with surface sediment properties.

Site Latitude Longitude Depth Depocentertype Sediment Intervals Region Flow Total Average Flow Volume
(N) (W) (m) structure with speed at  volume particle  speed of  eroded
type structures initial eroded size (mm?) first peak before
(cm) erosion (cm?) in first peak
(ems™1) sediment  (cm?)
volume
(cms™1)
1 28.7143  —88.2552 1,703 Channel A 1 ND ND ND ND ND
2 28.6526 ~ —88.3393 1,750 Lee A 1 ND ND ND ND ND
3 28.6007 —88.4467 1,725 Lee A 1 ND ND ND ND ND
4 28.5365 —88.4817 1,743 Lee A 1 4.57 26.52 0.45 13.72 10.82
5 28.5473 —88.336 1,890 Lee A 2 1.14 20.41 0.63 8 0.03
6 28.4558  —88.3568 1,910 Lee Aand B 2 4.57 56.34 0.51 16 43.66
7 28.4143  —88.1656 2,064 Depression Aand B 3 1.14 34.37 0.45 11.43 16.67
8 28.4205 —88.0844 2,170 Channel A 0-23 3 3.43 11.93 0.45 14.86 0.26
9 28.221 —88.1269 2,272 Depression A 0-25 3 3.43 5.63 0.39 5.72 0.02
10 28.3023  —87.9702 2,290 Channel Aand B 0-5 3 2.29 21.01 0.39 6.86 0.05
A 15-20 3
1Al 28.5048 —-87.964 2,282 Depression Aand B 0-10 3 2.29 535.51 0.49 6.86 9.66
A 18-20 3
12 28.6253  —88.0489 2,179 Lee A 0-6 2 3.43 44.6 0.46 8 0.34
13 28.6796 —88.0848 1,763 Depression Aand C 2 2.29 24.69 0.5 13.72 12.32
14 28.7718  —88.0096 1,946 Channel Aand C 2 1.14 190.52 0.47 6.86 3.81
15 28.6728 —-87.916 2,410 Channel levee A 0-5 3 2.29 72.44 0.44 12.57 12.84
16 28.6473 —87.6902 2,381 Channel A 0-7 3 2.29 48.25 0.46 10.29 1.84
(confluence)
17 28.57 —87.8378 2,344 Channel A 0-7 3 2.29 23.32 0.46 11.43 9.31
18 28.4662 —87.7996 2,393 Channel A 0-7 3 2.29 4.41 0.43 9.14 0
19 28.3574  —87.7451 2,459 Channel A 0-20 3 1.14 37.77 0.4 10.29 2.37
20 28.2046  —87.7103 2,448  Depression/plain 3 1.14 65.5 0.44 6.86 1.12
21 28.3306 —87.5042 2,584 Channel C QOct-20 3 4.57 18.95 0.42 16 6.53
(confluence)
30 28.5959  —88.2514 1,986 Depression/channel A 0-25 2 3.43 71.92 0.46 12.57 22.31
?)
DwHO1 28.7241  —-88.3872 1,570 DwH wellhead A 02-May 1 1.14 20.24 0.42 12.57 8.32

ND indicates no data if core tops were too disturbed or not enough multicores collected on that site to allow flume analysis.

Labels: A, sub-parallel laminae/wavy bedding; B, color banded units; C, inclined beds

flow within the rectangular channel. At 147 cm beyond the flow
diverter, a 10 cm diameter core opening was located at the base
of the flume, allowing for insertion of the core into the flume.
At the end of the rectangular section, another diverter reduced
the diameter back to a 5 cm pipe through which the water was
directed into a filtration system and the filtered, clean water was
returned by the pump into the flume channel, thus creating the
closed loop system.

A core extruding mechanism secured the core tube in the
bottom of the flume during the test and permitted smooth
controlled and undisturbed insertion of the core sediment into
the flume. Cores had been collected and stored with a large
amount of original seawater in the core tube overlying the
sediment water interface. The flume was filled with filtered
artificial salt water (salinity ~ 35) prior to each test, and drained
and cleaned after each experiment. The closed loop system
provided an instantaneous movement of water within the entire
flume when the pump was turned on.

(Figure 2).

During each test, a Sony 4k camcorder, mounted 20-cm
beyond the core, with its focal point set at the center of
the channel, recorded video data of calibrated particle size
distribution of the material being eroded from the core top
and transported down-channel. Time synchronized video footage
was post processed using the GNU software FFMPEG into
individual tagged image format files (TIF). For every 30 frames
(video recorded at 30 frames per second), four images were
extracted evenly spaced for every second of video time. Given
the dimensions of the camera to the flume setup, this allowed
for particles to be imaged in at least three consecutive images at
the highest flow speed. Once all TIF images were extracted, they
were analyzed using the Image Pro Plus® software. All images
were normalized into 8-bit gray scale images. A standard area of
interest (AOI) with calibrated known dimensions was extracted
from the image. The AOI was saved as separate file. The next
image in time was loaded normalized, had the AOI applied and
saved. During the following step, the first AOI was subtracted
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from the second AQO], leaving in the resulting image only particles
that had shifted (moved within the channel) in position. Every
stationary object was removed in the image subtraction process.
All visible particles in the resulting image were counted and
grouped into 10 size bins ranging from 0.2 mm? to >1.8 mm?
in 0.2 mm? steps.

Core Splitting and Extrusion

With the exception of the flume cores, sediment cores were
either split longitudinally or extruded upward from the core base
for sampling. Sediment cores were extruded at 2 mm intervals
for surficial sediment (2-10 mm) to ensure the highest possible
resolution of recently deposited sediments, and subsequently at
5 mm intervals to the base of the core. Cores were volumetrically
extruded according to the method described in Schwing et al.
(2016). One core from each deployment was split longitudinally,
photographed and described visually. This included assessment
of stratigraphic integrity and a variety of sedimentary structures
that are indicators of down-slope transport mechanisms.

Short-Lived Radioisotopes

Short-lived radioisotope analyses were performed to provide
age control and accumulation rates over the past ~100 years.
Samples were analyzed for short-lived radioisotopes by gamma
spectrometry on Series HPGe (High-Purity Germanium) Coaxial
Planar Photon Detectors for activities of total Lead-210 (3'°Pb,,)
at 46.5 kiloelectron volts (keV), Lead-214 (2'4Pb) at 295 keV and
351 keV, Bismuth-214 (2'4Bi) at 609 keV, and total Thorium-234
(33*Thr,) at 63 keV. Samples were also analyzed for Cesium-
137 (137Cs) at 661 keV, and Berilium-7 (“Be) at 477 keV, but
these radioisotopes were below detection in all samples and
therefore will not be discussed. Data were corrected for emission
probability at the measured energy, counting time, sample mass,
and converted to activity (disintegrations per minute per gram,
dpm/g), using the International Atomic Energy Association
(IAEA) organic standard IAEA-447 for calibration (Kitto, 1991;
Larson et al., 2018).

The activities of the 24Pb (295 keV), 214Pb (351 keV), and
214Bi (609 keV) were averaged as a proxy for the Radium-
226 (**°Ra) activity of the sample or the “supported” Lead-
210 (Zlonsup) that is produced in situ (Smith et al., 2002;
Baskaran et al., 2014; Swarzenski, 2014). The ZIOPbSup activity
was subtracted from the 219Pby,, activity to calculate the
“unsupported” or “excess” Lead-210 (2°Pb,), which is used for
dating within the last ~100 years.

The Constant Rate of Supply (CRS) algorithm was employed
to assign specific ages to sedimentary intervals within the 210Pb,
profile. The CRS algorithm is appropriate under conditions
of varying accumulation rates (Appleby and Oldfield, 1983;
Binford, 1990). Mass accumulation rates (MAR) were calculated
for each data point (i.e., “date”), based upon the CRS model
results. The use of MAR corrects for differential sediment
compaction down core, thereby enabling a direct comparison of
210p}y - accumulation rates throughout a core (i.e., over the last
~120 years). MAR were calculated as follows:

MAR (g/cm? /year) = dry bulk density x LAR (1)

Where:

Dry bulk density (g/cm®) = sample dry mass (g)

= sample volume (cm®) (2)

LAR = linear accumulation rate (cm/year) (3)

210ph,¢ profiles were evaluated for the number of plateaus,
the accumulation (mm) that was associated with plateaus
e.g., accumulated as a pulse events, and the % of the total
accumulation (mm) that occurred as a pulse. To quantify
the accumulation for each core from episodic sedimentation
a “Pulse Index” (P.I.) was calculated with the number of
plateaus contributing 15% toward the index, the % of total
accumulation that occurred with pulses (plateaus) contributing
50% toward the index, and the average MAR (1950-2018)
contributing 35% toward the index (Supplementary Table 1 and
Supplementary Figure 2).

Sedimentology
Sediment texture and composition analyses were conducted on
extruded samples and included bulk density, grain size, and
composition. One core per site was used to calculate pore water
content and bulk density. Sample volume was calculated using
the inner diameter of the core barrel and sampling interval
(i.e., height). Samples were weighed immediately after extrusion
to provide the wet mass required for determining pore water
content. Each sample was then freeze-dried and weighed for dry
mass to calculate dry bulk density (Binford, 1990; Appleby, 2001).
Grain size was determined by wet sieving the sample through
a 63 pm screen. The fine-size (<63 pwm) fraction was analyzed
by pipette (Folk, 1965) to measure the relative percentage of silt
(%silt) and clay (%clay). The sand-size (>63 pwm) fraction was
volumetrically too small to analyze further and is reported here
as %sand. %Gravel and %sand were determined by dry sieving
the >63 micron fraction. Carbonate content (%carbonate) was
determined by the acid leaching method according to Milliman
(1974). Total organic matter (%TOM) was determined by loss
on ignition (LOI) at 550°C for at least 2.5 h (Dean, 1974).
The non-carbonate and non-organic fraction is reported here
as %terrigenous. Although, technically this fraction may include
non-terrigenous components such as biogenic silica, glauconite
and volcanic ash, they are only found in trace amounts in this
general area (Stow et al., 1986), as Mississippi River input is such
a dominant sediment source.

Carbon Isotopes

Samples for bulk isotopic analyses were treated with 10% HCI
to remove carbonates, rinsed with DI water, freeze dried, and
then ground with mortar and pestle prior to isotope analyses.
Stable carbon (8!3C, %C) was measured using a Carlo-Erba
elemental analyzer coupled to an isotope ratio mass spectrometer
at the University of Maryland Center for Environmental Science
Chesapeake Biological Laboratory. Samples were prepared for
measurement of natural abundance of radiocarbon at the
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National High Magnetic Field laboratory. Acid treated sediment
was combusted in quartz tubes at 850°C for 4 h and then
the pure CO, was collected on a vacuum line using a series
of cold traps to remove water vapor and non-condensable
gases following the methods of Choi and Wang (2004). The
purified CO; was flame sealed in a 6 mm ampoule and sent
to Woods Hole National Ocean Sciences Accelerator Mass
Spectrometry where the samples were prepared as graphic targets
and analyzed by accelerator mass spectrometry (Vogel et al,
1984). The radiocarbon signatures are reported in A'4C notation
as described by Stuiver and Polach (1977). The 14C blanks were
generally between 1.2 and 5 g of carbon, producing a negligible
effect on samples, which were over 1200 pg of carbon. The
analysis of 22 replicate sediment samples yielded an average
analytical reproducibility of +6.8%0 for AC and 0.2%0 for
813C. Forty coal samples, representing fossil 1*C dead carbon,
were analyzed to access our procedural blank of combustion,
graphitization, and target preparation, over the course of this
study. The average A*C value was —995 + 7%qo. We also ran 25-
azalea leaf standards collected in Tallahassee, Florida in 2013; the
average A'C value was 31 + 8%q.

Benthic Foraminifera

Following extrusion (methods provided above), five sub-samples
from the surface of the sediment cores (0-2, 2-4, 4-6, 6-8, and 8-
10 mm) and one sub-sample from down-core (20-22 mm) were
used for benthic foraminifera analysis following methods similar
to Schwing et al. (2018). Briefly, sub-samples were weighed and
washed with a sodium hexametaphosphate solution through a 63-
pm sieve to disaggregate detrital particles from foraminiferal tests
(Osterman, 2003). The fraction remaining on the sieve (>63-
pm) was dried in an oven at 32°C for 12 h, weighed again,
and stored at room temperature (Osterman, 2003). Between 200
and 400 individuals from each subsample were identified to the
species-level and counted. The fraction of the sample that was
identified was then weighed. It was necessary to count between
200 and 400 individuals per sample to distinguish 2% significant
variability in density and relative abundance between sample
intervals (Patterson and Fishbein, 1989). Multiple taxonomic
references were used (d’Orbigny, 1826, 1839; Williamson, 1858;
Jones and Parker, 1860; Parker and Jones, 1865; Brady, 1878,
1879, 1884; Cushman, 1922, 1923, 1927; Stewart and Stewart,
1930; Phleger and Parker, 1951; Parker et al., 1953; Parker, 1954).
The number of specimens with visibly fractured tests was counted
and reported as the fracture percentage versus the total number
of specimens identified as a taphonomical indicator of turbulent
flow redistribution (Ash-Mor et al., 2017).

Hydrocarbon Analyses

Samples were kept frozen until freeze-dried at the Marine
Environmental Chemistry Laboratory (MECL, College of
Marine Science, University of South Florida). Approximately
1.0 g of freeze-dried and homogenized sediment was
extracted using an Accelerated Solvent Extraction system
(ASE® 200, Dionex) under high temperature (100°C) and
pressure (1500 psi) with hexane:dichloromethane (9:1
v:v). Deuterated standards were added to samples prior to

extraction to monitor matrix effects and correct for losses
during extraction (d10-acenaphthene, d10-phenanthrene,
d10-fluoranthene, d12-benz(a)anthracene, d12-benzo(a)pyrene,
d14-dibenz(ah)anthracene, dso-tetracosane, d;s—pentadecane,
dsy—dotriacontane, d4-cholastane). For extraction in the ASE,
we applied a one-step extraction and clean up procedure
using a predetermined packing of the extraction cells (Kim
et al., 2003; Choi et al, 2014; Romero et al., 2018) using a
11 ml extraction cell with glass fiber filter (pre-combusted
at 450°C for 4 h), 5 g silica gel (high purity grade, 100-
200 mesh, pore size 30A, Sigma Aldrich, United States;
pre-combusted at 450°C for 4 h, and deactivated 2%), and
sand (pre-combusted at 450°C for 4 h). Sediment extracts
were concentrated to ~2 ml in a RapidVap (LABONCO
RapidVap® Vertex™ 73200 series) and further concentrated
to about 100-300 pl by gently blowing with a nitrogen
stream. An internal standard was added (d14-terphenyl; Ultra
Scientific ATS-160-1) to all samples prior to GC/MS analysis.
All solvents used were at the highest purity available. Two
extraction control blanks were included with each set of
samples (18 samples).

We followed modified EPA methods and QA/QC protocols
(8270D, 8015C). Targeted compounds included aliphatics (C12-
C37 n-alkanes, isoprenoids), PAHs (2-6 ring polycyclic aromatic
hydrocarbons including alkylated homologs), and biomarkers
[C27-C35 hopanoids, C27-C29 steranes, C20-C28 triaromatic
steroids (TAS)]. Hydrocarbon compounds were quantified using
GC/MS/MS (Agilent 7680B gas chromatograph coupled with
an Agilent 7010 triple quadrupole mass spectrometer) in
multiple reaction monitoring mode (MRM) to target multiple
chemical fractions in one-run-step. Molecular ion masses for
hydrocarbon compounds were selected from previous studies
(Romero et al., 2015, 2018; Sorensen et al., 2016; Adhikari
et al,, 2017) (Supplementary Tables 2a,b). All samples were
analyzed in splitless injections, inlet temperature of 295°C,
constant flow rate of 1 ml/min, and a MS detector temperature
of 250°C using a RXi-5sil chromatographic column. The GC
oven temperature program was 60°C for 2 min, 60°C to
200°C at a rate of 8°C/min, 200°C to 300°C at a rate of
4°C/min and held for 4 min, and 300°C to 325°C at a rate
of 10°C/min and held for 5 min. Source electron energy was
operated at 70 eV, and argon was used as the collision gas at
1 mTorr pressure.

For accuracy and precision of analyses we included laboratory
blanks for every 12-14 samples, spiked controls for every 14-
18 samples, tuned MS/MS to PFTBA (perfluorotributylamine)
daily, checked samples with a standard reference material (NIST
2779) daily, and reanalyzed sample batches when replicated
standards exceeded +20% of relative standard deviation (RSD),
and/or when recoveries were low. Recovery ranged within
QA/QC criteria of 50-120%. PAH concentrations are reported
as recovery corrected. Each analyte was identified using
certified standards (Chiron S-4083-K-T, Chiron S-4406-200-
T, NIST 2779) and performance was checked using a 5-
point calibration curve (0.04, 0.08, 0.31, 1.0 ppm). Quantitative
determination of compounds was conducted using response
factors (RFs) calculated from the certified standard NIST2779.
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Hydrocarbon compounds are expressed as sediment dry
weight concentrations.

Hydrocarbon Source Identification

We used a tiered analytical approach for the identification of
hydrocarbon sources in the sediment samples collected. First,
we determined the concentration of hydrocarbon groups in the
sediment samples (aliphatics, PAHs, and biomarkers (hopanoids,
steranes, and TAS) to establish temporal (as profiles) and spatial
(surface maps) changes of hydrocarbon concentrations and
composition. Second, we determined and compared diagnostic
oil ratios between potential sources and the samples (for details
see below). Third, we compared the distribution pattern of
n-alkanes and PAHs among samples.

Diagnostic oil ratios were calculated for all crude oil standards
(NIST Macondo oil: MC252; Southern Louisiana Sweet crude
oil: LC; southern GoM Akal Bravo oil: AB) and samples to
discriminate hydrocarbon sources. Careful should be taken
when applying diagnostic ratios to deep-sea sediments because
of multiple weathering processes affecting the composition of
hydrocarbons during sinking through the water column and after
reaching the seafloor. For example, low molecular weight PAHs
(LMW, containing 2-3 ring PAHs) are abundant in petrogenic
sources while high molecular weight PAHs (HMW, containing 4-
6 ring PAHs) are abundant in pyrogenic sources. However, HMW
PAH can become more abundant due to the loss of LMW PAHs
during weathering processes (e.g., dissolution, biodegradation).
Alkane ratios were used to identify natural vs. oil sources
(carbon preference index: CPI (C25-C33) = Xodd Cn/Xeven
Cn) if samples were weathered (low molecular weight alkanes:
% n-alkanes = X C14-C24/sum (C12-C37)*100). Samples with
CPI < 2.0 and % n-alkanes < 25% indicate a weathered
petrogenic source (Xing et al., 2011; Romero et al., 2015, 2021;
Herrera-Herrera et al., 2020).

Other compounds, more resistant to weathering, can be used
to identify specific oil sources (hopanes, steranes, triaromatic
steroids). However, diagnostic oil biomarker ratios (using
hopane, sterane, and triaromatic steroid compounds) known to
fingerprint DwH oil or other crude oils have mostly been tested in
samples collected from coastal environments (Wang and Fingas,
2003, Wang et al., 2006; Mulabagal et al., 2013; Aeppli et al., 2014)
and a few in deep-sea sediments (Romero et al., 2015, 2017; Stout
et al,, 2016). In addition, some of these biomarker compound
groups (e.g., steranes) have been shown to degrade in the marine
environment years after an oil spill (Wang et al., 2001; Prince
et al., 2002; Gros et al., 2014). Therefore, we tested if biomarker
ratios used in previous studies (Wang and Fingas, 2003, Wang
et al., 2006; Mulabagal et al., 2013; Aeppli et al.,, 2014; Romero
et al,, 2015, 2017) can be used to fingerprint deep-sea sediments,
where organic matter and oil residues are naturally exposed to
long-term weathering processes. Specifically, we compared the
MC252 oil standard (NIST 2779) with samples collected at the
DwH site (DwH-01), an area known to contain weathered oil
residues from the DwH spill (Chanton et al., 2015; Romero et al.,
2015; Stout et al., 2016). Also, samples from the DwH-01 site,
the closest site to the DwH wellhead, sampled from 2011 to

2013, showed the presence and preservation of oil residues in the
sediments from the DwH spill (Romero et al., 2017).

Only diagnostic ratios with a difference within +20% between
samples from site DWH-01 and the average of MC252 oil
standard (N = 60) were used. In previous fingerprinting studies,
this criteria for the difference between samples and an oil
standard has been established based on the relative standard
deviation value (RSD: 14-20%) of a standard analyzed over a
period of time (analytical uncertainty) (Aeppli et al., 2014; Meyer
et al, 2017). Our analysis of biomarkers using GC/MS/MS-
MRM had an RSD of 4.8% over a time period of 6 months
using the MC252 oil standard. The application of GC/MS/MS-
MRM increases selectivity, improved baseline and signal-to-
noise ratio, and successfully separates target compounds from
interferences compared to the conventional GC/MS-SIM method
(Adhikari et al., 2017). Altogether, the GC/MS/MS-MRM method
improves the analytical uncertainty in the analysis of biomarker
compounds. However, environmental sample replicates collected
in deep-sea areas of the GoM have shown that RSD varies
between 4% to 22% for biomarker compounds, indicating natural
variability in the area (Romero et al., 2015). Therefore, diagnostic
biomarker ratios of DwH oil residues at depth were selected using
the RSD value of 20%, to account for the natural variability in
deep sea environments. Ratios with a difference within +20%
between samples from site DWH-01 and the average of MC252
oil standard seem resistant to weathering and other natural
processes at depth in the GoM, and are suitable for fingerprinting.
The matching ratios were then calculated for all sites studied and
analyzed using a Principal Component Analysis (PCA; JMP® Pro
14.0). Also, cross plots of alkane diagnostic ratios were done to
identify oil vs. natural sources in the region. In addition, the
relative abundance (%) of hydrocarbon groups was plotted for
each site studied to identify areas with high content of LMW
PAHs (2-3 rings) due to inputs from natural seeps.

Only samples indicating oil content (using alkane ratios),
no natural seep inputs (with low %LMW PAHs), a distinct
distribution pattern of n-alkanes and PAHs indicating weathered
oil residues, and a match with the MC252 oil standard (using
biomarker ratios) were identified to contain DwH oil residues as
the most probable oil source.

RESULTS

All sites yielded sediment cores with active deposition over the
past ~100 years. Core analyses revealed a range of sediment
textures, composition and accumulation rates indicating that
sedimentation processes varied throughout the study area.
Downcore data were utilized for some analyses to provide a
longer time-scale context (Figure 2) and to assess the historical
prevalence of down-slope sediment transport as indicated by
various sedimentary structures present throughout the study
area. All other analyses focused on the surficial sediments (0-
20 mm) to identify recent patterns that may be associated with
deposition and redistribution of DwH contaminated sediments.
We have provided maps in figures and supplementary figures
as a mechanism to visualize the data and to communicate
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FIGURE 2 | Core logs for Site 4 (Region 1), Site 6 (Region 2), and Site 21(Region 3) showing sedimentary structures indicative of sediment re-deposition by gravity
flow processes, 219Pbys profiles and MARs, and sediment texture and composition to assess historical prevalence of downslope sediment transport and
accumulation. (Labels: A, sub-parallel laminae/wavy bedding; B, color banded units; C, inclined beds).
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the observed variations in the data. Interpolations of data
in the areas between the individual coring locations were
dependent on parameters set in the contouring program
(Golden Software Surfer 9.0) and were thus not discussed in
this manuscript.

Flume

Flume experiments showed that sediment particle erosion
behavior was not uniform across the various sedimentary
environments on the seafloor (Table 1). The uppermost layer of
sediment (top 2 mm) from each core eroded at different flow
speeds, producing maximum peaks in total number of particle
counts at flow speeds from 5.72 cm s~! to 16 cm s~ ! (Table 1
and Figure 3). Several sediment cores exhibited a second peak
at higher flow speeds (sites 10, 11, 14, 17, and 20). In all cores
(sites 8, 9, 10, 17, 19, and 20) that had a first peak in particle
resuspension at low flow speeds, a decrease in resuspended
particle concentration was observed following the initial peak
resuspension of particles. A second larger peak, produced by a
complete collapse of the surface sediment layer, occurred in all
cores at flow speeds exceeding 13.7 cm s~ !. Sediments from cores
that did not have the initial peak in resuspended particles (sites
4,5, 6,12, 13, 15, 16, 21, 30, and DwH-01) had low numbers of
particles resuspended until a rapid disintegration of the surface

sediment layer occurred >13.7 cm s~ 1.

Distinct peaks in total volume with increased flow speed were
recorded for each core analyzed. Average area of individually
eroded particles varied only slightly between 0.39 and 0.63 mm?
in all cores, however, total eroded volume of particles varied from
4.4 to 535 cm? (Table 1).

Short-Lived Radioisotopes
Short-lived radioisotope analyses yielded 2!9Pb,; activity profiles
utilized to provide age control and sedimentation rates at
multicore sites over the past ~120 years. 21°Pb,, profile shape
and MAR, averaged over various time periods, were used
to characterize the spatial patterns of sediment distribution
and accumulation.

210pb,, activity profile shapes varied with some sites
exhibiting exponential profiles and others non-exponential
profiles (Figure 2 and Supplementary Figures 3a-c). Non-
exponential profiles ranged from small mm-scale plateaus in
activity to profiles with large cm-scale plateaus. Some profiles
contained few plateaus, and some contained multiple plateaus.
These profiles were utilized to assess the relative magnitude
and frequency of episodic or pulsed accumulation (plateaus in
activity in profiles) vs. areas with stable consistent accumulation
(exponential profiles).

The spatial pattern of the pulse index reveals variability in
the prevalence of sediment accumulation from episodic events
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over the past ~120 years (Figure 4). In the northwestern portion
of the study area (sites 1, 2, 3, 4, and DwH-01) a high index,
reflecting frequent episodic sedimentation events, was observed.
The central portion of the study area consists of low index values
(sites 5, 6, 12, 13, 14, and 30) reflecting a more stable, consistent
sediment accumulation history. The southeastern portion of
the study area shows high index values (sites 7, 8, 9, 10, 11,
15, 16, 17, 18, 19, 20, and 21) but with the highest episodic
sedimentation events observed in the study area, in terms of
magnitude and frequency.

Sediment MARSs were determined using 2!°Pb,, age
dating. Differing time periods were evaluated to characterize
accumulation rates from a long (1950-2018) to short periods
for characterizing events pre-spill (2006-2009; Figure 5A),
during and after the spill related to the MOSSFA event (2010-
2013; Figure 5B), and post-spill associated to redistribution of
sediments (2014-2018; Figure 5C). Spatial patterns of MAR’s
from 1950 to 2018 are consistent with the areas of episodic
sedimentation identified by the 2!°Pb,; pulse index, further
corroborating the spatial variability in the influence of episodic
sedimentation events (Figure 4). For the three recent time
periods compared in this study, there are potential shifts in “hot
spots” of higher accumulation with site 18 consistently being a
“hot spot” for accumulation in all three periods. Site 9 shows
increased MAR's in the 2010-2013 time period. In the 2014-2018

period, there are higher MARS’ at site 16 near the base of the
DeSoto Canyon as compared to the 2006-2009 and 2010-2013
time periods (Figures 5A-C).

Sedimentology
All cores exhibited intact detailed stratigraphy, contained
numerous, well-preserved primary sedimentary structures, and
very few secondary sedimentary structures (e.g., bioturbation).
The most common structures were thin, mm-scale, sub-parallel
laminae and wavy bedded units with no clearly defined lower
boundaries (Figure 2). These structures were found throughout
the entire study area in all depocenter types (Table 1). Inclined
and color banded beds (Figure 2) were less common, and sparsely
dispersed throughout all but the northeastern-most portion of
the study area (Table 1). Generally, sedimentary structures were
better defined in the upper few 10’ of cm of cores (Table 1).
Sediment grain size and composition was averaged over the
surficial 0-4 mm and 10 mm intervals and varies throughout
the study area. Grain size is reported as %gravel, %sand,
%silt, %clay, and %mud (%silt 4+ %clay), and composition is
reported as %carbonate, %TOM (total organic matter by LOI),
and %terrigenous (Table 2 and Supplementary Figures 4-8).
%Carbonate ranged from 45% to 60% with lowest concentrations
in the NW portion of the study area and increasing to the SE.
%TOM ranged from 4.4% to 7.1% with highest values in the
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NW and decreasing to the SE. Sediment grain size showed more
spatial variability than composition. %Gravel was zero in all
sites except site 03, which contained large pteropod fragments.
%Sand ranged from 0.3% to 12.9% with highest values in the
SE, lowest values in the N, and moderate values in the W
portion of the study area. %Silt ranged from 35.3% to 58.5% with
highest values in the NW, lowest values in the NE and SE, and
modest in the SW portion of the study area. %Clay ranged from
39.9% to 63.3% with highest values in the NE, modest through
the central to S, and lowest in the NW and SE areas. Highest
%carbonate values were consistently associated with the highest
%sand, which consisted of sand size biogenic carbonate particles
(Supplementary Figures 4-8).

Carbon Isotopes

The sedimentary organic carbon content in percent carbon by
weight, %C, the stable carbon isotopic composition, §'*C %o,
and the radiocarbon content, AC %o, of the surface 0-2 mm
layer and the 0-10 mm layer are reported in Supplementary
Table 3. Values for the 0-10 mm depth interval were calculated
as the average of the five 2 mm slices subsampled within that

interval. The %organic carbon of the uppermost interval (0-
2 mm) varied from 1.3 to 2.9% and generally decreased from the
northwest to the southeast as the water deepened (Figure 6). The
313C of surface (0-2 mm) organic matter varied from —20.7 to
—22.5%0 and was more depleted to the northwest and exhibited
a minimum in the center of the study area (Figure 7). There
was a significant correlation of increasing 8!3C with decreasing
%organic carbon (p = 0.01, r = 0.512, n = 24). Radiocarbon
content in the surficial layer (0-2 mm) varied from —167 to
—319%0 across the study area (Figure 8). The most depleted
values were observed at about 2,300 m depth on the north east
and western sides of the study area. The central portion of the
study area exhibited *C enriched surface sediments downslope
of the DwH site, in water depths ranging from 1,700 to 2,100 m,
grading to more depleted values to the southeast. None of these
parameters correlated with depth.

Benthic Foraminifera

Benthic foraminifera density and fracture percentage are
presented in Supplementary Table 4. Benthic foraminifera
density ranged from 15 to 74 individuals/cm® and generally
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TABLE 2 | Sedimentological data.

Site %Gravel %Sand %Silt %Clay %Mud (silt + clay) %Carbonate %TOM (LOI) %Terrigenous
Interval 0-04cm 0-1cm 0-04cm O-icm 0-04cm O0O-1icm 0-04cm O-icm 0-0.4cm 0-1cm 0-04cm O0-1icm 0-04cm O-icm 0-04cm 0-1cm
1 0 0 1.5 1.6 60.4 58.5 38.1 39.9 98.5 98.4 35.6 34.3 8.8 7 55.5 58.6
2 0 5.2 5 42.6 41.8 52.2 53.1 94.8 95 35.3 33.9 7 7 57.7 59.1
3 0.6 0.2 5.5 48.3 45.7 45.6 491 93.9 94.8 37.6 36.4 6.4 6.5 56 571
4 0 0 4.9 5.7 53 49 421 45.3 95.1 94.3 38.3 35.1 3.6 3.4 58.1 61.4
5 0 0 5.8 6.2 47 43.6 47.2 50.3 94.2 93.8 37 36.5 7.2 6.8 55.8 56.8
6 0 0 5.3 5.6 38.7 41.8 56 52.6 94.7 94.4 40.3 38.5 6.2 6.3 53.5 55.2
7 0 0 8.5 5.8 43.7 41.6 47.8 52.6 91.5 94.2 37.4 34.9 6.5 6.5 56.1 58.6
8 0 0 5.2 4.7 39.6 39 55.3 56.3 94.9 95.3 42.6 41 6 5.9 51.5 53.1
9 0 0 1.8 2.4 48 43.9 50.2 53.7 98.2 97.6 41.8 41.6 71 6.8 51.2 51.6
10 0 0 8.4 8.6 49.4 441 42.2 47.3 91.6 91.4 43.7 43.9 6.2 5.6 50.1 50.5
11 0 0 5.7 4.5 35.5 41 58.9 54.4 94.3 95.5 42.9 41.4 6.3 5.9 50.8 52.7
12 0 0 6.9 71 47.4 44.7 45.7 48.2 93.1 92.9 37.2 39.5 7.4 6.6 55.4 53.9
13* 0 0 6.7 5.3 38.3 42.3 55 52.4 93.3 94.7 39.4 38 6.4 6.1 54.2 55.9
14 0 0.1 6.6 5.9 46.5 46.1 46.9 48 93.4 94 44.8 40.8 5.6 6.1 49.5 52.5
15 0 0 4.8 3.7 36.7 35.3 58.5 61 95.2 96.3 37.5 35.6 7.2 7.1 55.3 57.3
16 0 0 0.2 0.3 33.4 36.5 66.4 63.2 99.8 99.7 411 40.2 7 6.8 51.9 53
17 0 0 5.1 4.6 42.6 43.3 52.3 52.1 94.9 95.4 43.6 43.3 5.5 5.6 50.9 511
18 0 0 7.8 7.5 46.8 45.4 45.4 471 92.2 92.5 44.7 44.4 5.9 5.8 49.4 49.7
19 0 0 12 10.9 39.4 38.7 48.6 50.4 88 89.1 51.8 48.7 3.8 4.4 44.4 46.9
20 0 0 10.3 9.8 37.1 35.9 52.5 54.3 89.7 90.2 45.7 45.4 5.4 5.2 49 49.3
21 0 0 15.1 12.8 40 40.7 44.9 46.4 84.9 87.2 51.1 49.3 5.1 5.1 43.8 45.6
30 0 0 4.5 5.8 41.3 42.5 54.2 51.6 95.5 94.2 38.5 36.9 6.6 6.5 54.9 56.6
DWHO1 0 0 2.9 2.7 44 45.6 53.1 51.7 97.1 97.3 34.4 32.6 7.4 7 58.2 60.3
Max 0.6 0.2 15.1 12.9 60.4 58.5 66.4 63.2 99.8 99.7 51.8 49.3 8.8 71 58.2 61.4
Min 0 0 0.2 0.3 33.4 35.3 38.1 39.9 84.9 87.2 34.4 32.6 3.6 3.4 43.8 45.6
Average 0 0 6.1 5.7 43.5 42.9 50.4 51.4 93.9 94.3 41 39.7 6.3 6.1 52.7 54.2

Core intervals 0-4 mm and 0-10 mm.
*Interval is 0-2 mm not 0-4 mm.
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increased from the northwestern (e.g., site 1 mean density:
19 individuals/cm®) to the southeastern (e.g., site 24 mean
density: 38 individuals/cm?®) portion of the study area. Benthic
foraminifera fracture percentage ranged from 7.5 to 25.1% with
the highest mean fracture percentage in the north-central portion
of the study area (e.g., site 12 mean: 20.6%, site 14 mean:
16.0%). Maxima in fracture percentage were typically found at 6-
10 mm depth (sites 1, 9, 12, and 16). These maxima were often
coincident with variability in other parameters consistent with
resuspension (Figure 9).

Hydrocarbon Analyses

We identified 10 biomarker ratios that can be used as diagnostic
biomarker ratios of DwH oil residues at depth (Figure 10).
These biomarker ratios determined for samples from DWH-
01 site lie within +20% of the MC252 standard ratios. The
fewer biomarker ratios that matched with the MC252 standard
compared to coastal studies may indicate that more compounds
are susceptible to multiple weathering processes at depth (e.g.,
dissolution, degradation, dispersion). Source apportionment of
hydrocarbons in the study area after the spill was determined
using principal component analysis (PCA) of the biomarker
ratios identified in Figure 10. The PCA results in Figure 11
show that 46% of the sites in 2010-2013 and 58% of the sites
in 2014-2018 contain oil-residues similar to the MC252 oil
standard (all located in the same PCA space) and distinct from
other reference oil samples from the GoM. PCA results are

supported by cross plots of alkane diagnostic ratios (Figure 12)
and %abundance plots of hydrocarbon compounds groups
(Supplementary Figures 9a,b). Caution should be taken when
interpreting deep-sea data, because oil-residues deposited at
depth, regardless of the source, are highly weathered. For
example, Figure 12 shows that several sites in both time periods
(2010-2013: sites 1, 14, 8; 2014-2018: sites DwH-01, 1, 2, 12,
14, 16) contain oil-residues (CPI < 2.0 indicates oil-residues;
%C14-C24 < 25% indicates heavily weathered samples) but
with a dominant hydrocarbon source different than DwH oil,
as shown by the PCA results (Figure 11). Also, some sites
that were designated by the PCA to potentially contain mostly
DwH oil-residues (shown in orange color sites 7 and 18 for
2010-2013, and sites 9 and 10 for 2014-2018) are shown in
Figure 12 to be mixed with other sources different than oil-
residues (e.g., terrestrial), therefore we have classified these sites
to contain mixed sources of hydrocarbons (shown in orange
color in Figures 11-13 and Supplementary Figures 10a,b). In
addition, the results from the PCA analysis and cross plots
were supported by distinct distribution patterns of n-alkanes
and PAHs (Supplementary Figures 11, 12). The samples
identified to contain DwH oil-residues as the potential major
source for hydrocarbons in Figures 11, 12, have a distinct
n-alkane composition with short-chain compounds (C12-C23)
less than 2% abundance, while long-chain compounds (>C30)
are more than 10% abundance (Supplementary Figure 11
and in agreement with Stout et al, 2016). This pattern is
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expected from severely weathered oil residues, in which long-
chain n-alkanes are preserved due their lower susceptibility to
dissolution and biodegradation. In contrast, other sources (as
mixed or unknown in Supplementary Figure 11) show a strong
odd-to-even carbon preference for long-chain n-alkanes, with
C27, C29 and C31 as the most abundant. The observed odd-
to-even carbon preference for long-chain n-alkanes is typical
of terrestrial plants. For PAHs, the difference in distribution
pattern among sources is as well observed (Supplementary
Figure 12). The samples identified to contain DwH oil-residues
as the potential major source for hydrocarbons in Figures 11, 12
have less %abundance of molecular markers of incomplete
combustion such as Re and BeP (Ramdahl, 1983; Wang et al.,
1999; Tobiszewski and Namieénik, 2012), while 4-6 ring PAHs
were more abundant due to their higher resistant to weathering
processes such as dissolution and biodegradation. This pattern is
more notorious by comparing the abundance of PAH compounds
grouped by ring number (Supplementary Figure 13) showing
a distribution difference among sources within each year. Also,
larger changes between time periods is observed indicating
potential additional weathering processing affecting mostly 5-6
ring PAHs (e.g., transformation processes, White et al., 2016).
Overall, we found that 15 sites of the 24 studied sites contain
DwH oil-residues as the potential major source for hydrocarbons
(Figure 13). The results generated using multiple oil diagnostic
ratios indicate the significance of using ratios from multiple
compound groups (e.g., hopanes, steranes, alkanes, PAHs) for

source apportionment of hydrocarbons in deep-sea areas, like in
the northern GoM.

Hydrocarbon concentrations, the sum of all compounds
analyzed  [n-alkanes, isoprenoids, polycyclic —aromatic
hydrocarbons (PAHs), hopanes, steranes, and triaromatic
steroids (TAS)] ranged from 0.2 pg/g to 11.4 pg/g, with
decreasing concentrations toward southeast of the study area,
with some exceptions observed at specific depth layers in the
sediments (e.g., site 21) (Figure 13). Specifically, hydrocarbon
averages >2.0 |Lg/g were observed in the northeast of the study
area (sites DwH, 1-6, 12, 13, and 30), concentrations in the range
0f 0.9-2.0 ng/g were detected at the center of the study area (sites
7,8, 11, 14, 15, 16, and 17), and concentrations <0.9 pug/g were
observed in the southeast area (sites 9, 10, 19, 20, 21). This general
trend in hydrocarbon concentration followed sediment grain
size distribution, with higher concentrations where sediments
have low carbonate content. In addition, downcore profiles show
a large variability in hydrocarbon concentrations in the study
area, with enhanced concentrations at specific sediment intervals
(Figure 12). Also, specific hydrocarbon compound groups did
not show a clear trend with depth (e.g., decrease with sediment
depth); therefore, compound relative abundances mostly
represent changes in hydrocarbon sources rather than solely
biodegradation of hydrocarbons after buried (Supplementary
Figures 9a,b). Most abundant compound groups were n-alkanes
and high molecular weight PAHs (HMW, 4-6 rings). Profiles of
HMW PAHs and LMW PAHs (low molecular weight, 2-3 rings)
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FIGURE 9 | An example of the multi-proxy assessment from station MCO1, where an event was identified between 10 and 12 mm depth (year 2014) by relatively
high mass accumulation rates, homogenous bulk organic stable carbon isotopes, an maxima in organic biomarkers and benthic foraminifera fracture percentage.

showed large variability in some sites in all sediment depth layers
(i.e., site 10) or at specific sediment layers (i.e., sites 1, 11, 17, and
19), but in all cases HMW PAHs were more abundant.

DISCUSSION
Spatial Distribution

All sites were depositional over the past ~100 years and to
various degrees contained sedimentary structures, but there were

distinctive variations in accumulation patterns and sediment
characteristics throughout the study area. These variations
define three distinctive geographic regions with implications
for the degree of influence of down-slope sediment transport
on sediment accumulation patterns (Figure 4). Bathymetric
characteristics, geographic location, and water depth also play a
role in the characteristics of each region. Defining characteristics
of the regions include episodic vs. stable sediment accumulation
patterns as well as surficial sediment characteristics (upper 0-
10 mm of cores). Using 21°Pb,; age dating, cores were assessed
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for accumulation patterns from 1950 to 2018 for longer term
reference and in greater detail for three time periods, 2006-2009
(pre-spill), 2010-2013 (DwH spill/post-spill), and 2014-2018
(post-spill) to investigate the DwH spill and potential down-slope
redistribution in subsequent years.

(a) Region 1 is in the NW portion of the study area directly
surrounding the DwH spill site and includes our station
DwH-01, and sites 1, 2, 3, and 4 (Figure 4).

(b) Region 2, includes sites, 5, 6, 12, 13, 14, 30, to the SE
of Region 1, consisting of a “belt” running from the NE
to SW (Figure 4).

(c) Region 3, SE of Region 2, includes sites 7, 8, 9, 10, 11, 15,
16,17, 18, 19, 20, 21 (Figure 4).

Region 1, in the NW portion of the study area, received
the highest inputs of contaminated sediments during and
shortly after the spill as previously documented (Chanton et al.,
2012, 2015; Passow et al, 2012; Joye et al, 2013; Brooks
et al., 2015; Yan et al,, 2016; Ziervogel et al,, 2016; Romero
et al, 2017) (Figure 4). Varying seafloor morphology with
steep slopes and valleys was prevalent in this area (Figure 1),
providing grounds for seafloor instability and higher potential
for down-slope sediment transport. 2!°Pb, data and sedimentary
structures indicate pulsed downslope transport accompanied
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by episodic accumulation of sediments as being the main
mechanism in sediment accumulation in this Region (Figure 2).
Sedimentology reflects a dominance of fine-grained terrigenous
source sediments with the highest %silt in the study area. The
source of pulsed sediments accumulating in Region 1 likely lay
upslope to the N and NW. The first peak in particle resuspension
over time with increasing flow speed occurred above 10 cm
s~! in this Region followed by a total collapse of the sediment
structure and complete erosion occurred above 13 cm s~ 1. These
high initial flow speeds needed to erode the surface indicate that
this material was relatively new material that had arrived from
the sea surface.

Region 2 is a transition zone from steep slopes (>10°) on
the salt domes with deep incised smooth valleys between these
domes (Figure 1) spreading out into an open plain on the
seafloor with a decrease in slopes to near 0° in the more
distal, SE portions. Region 1 and Region 2 had similar surface
sediment characteristics. The water depth in this Region ranges
from 1,250 to 1,900 m. 21°Pb,, data indicate more consistent
stable accumulation with lower MAR’s indicating that down-
slope sediment transport is not dominantly accumulating and
is likely bypassing this Region (Figures 5A-C). Evidence for
sediment resuspension in this area by near inertial currents
as well as tropical storm induced events has been reported in
independent studies at these water depths (Gardner and Sullivan,
1981; Isley et al., 1990; Diercks et al., 2018), which may also limit
deposition of sediments associated with down-slope transport.
Sedimentology shows a decrease in %terrigenous sediments as
compared to Region 1, which is expected with increased distance
from the Mississippi River. In this Region, peaks in volume of
particles resuspended occurred at flow speeds above 13 cm s~!

indicating that the cores were missing the surface layer of loose
material. These sites had the highest %carbon and the most
enriched A'C values indicating deposition of younger material
originating from the sea surface and not from resuspension.

The NW boundary of Region 3 can be visualized by a line
drawn just north of sites 7, 12 and 15, with sites 12 and 15
being on the boundary between the two Regions (Figure 4).
Region 3 encompasses the largest part of the study area on the
seafloor with depths greater than 1,900 m. Most of the sites
in Region 3 do not contain DwH oil-residues as the potential
major source for hydrocarbons (eight out of eleven studied sites
in this region). The majority of sites in Region 3 have higher
relative abundance of C12-C25 n-alkanes in most sediment layers
(Supplementary Figures 9a,b), indicating a potential larger
presence of bacterial alkanes. Seafloor slope angles in this area
are in general <2, sloping from the NW to the SE. Region 3 has
the highest MAR’s (Figures 5A-C and Supplementary Figure 3)
and sediment records indicate a strong prevalence of episodic
(pulses) sediment accumulation (Figure 4), likely associated with
the down-slope transport events. The NE portion of Region
3 has the highest %clay, which may indicate accumulation of
resuspended fine-grained sediments from upslope. The highest
%sand values were found in the SE portion of Region 3 associated
with more sand sized biogenic grains as shown by the concurrent
increase in %carbonate. This was likely due to a decrease in
fine-grained terrigenous sediment with further distance from the
Mississippi River source. The uppermost 2 mm of sediments
from cores collected in this area were easily resuspended
at current speeds of 5-8 cm s~ !. Figure 3 indicating that
these sediments consisted of unconsolidated material. %Carbon
content (Figure 6) for these samples were low (1.25 to 1.75%),
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FIGURE 13 | Profiles of hydrocarbon concentrations in the study sites located
in the northern GoM. Hydrocarbons refer to the sum of aliphatics, PAHs,
hopanes, steranes, and TAS. Graph shows shaded areas corresponding to
the time period 2010-2013, areas above and below the gray area
corresponds to 2014-2018 and pre-spill periods, respectively. Red circles
denote samples with DwH oil-residues as the potential major source, green
circles indicate samples with mixed hydrocarbons sources including DwH
oil-residues, and black circles indicate other unknown sources.

indicating older (Figure 8) reworked material being deposited,
as discussed elsewhere (e.g., Diercks et al., 2018). We argue
that these sediments either have been exposed to prolonged
bacterial decomposition and remineralization after deposition
on the seafloor or were transported from higher up on the

slope as a result of resuspension and lateral transport. This
lateral transport and redeposition of material would result in
a loosely consolidated sediment layer, easier to be resuspended
at lower flow speeds, and presenting the characteristics of an
old sediment. This transport and redeposition of older material
matches the results from the watershed model of the study
area, which presented a general E to SE flow direction with a
confluence of gravitational flow channels in the SE part of the
Region (Figure 1). The model used the high-resolution seafloor
morphology to determine gravity driven downslope flow and
overlying water column currents were not considered.

Sedimentary structures indicative of sediment re-deposition
by gravity flow processes were detected in almost all cores
throughout the study area (Figure 2 and Table 1). Thin, mm-
scale, sub-parallel laminae and wavy-bedded units, by far the
most common, were found in Regions 1, 2, and 3. The less
common inclined beds and color banded units were confined
to Regions 2 and 3 (Figure 4). All of these structures are
common in adjacent Mississippi Fan deposits, and have been
attributed to low density, fine-grained turbidity currents, slides
and/or slumps (Coleman et al., 1986; Cremer and Stow, 1986;
Normark et al., 1986; Stow et al, 1986; Thayer et al., 1986).
Locations classified as depocenters exhibited two peaks in particle
counts with increased flow speeds, one at low flow speeds and a
second peak at higher flow speeds. This second peak coincided
with the peaks from locations (erosional sites) that were missing
the low flow speed peaks, indicating that the surface sediments
in the depocenters were comprised of two distinctly different
materials, loosely compacted material at the surface and a more
consolidated layer of material below the surface. Once flow
speeds in the flume reached 13 cm s~! the exposed sediment in
all cores eroded and disintegrated rapidly. Our results fall well
within the range of prior data published in the literature. Lampitt
(1985) reported that 6-8 cm s~ ! can move low-density aggregates
of phytodetritus (mm to cm in size) in the field and similar
values have been reported for flume studies. Beaulieu (2003)
compiled a list of theoretical, flume, and field measurements for
critical erosion velocities of bioturbated silty sediments, which
(Gardner et al., 2017) further summarized and concluded that
resuspension of the fine silt fraction would occur as low as
11-12 cm s~ ! and sand size fraction being resuspended at 25-
30cms™

Relative to levels of concern of toxic compounds analyzed in
this study, we found that even though PAHs were abundant at
the studied sites, most of their concentrations were lower than
levels of concern for marine biota (Long et al., 1995; Bejarano
and Michel, 2010) (Supplementary Figures 10a,b). Exceptions
were found for LMW PAHSs at site 1 (sediment interval 0-
2 mm with concentration 0.6 pg/g), and for HMW PAHs at
site. DWH (sediment interval 16-25 mm with concentrations
about 2.6 1g/g) and site 17 (sediment interval 16-18 mm with
2.6 ug/g concentration).

Time Periods

To better understand the role of major natural (e.g., downslope
movement of particles) and anthropogenic (i.e., MOSSFA)
depositional processes on the fate of DwH-derived hydrocarbons
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FIGURE 14 | Sediment depth-integrated biomarker concentrations in
deep-sea sediments by time periods: (A) prespill (<2010), (B) spill/post-spill
(2010-2013), (C) post-spill (2014-2018). Biomarker concentrations include
the sum of hopanes (C23-C35), steranes (C27-C29), triaromatic steroids
(C20-C21, C26-C28). Time periods were determined based on the
established chronology.

in deep-sea environments of the GoM, data were assessed for
three time-periods (pre-spill 2006-2009, spill/post-spill 2010-
2013, and post-spill 2014-2018). The pre-spill (2006-2009)
time interval represents sediment data from before the DwH
spill and MOSSFA event and is characterized by having lower
concentrations of hydrocarbons compared to the other time
periods (Figure 13). The 2010-2013 time interval, includes the
time immediately after the oil spill as well as the MOSSFA event
as defined by areas sampled during and immediately after the
spill (Passow et al., 2012; Brooks et al., 2015; Daly et al., 2016;
Larson et al., 2018). In this time period, eleven sites of the 24
studied sites likely contain DwH oil-residues as the potential
major source for hydrocarbons (Figure 13). Most of the eleven
sites containing DwH oil-residues are in the Region 1 and 2,
and only one site in Region 3 (site 15). The 2014-2018 interval
represents the time post MOSSFA event, in which we identified
lateral and downslope movement of material into the deeper
sections of the GoM. These time periods provided the basis to test
our hypothesis of a general down-slope, SE transport of material
that was initially deposited during the DwH oil spill. DwH oil-
residues that were deposited under the surface expression of the
oil spill and the submerged oil plumes, may have been moved
downslope through common processes like resuspension and
gravity flows (Diercks et al., 2018).

In the time period between 2014 and 2018, MARs had
returned to pre-spill levels (Larson et al., 2018), however, there
was large variability between the three time periods observed in
total concentration of hydrocarbons (Figure 13), as well as for
specific hydrocarbon compounds (Supplementary Figures 9a,b).
This variability is highlighted by the relative composition among
time-periods, which indicate a highly dynamic sedimentation
regime in the study area (Supplementary Figures 5a,b). In
this time period, 14 sites of the 24 studied sites contain DwH
oil-residues as the potential major source for hydrocarbons
(Figure 13). The 14 sites containing DwH oil-residues are located
in all regions and only four sites (#1, 7, 8, 21) contain DwH
oil-residues in the period 2014-2018 (Figure 13). Mapping the
most recalcitrant compounds, such as biomarkers for each time
period, presents the general spatial patterns of hydrocarbon
concentrations decreasing toward the southeast of the study area
(Figures 14A-C). Most elevated concentrations were observed
only post-spill (2010-2013 and 2014-2018), mostly at sites
located closer to the DwH site (Figures 14A-C). Millimeter-
scale events were identified within the upper two centimeters
(Figure 13). These events were typically dated between 2014
and 2016 (post-DwH), are consistent with redeposition of
resuspended material and were characterized by relatively high
MAR, homogenous bulk organic $!3C, and maxima in both
organic biomarkers and benthic foraminifera fracture percentage.
The uppermost 2 mm of the cores were dominated by benthic
foraminifera (e.g., predominantly Bolivina lowmani, Eponides
turgidus, Trochammina inflata, Uvigerina peregrina), planktic
foraminifera (e.g., Globigerinoides ruber, Globorotalia menardii,
Orbulina universa) and some deep-sea sediments and date
to the 2016-2018 depositional period, providing an average
sedimentation rate of 0.10 to 0.14 g cm® year~! as determined
by MARs from 210pp_ « measurements.
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CONCLUSION

Overall, our results indicate an increased spatial footprint
of deposition of DwH-derived hydrocarbons for which we
offer two explanations. The deposition of contaminated
sediments was not previously identified due to a lack of
sampling in our study area and down-slope redistribution
of sediments over the 8 years following the DwH oil spill
and initial MOSSFA deposition to the seafloor. We based
our conclusions on the characteristics of three regions as
defined by their morphological and sedimentological features
as well as the likelihood of sediments accumulating in these
regions through episodic down-slope transport mechanisms.
The nature of the organic compounds found in some of the
cores, as well as sediment composition from these regions
allowed us to trace them back to the DwH oil spill (in
15 out of 24 studied sites). Region 1 showed the presence
of episodic sediment accumulation and had a potential for
longer term accumulation and sequestration of redistributed
sediments from up-slope areas. Region 2 was defined by stable
and consistent sediment accumulation with low magnitude
events in down-slope sediment accumulation being very
subtle in the sedimentary record. We determined that this
area is less likely to accumulate and sequester redistributed
sediments. Region 3 had an increased presence of episodic
sediment accumulation through larger magnitude pulse events.
These events lead to a higher potential for accumulation
and sequestration of redistributed sediments from up-
slope areas.

Our findings presented in this paper, provide evidence
that the footprint of the residues from the oil spill on
the seafloor changed over the time span from 2010 to
2018 expanding to the SE beyond the previous areal extent
reported. In the sedimentary record, DwH oil-residues were
found in sites during the post-spill periods studied (2010-
2013: during the MOSSFA event; 2014-2018: post MOSSFA
event; sites: DwH-01, 2, 3, 4, 5, 6, 12, 13, 15, 30) as well
as in sites only during the 2014-2018 period (sites: 1, 8,
21). Specifically, sites located approximately 45 km (site 8;
28.4166° N, 88.0838° W) and 96 km (site 21; 28.3306°N,
87.5042°W) to the SE of the wellhead, indicate a larger
area affected by DwH oil residues due only to down slope
redistribution of organic matter by natural process at depth in
the GoM. Our data thus suggest that a much larger area on
the seafloor contained residues of DWH oil than previously
then previously recognized and published in the literature (Lehr
et al., 2010; Chanton et al, 2012; Lubchenco et al., 2012;
Romero et al., 2017).
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