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Following the Deepwater Horizon oil spill (DWHOS), the formation of an unexpected
and extended sedimentation event of oil-associated marine snow (MOSSFA: Marine
Oil Snow Sedimentation and Flocculent Accumulation) demonstrated the importance
of biology on the fate of contaminants in the oceans. We used a wide range of
compound-specific data (aliphatics, hopanes, steranes, triaromatic steroids, polycyclic
aromatics) to chemically characterize the MOSSFA event containing abundant and
multiple hydrocarbon sources (e.g., oil residues and phytoplankton). Sediment samples
were collected in 2010-2011 (ERMA-NRDA programs: Environmental Response
Management Application — Natural Resource Damage Assessment) and 2018
(REDIRECT project: Resuspension, Redistribution and Deposition of Deepwater Horizon
recalcitrant hydrocarbons to offshore depocenter) in the northern Gulf of Mexico to
assess the role of biogenic and chemical processes on the fate of oil residues in
sediments. The chemical data revealed the deposition of the different hydrocarbon
mixtures observed in the water column during the DWHOS (e.qg., oil slicks, submerged-
plumes), defining the chemical signature of MOSSFA relative to where it originated in the
water column and its fate in deep-sea sediments. MOSSFA from surface waters covered
90% of the deep-sea area studied and deposited 32% of the total oil residues observed
in deep-sea areas after the DWHOS while MOSSFA originated at depth from the
submerged plumes covered only 9% of the deep-sea area studied and was responsible
for 15% of the total deposition of oil residues. In contrast, MOSSFA originated at depth
from the water column covered only 1% of the deep-sea area studied (mostly in close
proximity of the DWH wellhead) but was responsible for 53% of the total deposition of
oil residues observed after the spill in this area. This study describes, for the first time, a
multi-chemical method for the identification of biogenic and oil-derived inputs to deep-
sea sediments, critical for improving our understanding of carbon inputs and storage at
depth in open ocean systems.
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INTRODUCTION

In marine systems, hydrocarbons are composed of a complex
mixture of compounds that originated biologically from
autochthonous (e.g., phytoplankton, microbes, seeps) and
allochthonous (e.g., terrestrial, anthropogenic) sources. Organic
particles that reach the seafloor undergo weathering; still, the
chemical signatures related to their source and transformation
processes are preserved and can be used to assess the
contribution from different sources to the global carbon budget
for modern sediments as well as for historical palacoceanographic
reconstructions (Zonneveld et al., 2009; Canuel and Hardison,
2016; Bianchi et al., 2018; Larowe et al., 2020). Recently, efforts
have focused on identifying the chemical signature of multiple
sources in sinking organic particles in the water column or on the
seafloor to better understand biogenic-petrogenic interactions
that influenced carbon preservation and ecosystem health in
areas with abundant natural seeps and oil exploration (Adhikari
etal., 2015, 2016; Romero et al., 2017; Chanton et al., 2018; White
etal., 2019; Bosman et al., 2020). Despite multiple studies looking
at the fate of organic matter in the environment, the identification
of robust chemical markers for source apportionment and
transport processes of oil residues from surface waters to deep-sea
sediments is still not available.

Differentiating hydrocarbon sources is important because
it provides crucial information about sea surface to seafloor
connectivity (e.g., organic matter transport processes and
carbon sequestration). For example, hydrocarbons are significant
components in the upper ocean carbon cycle due to the pervasive
natural contribution from phytoplankton (Middleditch et al.,
1979; Kameyama et al., 2009; Lea-smith et al., 2015) as well as
in specific regions by large extensions of oil residues released
from natural seeps (MacDonald et al., 2015) or as a result of
oil spills (e.g., Deepwater Horizon oil spill - DWHOS: surface
slicks covered 11200 km?, MacDonald et al., 2015; submerged
plumes covered ~73200 km?, Du and Kessler, 2012). Also,
it has been observed that multiple hydrocarbon sources can
interact and form biogenic-petrogenic aggregates in association
with natural oil seeps, important for understanding hydrocarbon
degradation and fate in the water column (D’souza et al., 2016).
Furthermore, high-resolution analysis of deep-sea sediments
collected in the aftermath of the DWHOS in the northern Gulf
of Mexico (nGoM), revealed a large deposition of aggregates
composed of inorganic and biogenic material mixed with oil
residues containing varied chemical signatures (Brooks et al.,
2015; Romero et al.,, 2015). These findings were supported by
multiple observations of co-occurring phytoplankton blooms
and surface oil-slicks during the DWHOS (Hu et al., 2011;
Ziervogel et al., 2012; Passow et al., 2012; Vonk et al., 2015;
Daly et al, 2016; Yan et al, 2016; Quigg et al., 2020). This
enhanced sedimentation event was known as MOSSFA (Marine
Oil Snow Sedimentation and Flocculent Accumulation) and
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). Moreover, the deposition
of oil residues as marine oil snow (MOS) and/or oil-mineral

aggregates (OMAS) is not specific to the DWHOS (e.g., Niu
et al., 2010; Vonk et al., 2015; Romero et al., 2016). Therefore,
a better understanding of the conditions that favor MOSSFA
events and its role in the fate of oil residues at depth is
warranted for improving response efforts in the event of future
oil spill accidents.

Offshore in the nGoM, MOSSFA was responsible for the
deposition of ~4-9% of the total oil discharged and not
recovered from the DWHOS (Chanton et al.,, 2015; Romero
et al., 2017). As a result, approximately a fourfold increase in
sedimentary mass accumulation rates (Brooks et al., 2015) and
2-6 fold increase in hydrocarbon concentrations were observed
in deep-sea sediments (Romero et al, 2015, 2017). Based on
initial estimates of combined sedimentology, geochemical, and
biological approaches, MOSSFA occurred over a 4-5-month
period after the DWHOS (Brooks et al., 2015; Yan et al,
2016). However, Larson et al. (2018) found that stabilization
of sedimentation in the nGoM did not occur until 2013. This
is supported by numerous studies showing that oil residues
from the DWHOS were still in the water column in the years
following the spill (Adhikari et al., 2015, 2016; Walker et al.,
2017; Romero et al., 2018). MOSSFA ultimately resulted in a
widespread of faunal exposures to oil residues from the water
column (Murawski et al., 2014; Quintana-Rizzo et al., 2015;
Ainsworth et al., 2018; Romero et al., 2018, 2020; Pulster et al.,
2020; Sutton et al., 2020) to benthic environments (Montagna
et al., 2013; Baguley et al., 2015; Schwing et al., 2015, 2017, 2018;
Rohal et al., 2020).

Furthermore, because hydrocarbons from the DWHOS were
released at 1,500 m depth, multiple chemical mixtures within
the water column were formed during transport of the spilled
oil to the surface, including partitioning into dissolved and
undissolved hydrocarbon mixtures (Socolofsky et al., 2011;
Ryerson et al., 2012; Lindo-Atichati et al., 2014). The partitioning
of hydrocarbons into chemical mixtures is not unique to the
DWHOS, as it has been observed previously from natural releases
(Harvey et al., 1979), shallower marine oil spills (Boehm and
Flest, 1982; Elordui-zapatarietxe et al., 2010), and experimental
discharges (Johansen et al., 2003). Specific to the DWHOS,
based on the composition and concentration of hydrocarbons
in each chemical mixture, it was calculated that of the total
leaked mass ~10% formed surface slicks composed of insoluble
and non-volatile compounds ([>]C12), and ~36% formed
deep submerged plumes of dissolved and dispersed compounds
(<C12) (Ryerson et al., 2012). Although increased concentrations
outside of the submerged plumes in the water column were
observed (e.g., Valentine et al., 2010; Joye et al., 2011; Romero
et al., 2018), these residues were not accounted for in models
or oil fate assessment studies. Also, high concentrations of MOS
were observed in the vicinity of the surface oil slicks and the
submerged oil plumes (e.g., Passow et al., 2012; Daly et al,
2016), but the role of MOSSFA from these different chemical
oil mixtures have not been elucidated to date. This is important
for further understating the efficacy of natural and chemical
dispersed processes to retain oil residues at depth. Altogether,
to date, the role of MOSSFA on the deposition of biogenic-
petrogenic aggregates from different water masses containing
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distinct chemical mixtures (e.g., surface: oil slicks, ~900-1300 m
depth: submerged plumes) is not known.

In this study, we use a wide range of data collected after
the DWHOS (n-alkanes, isoprenoids, PAHs: polycyclic aromatic
hydrocarbons including alkylated homologs, hopanes, steranes,
and TAS: triaromatic steroids) to chemically characterize
the MOSSFA event, which contained abundant and multiple
hydrocarbon sources (e.g., oil residues and phytoplankton).
The primary goal of this study was to identify molecular
markers of biogenic and oil-derived hydrocarbons in deep-sea
sediments collected in the aftermath of the DWHOS (2010-
2011; ERMA and Gulf Science publicly available data) and years
after the spill (2018; REDIRECT project). The chemical data
from samples collected in 2010-2011 were used to determine
where the hydrocarbons originated in the water column
(surface vs. depth). This distinction was possible to observe
because the surface slicks had a different chemical composition
of oil-derived hydrocarbons than the submerged plumes at
depth (insoluble and non-volatile compounds vs dissolved and
dispersed compounds, respectively; Ryerson et al., 2012). The
chemical data from samples collected in 2018 were used to
improve our understanding of the changes in hydrocarbon
composition after burial in deep-sea sediments and the efficacy
of molecular markers to differentiate biogenic and oil-derived
hydrocarbons after years of weathering. The results generated,
define the chemical signature of MOSSFA relative to where
it originated in the water column and its fate in deep-sea
sediments, fundamental for better understanding hydrocarbon
cycling in the oceans.

MATERIALS AND METHODS

Samples Collected in 2010-2011 (Publicly
Available Data)

The chemical data used in this study, was collected from July 2010
to September 2011 offshore in the nGoM (deep-sea sediments,
N =239 sites, Figure 1). This dataset was obtained from publicly
available databases such as ERMA Deepwater Gulf Response’
(downloaded on June 2013) and Gulf Science’ (downloaded
on March 2013). This dataset can now be found at the
DIVER database’. The different databases used similar chemical
protocols for the analysis of hydrocarbons in sediment samples
(GCMS-SIM analysis; protocols: 8270D and 8015C). Compounds
include aliphatics (C12-C37 n-alkanes, isoprenoids), PAHs (2-
6 ring polycyclic aromatic hydrocarbons including alkylated
homologs), biogenic PAHs (retene, perylene), and biomarkers
like hopanes (C27-C35), steranes (C27-C29), and triaromatic
steroids (C26-C28) (Supplementary Table 1). To assure reliable
results, a strict chain of custody, calibration check samples,
method blanks, and matrix spike samples were conducted.
A more detailed explanation of QA/QC protocol and sample
collection can be found in the Analytical Quality Assurance Plan

'https://gomex.erma.noaa.gov/
*http://gulfsciencedata.bp.com/
Shttps://www.diver.orr.noaa.gov/

report for Mississippi Canyon 252 (NOAA, 2011) and Stout and
Payne (2016a). Only sediment cores with a full analysis of >C9
hydrocarbons and containing oil residues from the DWHOS were
used in this study.

The chemical data from samples collected in 2010-2011
were used to identify molecular markers of biogenic and oil-
derived hydrocarbons from the chemical mixtures that formed
during transport of the spilled oil to the surface (Socolofsky
et al., 2011; Ryerson et al., 2012; Lindo-Atichati et al., 2014).
In order to establish the connectivity between water column
and sedimentary organic matter during 2010-2011, we assumed
that the molecular signature of the chemical mixtures (e.g.,
surface slicks, submerged plumes) was not affected significantly
(1) during the MOSSFA event (transport of oil residues to the
seafloor), and (2) after deposition as observed in Romero et al.
(2015). Here, we used chemical ratios to identify molecular
signatures of MOSSFA rather than hydrocarbon concentrations,
which were shown to be affected mostly during transport in the
water column and by slow in situ biodegradation on the seafloor
(Romero et al., 2017). We used the same dataset analyzed in
Romero et al. (2017). Only the sites located at depths > 200 m
(deep-sea area) that were contaminated with oil residues from
the DWHOS (see details in Romero et al., 2017) are included
here in this study (Figure 1). Data from each site, correspond
to sediment cores divided into the surface sediment layer (top
1 cm) and downcore layer (1-3 cm). The surface sediment layer
represents recently deposited organic matter on the seafloor due
to the increased sedimentation event that occurred during the
DWHOS (Brooks et al., 2015; Chanton et al., 2015; Romero et al.,
2015; Stout and Payne, 2016a). The layer 1-3 cm in each core
studied corresponds to sediments deposited before the DWHOS
(Brooks et al., 2015; Romero et al., 2015, 2017).

Samples Collected in 2018 (REDIRECT
Project)

We collected and analyzed deep-sea sediment cores that
were sampled during the REDIRECT project (Resuspension,
Redistribution, and Deposition of the Deepwater Horizon
Recalcitrant Hydrocarbons to offshore Depocenters) on the R/V
Point Sur cruise (18-25 in May of 2018) using a multi corer (MC-
800) in the nGoM (N = 11 sites, Figure 1). Sediment cores were
extruded at 2 mm intervals for surficial sediment (0-10 cm), and
at 5 mm intervals to the base of the core using Schwing et al.
(2016) method.

Samples chemically analyzed at the Marine
Environmental Chemistry Laboratory (MECL, College of Marine
Science, University of South Florida) for hydrocarbons following
modified EPA methods and QA/QC protocols (GCMSMS-MRM
analysis; protocols: 8270D and 8015C). Targeted compounds
(Supplementary Table 1) include aliphatics (C12-C37 n-alkanes,
isoprenoids), PAHs (2-6 ring polycyclic aromatic hydrocarbons
including alkylated homologs), biogenic PAHs (retene, perylene),
and biomarkers like hopanes (C27-C35), steranes (C27-C29),
and triaromatic steroids (TAS; C20-C28). Freeze-dried samples
were extracted using an Accelerated Solvent Extraction system
(ASE 200, Dionex) following a one-step extraction and clean up

were
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FIGURE 1 | Location of studied sites in the nGoM where sediment cores were collected between 2010 and 2011 (green circles; ERMA and Gulf Science publicly
available data) and 2018 (orange circles; REDIRECT project). The Deepwater Horizon wellhead is shown as a black circle.
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procedure using a predetermined packing of the extraction cells
(Romero et al., 2018). Hydrocarbon compounds were quantified
using GC/MS/MS (Agilent 7680B gas chromatograph coupled
with an Agilent 7010 triple quadrupole mass spectrometer) in
selected reaction monitoring mode (SRM) to target multiple
chemical fractions in one-run-step. Molecular ion masses
for hydrocarbon compounds were selected from previous
studies (Romero et al, 2015, 2017; Serensen et al., 2016;
Adhikari et al., 2017) and can be found in the Supplementary
Table 2. For accuracy and precision of analyses, we included
laboratory blanks, spiked controls samples, tuned MS/MS to
PFTBA (perfluorotributylamine) daily, used standard reference
material (NIST 2779) daily, and reanalyzed sample batches
when replicated standards exceeded 4= 20% of relative standard
deviation (RSD), and/or if recoveries were low. Quantitative
determination of compounds was conducted using response
factors (RFs) calculated from the certified standard NIST 2779.
The samples collected in 2018 were used to study how
weathering processes (e.g., biodegradation) affected the chemical
composition of hydrocarbons after years of being buried in
deep-sea sediments. Similar to the chemical data from 2010
to 2011, we included only the sites that contained oil residues
from the DWHOS (N = 11 sites, Figure 1), as determined
previously using established hopane and sterane ratios (Diercks
et al., 2021). Also, for the sediment cores collected in 2018, we
used only samples that were deposited between 2010 and 2013
(N = 72 samples), the period in which enhanced sedimentation
was observed due to the MOSSFA event (Larson et al., 2018).

Sediment cores were analyzed for short-lived radioisotopes and
210pp, ¢ geochronologies were utilized to identify the sediment
layer that was deposited during the period of 2010-2013. Briefly,
the activities of the 24Pb (295 keV), 214Pb (351 keV), and 2!*Bi
(609 keV) were averaged as a proxy for the Radium-226 (?%°Ra)
activity of the sample or the “supported” Lead-210 (*°Pbg,,)
that is produced in situ (Baskaran et al., 2014; Swarzenski, 2014).
The ZIOPbSuP activity was subtracted from the 210phy activity
to calculate the “unsupported” or “excess” Lead-210 (*'°Pb,y),
which is used for dating within the last ~100 years. The Constant
Rate of Supply (CRS) model was used to assign specific ages
to sedimentary intervals within 2!19Pb,; profiles (Appleby and
Oldfield, 1983; Binford, 1990). Short-lived radioisotope results
and geochronologies for the sites studied are found in the
Supplementary Tables 3-13.

Calculation and Statistical Analysis
Reported hydrocarbon concentrations are expressed as sediment
dry weight concentrations. Low molecular weight (LMW) PAHs
were calculated as the sum of all 2-3 ring PAHs, while high
molecular weight (HMW) PAHs were calculated as the sum of
4-6 ring PAHs (all including alkylated homologs). LMW alkanes
include the sum of C12-C23 n-alkanes, while HMW alkanes
include the sum of C24-C37 n-alkanes. Hopanes, steranes and
triaromatic hydrocarbons (TAS) were calculated as the sum of
C23-C25, C27-C29, and C20-C28 compounds, respectively.
Multiple diagnostic ratios were calculated (Table 1) to
characterize the chemical signature of the MOSSFA event
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TABLE 1 | List of diagnostic ratios for PAHs, alkanes, and hopanes.

Ratios Interpretation References
%Re’ Product of early diagenesis or combustion of terrestrial organic matter a
P2 Pyrogenic index: distinguish pyrogenic from petrogenic PAH sources b
Parent/alkyl® Distinguish pyrogenic from petrogenic PAH sources b
-N1)/T1 etects dissolved sources o s at dept c
NO-N1)/T19 D dissolved f PAH depth
De/T19% Identify oil residues not affected by evaporation and dissoultion at depth c
LMW/HMW PAHs® Comparable abundance of more degradable PAHs d
%5-6 ring PAHs® Relative abundance of HMW PAHs c
%Chrysene Abundance of chrysene relative to the sum of all PAH compounds e
, 16, etects biogenic alkanes in the presence of oi
(C15,17)/(C14,16,18)" D bi ic alk in th f oil f
CPI (C15-C19)8 Carbon preference index to distinguish phytoplankton sources from microbial and oil g
CPI (C14-C23)° Carbon preference index to distinguish natural sources from oil h
CPI (C25-C33)'0 Carbon preference index to distinguish natural sources from oil h
LMW/HMW alkanes'’ Comparable abundance of more degradable alkanes c
%C12-C13 Relative abundance of the most degradable alkanes c
%Terp'? Detects interfering compounds that coelute with T20, T26, T30, and T35 i
TS/TM Recalcitrant biomarkers use to identify oil sources j
T21/(T21 + T22) Recalcitrant biomarkers use to identify oil sources j
T26/(T26 + T27) Recalcitrant biomarkers use to identify oil sources j
T30/(T30 + T31) Recalcitrant biomarkers use to identify oil sources j
(T30 + T31)/T19 Comparable abundance of more degradable hopanes k
(T32-T35)/T19'8 Comparable abundance of more degradable hopanes k
(T32 + T33)/T19 Comparable abundance of more degradable hopanes k

See text for previous studies that have applied these ratios in marine environments (Materials and Methods section: Data Analysis).

Tretene/SPAHs x 100; 23 (other 3-6 ring EPA priority pollutant PAHS)/% (5 alkylated PAHS); © parent PAHs/%alkyl PAHs; * % (De0-De4)/T19; °£2-3 ring/<4-6 ring
PAHSs; £5-6 ring PAHS/SPAHs x 100; 7%(C15,C17)/2(C14,C16,C18) n-alkanes; 81/2(Sodd C15-C19/Seven C15-C19); 7%(C15,C17)/2(C14,C16,C18) n-alkanes;
81/2(zodd C15-C19/Zeven C15-C19); 91/2(2odd C14-C23/Seven C14-C23); '°1/2(Sodd C25-C33/Leven C25-C33); 1 £(nC12-C23)/ % (nC24-C37); 12 £(T20, T26,

T30,T35)/Sbiomarkers x 100; 13x(T32,T33,734,T35)/T19.

a: Abrajano and Yan, 2003; b: Wang et al., 1999a; Romero et al., 2015, 2017; c: this study; d: Romero et al., 2015, 2017; e: Wang and Fingas, 2003; Liu et al., 2012; f:
White et al., 2019; g: Xing et al., 2011, h: Bray and Evans, 1961; Xing et al., 2011; Romero et al., 2015; Herrera-Herrera et al., 2020; i: Simoneit et al., 1985, 2020; Hood
et al., 2002; Dembicki, 2010; Stout and German, 2018; j: Mulabagal et al., 2013; Aeppli et al., 2014; Romero et al., 2015, 2017; Wang et al., 2016; k: Aeppli et al., 2014;

Romero et al., 2017.

relative to where it originated in the water column and its
fate in sediments. PAH compounds were used to identify
natural sources (%Re; Abrajano and Yan, 2003), discriminate
petrogenic from pyrogenic sources (low vs. high values of the
PI and Parent/alkyl ratios; Wang et al., 1999a; Romero et al,
2015, 2017), detect sources of dissolved oil-derived PAHs (NO-
N1/T19), identify undissolved PAHs in the water column not
exposed to the atmosphere (De/T19), and distinguish weathered
samples (LMW/HMW PAHs, %5-6 ring PAHs, %Chrysene;
Wang and Fingas, 2003; Liu et al., 2012; Romero et al., 2015,
2017; Table 1). Naphthalene compounds (e.g., NO, N1) were
found to be abundant in the submerged plumes formed during
the DWHOS (29.4-189.0 ppb; Diercks et al, 2010) due to
the partitioning of more soluble PAHs during transport to
surface waters (Ryerson et al, 2012) as observed as well in
other marine oil spills (Gonzalez et al., 2006); therefore, they
can be used as indicators of PAH inputs from near sources
at depth (e.g., seeps, DWHOS wellhead). Other compounds,
such as decalins (ratio: De/T19) can be used to identify the
origin of oil residues in the water column due to their high
evaporative (boiling point: 190°C) and low solubility (log
Kow: 4.20) properties, relative to other compounds such as
naphthalene (boiling point: 218°C, log Kow: 3.30). Consequently,

high values of De/T19 can only be found in sediments if
oil residues came from a MOSSFA event which originated at
depth (didn’t reach the surface and were not entrained in the
submerged plumes).

Alkane compounds were used to separate biogenic inputs
in the presence of oil (ratio (C15,17)/(C14,16,18; White et al.,
2019), discern phytoplankton sources from microbial and oil
(CPIcis—c19; Xing et al, 2011), differentiate natural sources
from oil (CPIc1a—c23, CPIcas— 333 Bray and Evans, 1961; Xing
et al.,, 2011; Romero et al., 2015; Herrera-Herrera et al., 2020),
and distinguish weathered samples [LMW/HMW alkanes, (C12-
C13)/T19] (Table 1).

We used hopane compounds to identify oil residues from
the DWHOS using diagnostic ratios for oil identification that
have been reported previously (Mulabagal et al., 2013; Aeppli
et al, 2014; Romero et al, 2015, 2017; Wang et al, 2016;
Diercks et al., 2021; Table 1). Also, we used ratios that compare
hopane compounds that are more susceptible to weathering
to recalcitrant hopanes (T30-T31/T19, T22-T33/T19, T32-
T35/T19; Table 1; Aeppli et al, 2014; Romero et al.,, 2017).
In addition, high values of %Terp typically denote potential
interferences to hopanes like T20, T26, T30, and T35 (Table 1)
due to relatively large inputs of modern biomarkers from
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bacterial or plant biomass (Simoneit et al., 1985, 2020; Hood et al.,
2002; Dembicki, 2010; Stout and German, 2018).

For statistical analysis, all data were log-transformed or
square-root transformed (if data include zeroes) to approach
normal distribution. Differences in mean concentrations and
ratios with respect to periods and categories were tested by one-
way analysis of variance (ANOVA) followed by Tukey’s HSD
test. Significance was set at P < 0.05. Figures and statistical
analyses were completed using JMP Pro 14 for Mac (JMP®,
Version Pro 14. SAS Institute Inc., Cary, NC, United States,
1989-2019). Average values are shown as arithmetic mean & 95%
confidence interval.

RESULTS
Sediment Cores Collected in 2010-2011

Sediment cores collected in 2010-2011 showed significantly
higher hydrocarbon concentrations (sum of PAHs, n-alkanes,
hopanes, steranes, TAS) in the layer deposited post-spill (0-
1 cm surface sediments; 99905 + 44270 ng/g) compared to the
sediments deposited pre-spill (1-3 cm layer; 16454 £ 8594 ng/g)
(p < 0.001). This was also observed for specific hydrocarbon
compound groups, including for low and high molecular weight
(LMW and HMW, respectively) PAHs and n-alkanes (p < 0.001;
Figure 2). Overall, the mean concentrations of hydrocarbon
compound groups were from 5 to 7 times higher post-spill
(Figure 2). Interestingly, the calculated 95% confidence intervals
in Figure 2 are very high in the post-spill sediment layer,
explained by a large range in the concentration of hydrocarbons
(sum of all compounds: 324 - 5533998 ng/g) and compound
groups (Supplementary Table 14).

To better understand the large variation in hydrocarbons
observed in the post-spill sediment layer, we plotted the most
abundant compounds in the MC252 crude oil (LMW PAHs
and LMW alkanes) by the hydrocarbon ranges observed in
the studied area (Supplementary Figure 1). The distribution
observed indicates a trend, described by low, medium, and
high content of LMW PAHs (20.1 & 1.4%, 35.6 & 5.0%, and
68.0 £ 3.6%, respectively) and LMW alkanes (10.9 £ 1.1%,
22.2 £ 6.0%, and 63.9 £ 7.0%, respectively) (Supplementary
Figure 1). By comparison, the category with low content of
LMW compounds comprised 81% of the sites sampled. The
medium and high categories only contained 12 and 7% of the
sites sampled, respectively. No spatial trend was observed among
the LMW categories within the studied area, which covers up
to 180 km from the DWH rig from 200 to 2400 m depth
(Supplementary Figure 2).

Using biomarker diagnostic ratios for oil source identification,
we found that the three categories identified (low, medium, and
high content of LMW compounds) lie within the values of the
MC252 oil standard, indicating a match with the spilled oil
from the DHWOS (Supplementary Figure 3). The category with
low content of LMW compounds was the only category with
significantly lower values for the ratios (T30 + T31)/T19 and
(T32 + T33)/T19 (P < 0.01; Supplementary Figure 3). This
preferential degradation of hopanoids > C31 (T30 - T33) over
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FIGURE 2 | Hydrocarbon concentrations (ng/g, dw) by periods from sediment
samples collected in 2010-2011 in the nGoM. Post-pill denotes
concentrations in surface sediments (top 1 cm layer in the sediment cores),
and pre-spill indicate concentrations in downcore layers (1-3 cm layer). LMW
PAHs: 2-3 rings, HMW PAHSs: 4-6 rings, LMW alkanes: C12-C23 n-alkanes,
HMW alkanes: C24-C37 n-alkanes, hopanes: C23-C35, steranes: C27-C29,
and TAS: C26-C28. Data shown as mean + 95% confidence interval.

C30 hopane (T19) indicates significant weathering effects only
in the low content category (from for example, biodegradation,
dissolution), probably due to the large dispersion observed in this
category (samples found up to 175 km from the DWH wellhead)
(Figure 1; Supplementary Figure 2).

The composition of PAHs and alkanes also indicates
weathered petrogenic samples relative to DWH oil (Figure 3).
PAHs in the DWH oil are dominated by LMW compounds (94%),
with a significant lower relative abundance in the high (68%),
medium (36%), and low (21%) categories (Figure 3). A similar
trend was also observed for the relative abundance of LMW
alkanes (DWH oil: 84%; high category: 64%; medium category:
22%; low category: 11%), indicating significant weathering effects
in the sediment samples (Figure 3). In addition, each category
has a distinct composition of PAHs and alkanes (Figure 3).
For example, the PAH distribution in the category with a high
content of LMW compounds is dominated by alkyl homologs
of LMW and HMW PAHs, while in the medium category
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phenanthrenes and 4-ring PAHs predominate (Figure 3). The
category containing low content of LMW PAHs show an increase
in parent compounds (e.g., FL, PY, BAA, BBE BAP), and perylene
(Pe) and naphthalene (N0, N1-N4) compounds as a consequence
of weathering processes (e.g., dispersion, degradation) and
mixing with other sources in the environment (e.g., seeps). For
alkanes, weathering is evident with pristine (Pr) higher than C17
n-alkane in all categories (Figure 3).

Additionally, diagnostic ratios such as %retene and
%terpenoids (T20, T26, T30, T35) were significantly higher
in the category with low content of LMW compounds relative
to the other categories and the DWH oil (~3 and ~2 times,
respectively; P < 0.001; Figure 4). These ratios indicate the
presence of other sources different than oil like organic matter
from terrestrial biomass for %retene, and modern triterpenes for
samples with high %terpenoids (T20, T26, T30, T35) (Table 1).
Similarly, the ratios PI and parent/alkyl were also significantly
higher in the category with low content of LMW compounds
(~4 and ~2 times, respectively; P < 0.001; Figure 4), indicating
pyrogenic sources or weathered oil. Because these samples
matched with the DWH oil (Supplementary Figure 3), the high
values in the PI and parent/alkyl ratios indicate the presence
of burned oil residues rather than an increase in HMW PAHs
due to loss of LMW PAHs during natural weathering processes
(e.g., dissolution). The slightly higher values of the n-alkane

biogenic ratio ([C15,17]/[C14,16,18]) in Figure 4 indicate the
presence of phytoplankton, providing further evidence that oil
residues (e.g., surface slicks) mixed with biogenic organic matter
were transported from the surface to deeper water depths and
deposited on deep-sea sediments.

In contrast, the naphthalene ratio ([NO + N1]/T19) was
significantly higher in the sediments containing medium content
of LMW compounds relative to the other categories (~2 times;
P < 0.0001; Table 1 and Figure 4). In addition, CPI ratio < 1 was
found as well in the medium category (Table 1 and Figure 4).
Both ratios match the chemical signature of the subsurface
plumes formed during the DWHOS, in which highly soluble
and volatile molecules were abundant (e.g., log K,,: 3.37 for
naphthalene, 3.87 for 1-methylnaphthalene), as well as short-
chain n-alkanes without odd-to-even carbon preference (found
in microorganisms and oil).

Furthermore, elevated LMW/HMW PAH and alkane ratios
were observed in the category with a high content of LMW
compounds relative to the other categories (~2 and ~4 times
higher, respectively; P < 0.001; Figure 4). Similarly, ratios specific
for labile n-alkane and hopanoids compounds (C12-C13/T19
and T32-T35/T19) were observed significantly higher in the
category with a high content of LMW compounds (P < 0.001;
Figure 4), indicating samples were exposed to minimum vertical
transport in the water column before being deposited on the
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seafloor with low weathering effects. This is supported by a
similar trend in the %decalins ratio, with decreasing values from
the high to the low category (P < 0.001; Figure 4). Decalin
is a bicyclic-saturated hydrocarbon analog to naphthalene with
similar evaporative properties but insoluble in water (Table 1);
therefore, a higher %decalins value indicates oil residues were
not evaporated (did not reach surface waters) or dissolved in the
submerged plumes but remain in suspension in the water column
at depth before deposition on the seafloor.

Sediment Cores Collected in 2018

The buried sediment layer deposited post-spill (2010-2013) in the
cores collected in 2018 showed significantly higher hydrocarbon
concentrations (3.4 £+ 0.7 pg/g) compared to the sediment
layer deposited pre-spill (2.2 + 0.6 ng/g) (p < 0.001). This
was also observed for specific hydrocarbon compound groups
(p < 0.001; Figure 5). As expected, the concentrations observed
in the 2010-2013 buried sediment layer was at least an order of
magnitude lower than the surface sediments collected in 2010-
2011 (Figures 2, 5).

Different from the surface layer collected in 2010-2011,
distinct LMW alkanes categories were not observed, containing
similar composition (7.9 £ 3.9%, 12.6 £ 2.2%, and 10.4%,
respectively) and no odd-to-even carbon preference indicating
oil (short- and long-chain alkanes) and microbial (short-chain
alkanes) sources (Figure 6). Additionally, all categories showed
that alkane and biomarker diagnostic ratios matched with
oil from the DWHOS (Supplementary Figure 4). Moreover,
biodegradation seems to affect only hopane compounds > C34
strongly, as shown by the ratio T32-T33/T19 with low values
in the medium and high categories relative to the MC252 oil
standard (Supplementary Figure 4). The ratio T30-T31/T19 in
the low category of the buried layer is similar to the MC252 oil
standard (Supplementary Figure 4) but higher than the 2010-
2011 surface sediments (Supplementary Figure 3), indicating
bacterial biomass inputs during weathering (Table 1). This is
also observed for the %Terp ratio (Supplementary Figure 5). In
addition, diagnostic alkane ratios for phytoplankton inputs were
not significantly different among categories, and oil residues were
highly weathered (Supplementary Figure 5).

In contrast, we found that the data from the buried layer can
be divided by categories of low, medium, and high content of
LMW PAHs (7.8 + 4.4%, 32.9 &+ 3.1%, and 62.3%, respectively)
(Figure 6), with similar relative amounts per category to
the surface sediment layer collected in 2010-2011 (Figure 3).
However, only 22% of the buried samples have low content of
LMW PAH compounds, while 75% have medium, and only 3%
(with only one sample) have a high content of LMW PAH.
The composition of PAHs is very different among categories
(Figure 6) and to the surface layer collected in 2011 (Figure 3).
All categories in the 2010-2013 buried layer collected in 2018
have a higher content of parent compounds than observed in
the surface sediments from 2011 (Figures 3, 6). The effects of
weathering (e.g., degradation, transformation) years after burial
can also be noted in the calculated PAH ratios (Supplementary
Figure 5), with a different trend among categories in the
buried layer (Supplementary Figure 5) compared to the surface
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sediments from 2011 (Figure 4). However, specifically for the
category with low content of LMW compounds, PAH ratios were
similar between the two datasets (buried layer collected in 2018
vs. surface sediments from 2010 to 2011).

DISCUSSION

The present work chemically characterized the MOSSFA event
and, for the first time, identifies the water masses where the
hydrocarbons originated (surface vs. depth) after partitioning
into chemical mixtures during transport of the spilled oil from
1500 m depth to the surface of the water column. A combination
of multiple molecular markers (i.e., PAHs, alkanes, hopanes) was
used to calculate diagnostic ratios and identify biogenic, and oil-
derived hydrocarbon sources deposited in deep-sea sediments
from the MOSSFA event (Figure 4).

Our results support previous studies showing biogenic and
oil-derived hydrocarbon inputs from surface waters during the
DWHOS (Diercks et al., 2010; Passow et al., 2012; Brooks et al.,
2015; Daly et al, 2016; Yan et al., 2016; Romero et al., 2017;
White et al., 2019). Exopolymeric substances (EPS) are produced
by phytoplankton and bacteria exposed to oil forming aggregates
that sink rapidly (Passow et al., 2012; van Eenennaam et al., 2016)
while preserving the chemical signature of the oil residues distinct
from background signatures (Romero et al., 2015, 2017; Stout
et al.,, 2016; Yan et al., 2016; van Eenennaam et al., 2018). Both
sources from surface waters (biogenic and oil residues from the
DWHOS) were noted on the sediment samples collected in 2010-
2011 with low %LMW compounds, and elevated %Terp and
alkanes ratios (Figure 4 and Supplementary Figure 3). Similarly,
in previous studies, modern triterpenes and biogenic alkanes
mixed with oil residues were observed in oil-contaminated
surface waters (Stout and German, 2018; White et al., 2019)
and deep-sea sediments (Romero et al., 2015; Stout et al., 2016).
Also, hydrocarbons from terrestrial sources were present in the
surface waters during the DWHOS (Murawski et al., 2016) that
were deposited on benthic environments during the MOSSFA
event as dominant siliciclastics sediment inputs (Brooks et al.,
2015), supporting our observations of elevated %Re in the surface
sediment layer from 2010 to 2011 (Figure 4).

Our results also support previous studies showing burned-
oil residue inputs from surface waters during the DWHOS
(low category of %LMW; ratios: PI, parent/alkyl; Figure 4)
using similar PAH ratios (Romero et al., 2015; Shigenaka et al,,
2015) or estimating relative amounts of HMW PAHs (Stout
and Payne, 2016b; Fingas, 2017). As a response effort during
the DWHOS, about 220,000-310,000 barrels of floating oil
were burned (Mabile and Allen, 2010), producing residues
that were not mechanically recovered and believed to have
sunk. Burn residues in deep-sea benthic environments have
been mostly detected by an increase in HMW PAHs; however,
HMW PAHs can also become abundant in oil residues due
to loss of LMW PAHs during natural weathering processes.
Therefore, we propose using biplots of ratios like PI and %5-
6 ring PAHs (Figure 7) to distinguish burned-oil residues
from weathered-oil residues. These ratios showed no correlation
with indicator ratios of natural weathering processes for PAHs
(e.g., dissolution, evaporation; Supplementary Figure 6). The
PI ratio (e.g., Wang et al., 1999b, Wang et al., 2008; Romero
et al, 2015; Shigenaka et al, 2015) as well as %5-6 ring
PAHs (Shigenaka et al., 2015; Romero et al., 2016; Stout et al.,
2016; Fingas, 2017) have been used to differentiate petrogenic
and pyrogenic sources in surface and deep-sea samples. Using
available data from previous studies and our study, Figure 7
shows the significant correlation between PI and %5-6 ring
ratios (R = 0.68, P < 0.001, N = 416). The limits set for
burned- and weathered-oil residues were based on previous
studies (Wang et al.,, 2008; Romero et al., 2015). In Figure 7,
the samples containing low %LMW compounds from 2010 to
2011 (indicative of MOSSFA derived from surface waters) have
burned (17%), weathered (68%), and mixed (15%) oil residues.
In contrast, the few samples containing low %LMW compounds
in the buried sediments collected in 2018 (layer deposited in
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2010-2013) have only burned-oil residues. Overall, the trend
observed in Figure 7, supports well previous observations of
deposited burned and mixed oil residues in the DeSoto Canyon
after the DWHOS (Romero et al., 2015), burn residues after
the explosion of the Hercules 265 gas rig (Romero et al., 2016),
and oil residues after experimental burning of crude oil (Fingas,
2017). Interestingly, floating and sunken burned oil residue
samples from Stout and Payne (2016b) have relatively low %5-
6 ring PAHs and PI ratio (Figure 7). A potential explanation is
that samples in Stout and Payne (2016b) were partially burned
(~89% burn efficiency), as shown by the presence of relatively
high amounts of volatile compounds such as naphthalenes and

other LMW PAHs. Also, the trend between burn efficiency
and the PI ratio among studies supports the trend observed in
Figure 7 (Shigenaka et al., 2015: ~50% efficiency and PI = ~0.1;
Stout and Payne, 2016b: ~89 efficiency and PI = 0.2; and
Fingas, 2017: 99% efficiency and PI = 0.3-7.2). Moreover,
Stout and Payne (2016b) found that burned oil residues can
be detected by looking at the composition of aliphatics, in
which n-alkanes > C20 are severely depleted, a pattern not
explained by natural weathering processes (e.g., evaporation,
biodegradation). In Figure 7, samples from our study located in
the lower-left panel (weathered oil residues) did not have depleted
n-alkanes > C20, indicating these samples were not burned but
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TABLE 2 | Area coverage and total deposition of oil residues calculated in Romero et al. (2017) for each %LMW category and hydrocarbon range.

%LMW content category Hydrocarbon ranges Area? Total deposition (tons)2?
(ug/g, dw) (km?) Average (range)

Low <25 17,623 69 (61-115)

2.5-5 6,228 85 (81-133)

5-7.5 475 11 (11-17)

7.5-10 418 14 (13-21)

10-20 4,642 372 (566-630)
Low (Total) 0.1-20 29,385 551 (369-654)
Medium 20-100 3,044 258 (832-978)
High >100 219 898 (519-1,916)

Categories for %LMW compounds are: low (PAHs: 20.1 + 1.4%, alkanes: 10.9 + 1.1%), medium (PAHs: 35.6 + 5.0%; alkanes: 22.2 + 6.0%), and high (PAHS:

68.0 £+ 3.6%; alkanes: 63.9 £ 7.0%).
aFrom Romero et al. (2017).

bTotal hydrocarbon input to surface sediments in 2010-2011 (background substracted).

can be distinguished from samples that were partially burned,
such as the samples in Stout and Payne (2016b).

The trend observed in the data from the surface sediments
collected in 2010-2011 also supports previous studies indicating
MOSSFA was originated at depth during the DWHOS (e.g.,
Passow et al., 2012; Daly et al., 2016). Abundant deposition of
LMW PAHs with low sedimentation at a depth of 1043 m was
observed in the DeSoto Canyon after the DWHOS, attributed
to the direct contact of the deep submerged plume with the
continental slope surface sediments (Romero et al., 2015). In our
study, the category with medium content of %LMW compounds
has a chemical signature characteristic of the submerged plumes
with elevated relative amounts of naphthalene compounds
(Figure 4). In this category, 15% of the samples (N = 5) were
not highly weathered (%Chrysene < 1.5), containing the highest
relative amounts of naphthalene and LMW #n-alkane compounds
(Supplementary Figure 7). These samples were all located at
depths higher than 1500 m (except for one sample at 1071 m;
Supplementary Figure 7), out of the range for a direct contact of
the deep plumes with the continental slope, which were observed
between 900 and 1300 m (Ryerson et al., 2012). Therefore, these
samples containing medium content of % LMW are evidence for
MOSSFA originated at depth from the deep submerged plumes.

In contrast, the category with a high content of %LMW
compounds indicates MOSSFA originated at depth in the water
column, not from the submerged plumes but from contaminated
sinking particles. The chemical signature of the samples with a
high content of % LMW compounds (Figure 4) indicate MOSSFA
was formed in the water column as predominant OMAS as
observed previously in the water column (Joung and Shiller, 2013;
Yan et al.,, 2016) and deep-sea sediments (Brooks et al., 2015;
Romero et al., 2015; Stout and Payne, 2016a).

Altogether, using the spatial coverage of oil residues deposited
after the DWHOS in deep-sea sediments by Romero et al.
(2017), we found that MOSSFA from surface waters covered 90%
of the deep-sea area studied and was responsible for 32% of
the total deposition of oil residues observed offshore in deep-
sea areas after the DWHOS (low category content of %LMW
compounds; Table 2). In contrast, MOSSFA originated at depth
from the submerged plumes covered only 9% of the deep-sea area

studied and was responsible for 15% of the total deposition of
oil residues observed after the DWHOS on deep-sea sediments
(medium category content of %LMW compounds; Table 2).
Furthermore, MOSSFA originated at depth but from the water
column covered only 1% of the deep-sea area studied (mostly in
close proximity of the DWH wellhead; Supplementary Figure 2)
but was responsible for 53% of the total deposition of oil residues
observed after the spill in this area (high category content of
%LMW compounds; Table 2). This extensive deposition of oil-
residues in the vicinity of the DWH wellhead may have been
produced by the presence of larger amounts of sediment particles
enhanced from the application of drilling mud to help control
and stop the DWHOS (Graham et al., 2011) that mixed with the
spilled oil and sank (Yan et al., 2016).

The buried samples collected 8 years after the DWHOS
showed weathering after burial has affected most compounds
(Supplementary Figure 5); therefore, the molecular markers
used to identify where MOSSFA was originated in the water
(ratios in Figure 4) cannot be applied in these sediment samples.
In contrast, specific hopane and PAH ratios (Figure 7 and
Supplementary Figure 4) still indicate the presence of oil
residues from the DWHOS and whether samples were affected
or not by in situ burning of surface slicks. Also, biodegradation
seems not to be the only weathering process affecting the
buried oil residues, because Pr/C17 and Ph/C18 ratios were <1
(Figure 6). Transformation processes (e.g., oxidation) of oil-
residues have been observed in samples collected from surface
slicks or on beaches (Hall et al, 2013; White et al., 2016;
Aeppli et al, 2018) and potentially also can be an important
process at depth.

Overall, our analyses of multiple hydrocarbon compounds
chemically characterized for the first time the MOSSFA event that
formed during the DWHOS. We identified molecular markers of
hydrocarbon sources (biogenic, DWHOS residues), natural and
human-induced weathering processes (biodegradation, in situ oil
burning), and hydrocarbon mixtures formed by the partitioning
of oil residues in the water column. Altogether, our results
provide the basis for identifying where MOSSFA originated in
the water column and its fate in deep-sea benthic environments,
important for response efforts in future deep oil spills.
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Significant findings include (1) natural weathering processes were
dominant during the DWHOS, as evidenced by the chemical
signature of MOSSFA at depth, which was similar to the chemical
mixtures formed during the transport of oil residues to surface
waters in the water column. (2) Biodegradation of buried oil
residues in deep-sea sediments is slow; therefore, a longer
impact to this environment is expected, as observed from deep-
sea studies looking at hydrocarbons in sediments and benthic
ecological recovery (Romero et al., 2017; Rohal et al., 2020).
(3) Other weathering processes different from biodegradation
might occur (e.g., oxidation) in buried oil residues in deep-sea
environments that still need to be studied to predict the long-term
fate of oil residues from deep spills.
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