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Abstract The Deepwater Horizon oil spill released petroleum hydrocarbons that
were depleted in 8"*C and A™C at depth into the Gulf of Mexico. Stable-carbon and
radiocarbon isotopic values and high-resolution mass spectrometry were used to
follow the distributions of this petroleum and to track its transformation into petro-
carbon, a term used to describe crude oil or transformed crude oil following biodeg-
radation, weathering, oxygenation, or loss of lighter components. The term
petrocarbon includes oil- or methane-derived carbon assimilated or incorporated
into microbial biomass or into the food web as well as degraded and undegraded
petroleum constituents. Here we report (1) the increase in the relative abundance of
oxygen-containing carbon compounds making up the dissolved organic matter
(DOM) with increasing depth through the water column, indicating the biodegrada-
tion of DOM as it was transported to depth in the water column, (2) the finding of
14C depletion in DOM indicating petrocarbon inputs, and (3) the decrease and sub-
sequent increase of C in the isotopic composition of sinking particles indicating the
capture of petrocarbon in sediment traps. In addition, we discuss the *C depletion of
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this material once it is sedimented to the seafloor and the implications for oil spill
budgets of seafloor petrocarbon deposition.

Keywords Organic carbon - Sediment organic matter - Radiocarbon - Dissolved
organic matter - Gulf baselines - FTICR-MS - High-resolution mass spectrometry -
Ramped pyrolysis

10.1 Introduction

Establishing baseline ecosystem components and monitoring them relative to these
baselines can reveal the recovery of the Gulf of Mexico marine ecosystem and the
effects and relative importance of future insults to the Gulf. As Pulitzer Prize winner
Jack E. Davis wrote, the Deepwater Horizon “milestone spill is not the greatest
assault to befall Gulf nature — not even close. Every day in the Gulf is an environ-
mental disaster, originating from sources near and far that eclipses the spill.... No
place is the sum of a single tragedy or continuing ones.” Davis (2017). Investigation
of various carbon pools has revealed quantities and pathways of hydrocarbons
released during the 2010 Deepwater Horizon (DWH) oil spill, as discussed in previ-
ous chapters. Here we will describe downstream effects and follow petrocarbon as
it moved through the ecosystem and into three major pools of oceanic carbon in the
northern Gulf of Mexico: dissolved organic matter (DOM), sinking particulate
organic matter (POMy;,), and sedimentary organic matter (SOM). Knowledge and
monitoring of the isotopic composition of these organic components relative to their
baseline values provide invaluable information regarding the Gulf’s health and the
potency of the anthropogenic stressors affecting it.

These three pools of organic matter play key roles in the biogeochemical cycling of
carbon and other nutrients such as phosphorus, nitrogen, and sulfur. They record vary-
ing time scales of the carbon inputs to the Gulf which are responsible for secondary
production, and they influence the solubility, transport, and toxicity of organic and
inorganic pollutants (Kujawinski et al. 2002; Kim et al. 2004; Nebbioso and Piccolo
2013). DOM is operationally defined as the fraction that can pass through a nominal
size filter (usually between 0.2 and 0.7 pm), (POMy;,) is the material collected in a
sediment trap (Passow et al. 2012; Yan et al. 2016), and SOM accumulates on the sea-
floor (Brooks et al. 2015; Schwing et al. 2017). The residence time of DOM in the
ocean is on the order of thousands of years (Williams and Druffel 1987; Bauer et al.
1992, 2002; Druffel et al. 1992 1996). With a sinking velocity that varies from 68 to
553 md~! (Diercks and Asper 1997; Passow et al. 2012), POMj,;. reflects at time scales
of short duration. In a 2000 m water column, these sinking velocities would result in a
residence time of 4-30 days for POM in the water column. However, longer residence
times may occur at the sea surface prior to the initiation of sinking as the exopolymeric
substances that bind particles are initially somewhat buoyant (Azetsu-Scott and Passow
2004). Sedimentary organic matter, by contrast, provides a sequence of time horizons
of varying duration, depending upon the sedimentation rate, and provides a record on
the decadal to millennial time scale in the northern Gulf of Mexico.



162 J. P. Chanton et al.

Globally, the DOM pool accounts for ~662 Pg of carbon (Hansell et al. 2009),
making it one of the Earth’s largest active carbon pools, comparable in magnitude
to atmospheric carbon dioxide load (~750 PgC; Hedges 1992). Sinking POM
accounts for about 11.1 Pg of carbon exported to the ocean interior annually (Hansell
2013; Libes 2011). The part of this sinking flux which escapes complete remineral-
ization is preserved in the sediments (~2.60 PgC yr~!; Burdige and Komada 2015)
and, although small in comparison, represents an important transfer between active
carbon pools (fast-cycling) and geological carbon pools (cycling on millennial or
greater time scales). The burial of the organic matter in the marine sediments repre-
sents an important link between the “active” biological carbon cycle in the oceans
and the “inactive” carbon pool in the marine sediments, which cycle over much
longer geologic time scales. In this chapter we will review some of the latest find-
ings related to the molecular and carbon isotope (stable and radiocarbon) composi-
tion of these three pools of marine OM in the Gulf of Mexico system.

10.2 Analytical Approaches

Two approaches to define background and excursions from background will be
described in this chapter. The first approach is the application of ultra-high-
resolution Fourier-transform ion cyclotron resonance mass spectrometry
(FTICR-MS) to explore changes in molecular-level composition of organic com-
pounds partitioning to aqueous phase. FTICR-MS provides a combination of high
resolving power and high accuracy of mass detection, facilitating the assignment of
molecular formulas to individual water-soluble components extracted from DOM
and SOM via solid-phase extraction without the need for prior separation by chro-
matographic or other methods. The second approach is the tracing of petroleum-
and methane-derived carbon (petrocarbon) through the pools described above, using
natural abundance stable carbon and radiocarbon isotopes (8'°C and A'*C, Fig. 10.1)
(Stuiver and Pollach 1977; Bosman et al. 2017) and for POM,, 8**S.
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Fig. 10.1 Schematic drawing of the stable and radiocarbon two end-member mixing lines.
Positions located closer to the left indicate samples containing petrocarbon, while positions located
closer to the right indicate samples containing modern surface carbon in the Gulf of Mexico.
(Bosman et al. 2017)
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10.2.1 High-Resolution Mass Spectrometry: FTICR-MS

The pools of DOM in the water column and that extracted from the sediments by
aqueous extraction (WEOM, water-extractable organic matter) encompass a cock-
tail of compounds with distinct molecular formulas, each of which constitutes a
multitude of structural isomers, making the molecular assembly of the DOM one of
the most complex and diverse organic mixtures on the planet (Dittmar and Stubbins
2013). The previously applied approaches for the characterization of this complex
mixture, both dissolved in the water column and adsorbed on the sediment surface,
have been constrained to the investigation of the bulk composition, with limited
molecular characterization efforts (e.g., Benner et al. 1992; Ogawa et al. 2001). The
application of ultra-high-resolution Fourier-transform ion cyclotron resonance mass
spectrometry (FTICR-MS) provides a combination of high resolving power and
high accuracy of mass detection, facilitating the assignment of molecular formulas
to individual components, thereby making it sensitive to experimental processes
that affect molecular-level composition (Stubbins et al. 2010). Its capability of ana-
lyzing high-molecular-weight, polyfunctional, and polar compounds makes it ideal
for the characterization of dissolved organic matter in water and sediments.

FTICR-MS measures the mass to charge ratio (/m/z) of an ion by measuring its
cyclotron motion frequency in the influence of a magnetic field. The magnetic field,
B, induces a cyclotron motion of the ions, because of the Lorentz force exerted on
the ions, with mass m and a charge of ¢. For a given magnetic field strength, the
cyclotron frequency of the ions in the ion cyclotron resonance (ICR) cell depends
solely on the m/z ratio. The Bruker 12T SolariX FTICR-MS used in this study yields
mass resolution of 2,000,000 at m/z 400, with maximum typical error as low as
150 ppb. The high resolving power and mass accuracy offered by the FTICR-MS
can determine the mass of a molecule within 0.10 mDa, even lower than the mass of
an electron (0.55 mDa).

The water DOM and sediment WEOM samples were analyzed using ultra-high-
resolution mass spectrometry with electrospray ionization in negative (ESI-N) ion
mode. The water samples were collected using a CTD-Niskin rosette sampler at
various sites in the Gulf of Mexico in the summer of 2015 onboard the RV
Weatherbird Il and RV Justo Sierra. The DOM from the waters was extracted using
the solid-phase extraction (SPE) protocol described by Dittmar et al. (2008). The
extracts were then analyzed using FTICR-MS. The sediment samples were col-
lected using an MC-800 multicoring system (Ocean Instruments, San Diego, CA,
USA) from the Gulf of Mexico in the summer of 2015 onboard the RV Weatherbird
Il and RV Justo Sierra. Each sediment core was refrigerated at ~4 °C until sub-
sampled by layer extrusion at 2 mm depth intervals, using a calibrated threaded-rod
extrusion device (Verschuren 1993). The 2 mm extruded sediment samples were
combined evenly for the top 15 cm of the sediment depth, to make a final dry weight
of 23 g for each sampled site. The samples were then transferred into pre-combusted
glass fiber thimbles (30 x 100 mm, Whatman) and Soxhlet extracted with 250 mL
of deionized water for 48 h at 97 °C (Calgary altitude ~1100 m).



164 J. P. Chanton et al.

10.2.1.1 Stable Isotope Analysis

For both POM pools and SOM, a flash combustion elemental analyzer was used to
convert organic molecules to CO, in a stream of He. This stream of He was continu-
ously monitored for stable isotope ratios using a Finnigan Delta XP isotope ratio
mass spectrometer. For purposes of interlaboratory comparison, laboratory refer-
ence materials of isotopic composition known relative to international standards are
treated in the same way as the samples. All values are reported relative to the Vienna
Pee Dee Belemnite (VPDB) standard with analytical precision of generally 0.2%o.

Methods for the determination of dissolved organic carbon (DOC) concentra-
tions and isotopic composition are described in detail in Walker et al. (2017) and
Beaupré et al. (2007). Briefly, UV photochemical oxidation (UVox) was used to
convert dissolved organic molecules to aqueous CO, Prior to UV oxidation, it is
necessary to remove existing dissolved inorganic carbon (DIC) from samples. Thus,
samples were acidified with 1 mL of H;PO, and sparged with He to carry out gas-
eous CO,. Once samples were free of naturally occurring DIC, UV oxidation was
employed, and the samples were sparged with He to remove the resultant CO,. The
CO, resulting from oxidation of the DOM was split 200-400 pg C aliquots for
radiocarbon and 12-30 pg C aliquots for stable isotope analysis.

For DOC, equilibrated splits of sample CO, gas purified from DOC treated with
UV oxidation were cryogenically isolated into 3 mm Pyrex tubes and sealed on a
vacuum line. These 3 mm glass ampules were then placed in UHP He-flushed
12 mL Exetainer® vials and cracked in the He atmosphere. The resultant mixture of
CO, and He was then introduced to a Finnigan Delta Plus isotope ratio mass spec-
trometer via a continuous flow Gas Bench II sample preparation system.

10.2.1.2 Radiocarbon Analysis

For all DOM, POM, and SOM samples, cryogenically purified CO, gas from sam-
ple UV oxidation or closed-tube combustion was cryogenically purified on a vac-
uum line and manometrically quantified. Equilibrated sample CO, gas splits were
then catalytically reduced to graphite on a Fe catalyst either by the H, reduction
method (Vogel et al. 1987) or the sealed-tube Zn method (Xu et al. 2007; Walker
and Xu 2019). Graphite was then packed into ion source targets and sputtered with
Cs* to form a negatively charged carbon ion beam for the detection of '“C in an
accelerator mass spectrometer (AMS). Radiocarbon analysis reported in this chap-
ter was carried out in several AMS labs. POM and SOM AC measurements were
made at the National Ocean Sciences Accelerator Mass Spectrometer (NOSAMS),
the Center for Applied Isotopic Studies at the University of Georgia, or Lawrence
Livermore National Lab. Total DOM AC measurements were performed at the
University of California, Irvine Keck Carbon Cycle AMS Lab.
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10.3 FTICR-MS

10.3.1 Geochemical Characterization of the FTICR-MS
Composition of the Baseline Water Column Profile (at
Multiple Depths) from Northern Gulf of Mexico

The identified peaks in the ESI-N FTICR-MS mass spectra of the analyzed water
DOM extracts extended on average from m/z 200 to 750 with the spectra being
dominated by four compound types: NO,, N,O,, N;O,, and O,, where x denotes
variable number of oxygen (from 5 to 16). The DOM spectra show a Gaussian dis-
tribution was observed for the relative abundance of the individual heteroatom-
dominated compound classes with increasing heteroatom number. The homogeneity
in the compound class distribution of DOM and the uniform Gaussian distribution
is expected, considering the constant diagenetic transformations ongoing in the
marine ecosystems due to microbial degradation and photooxidation and longer
residence time of dissolved fraction of organic matter pool (Opsahl et al. 1999;
Spencer et al. 2009; Stubbins et al. 2010; Tarr et al. 2016).

The DOM spectra were enriched in multi-oxygenated species, with the classes
0,_;3 having the highest contribution to the relative intensity of all compound classes
present in the DOM, as also observed in previous studies analyzing DOM from natu-
ral systems (Fig. 10.2a) (Koch et al. 2007; Sleighter and Hatcher 2008). Across dif-
ferent sampling depths, these multi-oxygenated species exhibited a trend of the
increasing intensity and number of oxygen atoms in the O, compound class from
surface to bottom of the water column (Fig. 10.2a). This trend suggests that the
overall concentration of the DOM extracted using SPE is higher in the bottom waters
compared to the surface. The published literature on DOM across marine ecosys-
tems around the world (e.g., Koch et al. 2005; Mentges et al. 2017; Stubbins and
Dittmar 2015) have also reported seeing a similar abundance gradient with depth.

The double bond equivalent (DBE) distribution of the O, classes for the analyzed
DOM spectra in ESI-N mode, when normalized to its relative intensity, shows a unit
shift trend of the DBE with maximum relative intensity for each plotted class, simi-
lar to the pattern observed by Bae et al. (2011) for water column DOM. This increase
of the intensity and inferred abundance of the O, class group with an increase in
sampling depth, combined with the pattern increase of DBE and carbon number by
1 unit, per addition of 2 oxygen atoms, suggests that the increase is due to transfor-
mation, resulting in the addition of -COOH groups. Previous characterization of
deep marine DOM using NMR has also attributed the increased abundance of
oxygen-containing species to the carboxylic functionality (Helms 2012; Stubbins
and Dittmar 2015). Some of these compounds have been identified as microbially
derived carboxylic-rich alicyclic molecules (CRAM) having a cyclic backbone with
high carboxylation levels (Hertkorn et al. 2006). Hertkorn et al. (2006) also pro-
posed that the deep-ocean refractory DOM was comprised of CRAM, which
accounts for nearly 8% of the DOM pool.
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Fig. 10.2 FTICR-MS ESI-N compound class distribution of (a) water DOM along the water col-
umn at 2 m, 1000 m, and 2000 m, and (b) comparison of the water DOM (at 2000 m) and sediment
WEOM for northern Gulf of Mexico data is publicly available through the Gulf of Mexico
Research Initiative Information and Data Cooperative (GRIIDC) at https://data.gulfresearchinitia-
tive.org R4.x267.179:0003

The increase in the relative abundance of the carboxyl group making up the
DOM with increasing depth through the water column; indicates that biodegrada-
tion is occurring as DOM is transported to depth in the water column. Dittmar and
Stubbins (2013) suggested that the increase in the species containing -COOH group
with depth could be attributed to the corresponding depletion of labile DOM within
the bathypelagic ocean, resulting in the production of an oxidized pool. The slow
settling of this oxidized pool of DOM over thousands of years toward the bottom of
the ocean would explain the increased relative intensity of multi-oxygenated species
(Dittmar and Stubbins 2013).

10.3.2 Geochemical Characterization of the FTICR-MS
Composition of the Baseline Sediment WEOM
Jrom Northern Gulf of Mexico

Bulk SOM and sediment DOM can itself be categorized into three operationally
defined phases: pore water organic matter, water-extractable organic matter
(WEOM) from the solid phase, and organic solvent-extractable organic matter from
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the solid phase (Chen and Hur 2015). The aqueous Soxhlet extraction of sediment
provides a more diverse pool of organics with fresher and less degraded constituents
than the pore water organics extracted with conventional methods (Schmidt et al.
2014). The analysis of sedimentary organic matter using WEOM therefore offers a
more comprehensive picture and a better alternative for sedimentary DOM charac-
terization, especially when FTICR-MS analysis of pore water is limited by the sam-
ple volume availability.

The identified peaks in the ESI-N FTICR-MS mass spectra of the analyzed
water extracts extended on average from m/z 150 to 650 with the spectra being
dominated by eight compound types: NOy, N,O,, N;O,, N,O,, N;O,, N¢O,, O,
and SOy. The sediment WEOM spectra are enriched with nitrogen-containing
compounds, containing up to six nitrogen heteroatoms with a wider composi-
tional range compared to the water DOM extracts (Fig. 10.2b). The elevated
nitrogen-containing species in the sediment WEOM suggests a release of mole-
cules during water extraction, most likely from the protein-rich microbial cell
walls present in the sediment. Schmidt et al. (2014), however, established this
phenomenon to be minor for extraction of WEOM from sediments using Soxhlet,
and insufficient to explain the increase in peptide-like compounds, thereby likely
suggesting that these compounds are likely being produced in situ in the sedi-
ments. These nitrogen-rich moieties in the sediment WEOM could be related to
melanoidins, which are formed by the condensation reaction between the sugars
and amino acids via the Maillard or “browning” reaction (Hedges 1978). The
high nitrogen-containing melanoidins produced in the marine waters have high
affinities for clay material surfaces and bind to the suspended clay particulates
forming aggregates, which sink through the water column adding to the sediment
WEOM pool (Hedges 1978). This sinking of melanoidin-clay aggregates along
the water column could explain absence of the melanoidin signature in the water
DOM.

In addition to the nitrogen-containing moieties, the sediment WEOM contain a
higher concentration of sulfur-containing compounds, which are likely formed by
natural vulcanization reactions during sediment diagenesis, incorporating inorganic
sulfur (from seawater sulfate reduction in the anaerobic zone) into lipids and carbo-
hydrates (Wakeham et al. 1995; Aycard et al. 2003).

10.3.3 Continuum Between Water Column and Sediments

The water DOM extracts showed high relative intensities of oxygen-containing
moieties, double bond equivalents, and carbon number values, compared to the
sediment WEOM extracts, which showed a high relative intensity of nitrogen-
containing compound classes. The lower carbon number and DBE values of the
sediment WEOM in contrast to the aquatic DOM (Jaggi 2018) likely represent the
low-molecular-weight intermediates from the series of hydrolytic, fermentative,
and eventually respiratory processes taking place in the sediments (Henrichs 1992;
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Arnosti et al. 1994; Burdige and Gardner 1998). The differences in the residence
time of the DOM were also observed in the spectra between aquatic DOM and sedi-
ment WEOM. Whereas the aquatic DOM creates homogenous spectra owing to the
slower transformations, dilutions, and longer residence times, the sediment WEOM
show a higher variability in the composition between different locations, owing to
the relatively faster deposition.

The biological processes are more robust in the water column resulting in the
smoothing of the organic signature, while the anoxic conditions in the sediments
restrict degradation, contributing to the preservation of more information regarding
diagenetic changes and contaminations seen by a region (Emerson and Hedges
1988; Hedges and Keil 1995). For instance, an increased organic load in a natural
setting, like an oil spill, would increase the aggregation of DOM in the water col-
umn with the suspended particles and diverse community of bacteria, phytoplank-
ton, and protozoans, creating a sinking flux of organic matter (Turley and Stutt
2000). Such phenomenon of the sinking of the formed organic aggregates generates
an action of “cleaning the water column” by moving the organics to the ocean floor.
The characterization of organics in the sediments better preserves the signatures of
different input sources.

10.4 Stable and Radiocarbon Isotopic Composition of Gulf
of Mexico Organic Matter Pools

10.4.1 Dissolved Organic Carbon

A recent study by Walker and co-authors (2017) produced the first total dissolved
organic carbon (DOC) A™C and §"*C water column profiles in the Gulf of Mexico.
These data provide us with both baseline DOC concentrations and carbon isotopic
data but also insight into the cycling of DOM in this key ocean region. DOC con-
centrations from most station depths in the Gulf of Mexico water column closely
matched previous analysis of DO"C from the open Atlantic Ocean adjacent to the
Lesser Antilles (Druffel et al. 2016; Walker et al. 2017) (Fig. 10.3). Surface DOC
isotopic data suggest primary production (8'°C = —20.7%0) is the predominant
source of modern DOC in the surface Gulf. In the deep Gulf basin (Station P4),
DOC 8"3C signatures range between —21.3 and —21.8%¢. DOC A'C values are
slightly higher than expected from deepwater recharge sources (i.e., Caribbean
and NADW). An ~11%o offset from deep water at A20 and P4 suggests an appar-
ent DOC ventilation time in the GOM of ~150 '“C years. However, recent physical
advection estimates of Gulf of Mexico basin suggest a ventilation of ~250 years
(Rivas et al. 2005). This may indicate some modern deep DOC contributions from
sinking particles. It is interesting to note that very low DOC A'C values are not
observed in the abyssal GOM. This is somewhat surprising given recent work
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Fig. 10.3 Northern Gulf
of Mexico dissolved
organic carbon (DOC)
concentrations (a) together
with stable carbon (5'*C)
(b) and radiocarbon (A*C)
(c) isotopic values clearly
indicate the presence of
excess petrocarbon DOC at
the Macondo wellhead site
(P3; 28.65°N, —88.56°W)
relative to offshore Gulf
sites (S4; 28.04°N,
—88.75°W and P4;
27.53°N, —88.75°W) and
those in the Caribbean Sea
(A20, Station 27, April
2012; 12.75°N,
—52.33°W). For all plots,
measurement uncertainties
are smaller than the
symbols. All Gulf samples
were collected in July 2014
(R/V Pelican, PE15-01).
(Data are publicly available
through the Gulf of
Mexico Research Initiative
Information and Data
Cooperative (GRIIDC) at
https://data.
gulfresearchinitiative.org
(https://doi.org/10.7266/
N7BZ6377))
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suggesting deep hydrocarbon seeps are major deep-ocean DOC sources and the
prevalence of hydrocarbon seeps in deep Gulf of Mexico (MacDonald et al. 2015;
Pohlman et al. 2009, 2010). These data instead suggest that while seep DOC
fluxes with very negative AC values may be locally significant, this seep DOC
does not appear to accumulate at substantial levels in the deep Gulf of Mexico
basin.

An exception to these otherwise “normal” ocean DOC isotopic profiles is
observed at several deep sites (>750 m) nearest the Macondo wellhead (Station P3).
Here, concentrations of DOC abruptly increase by 8-9 pM (~20-25%). At the same
depths, both the 8"C and A™C compositions decrease significantly (Fig. 10.3).
Using isotopic mass balance of a binary mixing model, the added DOC required
83C values to be —44.6%0 and —30.8%¢ at 1000 m and 1250 m, respectively.
Radiocarbon content (as A'*C) of the added DOC was determined to be —965%0 and
—1000%o0 at 1000 m and 1250 m depth. The A*C values of the added DOC indicate
a petrocarbon source; the stable isotopic compositions at each depth represent a
42%:58% mixture of petroleum and methane at 1000 m and an 89%:11% mixture
of petroleum and methane at 1250 m.

The presence of a persistent DOC petrocarbon plume, detected some 4 years
after DWH near the Macondo wellhead site, is remarkable. The isotope signature of
this DOC petrocarbon, however, is unmistakable. At the time of sampling, there was
no measurable methane in the water column (Walker et al. 2017, supplemental
information), and the presence of petroleum in the water samples in filtered vs.
unfiltered replicates was not visually or isotopically perceptible. In addition, the
methods used in the Walker study do not isolate methane carbon (only nonvolatile
DOC). Thus, Walker and co-workers suggested that immediately following DWH,
pre-aged “new” DOC was added following an intense microbial transformation of
mesopelagic DWH oil and methane into a natural population of recalcitrant DOC
molecules. It is likely this DOC petrocarbon signature will continue to persist until
advection eventually “mixes out” this material with background DOC. Until that
time, the DOC petrocarbon isotopic anomaly represents a novel geochemical tracer
for ultimately further understanding the persistence and biogeochemistry of DOC in
the Gulf of Mexico.

10.4.2 Sinking Particulate Organic Carbon

Marine snow is an aggregation of organic and inorganic debris including bacteria,
phytoplankton feces, feeding webs, detrital material, biominerals, and lithogenic
particles (Passow et al. 2012; Giering et al. 2018). These components are often
bound together by a sticky substances called transparent exopolymer particles
(TEP), which are produced by phytoplankton, frequently at the final stage of diatom
blooms (Passow 2004). The presence of TEP can increase the flocculation of diatom
cells by tenfold, and the process accumulates dissolved substances from the water
column (Passow 2004). Initially upon formation, TEP is buoyant but, following
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some degree of decomposition, will begin to sink (Azetsu-Scott and Passow 2004;
Giering et al. 2018). Aggregations of foraminifera and radiolarians can also be
mucus-rich and sticky (Geiring et al. 2018) binding components. In addition to
incorporating dissolved organic matter into marine snow via TEP formation, these
particulate accumulations can accumulate hydrophobic materials such as contami-
nants, including oil residues and PAHs (Giering et al. 2018; Yan et al. 2016; Broman
et al. 1987; Lipiotou et al. 1993). When this material sediments out, and reaches the
seafloor, it is referred to as marine oil snow sedimentation and flocculent accumula-
tion (MOSSFA), a term coined at a GoOMRI (Gulf of Mexico Research Initiative)-
sponsored meeting.

Thus, in a direct manner, as it cleanses the water column of contaminants, marine
snow also samples the water column for contaminants. Sediment traps serve as
monitors of water column contamination and changes therein. Yan et al. (2016)
offer direct evidence of the “scrubbing effect” of rapidly sinking diatom aggrega-
tions scavenging suspended substances and particles from the spill. Over a 3-month
period, the barium contribution to the particulate flux decreased from some 1000 mg/
kg of dry weight during the sedimentation event associated with the bloom to
400 mg/kg but then rebounded to 1200 mg/kg afterward. This temporary cleansing
action was also reflected in the AC of the particulates which went from positive
values in the bloom to the most negative values observed as Ba increased, reflecting
the renewed input in the fossil carbon and oil-derived materials to the particulate
flux. It was hypothesized that following the cleansing event, lateral advection
renewed contamination of the water column above the sediment trap, causing the
increase in deposition of contaminants. At the sinking rates of marine snow, it can
be transported laterally to a great distance before it falls; thus the placement of
material on the seafloor or in a sediment trap does not correspond with its surface
formation site (Diercks et al. 2018).

Chanton et al. (2018) and Geiring et al. (2018) reported the flux and isotopic
composition of sinking particles at three sites in the northern Gulf of Mexico fol-
lowing the oil spill and characterized the return of the POMg;,, flux toward baseline
values. The sediment trap at the DWH site (28°40'N, 88°21.6’W; at 1660 m depth)
was about 5 km from the DWH site and was impacted by the oil discharge. Sample
collection is reported from August 2010 to March 2015 (see also Yan et al. 2016).
The reference site (AT357; see Fisher et al. 2014) was at 27°31.5 N (89°42.6 W; at
1160 m depth) and collected from April 2012 through August 2014. The third study
site was a seep site, GC-600 (27°22.5'N, 90°30.7'W; at 1380 m depth). The seep
frequently exhibits extensive oil slicks on the sea surface above it (MacDonald et al.
1993, 2015; Garcia-Pineda et al. 2013). Sample collection is reported from April
2012 to March 2016. Neither of the latter sites were visibly impacted by hydrocar-
bons from the DWH spill (Fisher et al. 2014).

Time-series isotope results for POM;,, at the DWH; reference and seep sites are
depicted in Fig. 10.4 (Chanton et al. 2018). Here, A'C varied from —180%o to 93%o
at the DWH site, —52%o0 to 66%o at the reference site, and —200%0 to 62%o0 at the
seep site. In general, following an initial plankton bloom in August 2010, both A*C
and &*S at the DWH site were isotopically depleted, due to the influence of petro-
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Fig. 10.4 Isotopic results on POMy;, for the three sites collected in sediment traps moored above
the seafloor (Chanton et al. 2018; Giering et al. 2018). Trends in the time-series data for §'*C, A*C,
and 8 *S at the three sites were assessed with the envepr function of the R package EnvCpt (Killick
et al. 2016). This analysis fits a best model fit to the data across time and identifies any change
points if they are present. When change points were located, a piecewise simple linear regression
was performed between them (Chanton et al. 2018). (Data are publicly available through the Gulf
of Mexico Research Initiative Information and Data Cooperative (GRIIDC) at https://data.gulfre-
searchinitiative.org, https://doi.org/10.7266/N737775J. Reproduced from Elementa (Chanton
et al. 2018))

carbon from the wellhead and possibly due to increased terrestrial organic matter
input to the site. The most depleted DWH site values observed are given in
Table 10.1. The A™C values increased until July 2013, at which time they became
relatively constant suggesting background or ambient values had been reached. The
8%S values followed a similar pattern, leveling off toward presumed background in
late 2012, at which time they became similar to the reference site values. Baseline
isotopic values are indicated for these two sites, A*C%o—3.2 +31.0 and 3.8 + 31.1,
while 8*S values were 16.9 = 2.0 and 16.2 + 3.1 for the DWH and reference site
respectively. Carbon-13 values for the two sites did not show any trends and were
—21.9%0 £ 0.5 and —21.9%o + 0.9, respectively. Relative to these two sites, DWH
post July 2013 and reference, seep site values were somewhat depleted for '“C and
B3C, especially during a “trough” period when the sediment trap appeared to sample
petrocarbon-rich particles from a natural oiled-sedimentation event (Fig. 10.4 and
Giering et al. 2018; Chanton et al. 2018). However **S values did not reflect petro-
carbon input at the seep site suggesting that the petrocarbon had been assimilated
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Table 10.1 Isotopic values of POM,, over collection intervals at different sites and times
Isotope values

Site, condition A"C%o 8"3C%0 5%S%o
DWH site, depleted values 8 December 2010 —141.0 —-22.1 9.1

DWH site, after July 2013 -32+31.0 21905 [169+2.0
Reference site, average 3.8+31.1 -21.9+x09 162+3.1
Seep site, non-trough —21.7+45.7 —-223+0.5 184 +2.1
Seep site, trough —-109.0£29.1 |-23.0+0.2 16.6 £2.3

For the DWH site, the 2010 values indicate effects from the oil spill,

Chanton et al. (2018)

S /@ bwH (2013)
~ @ _gRef

Trough @0\/H (2010)

while a return to background
is indicated after July 2013. The reference site is similar to the post 2013 DWH site values, con-
firming this hypothesis. At the seep site, “trough” conditions indicate the capture of a possible
natural MOSSFA event in the sediment trap, while non-trough values are more background-like
but still somewhat depleted possibly due to seep site influence

0% 20% 40%

60%

80%

©
(-]
D%

1

Riverine

Fig. 10.5 The relative importance of differing carbon sources to sinking particulates in the north-
ern Gulf of Mexico determined from a three end-member model. (Data from Chanton et al. 2018).
The importance of marine photosynthetic production is clearly indicated relative to seep and river-

ine (terrestrial) inputs

by microbes and had entered the food web and subsequently incorporated into
marine oil snow (Daly et al. 2016; Passow and Hetland 2016; Passow and Ziervogel
2016). Using a mixing model, Chanton et al. (2018) determined the relative impor-
tance of differing carbon sources to the POM;,, of the northern Gulf (Fig. 10.5).
The model clearly indicated the importance of marine in situ production in all cases.
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10.4.3 Sedimentary Organic Carbon

Marine oil snow (MOS) accumulated on the seafloor as far as 120-180 km from the
wellhead and was observed to the SW and NE of the wellhead (Romero et al. 2015,
2017; Chanton et al. 2015; Valentine et al. 2014; Stout et al. 2017). As described above,
the petrocarbon-affected sediment is referred to as the marine oil snow sedimentation
and flocculent accumulation (MOSSFA). The sedimented oil could have been derived
from oil that floated on the surface of the Gulf (MacDonald et al. 2015; Daly et al.
2016) or it could have been derived from the deep-sea plume that was focused to the
southwest of the wellhead (Valentine et al. 2014; Daly et al. 2016, Mason et al. 2014).
Consensus is that the MOSSFA layer was roughly a cm in thickness (Valentine et al.
2014; Brooks et al. 2015; Chanton et al. 2015; Romero et al. 2015).

Radiocarbon (A'*C) measurements on the surface layers of sediments sur-
rounding the oil spill site collected from 2010 to 2012 indicated the deposition of
petrocarbon on the seafloor in a region of 2.4 x 10'° m? (Fig. 10.6, Chanton et al.

& oilspill ® C14Sample Locations [ -379 - -350 M -219 - -200
Ocean Depth Estimated C14 Concentration [l -359 - -340 [l -199 - -180
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N = - -380 . 239 - 220 0 % 80
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Fig. 10.6 Seafloor radiocarbon map. Points represent the 0—1 cm interval of surface sediments.
Data were contoured with the inverse distance weighting (IDW) method and, within the black
polygon, the surface area of each 20%o interval calculated for the seafloor. (Reproduced from
Chanton et al. 2015. Data are publicly available through the Gulf of Mexico Research Initiative
Information and Data Cooperative (GRIIDC) at https://data.gulfresearchinitiative.org, UDI, R1.
x138.078:0024. Reprinted with permission from Chanton et al. 2015. Copyright 2015 American
Chemical Society)
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2015). The amount of petrocarbon was estimated to be between 0.5% and 9.1% of
the quantity of fossil carbon released with a best estimate of 3.0-4.9%. Surface
values varied from —500%o to —107%o across the area. Background surface values
were determined to be —200 + 29%o based on values underlying the contaminated
sediments. The mean value for surface sedimentary organic matter was deter-
mined to be —21.5 + 0.8%po, indistinguishable from compiled pre-spill surface
sediment values for the Gulf of Mexico reported by Rosenheim et al. (2016) of
—21.4 £ 1.9%o.

10.4.4 Ramped Pyrolysis-Oxidation of Sedimentary Organic
Matter

Ramped pyrolysis-oxidation (Ramped PyrOx or RPO) analysis of the bulk organic
matter followed by isotopic analysis of pyrolysates is helpful to gain further insight
into how the oil pollution qualitatively changes in terms of thermochemical stability
after release into the environment. Early work showed that samples with high poly-
cyclic aromatic hydrocarbon (PAH, a type of compound released by petroleum in
the environment and by burning of organic material) concentrations also had lower
temperatures of pyrolysis in samples taken soon after the DWH spill from Barataria
Bay, Louisiana (Pendergraft et al. 2013). As oil persisted in different forms in beach
and marsh environments, compounds containing high amounts of petrocarbon grad-
ually became more stable (Pendergraft and Rosenheim 2014), as indicated by higher
temperature intervals registering depleted A“C signatures through time. The shift
from volatile (low pyrolysis temperatures) to stable (high pyrolysis temperatures)
likely represents a suite of different chemical reactions; the chemical information in
RPO analysis is simplified to pyrolysis temperature by nature of rapid combustion
of the pyrolysates in preparation for isotopic analysis. Rogers et al. (2019) have
recently reported on RPO analysis of deep Gulf sediments in a time series analysis.

In the open ocean, SOM petrocarbon transformations were captured by decreas-
ing concentrations of PAH through time and space (Adhikari et al. 2016). Analysis
of a suite of SOM samples in the Gulf of Mexico yielded little evidence for preser-
vation of petrocarbon signatures far from the wellhead site. In fact, weathering sta-
bilization of the petrocarbon is evidenced in deep-sea samples where the petrocarbon
signal is still viable (Adhikari et al. 2016) because the strongest A*C depletions are
observed at the highest pyrolysis temperatures. However, at sites with low PAH
concentrations, there is little evidence of radiocarbon depletion anywhere in the
thermochemical reactivity spectrum. This can either be interpreted as full weather-
ing of any petrocarbon signal through complete remineralization or absence of a
petrocarbon pulse due to patchiness of the spill’s projection in seafloor sediments at
distances beyond a few km. Alternatively, the petrocarbon could have been resus-
pended and advected downslope (Diercks et al. 2018).
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10.5 Conclusions and Baselines

An interesting and, perhaps, overlooked aspect of the work summarized in this
chapter is the persistence of a water column isotopic signature of the DWH oil spill.
For several years, during which there is evidence for degradation of the petrocarbon
signature in SOM (Adhikari et al. 2016), water column DOM retained a petrocarbon
signature. Whereas much effort has continued to model and measure surface meso-
scale transportation processes (Olascoaga and Haller 2012; Poje et al. 2014;
Olascoaga et al. 2013; Beron-Verra et al. 2015), comparatively little research has
aimed to ascertain midlevel mesopelagic transport processes. In addition to the
question of who (what microbial populations) were responsible for the transforma-
tion of petroleum and methane to DOC, the question of how this signature persisted
for at least 4 years after the spill is withstanding and potentially illustrative of mid-
ocean transport processes near the continental margin. The FTICR-MS data indicate
that the DOM became increasingly oxygenated (via photooxidation and biodegrad-
able processes) over time, and this may have led to this persistence.

From trajectories of isotopic values over time, and from spatial variations in
isotopic compositions, the research discussed in this chapter has provided estimates
of background isotopic values of organic matter pools prior to the oil spill. Baseline
DOC isotopic composition in the deep Gulf (P4; >1000 m) appears to vary between
—459 and —449%o for A™C and —21.3 to —21.8%0 for 8'3C. For POMy,, back-
ground A*C values vary between —30 and +30%o, whereas §'°C values vary between
—21 and —23%o, and 8*S varies from 13%o to 20%0. Background values for sedi-
mentary organic matter were —200 * 29%o for A*C and 21.4 + 1.9%. for 6"*C.
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