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A large oil slick floats atop the surface of the tur-
quoise waters of the Gulf of Mexico about 1.5 km south 
of Perdido Key, Florida, on June 12, 2010, nearly two 
months after the Deepwater Horizon drilling rig explo-
sion. Photo credit: Petty Officer 1st Class Tasha Tully
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INTRODUCTION
This article provides an up-to-date over-
view of some of the important research 
findings of the past five years related to 
the biogeochemical processes influencing 
the immediate (minutes to months) and 
longer-term (years to a decade or longer) 
fate of chemical constituents from the 
Deepwater Horizon (DWH)–Macondo 
accident that took place April 20, 2010. 
Our intention is to guide general ocean 
science researchers and marine policy 
and management practitioners through 
the highlights of research funded by 
the Gulf of Mexico Research Initiative 
(GoMRI) and the US Natural Resources 
Damage Assessment (NRDA), although 
we hope this overview will be helpful to 
oil research specialists as well. Specifically, 
this article updates the informative 2016 
papers by Passow and Hetland, Passow 
and Ziervogel, and Tarr et al. in the last 
GoMRI special issue of Oceanography. 
Our effort here is informed by the more 
detailed, recent reviews that provide a 
holistic accounting of the biogeochem-
istry and fate of the DWH gas and oil 
chemicals (Burd et  al., 2020; Kostka 
et al., 2020; Kujawinski et al., 2020; Quigg 
et  al., 2020; Ward and Overton, 2020; 
Passow and Overton, 2021, and recent 
work of authors Edward Overton and Uta 
Passow). While our effort focuses primar-
ily on GoMRI-funded research, it also 

attempts to place that research, where 
appropriate, within a wider context of 
other DWH-related research and assess-
ments such as the NRDA activities, which 
were published in the peer-reviewed sci-
entific literature after the settlement of 
the NRDA case in the US federal courts.

It is not possible in this synopsis to 
cite, present, and discuss all the rele-
vant research pertaining to the fates of 
gas and oil hydrocarbons connected 
with the DWH accident. The relevant 
literature is voluminous. More than 
400 papers have been published on 
GoMRI-funded research, all focusing in 
some measure on the fate of Deepwater 
Horizon gas and oil under the cate-
gory fates/​biogeochemistry (see https://​
research.​gulfresearchinitiative.​org/​gomri-​
publications/). Our apologies to those 
researchers whose important papers are 
not cited and discussed. 

The major areas of research in need 
of updating include: (1) water column 
hydrocarbon measurements during and 
after the spill; (2) photo-oxidation of oil 
compounds and their water versus oil 
solubilities; (3) marine oil snow (MOS), 
marine oil snow sedimentation and floc-
culant accumulation (MOSSFA), and 
oil-mineral aggregates (OMAs); (4) long-
term fate of oil deposited in deep-sea sed-
iments (aerobic and anaerobic); (5) fate of 
oil stranded on beaches (mostly aerobic); 

(6) oil that came ashore in marsh areas 
(aerobic and anaerobic); and (7) micro-
bial degradation of DWH oil chemicals. 
Microbial degradation will only be briefly 
raised because there is a very informa-
tive discussion in this issue by Weiman 
et  al. about microbiology from the per-
spective of genomics/proteomics, ecol-
ogy, and ecosystems. 

First, we will set the scene with a 
brief history of oil pollution in the Gulf 
of Mexico.

“But regardless of any alleged 
toxicity to oysters, two facts should 

be borne in mind. First, oil is quickly 
taken up by oysters, imparting an 

oily taste to the flesh which renders 
the meat unsalable. Second, the 

effect of oil pollution will last over a 
long period, for oil is carried to the 

bottom by suspended mud particles 
and released from time to time by 

storms, tonging, or dredging.”
— Galstoff et al. (1935)

The quote and the paper/report from 
which it is drawn introduces the long his-
tory of oil pollution fates and effects stud-
ies in the Gulf of Mexico coastal areas that 
progressively moved to deeper waters as 
oil and gas exploration and production 
moved offshore to the continental shelf 
(e.g.,  NRC, 1985, 1993; Transportation 
Research Board and National Research 
Council, 2003; Boesch and Rabalais, 
1987). The quote also highlights two 
aspects, among the many now known, of 
the fates of oil discharged to the marine 
environment: (1) bioavailability to vari-
ous organisms and their food webs, and 
back to humans, and (2) the role of par-
ticulate matter in deposition to sedi-
ments, resuspension, and the longer-term 
fate of oil chemicals in various types 
of sediments. 

Fortunately, much illuminating re- 
search has been conducted worldwide 
since the Galstoff et  al. (1935) pioneer-
ing report. The variety of physical trans-
port and biogeochemical processes act-
ing on the gas and oil chemicals and their 
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fates after discharge to the environment 
has been the subject of research over the 
past several decades (e.g., see NRC, 1975, 
1985, 1999; Transportation Research 
Board and National Research Council, 
2003; Royal Society, 1980; K. Lee et  al., 
2015, among several others). 

Our understanding of the fate of gas 
and oil inputs to the marine environ-
ment has evolved within the framework 
of progress in understanding the bio-
geochemistry of natural biosynthesized 
organic matter in the marine environ-
ment and all human-mobilized and syn-
thesized organic chemicals of environ-
mental concern (e.g., Bianchi and Canuel, 
2011; Farrington and Takada, 2014: 
Wakeham and Canuel, 2016; Takada and 
Karapanagioti, 2019; Wakeham and Lee, 
2019; Steen et  al., 2020). Fundamental 
physical chemistry and aquatic chemis-
try principles and examples for a variety 
of organic chemicals, including a range 
of hydrocarbon types and molecular 
weights found in the DWH gas and oil, 
are presented and discussed in the com-
prehensive textbook by Schwartzenbach 
et al. (2017). 

Rullkötter and Farrington (2021, in 
this issue) review and briefly describe the 
complex compositions of petroleum and 
petroleum products in general and spe-
cifically of the DWH oil. Boufadel et  al. 
(2021, in this issue) describe the influ-
ence of various physical processes within 
many temporal and spatial scales on the 
gas and oil discharged at the broken well 
riser as well as on the resulting surface 
oil slick. The interaction of the chemi-
cal composition with physical, chemical, 
and biological processes cannot be com-
partmentalized in a neat manner and to 
try and do so is to oversimplify a very 
complex situation. 

OIL HYDROCARBONS IN 
THE NORTHERN GULF OF 
MEXICO ECOSYSTEMS PRIOR 
TO THE DWH SPILL
The Galstoff et al. (1935) quote notes the 
initial years of a continuing history of 
chronic human-caused petroleum inputs 

to the nearshore areas of the north-
ern Gulf of Mexico. As noted by several 
assessments, there are numerous natural 
oil seeps in the Gulf and in several other 
areas worldwide (e.g.,  Transportation 
Research Board and National Research 
Council, 2003; MacDonald et  al., 2015; 
Kennicutt, 2017). As a generalization, 
these seeps, estimated to leak in excess 
of 42 million gallons (160 million liters) 
annually, have been ongoing for thou-
sands of years or more, and some dis-
charges can be episodic (Kennicutt, 
2017, and references therein). It is rea-
sonable to expect, as noted in Weiman 
et  al. (2021, in this issue), that micro-
bial communities in and around natu-
ral seeps have evolved or developed to 
take advantage of the leaking gas and oil 
hydrocarbons as a source of carbon and 
metabolic energy. 

Assessments of fossil fuel hydrocarbon 
compounds in northern Gulf of Mexico 
sediments and some benthic organ-
isms were made as part of a Deep Gulf 
of Mexico Benthos Program from 2000 
to 2002: “The purpose was to provide a 
better understanding of how oil and gas 
exploration and production might affect 
the ecosystem and its natural inhabitants” 
(Rowe and Kennicutt, 2008; Kennicutt, 
2017). Sample analyses and data interpre-
tation for the potentially toxic polycyclic 
aromatic hydrocarbons (PAHs) in surface 
sediments (Wade et al., 2008) and a popu-
lation of ampeliscid amphipods (Soliman 
and Wade, 2008) were part of this effort. 
We note this as one example of stud-
ies of fossil fuel hydrocarbons in north-
ern Gulf of Mexico ecosystems prior to 
the DWH accident. 

In addition to chronic inputs from 
land sources and offshore platforms, 
there have been numerous small and 
medium size spills in the coastal areas of 
the Gulf (Transportation Research Board 
and National Research Council, 2003). 
As with many developed and industri-
alized coastal areas, there are numer-
ous oil processing, refining, and storage 
facilities in those coastal areas. Severe 
storms inundate some of these areas and 

cause spillage of various amounts of oil. 
For example, in 2005 during Hurricane 
Katrina, oil spilled into the Louisiana 
coastal area from various facilities 
(e.g.,  Pine, 2006). A baseline of petro-
chemical pollution in coastal Louisiana 
assembled from 3,240 surface sediment 
samples by Iqbal et al. (2007) provides one 
view of the influence of the various inputs 
discussed above. 

Another example of oil inputs is 
the leakage that has resulted from the 
toppling of Taylor Energy’s Mississippi 
Canyon Block 20 site production plat-
form following a regional upslope sea-
floor failure on September 15, 2004, 
caused by Hurricane Ivan. This slow, 
variable leakage of inputs predates 
DWH, is still in progress, and has 
attracted more attention in the past few 
years (Bryant et al., 2020). 

Some individual chemicals in the 
group of aromatic hydrocarbons, par-
ticularly PAHs, are of concern from 
the perspective of effects on organisms 
and also on human health (NRC, 1985; 
Transportation Research Board and 
National Research Council, 2003; Dickey 
and Huettel, 2016; Farrington, 2020a). 
Petroleum is not the only source of many 
of these PAHs. Combustion of fossil 
fuels and wood for energy, and natural 
grass and forest fires, all contribute these 
types of compounds to the environment 
(e.g., see Lima et al., 2005). 

Adding to the issue of biogenic/early 
diagenesis sources for low concentrations 
of PAHs, it has been known for many 
decades that marine organisms biosyn-
thesize a limited number of n-alkanes 
and n-alkenes as well as highly branched 
alkanes and transform the phytol portion 
of the chlorophyll molecule to pristane. 
Basking sharks accumulate squalene in 
their livers (e.g.,  NRC, 1985; Valentine 
and Reddy, 2015, and references therein). 
Notably, Lea-Smith et al (2015) reported 
pentadecane, heptadecane, and 8-hepta-
decane biosynthesis by Prochlorococcus 
and Synechococcus (depending on the 
strain cultured), the most abundant 
marine cyanobacteria. The authors cal-



Oceanography  |  March 2021 79

culated that this results in a biosynthe-
sis each year of between 269 and 539 mil-
lion metric tons of these hydrocarbons 
for Prochlorococcus, and between 39 and 
232 million metric tons of these hydro-
carbons for Synechococcus for the world 
ocean. This synthesis has important 
implications for the potential long-term 
presence of bacteria capable of degrad-
ing n-alkanes in the marine environment 
(Weiman et  al., 2021, in this issue), and 
this biosynthesis adds to the biogenic/
methanogenic production of methane 
from biological and diagenetic processes 
(Reeburgh, 2007).

Thus, when tracking the fate of the 
DWH spilled oil, it has been import-
ant to be cognizant of the other sources 
of hydrocarbon/oil inputs to the same 
Gulf of Mexico area and to use analyti-
cal methods and interpretation of data 
that can successfully distinguish inputs 
from the spill, especially over longer peri-
ods of time and at low concentrations. 
It can be helpful to identify the specific 

chemical composition of the DWH oil 
and the relative compositions of spe-
cific structures of molecules known as 
petroleum biomarkers (molecular bio-
markers to some organic geochemists—​
different from what are now commonly 
considered biomarkers in molecular biol-
ogy; Rullkötter and Farrington, 2021, in 
this issue, and references therein). The 
ratios of these petroleum biomarkers 
to other chemicals in DWH oil, such as 
the alkylated PAH homologues, become 
important in distinguishing the presence 
of DWH oil from other oil sources as well 
as from other aliphatic hydrocarbons and 
PAH sources. The papers referenced in 
Stout and Wang (2018) provide a thor-
ough discussion, with several examples 
that include some from the DWH spill. 
Boehm et  al. (2018) provide a recent 
assessment of the difficulties encountered 
in and the limitations of the application 
of ratios of PAHs in terms of identifying 
initial sources of some, most, or all of the 
PAHs in given samples.

IMPORTANT FACTORS TO 
CONSIDER REGARDING THE 
RELATIONSHIP BETWEEN THE 
CHEMICAL COMPOSITIONS OF 
DWH GAS AND OIL AND THEIR 
BIOGEOCHEMISTRY FATES
Figure 1 depicts the biogeochemical fates 
of gas and oil; key biogeochemical pro-
cesses are listed in Box 1. Another dia-
gram of the environmental weathering 
of crude oil that has proved helpful is 
Figure 1 in Tarr et al. (2016), in the earlier 
Oceanography special issue about GoMRI 
research. These figures are both simplified 
schematics of a complex set of interacting 
processes. Some of the important pro-
cesses have been the subjects of reason-
ably robust numerical modeling efforts 
in recent years as discussed in Boufadel 
et al. (2021) and Westerholm et al. (2021), 
both in this issue. One key point to reem-
phasize here is that a complex mixture of 
chemicals with a wide range of molecular 
weights and specific chemical structures 
(see Rullkötter and Farrington, 2021, in 

FIGURE 1. Schematic summarizing the fate of Deepwater Horizon gas and oil, including physical-chemical and biological modules with relevant pro-
cesses. From Farrington et al. (2016) 
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this issue) move through the pathways outlined in Figure 1. 
Passow and Overton (2021) succeeded in constructing an estimated rough 

mass balance budget for the released oil and gas as a whole, even though 
the effort was complex. Based on the literature they consulted regarding the 
total input of gas and oil and post-spill field measurements in various places 
by numerous assessments and research efforts, they found that about 25% 
was recovered, 5%–15% was burned (volatile organics and oil in the surface 
slick), and 60%–70% was spread and weathered within the Gulf of Mexico. It 
was impossible to accurately budget the individual weathering processes that 
included: dilution in the water column (soluble, low molecular weight com-
pounds and dissolved organic matter), volatilization and aerosol formation 
of some of the compounds to the atmosphere, photo-oxidation and oil/water 
solubility of photo products, sorption to and incorporation into particles and 
deposition to sediments, microbial degradation in the water column and sed-
iments, and stranding ashore on beaches and marshes (see Tarr et al., 2016, 
for a very helpful and concise discussion of weathering of oil). 

In this context, it is important to remember that in the strictest sense, each 
individual chemical within DWH gas and oil has its own mass balance, that is, 
its own relative distribution among various compartments in the environment 
(air, oil, dissolved in water, particulates in water, sediments, and biota). Thus, 
not all areas or ecosystems in the northern Gulf of Mexico were contaminated 
by all compounds of the crude oil. For example, oil reaching shorelines was 
largely weathered by photo-oxidization and removal of volatile compounds. 
Certain compounds, less susceptible to weathering, accumulated in various 
ecosystems (e.g., on shorelines, at the seafloor), reaching concentrations above 
background or detectable levels for varying periods of time. These compounds 
included some of the chemicals, such as PAHs of concern for known or poten-
tially adverse effects, as discussed in other papers in this issue (Rullkötter and 
Farrington. 2021; Murawski et al., 2021; Halanych et al., 2021).

There are two other points worth mentioning. First, several of the papers 
concerning the fate of DWH oil in fact describe the analyses of oil residues. In 
those papers, the term “oil” does not refer to the crude oil at the time of dis-
charge, but rather it means the portion of original oil chemicals that remain 
in the sample at the location and time of sample collection. Weathering/​
biogeochemical processes continuously alter the composition of oil in the 
environment. We make this point, because the term “residue” could be inter-
preted by some to mean a minor or trace amount, although chemists use the 
term to refer to the altered state of the spilled oil, which may be present in 
some samples at very high concentrations. The key is to assess the actual con-
centrations of specific hydrocarbons. 

Second, another term found in the relevant scientific literature we cite 
is target analytes. Petroleum, or oil such as that in the DWH spill, is com-
posed of many thousands of individual chemicals. In many cases, there has 
been agreement to analyze quantitatively a subset of important and abundant 
hydrocarbons as being representative of those compounds of greatest con-
cern in the composition of the whole oil. In fact, many analyses report no 
more than 200 individual petroleum compounds. These target analyte com-
pounds are also those for which there are well-established analytical methods 
and whose qualitative identifications and quantitative detection limits have 
been verified by the use of Standard Reference Materials from the US National 
Institute of Standards and Technology (or other similar agencies worldwide) 
and by the analysis of round robin quality assurance/quality control samples. 

Box 1. Key Biogeochemical 
Processes Controlling 
the Fate of DWH Gas and 
Oil Inputs
Not in temporal order or order of importance.

•	Gas-oil-water partitioning and 
dissolution

•	Gas-oil-water to atmosphere 
volatilization

•	Water-oil emulsification

•	Photo-oxidation at sea surface and 
on shorelines/​beaches

•	Sorption/desorption to/from 
particulates of various types, 
including transparent extracellular 
polymer and marine snow particles

•	Emulsion formation at the sea surface, 
mainly water-in-oil emulsions

•	Oil stimulation/instigation of formation 
of transparent extracellular polymer 
leading to more marine snow 
formation

•	Aggregation and disaggregation of 
particulate matter

•	Deposition of particulate matter with 
associated oil chemicals to sediments

•	Resuspension of recently deposited 
material, transport, and redeposition

•	Microbial degradation during all of 
the above

•	Uptake by marine organisms, 
metabolism, excretion, food web 
transfer of oil compounds and/or 
metabolites

Note that the importance of any of 
these processes for any gas or oil group 
of compounds or individual compound 
is a function of their molecular weights 
and chemical structures because they 
govern solubility, vapor pressure, sorp-
tion/​​desorption, microbial degradation, 
and uptake/​metabolism/​​excretion/​food 
web transfer by marine organisms.
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For example, a set of specific alkanes and 
specific aromatic hydrocarbons are mea-
sured frequently, usually identified in 
tables presented as supplementary mate-
rials, and reported as total concentrations 
of target analytes in the main body of a 
paper. Typical target analytes include nor-
mal alkanes (n-alkanes from C10 to C30 or 
C40), pristane, phytane, two- to six-ringed 
PAH compounds and their alkyl homo-
logues, and the “petroleum biomarkers” 
hopanes, steranes, and tri-aromatic diage-
netic steroid compounds.

Compared to analyses from earlier 
decades, significant achievements have 
been possible using these methodologi-
cal advancements. However, as noted in 
Rullkötter and Farrington (2021, in this 
issue), analytical chemistry methodology 
has advanced to the point where quanti-
tative data on as many as a thousand or 
more oil chemicals is feasible, although 
expensive, and may become routine in 
the not-too-distant future. Thus, in many 
cases there has been agreement to ana-
lyze a subset, for example, a set of PAHs, 
and on occasion report the total of that 
subset as the concentration of the “target 
PAH analytes,” or total target PAHs, as 
opposed to “total PAHs.” The latter term 
implies that it includes analysis of all 
PAHs in the sample. 

SHORTER-TERM FATE: 
WATER COLUMN PROCESSES
The dynamic processes of importance for 
the fate of the gas and oil are: (1) initial 
gas-oil-water partitioning between gas 
and oil bubbles and water in the water 
column; (2) progressive partitioning over 
time between oil in slicks at the surface, in 
the water column, and in air; (3) strand-
ing on shorelines; and (4) deposition to 
sediments. A review of the physics and 
physical chemistry of these processes by 
Socolofsky et  al. (2016) is updated by 
Boufadel et al. (2021, in this issue). There 
was a paucity of actual measurements of 
petroleum chemicals in the immediate 
vicinity of the well site and the vertical 
plume in the earlier days of the spill due 
to ongoing spill response activities and 

safety concerns. Thus, a more detailed 
scientific understanding, as presented 
and discussed in Socolofsky et al. (2016) 
and Boufadel et al. (2021, in this issue), is 
dependent on the interaction of various 
scaled laboratory experiments and mod-
eling exercises that incorporate funda-
mental principles. Note that compounds 
in their gaseous phase form bubbles, 
whereas the term droplets refers to liquid 
oil compounds. Oil droplets in water are 
sometimes also referred to as particles or 
particulate oil because they are retained 
on filters. When released at depth and 
under high pressure, compounds that are 
gaseous at atmospheric pressure may be 
liquid and thus shift from their liquid to 
their gaseous phase during their ascent. 

Oil entering the bottom waters from 
the DWH well was observed visually as 
a cloud of seawater containing mixtures 
of natural gas and oil droplets of vari-
ous sizes, combined with brine from the 
well, resulting in a complex, uneven, 
interwoven brownish, tan, and yellowish 
plume (see image in Figure 5 of McNutt 
et al., 2012). At times, when drilling mud 
was being injected to attempt to reduce 
or stop the flow, an admixture of drill-
ing mud became part of the plume. There 
were also reports that some gas hydrates 
formed, which is consistent with the tem-
peratures and pressures of the bottom 
waters receiving the release. The public 
was treated for a period of time to live 
video camera feeds shown on various 
TV news outlets and web-based sources 
(authors’ personal observations).

The separation of hydrocarbon gases 
from oil occurred prior to or shortly after 
exit from the broken riser pipe and broken 
blowout preventer (as noted in Boufadel 
et al., 2021, in this issue); as the gases sep-
arated from oil and began to rise through 
the water column, the water-soluble gas 
components such as methane, ethane, 
and propane dissolved into surrounding 
waters. The vertical plume transported 
gas and oil chemicals to surface waters 
from about 1,500 m depth. During that 
process, gas bubbles dissolved, oil drop-
lets became smaller, and the more soluble 

components of the oil went into solution, 
with partitioning between the oil droplets 
and the surrounding seawater despite the 
old adage that oil and water do not mix. 
Table 1 illustrates the range of PAH sol-
ubilities, which span several orders of 
magnitude and are but one illustration of 
the range of physical-chemical parame-
ters of individual chemicals that consti-
tute gas and oil. 

Ji et al. (2020) provide a detailed review 
of formation, detection, and modeling of 
the DWH submerged oil. In addition to 
the vertical plume, a significant horizon-
tal plume, centered about 1,100 m depth, 
also evolved in the water column, and 
there were several smaller plumes at inter-
mediate depths (Ji et  al., 2020; Boufadel 
et al., 2021, in this issue). Modeling esti-
mates and observations note the extent 
of the horizontal plume (often desig-
nated as the deep intrusion layer) to be 
200 km to 400 km to the southwest and at 
other times in varying directions such as 
the northeast, depending on the variable 

TABLE 1. Solubility of some aromatic/polycy-
clic aromatic hydrocarbons. From Table 4.3 in 
Transportation Research Board and National 
Research Council (2003), showing exam-
ples taken from the much larger data set by 
MacKay et al. (1992).

COMPOUND
MOLECULAR 

WEIGHT 
(Daltons)

SOLUBILITY 
(mg L–1)

Benzene 78 1,700

Toluene 92 530

Ethylbenzene 106 170

p-Xylene 120 150

Naphthalene 128 30

1-Methyl- 
naphthalene

142 28

1,3-Dimethyl- 
naphthalene

156 8

1,3,6-Trimethyl- 
naphthalene

170 2

Phenanthrene 178 1

Fluorene 202 2

Dibenzo- 
thiophene

184 1.1

Chyrsene 228 0.002
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water circulation processes (e.g.,  Ji et al., 
2020; Passow and Overton, 2021). Early 
observation using UV-fluorescent col-
ored dissolved organic matter measure-
ments clearly indicated some type of hor-
izontal plume; detector responses were 
consistent with its being composed of oil 
droplets and dissolved PAH. A few more 
detailed water samples were extracted and 
analyzed for PAHs by laboratory-based 
gas chromatography-mass spectrometry 
(Diercks et al., 2010). Within a few weeks 
after the Diercks et al. cruise, Camilli et al. 
(2010) used both UV-fluorescence and an 
innovative, novel, in situ mass spectrom-
eter mounted on the autonomous under-
water vehicle Sentry. Additional samples 
collected using a water column rosette 
were analyzed in order to define the hor-
izontal plume. A less pronounced plume 

signal was detected to the northeast of the 
well site during the same research cruises 
by the same authors. The chemicals they 
measured included the gases methane 
(C1) to butane (C4) and the low molec-
ular weight liquids benzene, toluene, 
and xylenes. The plume to the northeast 
“collided” at times with the continental 
slope, in some areas resulting in oil chem-
icals contaminating surface sediments 
(e.g., Passow and Overton, 2021, and ref-
erences therein). There were indications 
at various times, as noted in the above-​
mentioned references, of other smaller 
horizontal plumes. 

A few years later, a master’s the-
sis (Watson et  al., 2013; Watson, 2014) 
and detailed PAH data published by 
Boehm et  al. (2016) evaluated results 
from gas chromatography and GC-mass 

spectrometry measurements of a large 
number of water samples from the vicin-
ity of the well site collected as part of the 
US government and BP NRDA effort. 
Figure 2 replots data from Watson (2014), 
which compares data for BTEX (benzene, 
toluene, ethylbenzene, and xylenes) con-
centrations, total of the target PAHs, and 
total of target alkanes. Payne and Driskell 
(2018) discuss the difficulties in sam-
pling, quality control, and quality assur-
ance, and the challenges of sampling truly 
dissolved compounds, compounds in oil 
droplets or associated with particulates 
for PAHs, or other hydrocarbons. 

The processes that control the water 
column distributions of oil compounds 
in time and space include complicated 
gas and oil bubble dynamics within tur-
bulent flow, as well as horizontal and ver-
tical flow and mixing (see Boufadel et al., 
2021, in this issue). These processes result 
in the dilution of the input, potentially 
in microbial degradation of gas and oil 
hydrocarbons (Weiman et  al., 2021, in 
this issue), and in sorption-​desorption 
to various particles in the water column. 
Association with particles may be fol-
lowed by biodegradation, ingestion, or 
deposition, and after deposition, con-
tinuing biodegradation and/or resuspen-
sion and redeposition.

If there were an ideal, soluble, non-​
biodegradable gas or oil compound that 
did not partition with particles, we might 
expect it to behave and dilute as did the 
CF3SF3 tracer introduced to the deep Gulf 
of Mexico to study physical dynamics 
processes of the water column (Ledwell 
et  al., 2016). Of course, there is no such 
ideal inert and soluble gas or oil chemi-
cal in petroleum. In addition, the DWH 
input lasted longer than one day, was 
composed of multiphase gas and oil com-
prising thousands of chemicals, and was 
greater on amount and spatial extent than 
the tracer. Nevertheless, the tracer experi-
ment does provide important insights. As 
Ledwell et al. (2016) explain, the dilution 
is not uniform in time and space; mixing 
was much more rapid in the continen-
tal slope region compared to the deeper 

FIGURE 2. Concentration profiles for all water samples collected within 50 km of the wellhead where 
the water depth was ≥1,000 m. BTEX = benzene, toluene, ethylbenzene, and xylenes. PAHs = poly-
cyclic aromatic hydrocarbons. Total PAH concentrations were the sum of the following 44 PAHs: naph-
thalene, C1-naphthalenes, C2-naphthalenes, C3-naphthalenes, C4-naphthalenes, acenaphthylene,  
acenaphthene, fluorene, C1-fluorenes, C2-fluorenes, C3-fluorenes, anthracene, phenanthrene,  
C1-phenanthrenes/anthracenes, C2-phenanthrenes/anthracenes, C3-phenanthrenes/anthracenes,  
C4-phenanthrenes/anthracenes, dibenzothiophene, C1-dibenzothiophenes, C2-dibenzothiophenes, 
C3-dibenzothiophenes, C4-dibenzothiophenes, benzo(b)fluorene, fluoranthene, pyrene, C1-fluor- 
anthenes/pyrenes, C2-fluoranthenes/pyrenes, C3-fluoranthenes/pyrenes, C4-fluoranthenes/pyrenes,  
benzo(a)anthracene, chrysene, C1-chrysenes, C2-chrysenes, C3-chrysenes, C4-chrysenes, benzo(b)- 
fluoranthene, benzo(j+k)fluoranthene, benzo(a)fluoranthene, benzo(e)pyrene, benzo(a)pyrene, 
perylene, indeno(1,2,3-c,d)pyrene, dibenzo(a,h)anthracene, benzo(g,h,i)perylene. The compounds 
used to measure total n-alkane* concentrations were C9-40, pristane, phytane, 2,6,10 trimethyldo-
decane, 2,6,10 trimethyltridecane, and norpristane. (*The correct term is total designated alkanes). 
Replotted from Watson (2014) with permission 
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interior waters of the Gulf. Maximum 
concentrations of the tracer found in their 
surveys were measured at dilutions of 104, 
107, and 108 at one-week, four-month, and 
12-month survey times, respectively. 

It is clear from the sampling and anal-
yses reported that there was a period of 
significant contributions of DWH gas 
and oil to the nearby deep waters of the 
Gulf of Mexico and in the immediate 
region of the Macondo well site. Once the 
well was capped, the concentrations in 
the water column rapidly diminished to 
below detection limits in areas sampled. 
However, the elevated concentrations of 
DWH oil compounds collected in sed-
iment traps many months after the cap-
ping of the well demonstrated that DWH 
oil was still present in the water column 
(Giering et  al., 2018; Passow and Stout, 
2020). Weiman et al. (2021, in this issue) 
describe microbial processes that were 
involved in biodegradation of the DWH 
oil, and Murawski et  al. (2021, in this 
issue) discuss what biological effects may 
have ensued due to the period of elevated 
concentrations in the water column. 

Concentrations of petroleum hydro-
carbons with clear DWH molecular 
characteristics spread into continental 
shelf surface and then bottom waters off 
Louisiana (Turner et al., 2019; see Figure 3 
for sampling locations). Sampling began 
in May 2010 and continued initially once 
a month, and at greater intervals later. 
Turner et  al. present field observations 
and logical inference that the initial May 
2010 samples were already influenced 
by DWH spilled oil. Concentrations 
increased markedly from May through 
June, July, August, and September of 2010, 
decreased relatively rapidly until 2015, 
and then continued to decrease slowly 
from July 2015 through 2019. Data for 
the total target analyte aromatic hydro-
carbons in the water showed 153 μg L–1 in 
August 2010 and an increase to 323 μg L–1 
in September 2010, followed by a decrease 
over time until 2018 when concentra-
tions were in the range of 0.01 μg L–l. The 
water samples contained a higher propor-
tion of three-ring aromatic compounds 

(e.g.,  phenanthrene and alkyl phenan-
threnes) than the initial DWH oil, which 
had a higher proportion of lower molecu-
lar weight aromatic compounds (e.g., the 
two-ring aromatic hydrocarbon naphtha-
lene and alkylnaphthalenes). It is likely 
that a combination of volatilization, disso-
lution from the droplets, and biodegrada-
tion of some of the naphthalene and alkyl 
naphthalenes occurred during transport 
from the DWH site to the sampling loca-
tion. Data for the adjacent inshore marsh 
areas are discussed in a later section.

FATE OF OIL AT THE AIR-SEA 
INTERFACE: THE IMPORTANCE 
OF PHOTO-OXIDATION
Substantial amounts of oil rose to the 
sea surface and formed oil slicks and 
sheens. In short order, the more volatile 
components of the surfaced oil evapo-
rated. Mixing due to wind and waves pro-
moted formation of a water-in-oil emul-
sion that exhibited many bright to creamy 
colors (e.g.,  orange). These emulsions, 
termed “mousse” years ago because of 
their resemblance to the dessert choco-
late mousse (e.g., NRC, 1985), have been 

reported as important and studied exten-
sively with previous oil spills.

Photo-oxidation of oil at the sea sur-
face had been recognized for decades, as 
noted by reviews in Payne and Philips 
(1995), Ward and Overton (2020), 
and Ward et  al. (2020). Although the 
Transportation Research Board and 
National Research Council (2003) report 
stated that “photo oxidation is unimport-
ant from a mass balance consideration,” 
we can find no substantive discussion 
or references that support this state-
ment. That same 2003 report acknowl-
edged that products of photo-​oxidation 
of oil chemicals can produce toxic reac-
tion products of concern for both imme-
diate and longer-term impacts. There was 
also recognition that photo-​oxidation is 
an important process in the fates of oil 
chemicals evaporated from oil slicks into 
the atmosphere.

Research focused on the DWH oil 
spill provided important results that 
require revision of the assertion from 
the Transportation Research Board 
and National Research Council (2003) 
report, at least for oils spilled in tropical 

FIGURE 3. Gulf of Mexico sampling locations in (a) offshore waters, and (b) marsh sediments. The 
Deepwater Horizon (DWH) site is indicated by the X in (a). Reproduced from Turner et al. (2019) 
with permission 
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and subtropical regions, or at higher lat-
itudes during the summer. The results 
of a GoMRI-funded synthesis workshop 
focused on photochemistry and photo- 
oxidation are summarized in Ward and 
Overton (2020). The meshing of results 
from field observations and field sample 
analyses, laboratory-scale flasks experi-
ments, and mesocosm experiments has 
been key to significant progress in our 
knowledge about photo-oxidation asso-
ciated with surface oil slicks. In review-
ing all of this research, Ward and Overton 
(2020) and Ward et al. (2020) provide an 
interesting comparison of the relative 
importance ascribed to photo-oxidation 

compared to other oil slick weathering 
processes (evaporation, emulsification, 
and biodegradation) pre- and post-DWH 
research (Figure 4a).

Numerous experiments and analyses of 
field samples have tied photo-​oxidation to 
known photochemistry reactions. These 
include both direct and indirect photo-
chemical reactions, as discussed by Ward 
and Overton (2020). Their Figure 5 incor-
porated here as Figure 4b is a simplified 
representation of both direct and indirect 
photo-​oxidation. Many, if not most, of 
these findings would not have been possi-
ble without the utilization of new analyt-
ical chemistry methods, as discussed in 

Rullkötter and Farrington (2021, in this 
issue). In particular, analyses by ultra-​
high-​resolution FT-ICR-MS (Fourier 
transform-ion cyclotron resonance-​mass 
spectrometry) have provided extensive 
data that challenge our ability to iden-
tify the myriad reaction pathways and 
chemical structures of thousands of 
photo-​oxidation-​induced reaction prod-
ucts (Rullkötter and Farrington, 2021, 
in this issue).

Ward and Overton (2020) note an 
additional important aspect of these 
findings: the technological advances in 
remote sensing that allow acquisition 
of information on oil film extent and 
thickness (MacDonald et  al., 2015) per-
mit photochemical rate modeling to be 
applied to the DWH spill. However, even 
better quantitation of film thickness over 
space and time is needed to improve the 
models designed to estimate the extent 
of photochemical/photo-oxidation reac-
tions in any given oil spill. 

Already, these new findings have 
allowed photo-oxidation/photochemistry 
to be incorporated in conceptual models 
to reflect more accurately the role photo-​
oxidation plays in the fate of oil at the sea 
surface or in surface waters (NASEM, 
2020). Results from this work have 
important implications for response to 
oil spills. For example, Ward et al. (2018) 
discuss how photochemical oxidation of 
oil changes the oil’s solubility in disper-
sant solvent, which has the potential to 
reduce the effectiveness of aerial disper-
sant application. 

A brief summation of the three key 
findings as set forth by Ward and Overton 
(2020) are as follows (quoting the initial 
sentences):
1.	 “The rate and extent of photochemi-

cal weathering was much greater for 
DWH surface oil than expected based 
on early conceptual models of oil 
weathering.” 

2.	 “Indirect photochemical processes 
played a major role in the partial oxi-
dation of the floating surface oil.”

3.	 “The extensive and rapid changes to 
the physical and chemical properties 

FIGURE 4. (a) The relative importance of floating surface oil weathering processes as understood 
prior to and after the Deepwater Horizon spill of 2010. (b) A conceptual model depicting direct and 
indirect photo-oxidation. In direct photo-oxidation (left panel), a light-absorbing molecule (depicted 
as a black aromatic ring) is partially oxidized into a new molecule (depicted as an orange aromatic 
ring). Indirect photolysis occurs when the absorption of light leads to the production of reactive 
oxygen species (middle panel), such as singlet oxygen, peroxyl radicals, and hydroxyl radicals. 
These reactive intermediates can oxidize a wide range of compounds, not just the compounds that 
directly absorb light (right panel). hv = light energy. (a) and (b) reproduced from Ward and Overton 
(2020) with permission
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of oil by sunlight may influence oil 
trajectory at sea and the selection of 
response tools.” 

In addition to potential implications for 
response strategies, photo-oxidation adds 
oil-soluble, oxidized chemicals to the oil 
mixtures. These oil-soluble oxy products, 
in essence, become a part of, for exam-
ple, stranded oil residues, with properties 
similar to the oil’s resin and asphaltenic 
semi-solid/solid components stranded on 
beaches and marshes (see later section). 

OIL-PARTICLE AGGREGATES, 
MARINE OIL SNOW, 
AND MARINE OIL SNOW 
SEDIMENTATION AND 
FLOCCULENT ACCUMULATION
According to the Transportation Research 
Board and National Research Council 
(2003) review and recommendations, 
“Understanding the distribution of petro-
leum hydrocarbons between the dissolved 
phase and the variety of aquatic particles 
is important for determining the fate of 
hydrocarbons in the sea and the bioavail-
ability of these chemicals to marine biota.”

The importance of the association 
of oil chemicals with mineral particles 
and with organic matter in sediments—
called oil-particle aggregates or OPAs 
(formerly known as oil-mineral aggre-
gates or OMAs; Burd et al., 2020; Passow 
and Overton, 2020)—was known as an 
important biogeochemical phenome-
non for decades prior to the DWH spill 
(e.g.,  NRC, 1975, 1985). OPAs are par-
ticularly important in nearshore regions 
or in regions where land runoff or river 
discharges carry mud and silt particles 
into the ocean. This was described as a 
major phenomenon governing the fate 
of oil chemicals as early as the 1969 Santa 
Barbara spill (Kolpack, 1971). 

It is also important to keep in mind 
that during the DWH accident there 
were attempts to shut down the well by 
pumping in drilling mud. The efforts 
failed, resulted in discharge of drilling 
mud mixed with DWH gas and oil chem-
icals near the sediment-water interface, 

and likely led to the formation of OPAs, 
perhaps of a special type (Passow and 
Hetland, 2016, and references therein). 

Marine snow has long been acknowl-
edged as important in the ecology of 
marine environments (Silver, 2015). The 
involvement of the marine snow phenom-
enon in all biogeochemical cycles would 
likely be obvious to anyone with the priv-
ilege of viewing marine snow in situ. 
This was the case for author Farrington 
when he observed marine snow and eas-
ily resuspended floc in the deep ocean 
at the sediment-water interface out of a 
DSRV Alvin viewport during one 1976 
dive and consequently changed his entire 
approach to a significant portion of his 
research effort (Farrington, 2020b).

Marine snow is defined as particles 
>0.5 mm in size and may consist of aggre-
gations of smaller organic and inorganic 
particles, including bacteria, phytoplank-
ton, microzooplankton, zooplankton fecal 
pellets and feeding structures (e.g., larva-
cean houses), biominerals, terrestrially 
derived lithogenic components, and detri-
tus (Alldredge and Silver, 1988; Silver, 
2015). Early in the research and assess-
ments for the DWH oil spill, the issues 
of marine snow interacting with oil and 
becoming marine oil snow, or MOS, and 
then accumulating, flocculating, and sink-
ing to the seafloor in the MOSSFA process 
were identified as important subjects for 
extensive research because of their appar-
ent major roles in the biogeochemistry 
and fate of oil chemicals in the water col-
umn (Passow and Ziervogel, 2016; Daly 
et al., 2016). A GoMRI MOSSFA Working 
Group was formed in May of 2013 to facil-
itate interdisciplinary research and inter-
actions among research groups and indi-
viduals conducting research connected 
with MOSSFA. The work of these scien-
tists has culminated in several reviews 
summarizing MOSSFA-related results 
and the role of MOSSFA in the overall 
fate of the DWH oil chemicals (e.g., Burd 
et al., 2020; Daly et al., 2020; Kujawinski 
et al., 2020: Quigg et al., 2020; Passow and 
Overton, 2021).

Burd et  al. (2020) pointed out three 

earlier references that mention detritus 
of the marine snow type being present in 
oil spills. It seems clear that, prior to the 
DWH spill, with a few exceptions, studies 
focused mainly on interactions of mineral 
or sediment particles with oil chemicals 
in shallow-water environments (i.e.,  the 
Tsesis oil spill in 1977–1978; see Johansson 
et al., 1980, and references therein). These 
studies drew attention to the importance 
of biological detritus, particulate mat-
ter, and fecal pellets, such as those from 
zooplankton, in the water column bio-
geochemistry of petroleum hydrocarbons 
and deposition to sediments. In addition, 
mesocosm experiments using No. 2 fuel 
oil to mimic chronic oil inputs to shal-
lower estuarine water columns recorded 
the accumulation of several millimeters 
of organic detritus-oil chemical accumu-
lations at the sediment-water interface 
(Gearing et al., 1979). 

The post-DWH lexicon regarding the 
fates and biogeochemistry of oil chem-
icals in the water column now includes 
consideration of MOS and MOSSFA in oil 
spill response, modeling, and research. An 
important finding of DWH research and 
assessments is the partitioning of chem-
icals between oil and particulate matter 
or the incorporation of oil chemicals in 
particulate matter such as marine snow 
that is followed by protracted deposition 
of oil-associated marine snow to the sea-
floor. During deposition, desorption/​
adsorption of the more soluble/​less sol-
uble oil chemicals continues along with 
microbial degradation of some of the oil 
chemicals. Reviews by Daly et al. (2016), 
Passow and Hetland (2016), Passow 
and Ziervogel (2016), Burd et al. (2020), 
Passow and Overton (2020), and Quigg 
et al. (2020 and 2021, in this issue)—and 
references therein—offer a comprehen-
sive and up-to-date review of the state of 
knowledge about marine snow in oil spill 
situations and also offer suggestions for 
important next stages of research. These 
reviews also delve into important research 
findings from a combination of labora-
tory and mesocosm experiments, placed 
within the context of field observations, 
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concerning the interaction of oil hydro-
carbons and Corexit dispersants with phy-
toplankton and bacteria. Of note are the 
interactions that stimulate phytoplank-
ton and bacteria to exude extracellular 
organic matter such as biofilms or trans-
parent exopolymeric particles, a subgroup 
of extracellular polymeric substances. 

Burd et al. (2020) present and discuss 
evidence that MOS and MOSSFA were 
associated with the DWH oil spill. Their 
key points include:

1.	 Visual observations noted large, 
mucus-rich marine snow particles 
of about 10 cm in the surface water 
during May 2010. These marine snow 
particles seemed to contain oil and 
were observed near surface oil layers. 
They were not observed during a June 
cruise in the area.

2.	Sediment traps and camera sys-
tems provided samples and obser-
vations documenting sedimentation 
events involving MOS in the water col-
umn during and after the spill (Diercks 

et  al., 2018). Interestingly, well before 
the DWH spill, Diercks and Asper 
(1997) had used a similar trap and cam-
era system to measure settling veloc-
ities of aggregates and marine snow 
in the Gulf of Mexico’s Mississippi 
River plume area. A Shadowed Image 
Particle Profiling Evaluation Recorder 
(Remsen et  al., 2004) was also used 
to observe marine snow particles and 
MOS (Daly et al., 2020). We note that 
recovery of flocs from the tops of care-
fully collected cores and from slurp 
guns (e.g., Stout et al., 2016) also pro-
vided key samples of OMAs, MOS, 
and MOSSFA type events. 

3.	Evidence from laboratory and meso-
cosm experiments confirm field 
observations in general and provide 
greater insights into what most likely 
occurred in the field during and after 
the DWH spill. 
a.	Marine snow-sized bacterial oil 

aggregates (BOAs) that result from 
exopolymer production by bacteria 
were present. Passow and Overton 

(2020) noted that photo-oxidation 
in surface waters may have enhanced 
the formation of BOAs. 

b.	Formation/sorption of exopolymer 
matrices on the surfaces of small oil 
droplets resulted in micro-BOAs.

c.	Phytoplankton cells and detrital par-
ticles formed MOS aggregates with 
oil droplets in the aggregate matrix. 
These can sink rapidly.

d.	Although zooplankton contributions 
to MOS have not been as well stud-
ied (Almeda et al., 2016), it has been 
known for decades that zooplankton 
can ingest oil droplets or particles in 
the water column and then produce 
oil-containing fecal pellets that sink 
to the seafloor (e.g., Conover, 1971). 
This process was also observed in 
laboratory experiments with the zoo-
plankter doliolid (Dolioletta gegen-
gaurai) (R.F. Lee et al., 2012), and it 
is more than likely that this occurred 
during DWH.

	 Burd et al. (2020) provide an import-
ant observation: “Mesocosm experi-
ments revealed that in the presence of 
oil and marine particles, aggregate for-
mation was faster, and aggregates were 
colonized by higher densities of het-
erotrophic bacteria, than those formed 
in incubations without added oil 
(Quigg et al., 2016; Doyle et al., 2018).” 

4. Possible effects on deep-sea corals. 
The deposition of MOS on some deep-
water corals via what was most likely 
a MOSSFA mechanism was noted in a 
few areas of the deep Gulf of Mexico 
(e.g., see Fisher et al., 2016). The MOS 
or floc material was sampled, analyzed, 
and shown with reasonable certainty 
to be composed of weathered DWH 
oil with some dioctyl-sodium sul-
fosuccinate (DOSS) from dispersant 
also present (see Fisher et  al., 2016, 
and White et al., 2012, 2016, and refer-
ences therein). 

The Figure 5 schematic from Burd 
et al. (2020) summarizes the various MOS 
and MOSSFA processes discussed above. 

FIGURE 5. A schematic of the processes involved in the formation of marine oil snow (MOS) and 
marine oil snow sedimentation and flocculent accumulation (MOSSFA) events, as well the impacts 
of MOS and MOSSFA on marine systems. Black dots depict oil droplets, the yellow rectangle shows 
the surface oil slick, and the yellow ellipse represents large mucus aggregates. Question marks 
indicate connections that scientists suspect occur, but for which few data have been collected. 
Reproduced from Figure 4 in Burd et al. (2020) with permission 
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The question marks indicate processes 
that these authors suspect occur but for 
which little data have been collected, and 
their paper discusses questions raised, 
including “what remains unknown?” We 
summarize by paraphrasing key points.
•	 What are the conditions during an 

oil spill that can lead to MOS and 
MOSSFA? Discharges from nearby riv-
ers, individually or together, seem to 
be concomitant with suspended sedi-
ment, nutrient, and particulate organic 
carbon loads. Plankton blooms occur 
in the more open-ocean areas and 
appear to accompany or cause natural 
marine snow events.

•	 We need to know more about where 
in the water column marine snow 
becomes MOS as a result of the vari-
ous mechanisms of sorption, scaveng-
ing, and incorporation of particles. 
During DWH, it appeared not only to 
be a surface water phenomenon but 
also to occur throughout the water col-
umn and especially in the subsurface 
plume(s). 

•	 How is biodegradation of oil impacted 
by inclusion of oil into MOS?

•	 Interactions between oil chemicals and 
particles result in transforming the oil’s 
composition.

•	 How can the densities and shapes of 
various MOS sizes be incorporated 
into models to provide computation 
of vertical and horizontal transport 
velocities?

DEPOSITION AND LONG-
TERM FATE IN OFFSHORE AND 
DEEP-SEA SEDIMENTS
Estimates of the amount of DWH weath-
ered petroleum hydrocarbons deposited 
onto sediments of the northeast Gulf of 
Mexico, and of the area involved, vary 
depending on the sampling grid and the 
type of analysis, as summarized by Passow 
and Hetland (2016). They note that an 
estimated 2%–15% of the spilled oil was 
deposited after compositional change due 
to weathering, and that this could be con-
sidered a lower limit. Later estimates sug-
gest 21% ± 10% (Romero et  al., 2017). 

The deposited material was weathered by 
dissolution and microbial degradation of 
oil residues originating from the subsur-
face plumes and by volatilization, photo- 
oxidation, and microbial degradation of 
oil that reached the sea surface. 

There were several different assess-
ments of DWH oil chemicals in surface 
sediments collected in deep water in the 
immediate region of the DWH well site 
during and after the spill, and also further 
afield in the northeast Gulf of Mexico. 
Sampling was largely supported by federal 
agencies via the NRDA process, by BP, and 
by GoMRI. Resulting data are all avail-
able online (https://www.diver.orr.noaa.
gov/deepwater-horizon-nrda-data/ and 
https://data.gulfresearchinitiative.org/; 
also see Zimmermann et  al., 2021, in 
this issue). In addition to contributing 
to continuing studies of the DWH spill, 
we expect these data may be useful in 
the future, perhaps to test new hypothe-
ses originating from laboratory or meso-
cosm studies, or to compare with results 
of future accidental oil inputs.

Sediment cores were collected with 
care to retain the floc (if present) at the 
sediment-water interface and within 
8 km of the well site. Stout and Payne 
(2016a) report an important set of data 
from detailed chemical analyses of hydro-
carbons in the upper 1 cm of sediment 
cores as well as of some deeper sections 
down to 10 cm; Figure 6 provides the 
typical PAH composition of weathered 
oil residues they found in bottom surface 
sediments collected near the wellhead in 
2011. Both the target alkanes (not shown 
here) and PAH compositions were signifi-
cantly degraded in these oil residues, with 
some depleted by over 90%. Weathering 
of oil residues mainly occurred before 
deposition onto the seafloor and was 
mostly affected by dissolution and bio-
degradation in the submerged plumes 
and during vertical transport to the sea-
floor. Oil residues were least weathered 
near the well head and got progressively 
more weathered with distance from it, 
further suggesting that most weathering 
occurred before deposition on bottom 

sediments. Deep time series sediment 
trap data are in accord with these results 
(Passow and Stout, 2020). 

The data in Figure 6 illustrate a sig-
nificant aspect of the changing composi-
tion of the DWH aromatic hydrocarbons 
over time as the various biogeochemical 
processes influence their composition. 
Chrysene and alkyl chrysenes, and aro-
matic hydrocarbons of similar or greater 
molecular weight, become the dominant 
aromatic hydrocarbons in the oil residues 
even though they were not the dominant 
aromatic hydrocarbons in the original 
DWH oil spilled. This has implications 
for the assessment of aromatic hydro-
carbons for long-term effects on organ-
isms. Understandably, the past focus for 
testing short-term effects has been on the 
lower molecular weight aromatics, such 
as naphthalenes and phenanthrenes, that 
have been assayed and shown to have 
adverse effects, depending on the concen-
trations, types of exposure, and the organ-
isms (e.g.,  NRC 1985; Transportation 
Research Board and National Research 
Council, 2003). 

The vast majority of DWH oil residues 
in sediments were completely depleted 
of low and medium molecular weight 
hydrocarbons (e.g.,  carbon numbers 
below ~n-C24) after three to four years 
(Bagby et al., 2016; Babcock-Adams et al., 
2017). These represent oil residues with 
weathering losses of over 90% of their tar-
get hydrocarbon content when compared 
to the content of the Macondo oil when 
it was spilled into the Gulf. However, it 
should be noted that, in addition to min-
eralization and CO2 production, some 
of the hydrocarbon compounds lost 
during weathering were converted into 
oil-soluble oxidized compounds (White 
et  al., 2016; Aeppli et  al., 2018), which 
are generally not detected by target com-
pound GC-MS analyses. Thus, the 90% 
loss does not mean that 90% of the origi-
nal oil compounds were fully oxidized to 
CO2 (i.e., removed). 

To frame sampling, measurements, and 
estimates of DWH oil deposition, Brooks 
et  al. (2015) provide the various sedi-

https://www.diver.orr.noaa.gov/deepwater-horizon-nrda-data/
https://www.diver.orr.noaa.gov/deepwater-horizon-nrda-data/
https://data.gulfresearchinitiative.org/
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ment types known in the northern Gulf 
of Mexico region for the continental shelf, 
slope, and canyons. These authors and 
Romero et al. (2015) document a deposi-
tional pulse extending about 100 nautical 
miles (~185 km) from the DWH site to the 
northeast in the DeSoto Canyon area for 
water depths ranging from about 300 m 
to 1,500 m. Romero et al. (2017) depict oil 

and MOS deposition extending 270 nau-
tical miles (500 km) to the southwest of 
the spill site with an area of 110,000 km2. 
After the leak was closed, Yan et al. (2016) 
deployed a deep time-series sediment 
trap in that area above the sediment-water 
interface at 1,538 m water depth between 
August 2010 and October 2011. They 
reported deposition of DWH spill- 

related oil chemicals, drilling mud chem-
icals (presumably from the failed attempt 
to shut the well with drilling mud), and 
black carbon particles from the in situ 
burning of the oil slick, which was one of 
the response mechanisms (Rullkötter and 
Farrington, 2021, in this issue). 

Daly et  al. (2016) provide a detailed 
and informative review of the vari-

W
EA

TH
ER

IN
G

FIGURE 6. Histograms showing the hopane-normalized concentrations in surface sediments (0–1 cm) from 
four cores collected near the DWH wellhead in 2011 that demonstrate the progression of weathering of 
Deepwater Horizon oil (Macondo well). (a) Partially weathered and wax-rich oil. (b) Intermediately weathered 
and wax-rich oil. (c) Highly weathered and wax-rich oil. (d) Severely weathered and wax-rich oil. Wax-rich oil 
contains a high concentration of n-alkanes, also called normal paraffins. The x-axis shorthand notations for 
aromatic hydrocarbons analyzed are listed at right with full compound names written out in the order they are 
shown left to right on the x-axis. Figure and compound names and abbreviations (with some modifications) 
reproduced from Stout and Payne (2016a) with permission

D0........... cis/trans-Decalin
D1........... C1-Decalins
D2........... C2-Decalins
D3........... C3-Decalins
D4........... C4-Decalins
BT0......... Benzothiophene
BT1......... C!-Benzo(b)thiophenes
BT2......... C2-Benzo(b)thiophenes
BT3......... C3-Benzo(b)thiophenes
BT4......... C4-benzo(b)thiophenes
N0........... Naphthalene
N1........... C1-Naphthalenes
N2........... C2-Naphthalenes
N3........... C3-Naphthalenes
N4........... C4-Naphthalenes
B.............. Biphenyl
DF........... Dibenzofuran
AY........... Acenaphthylene
AE........... Acenaphthene
F0............ Flourene
F1............ C1-Flourenes
F2............ C2-Flourenes
F3............ C3-Flourenes
A0........... Anthracene
P0........... Phenanthrene
PA1......... C1-Phenanthrenes/Anthracenes
PA2......... C2-Phenanthrenes/Anthracenes
PA3......... C3-Phenanathrenes/Anthracenes
PA4......... C4-Phenanthrenes/Anthracenes
RET......... Retene
DBT0...... Dibenzothiophene
DBT1...... C1-Dibenzothiophenes
DBT2...... C2-Dibenozthiophenes
DBT3...... C3-Dibenzothiophenes
DBT4...... C4-Dinenzothiophenes
BF............ Benzo(b)fluorene
FL0......... Flouranthene
PY0......... Pyrene
FP1......... C1-Flouranthene/Pyrene
FP2......... C2-Flouranthene/Pyrene
FP3......... C3-Flouranthene/Pyrene
FP4......... C4-Flouranthene/Pyrene
NBT0...... Napthobenzo thiophenes
NBT1...... C1-Napthobenzo thiophenes
NBT2...... C2-Napthobenezo thiophenes
NBT3...... C3-Napthobenzo thiophenes
NBT4...... C4-Napthobenzo thiophenes
BA0........ Benz(a)anthracene
C0........... Chrysene/Triphenylene
BC1......... C1-Chrysenes
BC2......... C2-Chrysenes
BC3......... C3-Chrysenes
BC4......... C4-Chrysenes
BBF......... Benzo(b)flouranthene
BJKF....... Benzo(jk)flouranthene
BAF......... Benzo(a)flouranthene
BEP......... Benzo(e)pyrene
BAP........ Benzo(a)pyrene
PER......... Perylene
IND......... Indeno[1,2,3-cd]pyrene
DA.......... Dibenz[a,h]anthracene
GHI......... Benzo[g,h,i]perylene
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ous origins of sinking OPAs, MOS, and 
MOSSFA, and factors that might or did 
control their deposition to the seafloor. 
Sediment cores provided a multi-proxy 
record of MOSSFA events, the intensity 
of the flux of oil chemicals to the seafloor, 
and the spatial extent of such deposition 
and post-depositional events. 

Bagby et  al. (2016) examined 125 ali-
phatic (saturated hydrocarbons), aro-
matic, and biomarker compounds 
(Rullkötter and Farrington, 2021, in this 
issue) in 2,908 sediment samples collected 
within four years of the spill. The data they 
interrogated are available from the NRDA 
website and in the supplementary materi-
als for Bagby et al. (2016). They demon-
strate the importance of chemical struc-
ture, physical chemical form (e.g.,  large 
and small OMA and MOS particles), and 
hydrocarbon persistence for sample loca-
tions containing higher initial concentra-
tions at the time of deposition. 

Romero et  al. (2017) combined their 
own samples with a large, archived data 
set in order to interpret 158 hydrocarbon 
compounds in 2,613 sediment cores, sev-
eral of which overlapped the data set 
accessed by Bagby et al. (2016). Romero 
et al (2017) assessed the chemical signa-
ture of DWH oil in surface sediments to 
determine the amount, distribution, and 
areal extent of DWH oil residues depos-
ited on the seafloor from coastal, conti-
nental shelf, and deep-sea areas of the 
northern Gulf of Mexico. The total resid-
ual hydrocarbon concentrations depos-
ited at each site based on the 2010–2011 
sampling that they found is depicted on 
the spatial chart in Figure 7 and grouped 
in coastal, continental shelf, and deep-sea 
stations in Figure 8. Their work revealed 
relatively large deposition of weathered 
oil chemicals in the coastal and deep-
sea areas and very little deposition on the 
continental shelf. Large spatial heteroge-
neity of deposits is a consequence of spa-
tial variability in sedimentation rates, 
resuspension of deposited material, and 
lateral transport.

Giering et  al. (2018) measured sedi-
mentation rates of polycyclic aromatic 

hydrocarbons with time-series sediment 
traps at three contrasting sites in the 
northern Gulf of Mexico: a station near 
the DWH site (1,660 m water depth), a 
natural seep site (1,380 m water depth), 
and a reference site (1,160 m water depth). 
They summarized sedimentation rates 
of organic carbon and other proxies for 
marine particles as well as hydrocarbon 
compounds for the period 2012 to 2016. 
They concluded that the quality and quan-
tity of sedimentation at each site were very 
different and ascribed this to differences 
in relative riverine and oceanic influences 

as well as inputs from natural seepage and 
combustion product PAHs—the latter 
most likely from land sources via atmo-
spheric transport and/or runoff. Modeling 
efforts comparing two of the traps pro-
vide clear documentation and mechanis-
tic explanations of the complex variability 
of vertical fluxes due to “mesoscale circu-
lation and seasonal cycle of primary pro-
duction, which in turn are linked to river-
ine inputs, wind forcing and the seasonal 
cycle of the mixed layer” (Liu et al., 2018).

Diercks et  al. (2018) discuss observa-
tions and accompanying interpretations 

FIGURE 7. Sampling locations and residual hydrocarbon concentrations in 
the coastal to deep-sea areas of the northern Gulf of Mexico. Reproduced 
from Romero et al. (2017) with permission 
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FIGURE 8. Spatial extent of contaminated 
sediments found in the northern Gulf of 
Mexico after the Deepwater Horizon spill. 
Data are shown for (a) coastal, (b) con-
tinental shelf, and (c) deep-sea areas. 
Contaminated sediments contain higher 
∑Hydrocarbons in the surface layer (post-
spill) compared to down-core layers (back-
ground, pre-spill) of the sediment cores 
analyzed. The cores were collected in 
2010–2011. ∑Hydrocarbons refer to the sum 
of aliphatics (n-alkanes C10-40, isoprenoids, 
branched alkanes), polycyclic aromatic 
hydrocarbons (2–6 ring, including alkyl 
homologues), hopanoids (C27-25), steranes 
C27-29), and tri-aromatic steroid compounds 
(C26-28). Reproduced from Romero et  al. 
(2017) with permission; details of sampling 
locations are therein
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of resuspension of deposited MOS using a 
rich set of data from moored flux cameras, 
a profiling camera, current meters, and 
sediment trap sampling from fall 2012 
to summer 2013, including the period 
of Hurricane Isaac. They concluded that 
while hurricane resuspension events are 
large scale, they become part of the aver-
aged long-term background signal. Their 
observations and interpretations led them 
to suggest that small-scale resuspension 
events play an important role in redistrib-
uting sediment on the seafloor. This did 
not include the separate and rarer issue 
of hurricane-induced turbidity flows of 
unstable slope sediments as noted for the 
Taylor Energy Platform briefly discussed 
earlier (Bryant et al., 2020).

Physical oceanography observations 
and models (Boufadel et al., 2021, in this 
issue) indicate it is likely that DWH oil 
chemicals in the deep plume were trans-
ported horizontally by currents until they 
contacted sediments on the continen-
tal slope, where they were deposited and 
incorporated into surface sediments or 
were subject to resuspension and redepo-
sition events elsewhere on the slope. 

The potential deposition of oil res-
idues remaining after in situ burn-
ing, which was used as a response mea-
sure to reduce oil mass in the slicks (see 
Rullkötter and Farrington, 2021, in this 
issue), is not well described, although 
Stout and Payne (2016b) did explore how 
much of the burn residue was depos-
ited to the seafloor. They sampled a few 
burn residues from the sediment-water 
interface and provided a rough estimate 
that between 26,800 kg and 37,800 kg 
of PAHs (they measured concentrations 
of 51 PAHS) were deposited with the 
burn residues. They also stressed that the 
in situ burn process had reduced by 89% 
the mass loadings of PAHs that otherwise 
would have been contributed to Gulf of 
Mexico ecosystems.

The immediate and longer-term fate of 
the synthetic-based drilling mud (SBM) 
used in attempts to stop the DWH acci-
dent’s oil and gas release and its input to 
surface sediments near the wellhead was 

examined by Stout and Payne (2017). 
They tracked the distribution of SBM-
derived C14–C20 olefins in space and 
time. In summary, they found these com-
pounds, mixed with DWH oil chemicals, 
in surface sediments as deep as 10 cm and 
extending for 6.5 km2 around the well site. 
They noted a decrease in concentrations 
of the olefins in most of the sediments 
by a factor of 10 between 2010/2011 and 
2014, most likely due to biodegradation. 
Based on their own and other data, they 
projected that weathered SBM olefins 
released during the DWH disaster would 
likely persist in detectable concentrations 
in the deep-sea sediments of all or parts 
of this area for up to 13 years. 

FATE ON SHORELINES: 
BEACHES AND MARSHES 
Standardized surveys were instituted 
early in the spill to assess where DWH 
oil came ashore along the coastal areas 
of the northern Gulf of Mexico. Michel 
et  al. (2013) reported 1,773 km of the 
7,058 km of beaches and coastal marshes 
from Florida to Texas received DWH oil 
at various stages of weathering. Louisiana 
accounted for 60.6% of the oiled shore-
line, and 38% of that shoreline remained 
visually oiled after two years. Past expe-
rience suggested that there were no 
effective methods for cleaning oil from 
marshes; those tried had resulted in large 
adverse effects to the marshes (NRC, 
1985). However, cleaning of oil depos-
ited on beaches had developed into an 
acceptable practice, and extensive efforts 
were made to remove the visible oil from 
beaches fouled by the weathered oil. 

Beaches
A total of 925 km of beaches were pol-
luted by DWH oil (Huettel et  al., 2018, 
and references therein). Most of the oil 
came ashore as a floating water-in-oil 
emulsion, for example, as “mousse.” It 
was known from research conducted 
after other oil spills that heavily weath-
ered oil residues buried in beaches could 
persist for years to decades (Huettel et al., 
2018, and references therein). Thus, there 

was a relatively rapid and significant 
response effort to remove the clearly visi-
ble oil from affected beaches. 

Despite these efforts, normal movement 
of sand due to wind, waves, and human 
activities resulted in burial of oil sheets 
and sand-oil aggregates (SOAs) of vari-
ous sizes. The initial cleanup response was 
followed by Operation Deep Clean, which 
involved digging and sifting for SOAs, and 
the resulting removal of most of the large 
ones (Huettel et al., 2018, and references 
therein). Despite these efforts, small SOAs 
or surface residual balls (SRBs), depend-
ing on the authors’ designations, remained 
hidden in the beach sand. In some loca-
tions there were “tar patties” on the sand 
and buried layers of SOAs and submerged 
oil mats (SOMs) nearshore. Storm waves 
mixed the remaining SOAs and tar patties 
into the beaches or resurfaced and even 
resuspended them, leading to the reap-
pearance of oily sand on cleaned beaches 
(Hayworth et al., 2015; John et al., 2016). 
This was still happening at a reduced rate 
as of September 2017 (Huettel at al., 2018; 
Bociu et al., 2019).

Because a variety of approaches was 
used for field sampling along the coast, 
comparisons were challenging and 
required that syntheses of data and inter-
pretations take temporal and spatial vari-
ations into account. Nevertheless, field 
studies that included sampling and anal-
yses of SOAs and tar patties for oil chem-
icals and reaction products along with 
microbial ecology/omics have yielded 
substantive new knowledge about fates 
of oil residues on/in beaches (John et al., 
2016; White et  al., 2016; Bostic et  al., 
2018; Huettel et  al., 2018; Bociu et  al., 
2019). In addition, experiments explored 
the effects of light exposure (John et al., 
2016) or the weathering of aging bur-
ied SOAs over several years (Bociu et al., 
2019). The latter experiments suggested 
that SOAs buried deep in beach sand 
can be decomposed relatively rapidly by 
aerobic microbial degradation. The key 
enabler is the tidally ventilated permeable 
beach sand. Despite this process, given 
the high molecular weight constituents in 
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the residual oil and the addition of photo-
chemically or microbially generated oxy-
genated reaction products, Bociu et  al. 
(2019) estimated that complete decom-
position of SOAs buried in sand may take 
as long as three decades. Besides removal 
by mechanical means, microbial degrada-
tion, photo-oxidation (most likely mainly 
before stranding), and the loss by water 
washing/dissolution governed the fate of 
oil chemicals as well as microbial deg-
radation and photo-oxidation reaction 
products within SOAs and tar patties.

It is important to consider the find-
ings of Aeppli et  al. (2018), who discuss 
emulsions/slicks that come ashore con-
taining substantially weathered oil or 
oil that has been subjected to photo-​
oxidation. Between 2011 and 2017, the 
alkane and aromatic hydrocarbon frac-
tions of the oil residues in the sand pat-
ties were depleted by 79 ± 2% compared 
to original DWH oil. The analyses done 
by Aeppli et al. (2018) document that the 
loss of alkanes and aromatics was partly 
compensated by a simultaneous increase 
in the production of the oil soluble OxHC 
fraction. Thus, the overall decrease of oil- 
derived chemicals in sand patties was 
only ~42% ± 12% between 2011 and 2017 
when compared to the composition of 
original DWH oil. Further experiments 
demonstrated that the water-soluble frac-
tion of the OxHCs was relatively small, for 
example, on the order of 0.1% to 1%, indi-
cating that the OxHCs retained significant 
hydrophobicity, thereby promoting sorp-
tion or association with the resin-like or 
asphaltene-like residues in the sand pat-
ties. Bostic et al. (2018) demonstrated that 
microbes were utilizing either residues 
from DWH spilled oil or the OxCHs as a 
source of carbon by measuring the deple-
tion of 14 C in phospholipid fatty acids.

Challenges for the future include estab-
lishing the exact reaction pathways for 
both microbial and photochemical reac-
tions, the products of these reactions, and 
the potential for environmental effects 
of these reaction products. A potential 
human health concern is the ingestion by 
toddlers on beaches of very small SOAs 

(and their associated chemicals) missed 
by beach cleaning response efforts or gen-
erated from nearshore sand-oil mixtures 
brought ashore after the beach cleaning 
response (Sandifer et  al., 2021, in this 
issue, and references therein). 

Marshes
The DWH spill extensively oiled portions 
of northern Barataria Bay, Louisiana, 
marshes. Atlas et al. (2015) analyzed sam-
ples from 20 marsh sites for the years 
2011, 2012, and 2013 and documented 
both spatial and temporal variability in 
the presence of DWH oil and the response 
of the microbial community to its res-
idues. The 2011 marsh samples exhib-
ited significant oil losses due to weather-
ing and biodegradation, which may have 
occurred in transit to the marsh site or 
shortly thereafter. The lower molecular 
weight alkanes (below n-C15) and aro-
matic hydrocarbons (below the three-
ring phenanthrene/anthracene and their 
alkylated homologues) that were present 
in the discharged oil were not present or 
were detectable only in trace amounts in 
samples from the marshes. The chemical 
compositions of the hydrocarbons indi-
cate that both weathering (volatilization 
and dissolution) and microbial biodegra-
dation are responsible for the losses. This 
work by Atlas et  al. (2015) is one of the 
few studies to date of the fate of DWH oil 
in marshes that examines microbial com-
munity composition and species abun-
dance in parallel with analyses for alkanes 
and aromatic hydrocarbons. Examples of 
other such studies are Engel et al. (2017) 
and Tatariw et  al. (2018). See Weiman 
et al. (2021), in this issue, for a discussion 
of microbial genomics and related matters. 

Atlas et al. (2015) further reported that 
between 2011 and 2013, loss of oil chem-
icals proceeded in the upper 0–2 cm of 
their sampling sites. Biodegradation and/
or dissolution to pore waters or over-
lying waters due to tidal and storm flush-
ing led to significant decreases in concen-
trations of the higher molecular weight 
C15 to C40 alkanes and of higher molec-
ular weight phenanthrene to alkylated 

chrysene aromatic hydrocarbons. Similar 
results of patchiness and weathering/​
biodegradation of DWH oil in transit or 
shortly after arrival in the marsh were 
reported for five sites in the subtidal and 
intertidal area of Barataria Bay sampled 
18 months after the spill (Kirman et  al., 
2016). Using oil chemical signature or 
“fingerprinting” techniques, Meyer et  al. 
(2018) observed redistribution of oil bur-
ied below the upper 0.5 cm in Bay Baptiste, 
Louisiana, marsh after Hurricane Isaac. 

Over eight years, Turner et  al. (2019) 
pursued a more comprehensive study of 
the fate of oil and oil residues in marsh 
sediments of Barataria Bay as part of the 
multi-year Coastal Waters Consortium 
effort funded by GoMRI (see Figure 3 for 
sampling locations). The concentrations 
of 28 individual alkanes and 43 polycyclic 
aromatic hydrocarbons and their respec-
tive alkyl homologues (i.e.,  18 parent 
PAHs and 25 alkyl homologue groups) 
were analyzed. Initially, the higher con-
centrations of oil alkanes and aromat-
ics were found in the samples nearest 
to marsh edges (i.e., 1 m into the marsh 
from the shoreline compared to 10 m 
from the shoreline), and the oiling was 
uneven overall. As time progressed, the 
uneven nature of oiling was replaced by 
more uniform distribution of oil residues 
in the marsh sediments, presumably by 
tidal and stormwater actions. 

The total concentrations of alkanes 
and the aromatic hydrocarbons as a func-
tion of time over the period 2010 to 2018 
are plotted in Figure 9. There are signifi-
cant decreases in concentration over the 
first few years, in the range of 70% to 90% 
losses, depending on the specific com-
pound. Thereafter, loss rates decreased, 
and concentrations leveled. In 2018, con-
centrations were at least an order of mag-
nitude higher than initial concentrations, 
when there were no DWH oil residues. 
These elevated concentrations are of con-
cern in the longer term, for example, with 
respect to their effects on marsh grass 
roots and subsequent erosion and their 
effects on the behaviors of marsh animals 
(e.g., fiddler crabs), as discussed by Turner 
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et al. (2019, and references therein). 
We know that the higher molecular 

weight resins and asphaltenes were part 
of the water-in-oil emulsions that came 
ashore (see earlier discussions this paper). 
Chen et  al. (2016) conducted detailed 
analyses of extracts from Barataria 
Bay marsh surface sediments using 
FT-ICR-MS, a powerful analytical chem-
istry method (Rullkötter and Farrington, 
2021, in this issue, and references therein 
for a description). They reported the 
presence of some of the higher molecular 
weight compounds found in DWH resins 
and asphaltenes. These are among the 
first, if not the first, of these types of mea-
surements for oil-contaminated marshes. 
They documented incorporation of car-
boxylic acid into the parent DWH hydro-
carbons. Furthermore, there was a sig-
nificant increase, over 48 months, in 
high molecular weight oxygenated com-
pounds containing four to six oxygens, 
compounds not found in the resins and 
asphaltenes of the DWH oil. The com-
bined results of these analyses, which 
used two-dimensional gas chromatogra-
phy with both a flame ionization detec-
tor and a mass spectrometer detector, 
and ultra-high-resolution FT-ICR-MS 
indicate that both biodegradation and 
photo-oxidation caused molecular mod-

ification of the oil residues in the marsh. 
There was accumulation of some higher 
molecular weight oxy-generated prod-
ucts in the resin and asphaltene extracts 
of the marsh sediments. The asphaltenic- 
like material in shoreline mats hampers 
vegetative regeneration of marsh shore-
lines for at least several years (Lin et al., 
2016). Furthermore, observations note 
that less weathered oil resides in fiddler 
crab burrows and in packets under veg-
etated tar mats, suggesting the existence 
of conditions that retard degradation 
of oil residues. 

BIOAVAILABILITY OF OIL 
CHEMICALS IN THE GULF 
ECOSYSTEMS
The term bioavailability refers to a chem-
ical being in a physical or chemical form 
(e.g.,  sorbed to particles, incorporated 
into marine oil snow, or dissolved) that 
can be either ingested by marine organ-
isms or taken up across cellular or mem-
brane surfaces (e.g., marine animal gills). 
Prior to the DWH accident and spill, 
there was a growing understanding of 
the general processes and factors govern-
ing the bioavailability, uptake, metabo-
lism, excretion, and food web transfer in 
marine organisms for specific constitu-
ents of oil in the molecular weight range 

between n-C14 and n-C35 alkanes and 
branched alkanes, and polynuclear aro-
matic hydrocarbons in the range of naph-
thalenes to dibenzophenanthrenes. Most 
of this knowledge was gained from a com-
bination of field observations, modeling 
exercises, and laboratory and mesocosm 
experiments in estuarine, coastal, and 
continental shelf ecosystems (e.g.,  NRC, 
1985; Transportation Research Board 
and National Research Council, 2003; 
Mitchelmore et al., 2020). 

During DWH, there was a significant 
effort to assess the safety of seafood that 
might be contaminated to the extent that 
it was unsafe for human consumption. 
More than 8,000 samples of common sea-
food fish and bivalves were analyzed for a 
specified group of aromatic hydrocarbons 
(Ylitalo et  al., 2012; reviewed in Dickey 
and Huettel, 2016). Understandably, 
because of the urgency of protecting pub-
lic health while not adversely impact-
ing the fishing economy, the study focus 
was on PAHs. Unfortunately, this meant 
that analyses of other DWH hydro-
carbons were not done. Such a broader 
analysis might have provided an assess-
ment of oil biomarker compounds over a 
wide geographic area, which could have 
provided more clues about oil uptake by 
these organisms. 

Mitra et  al. (2012) report measure-
ments of several PAHs in mesozooplank-
ton sampled in August and September 
2010 in the northern Gulf of Mexico. 
The data indicate contamination of the 
zooplankton by petroleum PAHs and 
are consistent with contamination by 
DWH oil residues. Oil droplets were also 
present in fecal pellets of zooplankton 
(Almeda et al., 2016).

Murawski et  al. (2014) and Snyder 
et al. (2015) conducted an extensive study 
of offshore demersal fishes in 2011–2013 
with assays for naphthalene and benzo(a)
pyrene metabolites. There was evidence 
of an episodic increase and then decrease 
for naphthalene metabolites in red snap-
per and kingsnake eel. Golden tilefish 
exhibited the highest concentrations 
of naphthalene metabolites, concentra-

FIGURE 9. The concentrations of total aromatics (filled symbols, ng g–1 ± SE) and 
total alkanes (open symbols μg g–1 ± SE) in marsh sediments for each sampling trip 
from May 2010 to May 2018. The red symbols indicate samples taken before oil 
reached the marshes. The vertical dotted line is the beginning of the Deepwater 
Horizon oil spill offshore. The average number of samples taken for individual 
trips appear below each sampling symbol (along the x-axis) and are the same 
for alkanes and aromatics. Reproduced from Turner et al. (2019) with permission
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tions that persisted for the study period. 
The benzo(a)pyrene metabolites were the 
same for all species and were low when 
compared to data from studies reported 
in the literature for other spills. 

A pioneering study by Romero et  al. 
(2020) measured PAHs in deep-sea ceph-
alopods in the northern Gulf of Mexico. 
They analyzed samples from 2001 (pre-
spill), 2010, and 2015–2016, and reported 
episodic exposure to petrogenic hydro-
carbons in 2011 and continuing through 
2015–2016. This is consistent with the 
presence of DWH oil in these waters and 
on particulate matter, as reported above. 

It was beyond the scope of our review 
to consider all of the Natural Resource 
Damage Assessment studies and reports 
relative to organism contamination by 
DWH oil chemicals. However, we direct 
readers’ attention to an important study of 
deep-sea benthic red crabs (Chaceon quin-
quedens) that were sampled at several sta-
tions near the DWH site, at oil seeps, and 
at historic sites by Douglas et al. (2018).

Isotopic signatures of carbon, δ13C and 
Δ14C, in petroleum can be used as rough 
tracers of DWH chemicals, as they were 
taken up, biodegraded, and metabolized as 
they passed through Gulf of Mexico eco-
system food webs. As with other chemical 
analyses, a consideration is that there may 
be other petrochemical sources contrib-
uting to the samples being analyzed. That 
said, Graham et al. (2010), Chanton et al. 
(2012), Quintana-Rizzo et al. (2015), and 
Wilson et  al. (2016) collectively traced 
isotopic signatures consistent with DWH 
oil residues in some of the planktonic, 
coastal, and mesopelagic food webs. 

In summary, field measurements 
reporting concentrations of PAHs or 
PAH metabolites in several species in the 
northern Gulf of Mexico are consistent 
with the presence of DWH oil residues in 
the region’s water, particulate matter, and 
surface sediments. Isotopic signatures of 
δ13C and Δ14C, also consistent with DWH 
oil residues, have been detected within 
some northern Gulf of Mexico ecosys-
tems. Future studies might also con-
sider research that assesses the efficacy 

of measuring biomarkers. 
The bioavailability of the higher molec-

ular weight components of crude oils 
(e.g., resins and asphaltenes) and reaction 
products of photo-oxidation and micro-
bial degradation, as well as combinations 
of the two processes, have yet to be the 
subject of concerted research efforts.

SUMMARY
A wealth of new information on the fate 
of oil injected into the ocean from a well 
blowout at 1,500 m water depth was 
gained with funding from the Gulf of 
Mexico Research Initiative, the Natural 
Resource Damage Assessment for the 
Deepwater Horizon spill, BP, and govern-
ment agencies, including the US National 
Science Foundation. This research has 
documented that photo-oxidation was 
a significant process acting on the sur-
face oil slick very early in the spill, and 
that it played a significant role in the fate 
of the spilled oil. Photo-oxidation had 
been downplayed for decades despite ear-
lier research in the 1970s and 1980s sug-
gesting that it would be an important 
research topic. 

Although marine snow and the pro-
cess of sorption of oil chemicals onto par-
ticulate matter have long been recognized 
as important in marine biogeochemi-
cal cycles, the term marine snow was not 
mentioned in oil spill fate and effects lit-
erature in any meaningful manner until 
the DWH oil spill, when it became a 
topic of interest almost immediately as 
a result of field observations. The term 
marine oil snow and marine oil snow 
sedimentation and flocculent accumula-
tion have now become prominent in the 
oil spill fate and effects scientific litera-
ture. MOS and MOSSFA are recognized 
as important components of the fate and 
effects processes post spill and especially 
in delivering oil residues to seafloor sed-
iments and into the food webs of water 
column ecosystems. 

Deposition, resuspension, and redepo-
sition moved sediment contaminated with 
weathered and biodegraded DWH oil 
among benthic ecosystems. Little, if any, 

long-term accumulation took place on the 
continental shelf due to resuspension and 
transport to the continental slope, where 
several areas were contaminated by MOS 
deposition from overlying waters, depo-
sition of resuspended and horizontal/​
vertical transported material, or impinge-
ment of the subsurface plume in a few 
cases. Contamination of continental slope 
surface sediments was uneven but mea-
surable in several places, and detectable 
oil residues lasted in some deep sediment 
areas for at least three years.

Despite extensive cleaning of oil from 
beaches as part of oil spill response 
activities, small amounts of residual oil 
remained on beaches as sand oil aggre-
gates, surface-residual balls, and small tar 
patties. Combinations of photo-oxidation 
and microbial degradation proceeded, 
depending on environmental conditions 
(e.g.,  exposure to light, availability of 
oxygen). Analyses of the higher molecu-
lar weight resins, resin-like material and 
asphaltenes, and asphaltene-like mate-
rial indicated small residues contain-
ing microbial degradation and photo- 
oxidation products continue to be pres-
ent in beach sands and will most likely 
last for years to decades. 

Studies of the oiled marshes in Barataria 
Bay, Louisiana, documented that initial 
oiling at the edges of marshes would soon 
be spread by tides and storms. Due to this 
dilution and to weathering, concentra-
tions of oil residues decreased markedly 
for the first few years until they were about 
a factor of 10 more than background and 
were still at that level when last sampled 
in 2018. Analyses of a few samples using 
advanced analytical chemistry methods 
(FT-ICR-MS) documented the presence 
of higher molecular weight, resin-like and 
asphaltene-like material being added over 
time by a combination of photo-oxidation 
and microbial degradation. Less weath-
ered DWH oil residues exist under vege-
tative mats and in fiddler crab burrows in 
impacted marsh environments.

Lastly, the development of rela-
tively easily accessible and extensive 
data archives have proven to be helpful 
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for follow-on research by the scientific 
community at large. We believe that this 
will continue to be the case for years 
into the future.

CHALLENGES FOR THE FUTURE
Here are a few important challenges that 
have arisen from DWH research:
•	 Successfully incorporating the knowl-

edge gained regarding photo-​oxidation, 
MOS, and MOSSFA into models of the 
fates and effects of spilled oil, includ-
ing response models. There are indi-
cations that this has begun already 
(e.g., Ward et al., 2018, and as noted by 
Westerholm et al., 2021, in this issue). 

•	 Understanding and documenting the 
influence of mitigation measures/​
techniques, such as aerial dispersant 
applications and in situ burning, on 
the movement of weathered oil into 
MOS and into the water column and 
to deep sediments by MOSSFA events 
(Quigg et al., 2021, in this issue).

•	 More extensively applying the advances 
in analytical chemistry to samples from 
various components of the ecosystem 
to better document reaction pathways 
for the fates of various oil chemicals.

•	 Continuing to advance understand-
ing of the important photo-oxidation 

reaction pathways and rates for oil 
on the sea surface and oil residues on 
beaches and in marshes.

•	 Simultaneously applying advanced 
analytical chemistry techniques and 
advanced genomic/proteomic analy-
ses to samples from field observations 
and laboratory and mesocosm experi-
ments in order to maximize rich data 
sets that will lead to new discoveries 
with respect to the fates of oil inputs 
(e.g., biodegradation) and responses of 
specific biological processes to specific 
oil chemicals. 

•	 Understanding the long-term weath-
ering, persistence, impacts, and fates 
of high molecular weight resin and 
asphaltenic and oxyhydrocarbon res-
idues in deep-sea, coastal, beach, and 
marsh environments.

•	 Developing useful and accurate ways to 
budget the fate of spilled oil over time. 
We recognize that initial responses to 
oil spills need early estimates of fates of 
spilled oil. However, as time progresses 
in specific oil spill situations, there is a 
need to recognize that oil budgets are 
inherently compromised as each spe-
cific oil compound has its own fate, 
theoretically requiring its own budget. 
Bulk oil budget estimates not based on 

compound-specific analysis are thus 
problematic. Moreover, any one com-
pound may have successively differ-
ent fates: for example, compounds that 
are dissolved or dispersed likely later 
biodegrade, but should not catego-
rized into both fates within the same 
budget. Due to the dynamic nature of 
spilled oil, any budget can only reflect 
a specific point in time. Combining 
estimates of processes measured in 
different units or spanning different 
timescales will generate budgets of 
questionable relevancy. 
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