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GoMRI: DEEPWATER HORIZON OIL SPILL AND ECOSYSTEM SCIENCE

What Happened to

All of the Oil?

By Uta Passow and Robert D. Hetland

ABSTRACT. The explosion of
the Deepwater Horizon platform
in the Gulf of Mexico in 2010 caused an
oil spill that was unique in that it originated at
great depth and persisted for an extended period of
time, resulting in release of a very large quantity of oil and
gas into the environment. What happened to all of this oil and gas?
This paper briefly discusses the various physical, chemical, and biological
processes that affected the fate and distribution of the spilled petrocarbon: some
of the spilled oil was directly removed by mitigating measures, some was rapidly
biodegraded, and some was deposited on the seafloor. Part of what remained entered
food webs or contaminated shorelines. Consolidation of different estimates of the
diverse distribution pathways provides a “guesstimate” budget that assesses the fate of
the spilled petrocarbon after it partitioned between the deep plume and the sea surface.
Photo credit: Luke McKay
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INTRODUCTION
In April 2010, an explosion at the
Deepwater Horizon (DWH) platform
in the Gulf of Mexico led to an oil spill
that was extraordinary in its volume
(~5,000,000 barrels of oil and 7.7 billion standard cubic feet of natural gas),
duration (87 days), and depths of release
(1,500 m) (McNutt et al., 2012). Estimates
of oil and gas concentrations and the sizes
of impacted areas, however, vary widely
because of the uneven distribution of
oil compounds in the environment and
because of the difficulty in sampling
marine habitats. What happened to all of
this oil? The chemical complexity of oil,
which consists of thousands of distinct
chemical compounds, combined with the
complexity of the physical, chemical, and
biological processes that determine the
fate of the spilled oil and gas, preclude
a simple answer. Mitigating response
actions further influenced the oil distribution and had some unintended consequences that altered the fate of the oil. In
this paper, we provide an overview of the
main distribution pathways of the spilled
petroleum and the associated processes
that influenced their transport and transformation in the marine environment.
THE EFFECTS OF
MITIGATING MEASURES
ON OIL DISTRIBUTION
Dispersant Addition. A number of
measures were taken to mitigate the
effect of the released oil. The dispersant
Corexit was added both at the leak depth
and onto the surface slick. Dispersants
reduce the surface tension of the oilwater interface, leading to smaller oil
droplet sizes and increased dispersion of
oil in water. At the surface, the addition
of Corexit reduced the thickness of the oil
carpet while increasing the affected surface area and the number of oil droplets
in the upper mixed layer (Garcia-Pineda
et al., 2013; MacDonald et al., 2015).
The unprecedented addition of Corexit
(about 1.84 million gallons) at the source
of the oil leak at >1,400 m depth also
appreciably affected the distribution

and fate of the spilled oil (Kujawinski
et al., 2011; Gray et al., 2014). The dispersant increased the fraction of oil that
was spreading within the water column,
and the oil that did reach the sea surface
was displaced laterally, a few kilometers
from the site of the blowout (Chan et al.,
2015). The primary reason for adding
dispersants directly to the leak at depth
was so that responders, required to work
directly above the wellhead, would be
less affected by the surface expression
of the oil (Socolofsky et al., 2015). The
decreased droplet size (Zhao et al., 2015)
and increased fraction of subsurface oil
was also meant to reduce coastal impacts
of the surface oil slick, but the success of
this strategy is controversial (Paris et al.,
2012). Additionally, the reduced droplet size due to dispersant addition was
thought to promote biodegradation of oil,
but this concept has recently been challenged based on experiments that show
Corexit suppresses microbial oil degradation (Kleindienst et al., 2015).
Direct Recovery. Efforts to collect oil
directly at depth at the leak site and to
remove oil from the surface, either by
skimming or via in situ burns, removed
about 25% of all petroleum spilled (Lehr
et al., 2010; Lubchenco et al., 2012). In
situ burning via more than 400 fires,
while removing oil, aerosolized some
oil compounds and added burn residue,
including char and soot, to the water.
Some burn residue is heavier than seawater, so it sinks directly near the site
of its production. Char and soot particles, however, may linger in the water for
months until collected by sinking marine
snow (Yan et al., 2016).
Opening of Diversionary Channels.
The release of water from diversionary
channels of the Mississippi River, meant
to prevent oil from entering Louisiana
marshes, appeared to keep oil out of
the areas where freshwater was released
(Bianchi et al., 2011). However, this water
release also led to additional input of nutrients and clay, which may have, directly

and indirectly, increased sedimentation
of oily marine snow in, for example, the
DeSoto Canyon area (Brooks et al., 2015).
Addition of Drilling Mud. Drilling mud,
a dense fluid, was pumped into the wellhead in unsuccessful attempts to stop the
leak. Drilling mud is heavy and sinks rapidly, taking oil along with it in the form of
a sediment-oil suspension. The footprint
of this event was restricted to a circle of
about 6–7 km diameter around the leak
site (NRDA, 2015), although fine drilling
mud residue was found to be transported
much farther (Yan et al., 2016).

PHYSICOCHEMICAL
DISTRIBUTION PATHWAYS
The different compounds of the Macondo
crude oil partitioned in the environment
depending on their specific characteristics (Socolofsky et al., 2016, in this issue):
gas and lighter compounds preferentially
evaporated or dissolved, whereas the
heavier compounds remained behind,
transported and modified by currents
at many different scales (see Box 1;
Figure 1). Associations with biogenic
particles and suspended minerals further impacted the distribution of the different oil compounds. Once released, the
petroleum formed three distinct features:
(1) a rising plume between the leak and
the sea surface, (2) a subsurface plume
(or intrusion layer) at about 1,100 m
depth, and (3) a massive oil slick at the
surface (Thibodeaux et al., 2011).
Rising Plume. A buoyant plume composed of oil and gas, and the added
Corexit, formed above the riser pipe leak.
The turbulent plume entrained background ocean water that included organisms and organic matter as it rose. Within
the plume, the behavior of the released
petrocarbons was affected by the specific physicochemical properties of the
individual compounds and by marine
particles and environmental conditions
(e.g., pressure, temperature, turbulence).
Physicochemical partitioning due to
pressure or temperature changes during
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ascent, and biological activity, all changed
the properties of the rising oil plume.
While rising, the plume spread laterally
due to mixing and entrainment, forming a
cone, but remained predominantly within
a 1–2 km radius around the leak (Ryerson
et al., 2012). Roughly one-half of the oil
and gas from this rising plume was partitioned into a deep, subsurface intrusion
layer; the rest rose to the sea surface.

Deep Intrusion Layer or Deep Plume.
The deep intrusion layer formed predominately between 1,000 m and
1,400 m depth, where the mixture of
buoyant petrocarbons and entrained,
denser seawater became neutrally buoyant (Socolofsky et al., 2011). About 50%
of the total discharged petroleum, including most soluble petrocarbons as well as
small oil droplets, were trapped within

Box 1. Key Concept: Physical Transport of Oil
Currents transport and modify oil at many different scales. At the smallest scales (millimeters to meters), energetic turbulent motions near the wellhead can break a body of
oil into droplets. This process is complex, as oil and gas mixtures within the water will
rise and generate their own turbulent wakes, creating feedback between the oil and
gas droplets and the turbulence. At slightly larger scales (a few meters to a kilometer)
near the wellhead, an expanding vertical plume will bring oil and gas toward the surface,
entraining background water to balance mass within the expanding plume. Because the
entrained water may be denser than the water above, the plume may reach a level of
neutral buoyancy. At this point, a subsurface intrusion layer may form. At even larger
scales (hundreds of meters to a few kilometers) larger “submesoscale” turbulence may
help to disperse the plume. The submesoscale turbulence is strongest in the ocean’s surface mixed layer, within the upper 10–50 m, and strongly influences any surface oil slick.
These flow features cause the “swirls” seen in satellite images of surface oil slicks and
have the effect of spreading the slick out over a broader region than would otherwise be
affected. At the largest scales (tens to hundreds of kilometers), mesoscale circulation features transport the oil. These circulation features are typically strongest near the surface
and the bottom of the water column, and generally follow bathymetric features.

the intrusion layer (Diercks et al., 2010;
Reddy et al., 2011; Ryerson et al., 2012;
Spier et al., 2013).
Diffuse subsurface plumes of oil compounds were also observed at other depths,
for example, at 400 m, but were less pronounced. Physical transport of the subsurface plumes differed from those at the
surface, with currents moving the main
intrusion layer at ~1,100 m up to 400 km
to the southwest (Spier et al., 2013). Oil
trapped in the deep plume was too deep to
reach nearshore habitats, but ran aground
when encountering upsloping seafloor,
where it infiltrated the sediments and
left a contaminated layer analogous to a
dirty bathtub ring (Hastings et al., 2014;
Romero et al., 2015).
Surface Oil Slick. About half of the
spilled oil and gas reached the sea surface,
creating a large oil slick. About 14% of the
oil compounds that reached the surface
evaporated from the surface slick within
hours to days (Ryerson et al., 2012). The
footprint of the surface slick continuously
changed in size and location (MacDonald
et al., 2015), as physical processes on

Coastline

lS
he
lf

WAVES, LANGMUIR CELLS
(Weathering)

MESOSCALE FLOW
(Transport)

ta

SUBMESOSCALE FLOW
(Dispersion)

SURFACE SLICK

lope

Co
n

tin
en

D

WIN

Contin

INTRUSION LAYER

SUBSURFACE
PLUME
TURBULENT
ENTRAINMENT
Wellhead

90

Oceanography

| Vol.29, No.3

Ab
yss

TRAPPING
DEPTH
(~1,100 m)

ental
S

SUBSURFACE CURRENTS

FIGURE 1. Schematic
of various physical
processes that were
responsible for transporting and modifying oil and gas released
from the Deepwater
Horizon wellhead.

scales from millimeters to hundreds of
kilometers impacted the distribution of
the oil (Reed et al., 1999). The cumulative
area where oil was detected via synthetic
aperture radar (SAR) imaginary was
about 112,115 km2. This area represents
an upper estimate of the area where oil
could have sedimented to the seafloor
and organisms could have been impacted
directly. The average area covered with oil
on any day during the spill was an order
of magnitude smaller (White et al., 2016,
in this issue). Wind and surface currents
continuously moved the oil slick and
pushed a large fraction of it toward the
coast along the northern Gulf of Mexico
(Le Hénaff et al., 2012). Özgökman et al.
(2016, in this issue) discuss in more detail
the different physical processes that transported the oil on the sea surface.
Mixing and wave action (Delvigne and
Sweeney, 1988; Johansen et al., 2015),
combined with the airborne release
of Corexit onto the slicks, led to the
re-entrainment of small but biologically
significant amounts of oil into the upper
mixed layer, down to ≥20 m. The fate of
this water-accommodated fraction of oil
differed from that of the oil slick itself,
but it is difficult to track. Although physical and chemical dispersion and dilution
of oil in the water column as well as biodegradation resulted in low concentrations of oil by the time the spill ended in
mid-July, some fraction of the oil lingered
in the water for many months after the
leak was sealed, as inferred from its continued sedimentation for months thereafter (Yan et al., 2016).

OIL REACHING NEARSHORE
HABITATS
Wind and currents transported surface
slicks into nearshore environments where
they affected more than 1,800 km of shoreline and predominantly contaminated
marshes (45% of the impacted shoreline)
and beaches (51% of the impacted shoreline; Michel et al., 2013; Stout et al., 2016).
Oiling was categorized as moderate to
heavy for 33% of this affected coastline.
Before reaching these coastal ecosystems,

the oil had traveled 80–100 km on the sea
surface and was heavily weathered. Mostly
it stranded in a thick viscous emulsion.
Specifically, oil made landfall around the
Mississippi delta and along the Mississippi
and Alabama coastlines (Le Hénaff et al.,
2012). At sandy beaches or marsh soils,
oil enters the pore water, seeping into
cracks and holes, and making it nearly
impossible to estimate the total amount
of oil hidden in these shallow environments (Mendelssohn et al., 2012). In subtidal habitats, oil mixed with sediment
may form a viscous emulsion that sticks
to mud, sand, plants, animals, and rocks.
Some of the oil washed up on beaches as
tar balls, patties, or oil mats. The ultimate
fate of petroleum reaching the shoreline is
largely degradation, either by photochemical processes or due to microbial activity of bacteria and fungi (Joye et al., 2014).
The supply of oxygen and nutrients probably controlled the microbial degradation
of oil that reached shore. Oil that washed
ashore also entered the terrestrial ecosystems and food webs (Cornwall, 2015).
Cleanup efforts removed oil on 73%
of oiled beaches, but natural recovery
was deemed less damaging than invasive cleanup procedures for most oiled
marshes (Michel et al., 2013). Despite

cleanup and natural weathering processes, some oil persisted for years, and
was remobilized and redistributed during
storms (Dalyander et al., 2014). After two
years, 39% of oiled beaches were still contaminated (Michel et al., 2013).

OIL IN THE OPEN OCEAN:
PLANKTON-OIL INTERACTIONS
Organisms encountering oil in the various affected ecosystems were not only
impacted by the oil (Buskey et al., 2016,
in this issue) but also directly influenced its distribution and fate (Figure 2).
Degradation of oil compounds by bacteria is best understood, but petroleum also
entered and resided in food webs, and
was packaged into sinking marine snow.
Microbial Degradation of Oil. Certain
bacteria can degrade specific compounds
of oil and natural gas, effectively removing or altering them (Joye et al., 2016,
in this issue). The microbial response
to the spill changed the abundance and
composition of bacteria at the surface,
in the deep plume, and at the seafloor
(Yang et al., 2012), indicating that oil
was degraded in all habitats. In the deep
plume, increased respiration due to elevated bacterial activity resulted in a small

Box 2. Key Terms
BIODEGRADATION: Microorganisms utilize oil as a source of energy, generating new
organic compounds or CO2 in the process.
BIOTURBATION: Reworking and mixing of sediments by benthic organisms.
COREXIT: A dispersant that reduces the surface tension between oil and water and
promotes the formation of tiny oil droplets that scatter in water rather than forming a
surface oil film.
Dispersion of oil: The distribution of oil droplets into the water, for example, by wave
action or with the aid of dispersants.
DISSOLUTION: Water-soluble compounds of oil dissolve in water.
EMULSIFICATION OF OIL: Formation of a mousse that consists of tiny oil droplets
within water.
EVAPORATE: Release into the air, as for example, the volatile fraction of oil.
FLOC: Loose layer of material on the seafloor, formed by settled marine snow.
MARINE SNOW: Large (> 0.5 mm) composite particles that sink to the ocean floor.
(Oil-containing marine snow is termed marine oil snow or MOS.)
OIL: A liquid consisting of tens of thousands of chemically distinct compounds, each with
different physical-chemical properties that influence its behavior and fate.
PHOTOOXIDATION: A sunlight-induced process where oxygen reacts with the oil,
changing it chemically.
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but detectable oxygen deficit, reflecting the rapid (days to weeks) removal of
the more bioavailable compounds of the
spilled oil and gas (Camilli et al., 2010;
Hazen et al., 2010; Valentine et al., 2010;
Joye et al., 2011; Kessler et al., 2011). Net
degradation in the surface layer could
not be quantified the same way, because
at the surface, utilized oxygen is rapidly
replenished from the atmosphere. As the
oil compounds that formed the surface
slick were less bioavailable than those in
the intrusion layer, and because nutrient limitation in surface waters inhibited
microbial degradation, it is assumed that
microbial degradation of the surface slick
was slower, although photodegradation
of oil at the surface may have increased its
bioavailability. Additionally, the formation of cooperative biodegradation networks within microbial oil snow allowed,

similar to biofilms, the efficient degradation of oil from the surface via close
interactions between different microbes.
The quantitative importance of this process still awaits exploration (Joye et al.,
2014; Passow and Ziervogel, 2016, in this
issue). Oil-degrading bacteria also thrive
in some copepod fecal pellets, so copepods feeding on oil products may also
contribute to the degradation of petroleum (Størdal et al., 2015).
Incorporation of Oil into Food Webs.
The bacterial blooms resulting from the
DWH spill led to increased grazer populations that efficiently moved oil- and
methane-derived carbon into the planktonic food web (Graham et al., 2010;
Chanton et al., 2012; Cherrier et al.,
2013). Fossil carbon from the Macondo
oil may be tracked because its isotopic

signal differs from that of modern marine
organic carbon. When zooplankton or
nekton take up oil (Lee et al., 2012; Mitra
et al., 2012), specific petrocarbons bioaccumulate (Almeda et al., 2013a,b), partitioning preferentially into lipid-rich
tissue, and persisting within organisms
(Meador, 2003). Organisms ingest oil
compounds, either directly as oil droplets or inadvertently via oil-coated food
particles, or via respiratory surfaces. Oil
compounds or signs of their presence
were found in animals from all exposed
habitats and at all levels of the food web
(Cornwall, 2015). Although the fraction
of the spilled oil that bioaccumulated in
organisms is presumably small, its effect
is disproportionately large due to the
toxic and mutagenic properties of some
of these substances (Paul et al., 2013;
Garr et al., 2014).

Microbial MOS
Phytoplankton MS
Phytoplankton MOS
OMAs
Oil Slick
Dispersed Oil
Copepods
Fecal Matter
FIGURE 2. Depiction of biologically mediated oil distribution pathways during the Deepwater Horizon spill. Oil that stranded along coastlines
was incorporated into ecosystems there, and oil that floated at the sea surface or in the deep plume interacted with plankton and mineral particles in the water column. Microbial degradation removed oil compounds in all habitats. Marine oil snow (MOS) formation transported petrocarbon
to the seafloor, at times collecting oil during transit through the subsurface plume. In the presence of minerals, near the shelf slope, for example,
oil-mineral aggregations may have formed, also leading to the settling of petrocarbon. Organisms from all habitats incorporated oil. Riverine effluent, as well as in situ burning further impacted oil fate.
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Marine Oil Snow Formation and
Sedimentation. Large phytoplankton
aggregation events and zooplankton or
bacterial activity may lead to the formation of oily marine snow, termed marine
oil snow (MOS; Passow and Ziervogel,
2016, in this issue). Phytoplankton aggregates, consisting of diatoms or the cyanobacteria Trichodesmium, which are both
common in the Gulf of Mexico, may
incorporate significant amounts of petroleum either during their formation,
or later while sinking through oil-rich
plumes. Zooplankton feeding in dilute
oil suspensions concentrate and repackage oil into sinking MOS that consists of
discarded feeding structures or feces (Lee
et al., 2012). Deepwater Horizon-derived
MOS, whether formed from zooplankton
or bacterial activity or via phytoplankton
aggregation, sank rapidly (hundreds of
meters per day), transporting oil toward
the seafloor (Passow et al., 2012).

DEPOSITION OF OIL ON
THE SEAFLOOR
Oil and large amounts of loose flocculent material (called floc) accumulated on
the seafloor during and after the DWH
spill (Chanton et al., 2014; Valentine
et al., 2014; Brooks et al., 2015; Romero
et al., 2015; Yan et al., 2016). Although
direct fallout in association with drilling
mud transported some petroleum in the
immediate vicinity of the well to depth,
sinking MOS was the primary cause of
oily floc deposition. The combination of
processes leading to MOS formation, sedimentation, and deposition at the seafloor
has been dubbed MOSSFA, for marine oil
snow sedimentation and flocculent accumulation (Daly et al., 2016).
Estimates based on oil compounds
and isotopic signatures of material accumulated at the seafloor suggest that about
2%–15% of all the spilled petroleum was
deposited at the seafloor; however, this
estimate is almost certainly too low, providing a lower limit only (Passow and
Ziervogel, 2016, in this issue).
Upon arrival at the seafloor, MOS covered corals (White et al., 2012; Hsing

et al., 2013) and formed a 0.5–1.2 cm
thick, loose layer of floc (Brooks et al.,
2015). The floc layer caused reduced bioturbation and changed sediment redox
conditions (Hastings et al., 2014; Brooks
et al., 2015). Natural recovery of benthic
deep-sea ecosystems after oil deposition
is thought to be slow, in part because of
low temperatures. Four years after the
DWH spill, the Macondo oil footprint on
the seafloor was still quite extensive, at
about half of its original size (Montagna
et al., 2013; Stout et al., 2015).

BUDGET CONSIDERATIONS
Here, we attempt an overall budget to
address the question of what happened
to all the oil. This guesstimate budget
(Figure 3) consolidates best estimates
of different physical and biological processes governing the fate of the oil. The
budget is based on a total release of
5,000,000 barrels of petroleum (oil and
gas), as derived by McNutt et al. (2012);
the partitioning of oil and gas among
evaporated, dissolved, and undissolved
petrocarbon mixtures at the surface or
in the deep plume (Ryerson et al., 2012);
and estimates of microbial utilization (Du
and Kessler, 2012; Joye et al., 2016, in this
issue) and sedimentation (Passow and

Ziervogel, 2016, in this issue).
About 833,000 barrels of the spilled
oil were collected directly at the wellhead
at depth (Lubchenco et al., 2012), and
roughly 390,000 barrels were removed
from the ocean surface either by direct
recovery via skimming or by in situ burning (Lehr et al., 2010; Lubchenco et al.,
2012). Most of the gaseous compounds,
dominated by methane, were trapped in
the deep plume and utilized by bacteria
within days to weeks. One-third to up to
almost half of the liquid oil compounds
are thought to have been trapped in the
deep plume as well, but these approximations rely on estimates of the amount
of petroleum at the surface, which may
be too low, because the amounts of
oil in both thin sheens and thick carpets are difficult to quantify accurately.
Microbial utilization of oil compounds
in the plume based on the oxygen deficit imply that some of the oil droplets
trapped in the deep plume were also utilized by bacteria, removing another 6% of
all released petroleum, assuming that all
of the dissolved petroleum was utilized
first. Another significant fraction (~10%)
of the oil in the deep plume sank, as the
fingerprints of deposited oil compounds
suggest (Valentine et al., 2014).

60%

Balance
Stranded
Sedimentation
Microbial degradation
soluble compounds
Microbial degradation
non-soluble compounds
Evaporated
Recovered/burned

50%
40%
30%
20%
10%
0%

At Surface

Deep Plume

FIGURE 3. Guesstimate budget to assess what happened to the
5,000,000 barrels of released oil. It is still uncertain whether more or less
than half of the spilled petrocarbon remained in the deep plume. Here, it is
assumed that 57% remained at depth vs. 43% reaching the surface, because
estimates of the fate of petrocarbon from the deep plume add up to this
amount. Oil from the deep plume was largely biodegraded, recovered, or
deposited as sediment on the seafloor. Budget uncertainties are larger for the
petrocarbon at the surface, and the 5% values for microbial degradation, sedimentation, and stranding are placeholders only. See text for further detail.

Oceanography

| September 2016

93

Microbial degradation of surface
oil has not been quantified, but may
be assumed to be lower than that of
the undissolved oil in the deep plume.
Sedimentation rates of oil, as measured
with shallow traps, imply that sedimentation of surface oil was a significant loss
process, but quantification is problematic (Passow and Ziervogel, 2016, in this
issue). Likewise, the total amount of oil
that stranded along shorelines, or was
lost due to weathering and photodegradation, has not been quantified. In lieu
of a good estimate, our budget assumes
that 5% each of the spilled petroleum was
(1) microbially degraded at the surface,
(2) incorporated into sinking MOS at the
surface, and (3) transported to shorelines.
The large unexplained residual (Figure 3:
balance of 14%) implies that each of these
approximations may easily be low by a
factor of two. The fraction of oil compounds residing in the food chain (living
organisms) is ignored in this budget, as it
is assumed to be quantitatively minor.
REFERENCES

Almeda, R., Z. Wambaugh, C. Chai, Z. Wang, Z. Liu,
and E. Buskey. 2013a. Effects of crude oil exposure
on bioaccumulation of polycyclic aromatic hydrocarbons and survival of adult and larval stages of
gelatinous zooplankton. PLoS ONE 8(10), e74476,
http://dx.doi.org/10.1371/journal.pone.0074476.
Almeda, R., Z. Wambaugh, Z. Wang, C. Hyatt, Z. Liu,
and E. Buskey. 2013b. Interactions between zooplankton and crude oil: Toxic effects and bioaccumulation of polycyclic aromatic hydrocarbons.
PLoS ONE 8(6), e67212, http://dx.doi.org/10.1371/
journal.pone.0067212.
Bianchi, T.S., R.L. Cook, E.M. Perdue, P.E. Kolic,
N. Green, Y. Zhang, R.W. Smith, A.S. Kolker,
A. Ameen, G. King, and others. 2011. Impacts of
diverted freshwater on dissolved organic matter and microbial communities in Barataria
Bay, Louisiana, USA. Marine Environmental
Research 72(5):248–257, http://dx.doi.org/10.1016/
j.marenvres.2011.09.007.
Brooks, G.R., R.A. Larson, P.T. Schwing, I. Romero,
C. Moore, G.-J. Reichart, T. Jilbert, J.P. Chanton,
D.W. Hastings, W.A. Overholt, and others. 2015.
Sedimentation pulse in the NE Gulf of Mexico following the 2010 DWH blowout. PLoS ONE 10(7),
e0132341, http://dx.doi.org/10.1371/journal.
pone.0132341.
Buskey, E.J., H.K. White, and A.J. Esbaugh. 2016.
Impact of oil spills on marine life in the Gulf of
Mexico: Effects on plankton, nekton, and deepsea benthos. Oceanography 29(3):174–181,
http://dx.doi.org/10.5670/oceanog.2016.81.
Camilli, R., C. Reddy, D. Yoerger, B.V. Mooy, M. Jakuba,
J. Kinsey, C. Mcintyre, S. Sylva, and J. Maloney.
2010. Tracking hydrocarbon plume transport
and biodegradation at Deepwater Horizon.
Science 330:201–204, http://dx.doi.org/10.1126/
science.1195223.

94

Oceanography

| Vol.29, No.3

Chan, G.K.Y., A.C. Chow, and E.E. Adams. 2015.
Effects of droplet size on intrusion of subsurface oil
spills. Environmental Fluid Mechanics 15:959–973,
http://dx.doi.org/10.1007/s10652-014-9389-5.
Chanton, J.P., J. Cherrier, R.M. Wilson, J. SarkodeeAdoo, S. Bosman, A. Mickle, and W.M. Graham.
2012. Radiocarbon evidence that carbon from the
Deepwater Horizon spill entered the planktonic
food web of the Gulf of Mexico. Environmental
Research Letters 7, 045303, http://dx.doi.org/
10.1088/1748-9326/7/4/045303.
Chanton, J., T. Zhao, B.E. Rosenheim, S. Joye,
S. Bosman, C. Brunner, K.M. Yeager, A.R. Diercks,
and D. Hollander. 2014. Using natural abundance radiocarbon to trace the flux of petrocarbon to the seafloor following the Deepwater
Horizon oil spill. Environmental Science &
Technology 49(2):847–854, http://dx.doi.org/
10.1021/es5046524.
Cherrier, J., J. Sarkodee-Adoo, T.P. Guilderson,
and J.P. Chanton. 2013. Fossil carbon in particulate organic matter in the Gulf of Mexico following the Deepwater Horizon event. Environmental
Science & Technology Letters 1(1): 108–112,
http://dx.doi.org/10.1021/ez400149c.
Cornwall, W. 2015. Deepwater Horizon: After the
oil. Science 348:22–29, http://dx.doi.org/10.1126/
science.348.6230.22.
Daly, K.L., U. Passow, J. Chanton, and D. Hollander.
In press. Assessing the impacts of oil-associated marine snow formation and sedimentation
during and after the Deepwater Horizon oil spill.
Anthropocene 13:18–33, http://dx.doi.org/10.1016/
j.ancene.2016.01.006.
Dalyander, P.S., J.W. Long, N.G. Plant, and
D. Thompson. 2014. Assessing mobility and
redistribution patterns of sand and oil agglomerates in the surf zone. Marine Pollution
Bulletin 80(1–2):200–209, http://dx.doi.org/10.1016/
j.marpolbul.2014.01.004.
Delvigne, D.A.L., and C. Sweeney. 1988.
Natural dispersion of oil. Oil and Chemical
Pollution 4:281–310.
Diercks, A.R., R.C. Highsmith, V.L. Asper, D. Joung,
Z. Zhou, L. Guo, A.M. Shiller, S.B. Joye, A.P. Teske,
N. Guinasso, and others. 2010. Characterization
of subsurface polycyclic aromatic hydrocarbons
at the Deepwater Horizon site. Geophysical
Research Letters 37, L20602, http://dx.doi.org/
10.1029/2010GL045046.
Du, M., and J.D. Kessler. 2012. Assessment of the
spatial and temporal variability of bulk hydrocarbon respiration following the Deepwater
Horizon oil spill. Environmental Science &
Technology 46:10,499–10,507, http://dx.doi.org/
10.1021/es301363k.
Garcia-Pineda, O., I.R. Macdonald, L. Xiaofeng,
C.R. Jackson, and W.G. Pichel. 2013. Oil spill mapping and measurement in the Gulf of Mexico
with textural classifier neural network algorithm (TCNNA). IEEE Journal of Selected Topics
in Applied Earth Observations and Remote
Sensing 6(6):2,517–2,525, http://dx.doi.org/10.1109/
JSTARS.2013.2244061.
Garr, A., S. Laramore, and W. Krebs. 2014. Toxic
effects of oil and dispersant on marine microalgae. Bulletin of Environmental Contamination
and Toxicology 93(6):654–659, http://dx.doi.org/
10.1007/s00128-014-1395-2.
Graham, W.M., R.H. Condon, R.H. Carmichael,
I. D’ambra, H.K. Patterson, L.J. Linn, and
F.J. Hermandez Jr. 2010. Oil carbon entered
the coastal planktonic food web during the
Deepwater Horizon oil spill. Environmental
Research Letters 5(4), 045301, http://dx.doi.org/
10.1088/1748-9326/5/4/045301.
Gray, J.L., L.K. Kanagy, E.T. Furlong, C.J. Kanagy,
J.W. McCoy, A. Mason, and G. Lauenstein.
2014. Presence of the Corexit component dioctyl sodium sulfosuccinate in Gulf of Mexico
waters after the 2010 Deepwater Horizon oil
spill. Chemosphere 95:124–130, http://dx.doi.org/
10.1016/j.chemosphere.2013.08.049.

Hastings, D.W., P.T. Schwing, G.R. Brooks, R.A. Larson,
J.L. Morford, T. Roeder, K.A. Quinn, T. Bartlett,
I.C. Romero, and D.J. Hollander. 2014. Changes
in sediment redox conditions following the
BP DWH blowout event. Deep Sea Research
Part II 129:167–178, http://dx.doi.org/10.1016/
j.dsr2.2014.12.009.
Hazen, T.C., E.A. Dubinsky, T.Z. Desantis,
G.L. Andersen, Y.M. Piceno, N. Singh, J.K. Jansson,
A. Probst, S.E. Borglin, J.L. Fortney, and others.
2010. Deep-sea oil plume enriches indigenous
oil-degrading bacteria. Science 330:204–208,
http://dx.doi.org/10.1126/science.1195979.
Hsing, P.-Y., B. Fu, E.A. Larcom, S.B. Berlet, T.M. Shank,
A.F. Govindarajan, A.J. Lukasiewicz, P.M. Dixon,
and C.R. Fisher. 2013. Evidence of lasting impact of
the Deepwater Horizon oil spill on a deep Gulf of
Mexico coral community. Elementa: Science of the
Anthropocene 1:000012, http://dx.doi.org/10.12952/
journal.elementa.000012.
Johansen, Ø., M. Reed, and N.R. Bodsberg. 2015.
Natural dispersion revisited. Marine Pollution
Bulletin 93:20–26, http://dx.doi.org/10.1016/
j.marpolbul.2015.02.026.
Joye, S.B., S. Kleindienst, J.A. Gilbert,
K.M. Handley, P. Weisenhorn, W.A. Overholt,
and J.E. Kostka. 2016. Responses of microbial communities to hydrocarbon exposures.
Oceanography 29(3):136–149, http://dx.doi.org/
10.5670/oceanog.2016.78.
Joye, S.B., I. Leifer, I.R. Macdonald, J.P. Chanton,
C.D. Meile, A.P. Teske, J.E. Kostka, L. Chistoserdova,
R. Coffin, D. Hollander, and others. 2011. Comment
on “A persistent oxygen anomaly reveals the fate
of spilled methane in the deep Gulf of Mexico.”
Science 332:1,033, http://dx.doi.org/10.1126/
science.1203307.
Joye, S.B., A.P. Teske, and J.E. Kostka. 2014.
Microbial dynamics following the Macondo oil
well blowout across Gulf of Mexico environments.
BioScience 64(9):766–777, http://dx.doi.org/10.1093/
biosci/biu121.
Kessler, J.D., D.L. Valentine, M.C. Redmond,
M. Du, E.W. Chan, S.D. Mendes, E.W. Quiroz,
C.J. Villanueva, S.S. Shusta, L.M. Werra, and others.
2011. A persistent oxygen anomaly reveals the
fate of spilled methane in the deep Gulf of Mexico.
Science 331:312–315, http://dx.doi.org/10.1126/
science.1199697.
Kleindienst, S., M. Seidel, K. Ziervogel, S. Grim,
K. Loftis, S. Harrison, S.Y. Malkin, M.J. Perkins,
J. Field, M.L. Sogin, and others. 2015. Chemical
dispersants can suppress the activity of natural oil-degrading microorganisms. Proceedings
of the National Academy of Sciences of the
United States of America 112:14,900–14,905,
http://dx.doi.org/10.1073/pnas.1507380112.
Kujawinski, E.B., M.C. Kido Soule, D.L. Valentine,
A.K. Boysen, K. Longnecker, and M.C. Redmond.
2011. Fate of dispersants associated with the
Deepwater Horizon oil spill. Environmental Science
& Technology 45:1,298–1,306, http://dx.doi.org/
10.1021/es103838p.
Le Hénaff, M., V.H. Kourafalou, C.B. Paris, J. Helgers,
Z.M. Aman, P.J. Hogan, and A. Srinivasan. 2012.
Surface evolution of the Deepwater Horizon
oil spill patch: Combined effects of circulation
and wind-induced drift. Environmental Science
& Technology 46:7,267–7,273, http://dx.doi.org/
10.1021/es301570w.
Lee, R.F., M. Köster, and G.A. Paffenhöfer. 2012.
Ingestion and defecation of dispersed oil droplets by pelagic tunicates. Journal of Plankton
Research 34:1,058–1,063, http://dx.doi.org/10.1093/
plankt/fbs065.
Lehr, B., S. Bristol, and A. Possolo. 2010. Oil Budget
Calculator: Deepwater Horizon. Technical documentation, a report by The Federal Interagency
Solutions Group, Oil Budget Calculator Science
and Engineering Team to the national incident
command, 217 pp., http://www.restoretheGulf.gov/
sites/default/files/documents/pdf/OilBudgetCalc_
Full_HQ-Print_111110.pdf.

Lubchenco, J., M.K. McNutt, G. Dreyfus,
S.A. Murawski, D.M. Kennedy, P.T. Anastas, S. Chu,
and T. Hunter. 2012. Science in support of the
Deepwater Horizon response. Proceedings
of the National Academy of Sciences of the
United States of America 109:20,212–20,221,
http://dx.doi.org/10.1073/pnas.1204729109.
Macdonald, I.R., O. Garcia-Pineda, A. Beet,
S. Daneshgar Asl, L. Feng, G. Graettinger,
D. French-McCay, J. Holmes, C. Hu, F. Huffer,
and others. 2015. Natural and unnatural oil slicks
in the Gulf of Mexico. Journal of Geophysical
Research 120:8,364–8,380, http://dx.doi.org/
10.1002/2015JC011062.
McNutt, M.K., R. Camilli, T.J. Crone, G.D. Guthrie,
P.A. Hsieh, T.B. Ryerson, O. Savas, and F. Shaffer.
2012. Review of flow rate estimates of the
Deepwater Horizon oil spill. Proceedings of
the National Academy of Sciences of the
United States of America 109:20,260–20,267,
http://dx.doi.org/10.1073/pnas.1112139108.
Meador, J.P. 2003. Bioaccumulation of PAHs
in marine invertebrates. Pp. 147–171 in PAHs:
An Ecotoxicological Perspective. P.E.T. Douben, ed.,
John Wiley & Sons, Ltd.
Mendelssohn, I.A., G.L. Andersen, D.M. Baltz,
R.H. Caffey, K.R. Carman, J.W. Fleeger,
S.B. Joye, Q. Lin, E. Maltby, E.B. Overton, and
others. 2012. Oil impacts on coastal wetlands:
Implications for the Mississippi River Delta ecosystem after the Deepwater Horizon oil spill.
BioScience 62:562–574, http://dx.doi.org/10.1525/
bio.2012.62.6.7.
Michel, J., E. Owens, S. Zengel, A. Graham,
Z. Nixon, T. Allard, William Holton, P. Doug
Reimer, Alain Lamarche, Mark White, and others.
2013. Extent and degree of shoreline oiling:
Deepwater Horizon oil spill, Gulf of Mexico, USA.
PLoS ONE 8(6), e65087, http://dx.doi.org/10.1371/
journal.pone.0065087.
Mitra, S., D.G. Kimmel, J. Snyder, K. Scalise,
B.D. McGlaughon, M.R. Roman, G.L. Jahn,
J.J. Pierson, S.B. Brandt, J.P. Montoya, and
others. 2012. Macondo-1 well oil-derived polycyclic aromatic hydrocarbons in mesozooplankton from the northern Gulf of Mexico.
Geophysical Research Letters 39, L01605,
http://dx.doi.org/10.1029/2011GL049505.
Montagna, P.A., J.G. Baguley, C. Cooksey,
I. Hartwell, L.J. Hyde, J.L. Hyland, R.D. Kalke,
L.M. Kracher, M. Reuscher, and A.C.E. Rhodes.
2013. Deep-sea benthic footprint of the Deepwater
Horizon blowout. PLoS ONE 8 (8), e70540,
http://dx.doi.org/10.1371/journal.pone.0070540.
NRDA (Natural Resource Damage Assessment). 2015.
Injury to natural resources. Chapter 4 (685 pp.)
in Draft Programmatic Damage Assessment
and Restoration Plan and Draft Programmatic
Environmental Impact Statement, Natural Resource
Damage Assessment, National Ocean Service,
National Oceanic and Atmospheric Administration,
http://www.Gulfspillrestoration.noaa.gov/
wp-content/uploads/Chapter-4_Injury-to-NaturalResources.pdf.
Özgökmen, T.M., E.P. Chassignet, C.N. Dawson,
D. Dukhovskoy, G. Jacobs, J. Ledwell, O. GarciaPineda, I.R. MacDonald, S.L. Morey, M.J. Olascoaga,
and others. 2016. Over what area did the oil
and gas spread during the 2010 Deepwater
Horizon oil spill? Oceanography 29(3):96–107,
http://dx.doi.org/10.5670/oceanog.2016.74.
Paris, C.B., M.L. Hénaff, Z.M. Aman, A. Subramaniam,
J. Helgers, D.-P. Wang, V.H. Kourafalou, and
A. Srinivasan. 2012. Evolution of the Macondo
well blowout: Simulating the effects of the circulation and synthetic dispersants on the subsea oil transport. Environmental Science
& Technology 46(24):13,293–13,302,
http://dx.doi.org/10.1021/es303197h.
Passow, U., and K. Ziervogel. 2016. Marine snow
sedimented oil released during the Deepwater
Horizon spill. Oceanography 29(3):118–125,
http://dx.doi.org/10.5670/oceanog.2016.76.

Passow, U., K. Ziervogel, V. Asper, and A. Diercks.
2012. Marine snow formation in the aftermath
of the Deepwater Horizon oil spill in the Gulf of
Mexico. Environmental Research Letters 7, 035031,
http://dx.doi.org/10.1088/1748-9326/7/3/035301.
Paul, J.H., D. Hollander, P. Coble, K.L. Daly,
S. Murasko, D. English, J. Basso, J. Delaney,
L. Mcdaniel, and C.W. Kovach. 2013. Toxicity and
mutagenicity of Gulf of Mexico waters during and
after the Deepwater Horizon oil spill. Environmental
Science & Technology 47:9,651–9,659,
http://dx.doi.org/10.1021/es401761h.
Reddy, C.M., J.S. Arey, J.S. Seewald, S.P. Sylva,
K.L. Lemkau, R.K. Nelson, C.A. Carmichael,
C.P. Mcintyre, J. Fenwick, G.T. Ventura, and
others. 2011. Composition and fate of gas
and oil released to the water column during
the Deepwater Horizon oil spill. Proceedings
of the National Academy of Sciences of the
United States of America 109:20,229–20,234,
http://dx.doi.org/10.1073/pnas.1101242108.
Reed, M., Ø. Johansen, P.J. Brandvik, P. Daling,
A. Lewis, R. Fiocco, D. Mackay, and R. Prentki.
1999. Oil spill modeling towards the close of
the 20th century: Overview of the state of the
art. Spill Science & Technology Bulletin 5:3–16,
http://dx.doi.org/10.1016/S1353-2561(98)00029-2.
Romero, I., P. Schwing, G. Brooks, R. Larson,
D. Hastings, G. Ellis, E. Goddard, and D. Hollander.
2015. Hydrocarbons in deep-sea sediments following the 2010 Deepwater Horizon blowout in
the northeast Gulf of Mexico. PLoS ONE 10(5),
e0128371, http://dx.doi.org/10.1371/journal.
pone.0128371.
Ryerson, T.B., R. Camilli, J.D. Kessler,
E.B. Kujawinski, C.M. Reddy, D.L. Valentine,
E. Atlas, D.R. Blake, J. De Gouw, S. Meinardi,
and others. 2012. Chemical data quantify
Deepwater Horizon hydrocarbon flow rate
and environmental distribution. Proceedings
of the National Academy of Sciences of the
United States of America 109:20,246–20,253,
http://dx.doi.org/10.1073/pnas.1110564109.
Socolofsky, S.A., E.E. Adams, M.C. Boufadel,
Z.M. Aman, Ø. Johansen, W.J. Konkel, D. Lindo,
M.N. Madsen, E.W. North, C.B. Paris, and
others. 2015. Intercomparison of oil spill prediction models for accidental blowout scenarios with and without subsea chemical dispersant
injection. Marine Pollution Bulletin 96:110–126,
http://dx.doi.org/10.1016/j.marpolbul.2015.05.039.
Socolofsky, S.A., E.E. Adams, C.B. Paris, and D. Yang.
2016. How do oil, gas, and water interact near a
subsea blowout? Oceanography 29(3):64–75,
http://dx.doi.org/10.5670/oceanog.2016.63.
Socolofsky, S.A., E.E. Adams, and C.R. Sherwood.
2011. Formation dynamics of subsurface hydrocarbon intrusions following the Deepwater Horizon
blowout. Geophysical Research Letters 38,
L09602, http://dx.doi.org/10.1029/2011GL047174.
Spier, C., W.T. Stringfellow, T.C. Hazen, and M. Conrad.
2013. Distribution of hydrocarbons released
during the 2010 mc252 oil spill in deep offshore
waters. Environmental Pollution 173:224–230,
http://dx.doi.org/10.1016/j.envpol.2012.10.019.
Størdal, I.F., A.J. Olsen, B.M. Jenssen, R. Netzer,
B.H. Hansen, D. Altin, and O.G. Brakstad. 2015.
Concentrations of viable oil-degrading microorganisms are increased in feces from Calanus
finmarchicus feeding in petroleum oil dispersions. Marine Pollution Bulletin 98:69–77,
http://dx.doi.org/10.1016/j.marpolbul.2015.07.011.
Stout, S.A., J.R. Payne, S.D. Emsbo-Mattingly, and
G. Baker. 2016. Weathering of field-collected
floating and stranded Macondo oils during
and shortly after the Deepwater Horizon oil
spill. Marine Pollution Bulletin 105(1):7–22,
http://dx.doi.org/10.1016/j.marpolbul.2016.02.044.
Stout, S.A., S. Rouhani, B. Liu, and J. Oehrig.
2015. Spatial Extent (“Footprint”) and Volume
of Macondo Oil Found on the Deep-Sea
Floor Following the Deepwater Horizon
Oil Spill. US Department of the Interior,

Deepwater Horizon Response & Restoration,
Administrative Record, DWH-AR0260244,
29 pp., https://pub-dwhdatadiver.orr.noaa.gov/
dwh-ar-documents/946/DWH-AR0260244.pdf.
Thibodeaux, L.J., K.T. Valsaraj, V.T. John,
K.D. Papadopoulos, L.R. Pratt, and N.S. Pesika.
2011. Marine oil fate: Knowledge gaps, basic
research, and development needs; A perspective based on the Deepwater Horizon spill.
Environmental Engineering Science 28(2):87–93,
http://dx.doi.org/10.1089/ees.2010.0276.
Valentine, D.L., G.B. Fisher, S.C. Bagby, R.K. Nelson,
C.M. Reddy, S.P. Sylva, and M.A. Woo. 2014. Fallout
plume of submerged oil from Deepwater Horizon.
Proceedings of the National Academy of Sciences
of the United States of America 111:15,906–15,911,
http://dx.doi.org/10.1073/pnas.1414873111.
Valentine, D.L., J.D. Kessler, M.C. Redmond,
S.D. Mendes, M.B. Heintz, C. Farwell, L. Hu,
F.S. Kinnaman, S. Yvon-Lewis, M. Du, and others.
2010. Propane respiration jump-starts microbial
response to a deep oil spill. Science 330:208–211,
http://dx.doi.org/10.1126/science.1196830.
White, H.K., R.N. Conmy, I.R. MacDonald, and
C.M. Reddy. 2016. Methods of oil detection in response to the Deepwater Horizon
oil spill. Oceanography 29(3):76–87,
http://dx.doi.org/10.5670/oceanog.2016.72.
White, H.K., P.-Y. Hsing, W. Cho, T.M. Shank,
E.E. Cordes, A.M. Quattrini, R.K. Nelson,
R. Camilli, A.W.J. Demopoulos, C.R. German,
and others. 2012. Impact of the Deepwater
Horizon oil spill on a deep-water coral community in the Gulf of Mexico. Proceedings
of the National Academy of Sciences of the
United States of America 109:20,303–20,308,
http://dx.doi.org/10.1073/pnas.1118029109.
Yan, B., U. Passow, J. Chanton, E.-M. Nöthig, V. Asper,
J. Sweet, M. Pitiranggon, A. Diercks, and D. Pak.
2016. Sustained deposition of contaminants
from the Deepwater Horizon spill. Proceedings
of the National Academy of Sciences of the
United States of America 113:E3,332–E3,340,
http://dx.doi.org/10.1073/pnas.1513156113.
Yang, T., L.M. Nigro, J.A. Gutierrez, L. D’ambrosio,
S.B. Joye, R. Highsmith, and A.P. Teske. 2012.
Water column bacterial community structure near
the Macondo wellhead before, during and after the
Deepwater Horizon blowout. Abstract ID10949 presented at the Ocean Sciences Meeting, Salt Lake
City, UT, February 20–24, 2012.
Zhao, L., M.C. Boufadel, E. Adams, S.A. Socolofsky,
T. King, K. Lee, and T. Nedwed. 2015. Simulation
of scenarios of oil droplet formation from the
Deepwater Horizon blowout. Marine Pollution
Bulletin 101:304–319, http://dx.doi.org/10.1016/
j.marpolbul.2015.10.068.

ACKNOWLEDGMENTS

This research was made possible in part by a grant
from The Gulf of Mexico Research Initiative supporting the ECOGIG (Ecosystem Impacts of Oil & Gas
Inputs to the Gulf), ADDOMEx (Aggregation and
Degradation of Dispersants and Oil by Microbial
Exopolymers), and GSIR (Gulf Integrated Spill
Response) consortia. Many thanks to S. Francis
(UCSB) for constructive comments.

AUTHORS

Uta Passow (uta.passow@lifesci.ucsb.edu) is
Research Oceanographer, Marine Science Institute,
University of California, Santa Barbara, CA, USA.
Robert D. Hetland is Professor, Department
of Oceanography, Texas A&M University,
College Station, TX, USA.

ARTICLE CITATION

Passow, U., and R.D. Hetland. 2016. What happened to all of the oil? Oceanography 29(3):88–95,
http://dx.doi.org/10.5670/oceanog.2016.73.

Oceanography

| September 2016

95

