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ABSTRACT: In 2010, the Deepwater Horizon accident released
4.6−6.0 × 1011 grams or 4.1 to 4.6 million barrels of fossil
petroleum derived carbon (petrocarbon) as oil into the Gulf of
Mexico. Natural abundance radiocarbon measurements on surface
sediment organic matter in a 2.4 × 1010 m2 deep-water region
surrounding the spill site indicate the deposition of a fossil-carbon
containing layer that included 1.6 to 2.6 × 1010 grams of oil-
derived carbon. This quantity represents between 0.5 to 9.1% of
the released petrocarbon, with a best estimate of 3.0−4.9%. These
values may be lower limit estimates of the fraction of the oil that
was deposited on the seafloor because they focus on a limited mostly deep-water area of the Gulf, include a conservative estimate
of thickness of the depositional layer, and use an average background or prespill radiocarbon value for sedimentary organic
carbon that produces a conservative value. A similar approach using hopane tracer estimated that 4−31% of 2 million barrels of
oil that stayed in the deep sea settled on the bottom. Converting that to a percentage of the total oil that entered into the
environment (to which we normalized our estimate) converts this range to 1.8 to 14.4%. Although extrapolated over a larger
area, our independent estimate produced similar values.

■ INTRODUCTION

In 2010 the Deepwater Horizon (DwH) hydrocarbon discharge
occurred between April 20 to July 15, 2010, releasing between
50 000 and 70 000 barrels per day, or some 5 million barrels of
oil.2,3 Of this total, 4.1 to 4.6 million barrels were estimated to
enter the environment, the difference being the quantity that was
captured by on-site containment systems.2 Once in the
environment the hydrocarbons could be transformed by
oxidation, consumed by a variety of microbes and likely
converted to biomass, burned, or altered in other ways.4−9 We
define this altered and unaltered petroleum-based product as
petrocarbon. Because all of it is likely no longer amenable to gas
chromatographic separation and analysis,4,10 the best way to
identify it is with a conservative tracer,1 or isotopically,
specifically with radiocarbon.10−12

The oil budget calculator group13 estimated that 16−17% of
the total amount of oil was recovered at the well head, 12−13%
was naturally dispersed into the water column, 20−25%
evaporated or dissolved, 10−20% was chemically dispersed
into the water column, 5−6% was burned, 2−4% was skimmed,

and 11−30%was unaccounted for or listed as “other.” Part of this
category may include oil deposited to the seafloor.1,13−16 There
are a number of possible mechanisms for such a transfer. First,
sedimentation could have resulted from the interaction of
petroleum-derived compounds with the high concentrations of
marine snow and suspended particulate matter that occurred in
the water column and on the surface of the Gulf ofMexico during
the time of the oil spill.14−16 This process was named at a
conference as the “Mossfa” (Marine Oil Snow Sedimentation
and Flocculent Accumulation) process.17 Mucous webs were
produced in association with oil degradation in the Gulf surface
waters and oily particulate matter coagulated with phytoplankton
and particulate organic matter.14−16 These aggregations may
have transferred significant quantities of DwH hydrocarbons via
rapid sedimentation from the surface to the deep seafloor.14−16
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This process appeared to be more effective with weathered oil
than it was with fresh oil14 possibly due to the increased polarity
of weathered oil caused by the addition of oxygen containing
functional groups.4 Second, in addition to particulate organics,
the oil likely interacted with sediment mineral particles in the
water column, “OMAs” (Oil Mineral Aggregations or suspended
particle aggregations18−20). This could have happened as
particles passed through surface oil21 or as particles fell through
the deep plume.1,22−24 A third mechanism for the transfer of
petrocarbon to the seafloor was via burning. This mechanism
likely consumed 5−6% of the oil,13 and allowed black carbon and
ash to fall to the seafloor. Fourth, zooplankton can transport oil
to the sediment in their fecal pellets following ingestion.19 Fifth,
petroleum compounds that spread in a plume to the southwest of
the well at depths of 1000 to 1300 m1,22−24 and that included
both dissolved hydrocarbons and small hydrocarbon-rich
particles1 were a likely source of petrocarbon to the seafloor.
Microbial cell density was significantly higher than background in
this plume,5 and the plume was dominated by a succession of
bacteria, including Oceanospirillales and Colwellia.7,8 Colwellia,
indigenous to the deep Gulf of Mexico, were shown in culture to
produce floc consisting of oil, carbohydrates and biomass when
incubated with MC-252 oil.25 Colwellia was also abundant in the
surface sediments in the area.26 Colwellia and other plume
microbes were able to consume a wide range of hydrocarbons
including ethane, propane and benzene.6,7 Valentine et al.1

suggested that these microbial blooms consumed hydrocarbons,
converted a portion of them into biomass, and in addition acted
as a flocculate to capture the suspended hydrocarbon-rich
particles which led to the deposition and accumulation of
microbial biomass, biofilm, and oil-rich particles on the seafloor.1

During scientific sampling trips to the Gulf during and after the
spill, multiple reports of a rapid sedimentation event suggested
that quantities of oil were deposited on the Gulf seafloor.16 Oil
residue on the seafloor could have significant environmental
consequences for benthic foodwebs and fauna,27,28 where it
could reside for extended periods of time due to cold
temperatures, lack of photochemical alteration and low oxygen
if buried. If present in sufficient concentrations, then the oil could
inhibit infaunal mixing and remain on the seafloor for longer
periods of time. Constraining the amount of DWHderived oil on
the seafloor is thus essential.
The objective of this study was to estimate and constrain the

amount of oil deposited to the Gulf of Mexico seafloor during the
DwH incident using the “inverse” isotopic approach.10−12 This
approach is not sensitive to chemical changes in the oil during the
depositional processes described above.10 We measured the
natural abundance radiocarbon (14C) content of bulk surface
sedimentary organic matter following the spill.12 Radiocarbon is
produced in the atmosphere and has a half-life of 5730 years.
Petroleum-derived carbon (petrocarbon) is “fossil,” and being
much older than 10 half-lives, its radiocarbon content is nil; it is
14C dead. Sediments also contain some modern carbon, which is
derived from organic material recently fixed from photosynthesis
at the surface. This modern carbon contains radiocarbon, which
is supplied from the atmosphere. Sedimentary organic material is
generally older than current modern values because of the
processes of infaunal mixing whereby older sediment layers with
depleted radiocarbon content are mixed upward by organisms
living in the sediment. The effect of infaunal mixing is minimized
in areas where the sediment accumulations rates are high. In
addition, in the area of the oil spill, particulate organic carbon
(POC) is also supplied by riverine POC derived from a variety of

terrigenous sources and generally has a 14C content that is
depleted relative to modern organic material production.
Our approach rests upon the assumption that prior to the oil

spill, sediments were deposited in the Gulf with a more modern
14C signature than during the event. Before the spill, sources of
organic matter to the seafloor included recent photosynthetic
production at the sea-surface, sediments and POC from the
Mississippi and Atchafalaya Rivers, organic materials from
natural seeps, and material from upslope that was advected
downward. In 2010 and 2011, superimposed upon this natural
background sediment was an overlying layer of sediment
containing fossil petrocarbon derived from the DwH spill.
An isotopic approach offers the ability to estimate fresh,

weathered, and burned oil content because it does not rely on
specific petro-carbon compounds, many of which have been
altered following their release.4,29 Such transformations include
reactions driven by surface photochemistry, microbial processes,
evaporation, and burning. Indeed, the results of White et al.10

indicated that discrepancy between a radioisotope mass balance
and identification of petroleum hydrocarbons using flame
ionization gas chromatography (GC) increased due to the
growth of a non GC amenable fraction in the petroleum
hydrocarbons in sediments. Using 14C is a more powerful
approach to trace oil content in the sediments than stable isotope
composition, δ13C,30 because of its greater dynamic range in 14C
composition between oil and its weathering products and
possible natural sources of carbon to the sediments.

■ METHODS

Sediment samples were collected by multicore samplers using a
number of platforms (R.V.s Endeavor, Cape Hatteras, Oceanus,
Pelican, and Weatherbird II) from October, 2010 to August,
2012. Cores were sectioned at 1 cm intervals, immediately frozen
(−20C), and returned to Florida State University (FSU). Prior to
analysis, samples were treated with 10% HCl to remove
carbonates, rinsed, freeze-dried, and ground. Samples were
then analyzed for percent organic carbon (%C), δ13C and Δ14C.
The first two analyses were performed on a Carlo Erba elemental
analyzer coupled to a Delta XP Thermo Finnigan isotope ratio
mass spectrometer. Results are presented relative to VPDB (δ13C
= (Rsam/Rstd− 1)× 1000, where R = 13C/12C) and the standard is
known relative to NBS-19. Sediments for 14C analysis were
combusted at FSU31 and sent as purified CO2 (water vapor and
noncondensable gases were removed by cryogenic separation on
a vacuum line) to the National Ocean Sciences Accelerator Mass
Spectrometry Facility (NOSAMS) and to the Lawrence
Livermore National Laboratories (LLNL). Samples of CO2

were prepared as graphite targets at each of these laboratories
and analyzed by accelerator mass spectrometry.32 Values are
reported according to the Δ notation.33 The Δ notation
normalizes the radiocarbon content of a sample to nominal
δ13C value (−25‰) and the collection time point. The scale is
linear and starts at −1000‰ when a sample has undetectable
levels of 14C, which represents petroleum residue.10,34,35 Modern
carbon, fixed today, has a value of about +35,36,37 a positive
anomaly reflective of additional 14C in the atmosphere left over
from nuclear weapons testing from the late 1940s through early
1960s. The 14C blanks were generally between 1.2 and 5 μg of C,
producing a negligible effect on samples which were over 1200 μg
of C. The analysis of 17 replicate sediment samples yields an
average analytical reproducibility of ±6.5‰.
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Table 1. Radiocarbon Data, 0−1 cm Intervala

analysis no. point depth (m) collection date latitude N° longitude W° δ13C%o Δ14C %o %C organic

OS-90632 1 16 11-Oct-10 30.1019 88.7055 −21.2 −105.6 1.6
OS-92593 2 28 11-Oct-10 29.7506 88.5936 −22.9 −267.9 1.8
OS-92677 3 53 11-Oct-10 29.3897 88.6884 −22.8 −249.8 1.4
OS-90557 4 126 13-Oct-10 28.9546 88.9351 −22.6 −192.4 1.9
OS-90291 5 72 12-Oct-10 28.8687 89.6402 −22.7 −148.6 2.0
OS-90564 6 530 12-Oct-10 28.5111 89.8083 −22.5 −201.7 1.5
OS-90552 7 1136 12-Oct-10 28.2397 89.1207 −22.8 −501.0 1.9
OS-90586 8 2360 13-Oct-10 27.9062 88.4500 −21.3 −247.1 1.3
OS-90594 9 1973 15-Oct-10 28.2369 88.3588 −22.5 −162.0 1.6
OS-90412 10 1210 15-Oct-10 28.4379 88.8194 −22.9 −273.2 1.7
OS-90554 11 1207 15-Oct-10 28.7386 88.5565 −21.3 −168.5 2.0
OS-90352 12 1560 16-Oct-10 28.7231 88.4096 −23.1 −432.6 2.7
OS-90547 13 1595 17-Oct-10 28.6373 88.5188 −23.1 −445.2 2.3
OS-90560 14 1570 16-Oct-10 28.7389 88.3403 −21.3 −188.9 1.6
OS-90563 15 2010 19-Oct-10 28.6265 88.2086 −21.2 −107.1 2.1
OS-92594 16 1760 19-Oct-10 28.7566 88.1599 −21.2 −188.6 2.1
OS-90555 17 2180 19-Oct-10 28.7160 87.9014 −21.0 −176.7 1.7
OS-90625 18 2370 18-Oct-10 28.6750 87.6542 −20.8 −170.3 1.5
OS-90415 19 1418 17-Oct-10 28.7706 88.3812 −22.0 −291.1 1.9
OS-90551 20 1160 20-Oct-10 28.9267 88.3263 −21.5 −170.5 2.4
OS-92663 21 1496 5-Sep-10 28.7880 88.1670 −20.6 −198.0 1.4
OS-92667 22 887 7-Sep-10 28.8512 88.4925 −21.2 −323.6 1.6
OS-92585 23 200 9-Sep-10 29.0020 88.8003 −21.5 −146.9 2.2
OS-92586 24 1621 12-Sep-10 28.7075 88.3620 −20.6 −332.1 1.4
OS-92587 25 1920 13-Sep-10 28.5702 88.3235 −20.4 −181.9 1.8
OS-92718 26 1690 14-Sep-10 28.9080 87.9223 −20.5 −169.0 1.6
OS-92588 27 430 15-Sep-10 29.0465 87.5042 −21.1 −110.0 3.0
OS-92595 28 780 15-May-11 29.2050 87.0617 −21.4 −255.5 2.1
OS-96997 29 1300 17-May-11 28.8259 88.2678 −21.1 −254.2 1.5
OS-96999 30 1250 17-May-11 28.8382 88.2505 −21.4 −178.4 1.9
OS-90462 31 1150 17-May-11 28.8905 88.1742 −21.0 −207.9 1.6
OS-90421 32 986 18-May-11 29.1837 87.7478 −21.5 −228.4 2.5
OS-90461 33 614 18-May-11 29.2335 86.7345 −21.2 −216.2 2.5
OS-92597 34 200 18-May-11 29.3182 87.7337 −21.5 −197.2 2.5
OS-92598 35 980 18-May-11 29.1832 87.7487 −21.3 −201.5 2.3
OS-99102 36 1043 1-Dec-10 29.1196 87.2643 −21.3 −202.4 2.4
OS-97908 37 1143 1-Dec-10 28.9767 87.8900 −21.0 −210.2 1.5
OS-9784 38 1520 1-Dec-10 29.1209 87.8655 −20.9 −159.0 2.0
157584 39 1259 24-Oct-11 28.8146 88.4400 −21.6 −191.8 2.5
157585 40 1427 24-Oct-11 28.7430 88.4813 −21.1 −228.1 1.6
157607 41 1398 25-Oct-11 28.7688 88.4315 −21.2 −219.6 1.7
157606 42 1636 26-Oct-11 28.6897 88.3765 −20.9 −230.1 1.5
157605 43 1727 26-Oct-11 28.6390 88.3507 −20.7 −234.7 1.3
157604 44 1752 28-Oct-11 28.7108 88.2408 −20.7 −214.1 1.4
157603 45 1410 24-Oct-11 28.6852 88.5527 −22.0 −315.2 2.0
157602 46 1714 22-Oct-11 28.5853 88.5117 −21.6 −291.1 1.9
157601 47 1863 26-Oct-11 28.5942 88.3162 −17.9 −137.0 2.2
157600 48 1349 22-Oct-11 28.3865 88.8673 −22.3 −239.0 1.5
OS-96309 49 1130 21-Oct-11 28.1013 89.4103 −21.6 −212.2 1.6
OS-96310 50 1220 23-Oct-11 28.6905 88.7355 −21.8 −186.7 1.7
OS-96799 51 1026 23-Oct-11 28.6683 88.8721 −22.2 −207.4 1.2
OS-96804 52 1372 27-Oct-11 28.8615 88.1962 −21.0 −181.1 1.8
OS-102370 53 1795 14-Sep-12 28.3251 88.3877 −21.4 −236.1 1.6
OS-102367 54 1414 11-Sep-12 28.7557 88.3708 −22.2 −268.0 1.8
OS-102500 55 501 22-Apr-12 29.0566 88.3833 −21.5 −144.5 2.6
OS-102456 56 940 30-Jun-12 28.3243 89.4893 −21.5 −194.2 1.8
OS-102457 57 40 2-Jul-12 28.8917 89.8868 −22.0 −206.4 1.6
OS-102458 58 505 30-Jun-12 28.7205 89.0997 −22.1 −176.6 2.0
OS-102459 59 1120 1-Jul-12 28.6527 88.5607 −21.1 −201.9 2.0
OS-102461 60 990 1-Jul-12 28.6607 88.9058 −22.1 −228.8 1.4
OS-102460 61 510 30-Jun-12 28.5292 89.8007 −21.8 −190.2 1.8
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Table 1. continued

analysis no. point depth (m) collection date latitude N° longitude W° δ13C%o Δ14C %o %C organic

15793 62 1136 23-Aug-12 28.2209 89.0695 −21.7 −246.7 1.6
aOS signifies a NOSAMS identifier, otherwise LLNL CAMS # is signified.

Figure 1. Radiocarbon depth profiles (cm) at selected sites. Site GC-600 is a site known to be naturally affected by oil seepage. The other four sites are
interpreted to have a layer of sediments containing fossil carbon from the oil spill overlying background sediment.

Figure 2.Map of radiocarbon data of seafloor sediments. Each point represents a core sample and the analysis of the surface interval (0−1 cm). Data
were contoured with the Inverse Distance Weighting (IDW)method, and within the black polygon, the surface area of each 20‰ interval calculated for
the seafloor. This area included 58 of the 62 surface sediments samples that were analyzed.
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■ RESULTS AND DISCUSSION

Sediment radiocarbon values varied from Δ14C = −106 to
−501‰, δ13C = −22.9 to −17.9‰, and % organic carbon = 1.3
to 3.0% in the 0−1 cm interval (n = 62, Table 1). For surface
samples the mean value for Δ14C is −219.6 ± 73.7, which is 14C
enriched relative to sediments collected further west of ours and
prior to the oil spill at −308.6 ± 84.3.30,38−41 There is a
significant trend of radiocarbon depletion from east to west (p =
0.0003). Consistent with this finding, Rosenheim et al.42

reported significant differences in POC age, with the more
western Atchafalaya River values depleted in Δ14C by 70‰
relative to the more eastern Mississippi River POC. The mean
value for sediment organic matter δ13C is−21.5± 0.8‰which is
identical to the mean value for the Gulf reported of −21.4 ±
1.9‰ by Rosenheim et al.30 There were no significant trends
with water depth for our 13C or 14C data (p = 0.37). Our 0−1 cm
radiocarbon values are 14C depleted relative to the 0−1 cm values
of the continental slope of theMid-Atlantic Bight (average,−123
± 48‰, n = 11,43) over a depth range of 415 to 1200 m. Similar
to the case here, those authors observed no relationship between
14C content and water depth in the region they studied.
POC associated with the outflow from the Mississippi River

has been reported to range fromΔ14C −86 to −223‰ and δ13C
−23.3 to −26.0‰.44 Rosenheim et al.42 report bulk Mississippi
River POC during a high discharge event in 2008 at Δ14C of
−226 ± 7‰ (age 2010 ± 67 yrs before present), and during a
lower discharge year in 2009 at −107.2 ± 40‰ (age 860 ± 350
yrs before present). Atchafalaya River POC during the lower
discharge year 2009 had a Δ14C of −175 ± 46‰ (age 1500 ±
440 yrs). These two sources of 14C-depleted organic material
obviously affect the northern Gulf of Mexico sediments more
than the Mid-Atlantic Bight is affected by riverine POC. To
estimate prespill 14C content of these sediments, we will use the
nearly constant values observed below the top 1 cm of sediment
(Figure 1). In the northern Gulf of Mexico, input of POC from
the Mississippi and Atchafalaya as well as nutrients that feed
primary production in the region cause relatively high sediment
accumulation rates. Ranges of mm/y to cm/y are not
uncommon, thereby both minimizing the age of infaunally
mixed old carbon in the sediment surface and outcompeting the
depletion of 14C in the sediments with time. The surface (0−1)
cm interval was more depleted in 14C relative to underlying
sediments at 4 sites where we made measurements down to 5 cm
depth (Figure 1). This pattern is in contrast to those made at GC
600, a known seep site, where values become more depleted with
increasing depth. These results indicate the deposition of
radiocarbon depleted petrocarbon within the 0−1 cm interval
across the study area, consistent with the findings of Valentine et
al.1

The 62 radiocarbon surface sediment values (Table 1) were
used to estimate 14C values throughout the study area with the
Inverse Distance Weighting (IDW) method provided in ESRI’s
ArcGIS 10.2. IDW is a spatial interpolation technique that assigns
a value to a prediction location (i.e., the place where data value
needs to be estimated) using the weighted average of values from
nearby sample locations. The weight is proportional to the
inverse of Euclidian distance between the prediction location and
its nearest sample locations. One exception in this approach was
necessary due to a very 14C depleted value at location 7. The
vicinity of location 7 was estimated with the same approach
applied to an area enclosed by a radius of 5 km, which helped to
confine the spreading of extreme values due to a limited number

of samples in this part of the study area. The two interpolations
were integrated to create a single map of the estimated Δ14C
value in ‰ (Figure 2). Next, within a polygon (2.4 × 1010 m2),
where the data density was the greatest and which contained or
bordered 58 of our 62 measurements, the continuous estimate of
14C values was binned by 20‰ Δ14C units per interval for the
seafloor portion of the map. The surface area in m2 for each 14C
value interval was also calculated within ArcGIS 10.2 (Table 2).

To estimate the uncertainty of this IDW technique, we varied
power (from 1 to 3) and search radius of nearest samples (from 3
to 6 nearest neighbors). A larger search radius encompasses more
sample locations to estimate the 14C value for each prediction
location, which assumes weaker spatial autocorrelation of 14C
distribution. An increase in power results in a rapid decrease of
weights for distant 14C samples, which assumes the prediction
location resembles the closest samples most. To estimate the
uncertainty, we made similar calculations for an array of
configurations including (neighbor, power) 3,1; 3,2; 3,3; 4,1;
4,2; 4,3; 5,1; 5,2; 5,3; 6,1; 6,2; and 6,3, and calculated the area
within each bin in all of these configurations. This approach also
provided us with objective estimates of the uncertainties in the
areas within the polygons that were based on different
parametrizations. We further crosschecked our IDW contouring
with the empirical Bayesian kriging (EBK) technique employed
by Valentine et al.1 using ArcGIS 10.2.
The spatial distribution of the surface sediment radiocarbon

values indicate that the bulk radiocarbon depletedmaterial on the
seafloor trends to the southwest of the well head, similar to the
flow of the subsurface plume22−24,45−48 and seafloor effects.1,28,49

To obtain a background value for 14C value for prespill
conditions, we assumed that the values of sediments underlying
the surface 14C depleted layer represented prespill conditions

Table 2. Average Surface Area in m2 for Each 14C Value
Interval Calculated within ArcGIS 10.2

fraction

Δ14C ‰ Δ14C ‰ area m2 fossil C

−500 −480 58 044 918 0.362
−480 −460 1 538 801 0.337
−460 −440 3 305 519 0.312
−440 −420 8 919 105 0.287
−420 −400 10 834 027 0.262
−400 −380 14 509 759 0.237
−380 −360 21 935 015 0.212
−360 −340 30 622 284 0.187
−340 −320 62 870 683 0.162
−320 −300 270 117 259 0.137
−300 −280 301 195 071 0.112
−280 −260 507 897 113 0.087
−260 −240 1 937 592 572 0.062
−240 −220 1 833 747 430 0.037
−220 −200 3 374 841 886 0.012
−200 −180 7 999 736 877 0
−180 −160 5 450 779 431 0
−160 −140 1 503 877 982 0
−140 −120 329 711 269 0
−120 −100 149 488 067 0

Average area (column 3) calculated from a succession of neighbor and
power terms (3,1; 3,2; 3,3; 4,1; 4,2; 4,3; 5,1; 5,2; 5,3; 6,1; 6,2; and 6,3),
area in m2 within each 20‰ contour (column 1 and 2) and fraction of
fossil carbon assuming a background value of −200‰.
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within the area of the polygon and averaged the 12 values below 2
cm in the cores of Figure 1, excepting of course, GC-600. The
average of these data was −200 ± 29‰, a value one might arrive
at to represent prespill background by a conservative visual
inspection of Figure 2. The simplicity of this prespill estimate
approach is necessitated by the difficulty and cost of measuring
14C content of all depth increments of all of our cores; however, it
represents a good starting point for this type of budgeting
exercise. With constraints on the amount of oil deposited on the
seafloor provided by the oil budget calculator,13 and by other
approaches,1 we can determine whether this assumption is
warranted. It may be that this estimate is too conservative, as
some 14C values of surface sediment were > −200‰. Over the
2.4 × 1010 m2 study area only 8.4 × 109m2 or 35% of it was
represented byΔ14C values of below−200‰, interpreted by our
conceptual model as affected by petro-carbon deposition.
Our next objective was to calculate the fossil carbon within

each area that had been added to or superimposed upon the
background Δ14C value of −200 ± 29‰. To achieve this, we
created a two component mass balance, assuming that the surface
sediment (0−1 cm) represented a two end-member mixing of
fossil carbon with prespill background sediment organic carbon
in the area (eq 1). In this simple mixing model, x is the fraction of
fossil carbon, and (1 − x) is the fraction of sedimentary carbon
that is background carbon. In our approach, fossil (petro-carbon)
carbon has a value of −1000‰, while background carbon has a
value of −200 ± 29‰.

* = −

+ − − ±

x

x

measured value 1 ( 1000‰)

(1 )( 200 29‰) (1)

Solving for x, we obtained the fraction of surface carbon within
each area (Table 2) that is fossil carbon. We then multiplied this
by the mean measured bulk density, 0.21 ± 0.04, the mean
fraction organic carbon, 1.9 ± 0.4%, integrated this to 1 cm and
multiplied by the area of each contour in Table 2, and for all the
contours described above where we varied neighbors and power.
We then summed to obtain the grams of fossil carbon deposited
on the seafloor within the polygon of Figure 2. This yields a “best
estimate” value of 1.60 × 1010 grams of carbon when averaged
over all the ways of contouring the data, from neighbors 3−6 and
power 1−3. To account for the uncertainty of this value we
propagated all uncertainties assuming no correlation between
any of them. This yielded a lower limit value of 0.3 × 1010 g of
fossil carbon and upper limit of 2.9 × 1010 g fossil carbon within
the polygon (Figure 2) averaged over all the variations of
neighbors and contour intervals and the range in % carbon, and
bulk density in the 0−1 cm interval. The estimate of oil within the
polygon of Figure 2 on the seafloor is thus 1.60 ± 1.3 × 1010 g of
carbon. This estimate was produced by IDW contouring. We
additionally compared our value by using empirical Bayesian
kriging (EBK)1 in addition to IDW. Use of EBK contouring,
following the approach outlined above yielded a result of 2.6 ±
1.6 × 1010 g of carbon, within the error of our IDW estimate.
Oil released to the Gulf from theMacondo Blowout fromApril

20 to July 15, 2010 was estimated to be between 597 454 to
838 070 t of carbon or 6.0 to 8.4 × 1011 g of carbon.3 Other
estimates vary from 4.1 to 4.6 million barrels of oil2,3,13,50 These
values convert to 4.6 to 5.1× 1011 g of carbon using an oil density
of 820 g per liter at 86% carbon.46 For our analysis, we will use the
Joye et al.3 lower range as our upper limit (6.0 × 1011 g carbon),
and 4.6 × 1011 g carbon as our lower limit. The midpoint of these
two estimates is 5.3 × 1011 g carbon.

Calculating from our best IDW estimate of oil on the seafloor
to the midpoint estimate of oil spilled (1.6 × 1010)/(5.3 × 1011)
we find that 3.0% of the oil released by the spill is on the seafloor
within our polygon. Our lower limit estimate is 0.3× 1010 g/6.0×
1011g = 0.5%, while our upper limit is 2.9 × 1010 g/4.6 × 1011g =
6.3%. Using our EBK-derived values (2.6 × 1010)/5.3 × 1011)
yields 4.9% of the oil released by the spill and ranges from 1.7 to
9.1%. Combining these two approaches yields 3.0−4.9% as our
best estimate of the amount of the oil that was deposited on the
seafloor, with a range of from 0.5 to 9.1%.
Jernelov and Linden51 speculated that 25% of the 475 000 t of

oil released from the 1979 Ixtoc spill went to the seafloor. These
authors noted that the Ixtoc oil became denser as fractions of it
evaporated and dissolved, and postulated that the residual oil
sank to the seafloor. However, there was no confirmation of the
estimate. This spill occurred in much shallower water (only 50
m), and it may be that the water column was more sediment
laden which could also have caused greater transport of oil to the
seafloor. Ajijolaiya et al.18 demonstrated that oil mineral
interactions are clearly dependent upon the quantity of sediment
in the water column and describe threshold concentrations at
which the process of oil aggregation initiates. They point out that
because oil mineral aggregation is critically dependent upon
threshold concentrations of minerals in the water column there
are important implications regarding the proximity of oil spills
relative to river mouths and other coastal sediment sources and
areas of high productivity where transport of petrocarbon to the
seafloor will clearly be greater due to interaction of oil with
minerals and suspended particulates. Interaction of oil and
suspended particulate matter will increase the density of
hydrocarbons, causing more rapid sedimentation.19 Because oil
production is closely associated with deltaic regions, these
relationships between particulate matter and oil will be the rule
rather than the exception. Other factors of importance include
size and dominant mineralogy of the inorganic fraction and of
course, interaction with dispersants.52

In addition, black carbon, produced from the incomplete
combustion of oil at the sea surface during the spill could have
promoted rapid sediment deposition. Black carbon is very surface
active53 and its deposition in marine systems leads to an increase
in the concentration of suspended particles, stimulation of
aggregation of particles, absorption of dissolved organic carbon
and increases in bacterial abundance.54 This could also have been
important in generating the mucous webs and abundant
phytoplankton which interacted with the oil, causing sedimenta-
tion as discussed above.14,15

As pointed out by Muschenheim and Lee,19 researchers tend
to view processes that remove spilled hydrocarbons from the area
that they are interested in as being beneficial. These authors give
the example of plankton scientists who see oil-particulate
interaction as a benevolent process as it removes oil from the
water. However, as they point out, biotic and abiotic hydro-
carbon degradation occurs at a faster rate in the water column
relative to sediments where these degradation rates are
attenuated, particularly for aromatic compounds. Thus, sedi-
ments may serve as long-term storage for hydrocarbons for as yet
unknown periods of time. With that storage, there is potential for
re-exchange with the water column due to either chemical or
physical processes that occur in surface sediments including
benthic predation, chemical degradation, and infaunal mixing.27

Our best estimate is that 3.0−4.9% of the oil spilled in the
Deepwater Horizon event from April 20 to July 15, 2010 was
deposited in a 2.4 × 1010 m2 region surrounding the wellhead.
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Uncertainty in this estimate, given the assumptions made, ranges
from 0.5 to 9.1% of the total oil spilled. Our approach has three
caveats that result in our estimation producing a conservative
lower limit of deposition. First, our focus is over a limited area of
the Gulf surrounding the wellhead. Second, we have only
integrated the fossil carbon-rich layer to a depth of 1 cm, while
thicker depositions were observed in limited areas.16 Third, we
chose a background value ofΔ14C of −200 ± 29‰ even though
more positive surface sediment values were measured in the
study area, which leads to a relatively conservative estimate of
petrocarbon on the seafloor. However, the oil budget calculator
group13 reported that 11−30% of the oil was unaccounted for or
listed as “other.”We hypothesized that a particular component of
this “other” category may have been transported to the seafloor
by a number of mechanisms. Our estimates are within the bounds
of this category, and are similar to the quantity of seafloor oil (1.8
to 14.4% of the total released) determined by Valentine et al.1

using an independent technique.
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