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> GoMRI: DEEPWATER HORIZON OIL SPILL AND ECOSYSTEM SCIENCE

Methods of Oil Detection

in Response to the Deepwater Horizon Oil Spill

By Helen K. White, Robyn N. Conmy, lan R. MacDonald, and Christopher M. Reddy

An in situ digital holographic camera (holocam) mounted on the front of a
remotely operated vehicle deployed in the Gulf of Mexico in 2010 in response
to the Deepwater Horizon oil spill. Photo by Cabell S. Davis, © WHOI
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The northeastern Gulf of Mexico, where the

surface oil was observed, encompasses 420,000 km?

of coastal ocean, and it is likely that no previous

oceanic event has had such sustained and intensive
satellite observation over a similar area.

ABSTRACT. Detecting oil in the northern Gulf of Mexico following the Deepwater
Horizon oil spill presented unique challenges due to the spatial and temporal
extent of the spill and the subsequent dilution of oil in the environment. Over time,
physical, chemical, and biological processes altered the composition of the oil, further
complicating its detection. Reservoir fluid, containing gas and oil, released from the
Macondo well was detected in surface and subsurface environments. Oil monitoring
during and after the spill required a variety of technologies, including nimble adaptation
of techniques developed for non-oil-related applications. The oil detection technologies
employed varied in sensitivity, selectivity, strategy, cost, usability, expertise of user,
and reliability. Innovative technologies ranging from remote sensing to laboratory
analytical techniques were employed and produced new information relevant to oil
spill detection, including the chemical characterization, the dispersion effectiveness,
and the detection limits of oil. The challenge remains to transfer these new technologies

to oil spill responders so that detection of oil following a spill can be improved.

INTRODUCTION

Oil detection during and after a spill
is essential for spill response decision-
making, environmental impact assess-
the ulti-
mate fate of oil. During and after the

ment, and understanding
Deepwater Horizon (DWH) oil spill in
the Gulf of Mexico (GoM), multiple par-
ties were engaged in detecting oil, includ-
ing (1) federal and state agencies and the
responsible party (in this case, BP) work-
ing in a coordinated response to miti-
gate the spill; (2) the Natural Resources
Damage Assessment (NRDA) exam-
ining potential impacts of oil to eco-
systems; and (3) the academic commu-
nity who had a vested interest in both
the response and the NRDA, and also in
the science related to an 87-day release of
reduced carbon into the GoM. The DWH
spill produced an unparalleled amount
of data (>50,000 oil analysis samples and

thousands of data sets; NRDA public
database, https://dwhdiver.orr.noaa.gov),
and allowed for a variety of oil detec-
tion technologies to be employed, yield-
ing significant advances in applied and
basic science. Many discrete water and
sediment samples are georeferenced, so
that their collection locations are known
to a high degree of accuracy. The result-
ing DWH database is 2.4 GB in size and
contains over eight million georeferenced
data points collected from industry, gov-
ernment databases, volunteer networks,
and academic researchers (Thessen et al.,
2016). The public availability of quality-
assured data from industry and gov-
ernment is noteworthy, as this was not
the practice for past spills. This has and
will continue to allow analyses of these
large data sets to understand the scope
of the spill (e.g., Valentine et al., 2014;
Boehm et al., 2016; Wade et al., 2016).

Measurements made by the academic
community to detect oil in the GoM fol-
lowing the spill were initially funded
by National Science Foundation Rapid
Response Research (RAPID) grants; sub-
sequently, the Gulf of Mexico Research
Initiative provided funding that enabled
scientists to examine data sets collected
during the earliest stages of the spill and
to evaluate the success of the technolo-
gies that were employed. Collaborations
between government, industry, and aca-
demia continue to enhance the scien-
tific and response community’s under-
standing of oil transport, biogeochemical
pathways, and fate.

The DWH spill released hot (105°C)
reservoir fluid composed of 4.1 million
barrels of liquid oil and 1.7 x 10" g of
C,-C; hydrocarbon gases from the deep
Macondo well over a period of 87 days
(Reddy et al,, 2012). Once in the water
column, the reservoir fluid separated,
forming subsurface plumes preferen-
tially enriched with gases and the water-
soluble components of the liquid oil
(Joye et al., 2011; Reddy et al., 2012). Oil
and gas trapped within deep subsurface
waters was the immediate focus of scien-
tists and responders (e.g., Joye et al., 2011,
and references therein), although uncer-
tainty remains regarding how much of
the reservoir fluid remained in the sub-
surface (Ryerson et al., 2012). Established
models predicted that 50%-95% of res-
ervoir fluid could have been entrained in
the subsurface, depending on the effect
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of subsurface chemical dispersant appli-
cation on oil droplet size distributions
(Socolofsky et al., 2015). Hydrocarbon
concentrations in the atmosphere, on the
surface, and in the subsurface were used
to estimate that 36% of the discharged
reservoir fluid remained in the subsurface
(Ryerson et al., 2012). These estimates
may be refined with further research, but
the presence of both subsurface and sur-
face oil and gas compounds remains rel-
evant. The fate of the hydrocarbon gases
released in the DWH is quantitatively
important, and methane was the most
abundant compound released from the

Laboratory-based
chemical analysis —
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well (e.g., Reddy et al., 2012). This dis-
cussion will, however, focus on the detec-
tion of oil-derived hydrocarbons with six
or more carbons (generically referred to
as oil from here on). Detailed discussions
regarding methods to detect these hydro-
carbons, such as gas chromatography
(GC) and high-resolution mass spectrom-
etry are covered elsewhere (Tarr et al,
2016, in this issue).

A variety of oil detection technologies
were employed during DWH to assess the
spatial extent, quantify the release, and
characterize the specific chemical and iso-

topic composition of the spilled oil. Oil that

Sample collections from the shoreline,
beaches, rocks, and wetlands

NOAA

reached the surface ocean was detected
by satellite, aircraft, buoy, glider, profiler,
and surface vessel platforms (summarized
in Figure 1 and highlighted in Figure 2).
Subsurface detection of oil was conducted
via in situ sensors deployed on profil-
ers, gliders, remotely operated vehicles
(ROVs), autonomous underwater vehi-
cles (AUVs), and human-occupied deep
submergence vehicles (e.g., DSV Alvin).
Sensors included membrane inlet mass
spectrometers (MS) to detect dissolved
hydrocarbons, fluorometers to detect
polycyclic aromatic hydrocarbons (dis-
solved and particulate combined) and

surface buoy

 SEDIMENT

FIGURE 1. Vehicles, instrumentation and techniques used to detect oil following the Deepwater Horizon (DWH) oil spill.
This includes satellites, aircraft, buoys (including an acoustic Doppler current profiler [ADCP]), and gliders. Sensors were
placed on towed vehicles, rosettes, gliders, remotely operated vehicles (ROVs), and autonomous underwater vehi-
cles (AUVs). These sensors included in situ membrane inlet mass spectrometers, aromatic and chromophoric dissolved
organic matter (CDOM) fluorometers, a beam transmissometer, an in situ digital holographic camera (holocam), a digital
autonomous video plankton recorder (DAVPR), dissolved oxygen (DO) sensors, conductivity-temperature-depth (CTD)
packages, video, and cameras. Discrete samples were collected from the shoreline, the atmosphere (via aircraft and
surface vessels), surface waters (via Teflon screens), subsurface waters (via GO-FLO bottles and sediment traps), and
the seafloor. AUVs and ROVs collected samples directly from the leaking well with an isobaric gas-tight (IGT) sampler,
and sediment samples were obtained via multicorer or pushcorer (not shown) by the ROVs and the deep submergence
vehicle (DSV) Alvin in order to maintain the top millimeters of sediment where oil recently deposited from the DWH spill
would be found. Real-time chemical analysis of oil onboard surface vessels as well as laboratory-based techniques are
also shown. Figure created by Jack Cook, Woods Hole Oceanographic Institution
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chromophoric dissolved organic matter,
and beam transmissometers to detect sus-
pended particulate matter. Digital holo-
graphic cameras (holocams) and parti-
cle size analyzers measured oil droplet
size and distribution. Dissolved oxygen
sensors, conductivity-temperature-depth
(CTD) devices, and cameras were fre-
quently included in sensor packages to
collect data regarding the general char-
acteristics of subsurface waters. Vessel-
mounted single-beam echosounders were
also employed to make acoustic obser-
vations to detect plumes of oil droplets
and estimate the flow rate of the leaking
oil (Weber et al., 2012). Discrete samples
were collected from the atmosphere, sur-
face waters, subsurface waters, and the
seafloor. The different instruments used
to detect oil have varying degrees of selec-
tivity, sensitivity, and certainty. Quality
assurance and quality control (QA/QC)
for individual technologies also var-
ied among academic laboratories, gov-
ernment institutions, and industry, as
well as among different technologies.
Additionally, each technology or instru-
ment differs in cost, usability, and pro-
cessing time (Table 1), all of which must
be considered when determining how to
best detect and monitor oil for future oil
spill preparedness.

DETECTION OF SURFACE OIL

During the DWH spill, aerial reconnais-
sance flights were undertaken to assess
the extent and magnitude of the sur-
face oil using verbal reports and hand-
held photography. As many as 20 fixed
wing planes and 82 helicopters were
deployed on a single day as part of the
Unified Area Command (UAC) aerial
asset fleet (US Coast Guard, 2011).
Detection of surface oil by aerial obser-
vation is standard practice during spills
for assessing spatial extent, estimating
oil thickness, and determining the pres-
ence of oil that can be targeted for sur-
face dispersant applications and for
directing booming, skimming, and con-
trolled burn operations (Lehr et al., 2010;
Mabile, 2013). UACs initial estimate for

the rate of discharge was approximately
1,000 barrels (bbl) d!, then amended to
5,000 bbl d™! based largely on aerial obser-
vations (1 bbl = 0.159 m> or 159 liters).
Independent analysts predicted rates as
high as 27,500 bbl d™! based on these
same results (Ramseur, 2010). This mis-
match may have resulted from a discrep-
ancy between the guidelines for estimat-
ing oil thickness on the basis of color
and appearance (MacDonald, 2010).
National Oceanic and Atmospheric
Administration (NOAA) guidelines state
that dark oil has an approximate thick-
ness of 200 mm (NOAA Hazmat, 2012),
while guidelines used by the UAC state
the thickness for dark oil as approximately

2 mm (US Coast Guard, 2006). Accurate
determination of the thickness of oil
floating on water is technically challeng-
ing (Fingas and Brown, 2014), and con-
strains the precision of all remote-sensing
estimates of surface oil quantity.

Surface oil was also appraised via
space-based satellite remote sensing
throughout the DWH spill. Responders
were able to obtain satellite imagery at no
cost through the International Charter for
Space and Major Disasters (http://www.
disasterscharter.org), and image acqui-
sitions were made on every orbital pass
throughout much of the spill. The north-
eastern GoM, where the surface oil was
observed, encompasses 420,000 km? of

FIGURE 2. Examples of vehicles, instrumentation, and imagery used to detect oil following the
Deepwater Horizon oil spill. (a) A satellite image of the oil slick with the location of the Macondo
well shown by an “x” (image courtesy of NASA). (b) An uninhabited aerial vehicle synthetic aperture
radar (UAVSAR) pod attached to a GulfStream Il (image courtesy of NASA). (c) A rosette with CTD
package, GO-FLO bottles, and a fluorometer (photo by Robert Nelson, © WHOI). (d) AUV Sentry, a
4 m long by 2 m high device that is particularly adept at mapping and can be equipped with numer-
ous sensor packages (photo by Cameron P. Mcintyre, ©WHOI). (e) An IGT sampler (photo by Tom
Kleindinst, ©WHOI). (f) A funnel-shaped sediment trap (photo by Matt Barton, ©WHOI). (g) Spray, a

seven-foot glider (photo by Robert Todd, © WHOI).
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coastal ocean (i.e., within the US Exclusive
Economic Zone), and it is likely that no
previous oceanic event has had such sus-
tained and intensive satellite observa-
tion over a similar area. Satellite remote-
sensing instruments include passive
sensors, which image the ocean in visible
color or multispectral bandwidths, and
microwave sensors, which transmit radar
energy and quantify the return of that
energy from the ocean surface, with the
latter used more commonly for oil spill
applications. All passive sensors are con-
strained by cloud cover, and ocean color
sensors often require appropriate sun
angles to be effective (Leifer et al., 2012).
Passive ocean color sensors—including
modern and medium resolution imag-
ing spectroradiometers—provided infor-
mation on the spill’s spatial extent using
sensitivity to the bright sun glint signature
that oil slicks generate (Hu et al., 2011, and
see Figure 2a). The Hyperspectral Imager
for the Coastal Ocean sensor aboard the

International Space Station also pro-
vided coverage. Microwave sensors, such
as satellite-borne synthetic aperture radar
(SAR) instruments, are not constrained
by available light or cloud cover and offer
unobstructed views of spills. These sen-
sors acquired a total of 452 SAR images
of the northeastern GoM during the spill
(Garcia-Pineda et al., 2013). Imaging
radar instruments were also used and,
like SAR, rely upon detection of the back-
scatter contrast between the floating oil
and the sea surface without oil. They
can be effective under all sky conditions
(Leifer et al., 2012), but require light to
moderate winds for effective contrasts
(Brekke and Solberg, 2005). All space-
based sensors increase the spatial and tem-
poral coverage of oil spills, though SAR
has fine spatial resolution over a smaller
footprint and passive sensors have lower
resolution over a larger footprint. Ocean
color sensors complement SAR coverage
by offering advantages for differentiating

oil from false positives (e.g., Sargassum,
Trichodesmium, debris) using numerous
spectral bands and the potential to esti-
mate oil volume.

Additional airborne remote-sensing
assets were mobilized by NASA, NOAA,
and the US Geological Survey, includ-
ing UAVSAR (uninhabited aerial vehicle
synthetic aperture radar; see Figure 2b)
and AVIRIS (Airborne Visible/Infrared
Imaging Spectrometer; Clark et al., 2010;
Minchew et al., 2012). The AVIRIS sen-
sor, deployed on a high-altitude NASA
ER-2
the region affected by the spill during
11 flights conducted between May 6 and
May 25, 2010. In total, AVIRIS measured
more than 100,000 km? (38,610 square
miles) aboard a NASA ER-2 aircraft.
Results from AVIRIS quantified the
extent of oiling in portions of the marsh

aircraft, extensively measured

vegetation canopy of Barataria Bay,
Louisiana (Kokaly et al., 2013), and also
refined estimates for thickness classes for

TABLE 1. Properties of in situ sensors and laboratory-based instruments used to detect and characterize oil-derived compounds in the Gulf of Mexico
following the Deepwater Horizon oil spill.

Instrument Analyte(s)

Selectivity Certainty Sensitivity

C;-C,4 hydrocarbons, benzene,

thermochemical stability

Inlet mass spectrometer naphthalene High High High
Fluorometer CDOM? and aromatic hydrocarbons Low High High
Beam transmissometer ~ Water column particulate matter Low High High
Holocam Oil droplets High High High
GC-FID® Cg-Cyo hydrocarbons High High High
GC-MS© Cg-Cyo hydrocarbons High High High
GC-MS in SIM? mode Cg-Cyo hydrocarbons High High Highest
GCxGC-FID® Cg-Cy4o hydrocarbons Highest Highest High
g GCxGC-TOF-MS' Cg-Cyo hydrocarbons Highest Highest High
g FT-IR? Bulk oil Average Average < Average
>
x h Hydrocarbons, oxidized hydrocarbons, . . .
g FT-ICR-MS and polar (N,S,0-containing compounds) Highest High Highest
o n
8 TLC-FID' Fractions of oil separated by polarity Average Highest Average
< . A
B8 cciim-Ms) Stable c.zlrbon an‘d hydrogen isotopic Highest Highest Highest
composition of oil compounds
14, . . .
AMSK C composition of oil and oil Highest Highest Highest
compounds
Ramped pyrolysis Fractions of oil separated by Average High Average

Cost ($) Speed Usability  Availability
160 K Immediate  Specialized Limited
6-13 K Immediate  Non-expert Wide
7-8K Immediate  Non-expert Wide

Unavailable Immediate Specialized Limited
~50 K Weeks Specialized Wide
70-100 K Weeks Specialized Wide
70-100 K Weeks Specialized Wide

~100 K Months Specialized Limited

~250 K Months Specialized Limited

15-20 K Days Specialized Wide
1-2M Months Specialized Limited

50-60 K Days Non-expert Wide
~300 K Weeks Specialized Limited
2-3M Months Specialized Limited

65 K Weeks Specialized Limited

3 CDOM: chromophoric dissolved organic matter. ® GC-FID: gas chromatography coupled to flame ionization detection. ¢ GC-MS: gas chromatography coupled to mass
spectrometer. ¢ SIM: selected ion monitoring. ¢ GCxGC-FID: comprehensive two-dimensional gas chromatography (GCxGC) coupled to flame ionization detection.
fGCxGC-TOF-MS: GCxGC coupled to a time-of-flight mass spectrometer. 9 FT-IR: Fourier transform infrared spectroscopy. " FT-ICR-MS: Ultrahigh resolution Fourier transform
ion cyclotron resonance mass spectrometer. | TLC-FID: thin layer chromatography—flame ionization detection. ’ GC-irm-MS: gas chromatography-isotope ratio monitoring-
mass spectrometry. K AMS: accelerator mass spectrometer.
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surface oil based on the shape of near-
infrared absorption features (Clark et al.,
2010). The UAVSAR instrument was
deployed over the spill area between
June 2010 and July 2012 and used to char-
acterize the oil within a slick, distinguish-
ing very thin film (~1 mm) oil sheens
from thicker (~100 mm) oil emulsions
(Minchew et al., 2012).

To detect oil that reached the surface
and evaporated into the atmosphere, a
NOAA chemically instrumented P-3 air-
craft was used for the first time follow-
ing an oil spill. Atmospheric plumes of
volatile hydrocarbons containing one to
11 carbon atoms were recorded on sur-
vey flights taken on June 8 and 10, 2010,
and were calculated to come from a sur-
face source area of ~2 km? immediately
adjacent to the spill. The aerial extents of
these plumes were used, along with sur-
face and subsurface chemical measure-
ments, to determine the flow rate and
distribution of the oil in the environment
(Ryerson et al., 2011, 2012). Petroleum
hydrocarbons detected in atmospheric
samples were also collected aboard three
surface vessels: F/V Eugenie, R/V Pelican,
and R/V Thomas Jefferson. These sam-
ples and additional whole air samples

30°N

taken during the P-3 survey flights were
later analyzed via gas chromatography in
research laboratories. The EPA Airborne
Spectral Photometric Environmental
Collection Technology monitoring sys-
tem was deployed during in situ burn
operations of oil and collected data
regarding particulate and combustion
products (Kroutil et al., 2010).

The high rate of image acquisition
and large areas of interest covered by
remote sensing challenged the ability
of responders to segment images into
regions of oil-covered water and clean
sea. Throughout the spill, the NOAA
National Environmental Satellite, Data,
and Information Service posted daily
interpretations and predictions regarding
the extent of surface oil and its movement.
In addition, much was learned by post-
emergency analysis of remote-sensing
data and development of semi-automated
procedures for detection of floating oil.
The Texture Classifying Neural Network
algorithm, which uses expert training sets
to segment oil-covered water, and the Oil
Emulsion Detection Algorithm, which
detects radar absorption contrasts caused

by thick oil and oil-water emulsions, were
refined for use with DWH SAR imagery

based on analysis of 172 separate images
(Garcia-Pineda et al., 2013). Data from
AVIRIS have been analyzed at scales
similar to spectroradiometer images
(300 m resolution) to improve slick
detection and slick thickness classifica-
tions for ocean color sensors (Sun et al.,
2015). A comprehensive treatment of
surface oil detections by SAR compared
the DWH surface oil to natural oil slicks
throughout the GoM and produced a
series of 12-hour interpolations of DWH
surface oil volumes over ocean area
(m® km™?) between April 24 and August
3, 2010 (MacDonald et al., 2015). These
results indicate that the DWH surface
oil produced a footprint vastly different
from background seepage. The floating
oil covered a patchy, amorphous region
that changed constantly under the influ-
ence of surface currents and wind. The
volume of oil detected by SAR was grid-
ded across an array of 5 km x 5 km cells;
when averaged over the period April 24
(first SAR image) to August 3 (no oil
detected), the surface oil detected by SAR
covered an area of 11,804 km?, with a vol-
ume of 22,619 m’® (Figure 3). Remote-
sensing information helped reach the
conclusion that response operations,

\l\_GEORG|A Cell Average
| mmo0.02-0.10
FLORIDA 0.19 - 0.29
e 0.44 - 0.61
~ = | 0.84-1.13
."i;«-f_\; =~ 156 -2.28

Vol (m? km™)

[0.11-0.18
0.30-0.43
0.62-0.83

N 1.14-1.55

229 -4.06

km Rt
Z L
& -
Footprint Average Volume (m°): 22,619 Footprint Average Area (km?): 11,804
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FIGURE 3. Synthetic aperture radar (SAR) detection of surface oil from Deepwater Horizon. Distribution and average volume of surface oil (m® km™2)
from DWH discharge is gridded at a 5 km x 5 km scale across a cumulative footprint of 149,000 km?. Average values are calculated from a 12-hour
regular time series of this grid for April 24—August 3, 2010. From MacDonald et al. (2015)
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particularly subsurface application of dis-
persants, reduced surface oil volume by
21%, while increasing the area over which
the remaining oil was distributed by 49%
(MacDonald et al., 2015).

DETECTION OF SUBSURFACE OIL
CTD rosette profilers (example shown
in Figure 2c) equipped with fluorom-
eters, transmissometers, and dissolved
oxygen sensors were most commonly
used to detect DWH subsurface oil,
obtain hydrographic profiles, and col-
lect water samples (Diercks et al., 2010;
Joye et al., 2011; Wade et al., 2011; Reddy
et al, 2012; Zhou et al., 2013; Bianchi
et al,, 2014). Dissolved oxygen concen-
trations were measured within plumes
to detect hypoxic conditions result-
ing from oil biodegradation. The reduc-
tion in dissolved oxygen proved to be
an excellent proxy tracer for oil (Du and
Kessler, 2012). Real-time fluorescence
monitoring provided a sensitive method

for detecting aromatic hydrocarbons
in the water column, validating oil dis-
persion. Discrete water samples ana-
lyzed by gas chromatography confirmed
that the subsurface fluorescence max-
ima were due to the presence of oil. To
this end, a variety of in situ fluorometers
were deployed during the DWH oil spill,
including the Chelsea Technologies
Group AQUAtracka, the Turner Designs
Sea-Bird
Environmental Characterization Optics

Cyclops, and Scientific’s
(ECO) instrument. Fluorometer per-
formance testing was subsequently con-
ducted in a wave tank to validate the
DWH field data, provide intercompara-
bility among sensors, and demonstrate
that estimates of oil concentration could
be obtained via fluorescence measure-
ments with reasonable accuracy (Conmy
et al., 2014). Results improved confidence
in the ability to compare data acquired by
ECO, taken early in the spill when there
were relatively high concentrations of oil,

© 500 microns
- I

FIGURE 4. Holographic images from the Gulf of Mexico. Clockwise from upper left: Three oil drop-
lets, a cyclopoid copepod, two marine snow particles, a decapod larva, and a calanoid copepod.
The scale bar is 500 microns and applies to all images. Courtesy of Cabell Davis, Woods Hole

Oceanographic Institution

82 Omamﬂmpﬁ)/ | Vol.29, No.3

with those acquired with AQUAtracka,
taken later in the spill when oil concen-
trations were lower.

Historically, fluorescence has been
used to detect oil dispersion from surface
slicks down into the water column during
spills as per the Special Monitoring of
Applied Response Technologies proto-
cols (SMART, 2006). Fluorescence sen-
sors detected and tracked the presence
of oil, but could not provide information
on the degree of dispersion because oil
was released directly into the water col-
umn. For this, particle size analysis of
the droplet size distribution is needed
to confirm physical (droplets >~70 mm)
or chemically enhanced (< ~70 mm) oil
dispersion (Lunel, 1993). Sensors used
included a beam transmissometer (the
Sequoia LISST, Laser In-situ Scattering
and Transmissometry) and the holocam,
a small, low power plankton imaging sys-
tem not originally intended for oil spills
(Loomis et al., 2007). The holocam was
mounted on an ROV to collect images
and measurements of oil droplets that
were distinguished from plankton via this
method (Loomis, 2011; Figure 4). The
resolution of the holocam was sufficient
to identify oil droplets down to a size of
~30 microns. Knowledge of the droplet
size distribution and particle type during
a spill is critical for determining how fast
droplets will rise and ultimately how the
oil will be transported.

Although many vertical profiles
were collected (>14,000; Joint Analysis
Group, 2012), profiling casts are time-
intensive, and transit time between sta-
tions causes sampling time to be lost.
Thus, coarse coverage through space
and time was an issue. To circumvent
this limitation, sampling efforts were
enhanced by combining vertical pro-
filing via CTD casts and tow-yo sled (a
towed undulating platform) runs with
long-range surveys by the AUV Sentry
(Figure 2d) between 1,030 m and 1,300 m
depth in May and June 2010. Water col-
umn samples collected using the verti-
cal rosette profiler (Figure 2c) confirmed
the presence of oil-derived compounds



in plumes, which was later verified via
laboratory GC analysis (Camilli et al.,
2010). Sensors attached to the pro-
filer included an in situ membrane inlet
mass spectrometer, a dissolved oxygen
sensor, and two fluorometers (Seapoint
SUVF and Chelsea Technologies Group
AQUAtracka). The AUV Sentry was also
equipped with an in situ membrane
inlet mass spectrometer and performed
three long-range surveys that covered a
total distance of 235 km. The subsurface
plumes of oil detected by these meth-
ods were consistent with findings from
an earlier AUV survey conducted by the
AUV Dorado operated by Monterey Bay
Aquarium Research Institute (MBARI)
on June 2 and 3, 2010, ~10 km south-
west of the well site (Camilli et al., 2010,
and references therein).

DETERMINING THE CHEMICAL
AND CARBON ISOTOPIC
COMPOSITION OF OIL

Oil from the DWH spill was documented
along thousands of kilometers of shore-
line in the northern GoM (Nixon et al.,
2016), including in coastal waters (Allan
etal., 2012), on beaches (e.g., Aeppliet al,,
2012) and rocks (Radovié¢ et al., 2014),
and in wetlands of the Mississippi River
Delta ecosystem (e.g., Mendelssohn et al.,
2012; Overton et al., 2014). Oil was also
collected from surface water using Teflon
screens (Aepplietal., 2013). Analysis of its
specific chemical composition was essen-
tial for determining if it originated from
the DWH oil spill and, if so, how it was
being altered over time. Oil is comprised
of thousands of different compounds with
varying physicochemical properties that
interact differently with biological and
physical processes in the environment.
These processes are collectively known
as “weathering” and bring about changes
in the chemical composition and physi-
cal characteristics of oil. Examination of
the specific chemical compounds pres-
ent in oil that persist in the environ-
ment can provide insight into weather-
ing processes. Typically, oil-containing
samples are solvent-extracted to isolate

oil compounds prior to analysis via gas
which
capillary

chromatography, employs a

high-resolution column
coupled to either flame ionization detec-
tion or a mass spectrometer (GC-FID or
GC-MS). GC-FID enables quantification
of GC-amenable compounds whereas
a mass spectrometer provides struc-
tural information in addition to quan-
tification of oil-derived compounds.
Comprehensive two-dimensional gas
chromatography (GCxGC) can be used
to resolve an order of magnitude more
compounds from complex mixtures such
as oil. Coupled to either FID or a time-
of-flight mass spectrometer (TOF-MS),
GCxGC is able to resolve biomarker
compounds that can then be used to
determine the oil’s source (Nelson et al.,
2016). Many compounds present in oil
may not be GC amenable, however, and
this limitation has been shown to increase
with weathering (Aeppli et al., 2012).
Ultrahigh resolution Fourier transform
ion cyclotron resonance mass spec-
trometry (FT-ICR-MS) can be used to
obtain information about oil compounds
that have been oxidized by weathering as
well as any polar components of oil pres-
ent in the original oil (McKenna et al.,
2013; Ruddy et al., 2014). Oil collected
directly from the leaking well with an iso-
baric gas-tight sampler (see Figure 2e) by
the ROV Millennium 42 was examined
for its specific oil and gas composition
via GC-FID, GC-MS, GCxGC-FID, and
GCxGC-TOF-MS (Reddy et al.,, 2012),
as well as FT-ICR-MS (McKenna et al.,
2013). These analyses provided detailed
compositional and quantitative data on
the gas and oil that flowed from the well,
in particular, that the gas-to-oil ratio
of the fluids flowing from the well was
1,600 standard cubic feet per petroleum
barrel (Reddy et al., 2012).

Techniques that utilize GC-MS and
GC-FID to analyze oil are well estab-
lished and have QA/QC protocols associ-
ated with them. FT-ICR-MS and GCxGC
are, however, more specialized and less
established, and the analyses are more
time consuming and expensive (see

Tarr et al., 2016, in this issue for further
details). Multiple samples can take weeks
to months of processing before data with
the appropriate QA/QC can be provided.
The DWH efforts have resulted in more
rapid throughput times for FT-ICR-MS
and GCxGC techniques and refined tar-
geting of compounds present in oil.

Lab techniques for determining the
bulk properties of oil take less time and
can provide useful information regarding
the chemical composition of oil. A study
by Aeppli et al. (2012) details the weath-
ering of oil in oil-soaked sand patties
originating from the DWH spill and col-
lected from GoM beaches. These authors
describe the oxidation of oil in the envi-
ronment utilizing GC-FID to detect
and quantify weathered oil; thin layer
chromatography-flame ionization detec-
tion to quantify the relative abundance
of saturated, aromatic, and oxygenated
fractions of oil; Fourier transform infra-
red spectroscopy (FT-IR) to reveal the
carboxylation and hydroxylation of oil;
and elemental analysis to determine
changes in the oxygen content of oil over
time. These bulk studies were followed
up by FT-ICR-MS approaches to further
examine oxygen-containing oil-derived
compounds (Ruddy et al., 2014).

Analysis of the carbon isotopic com-
position of oil can be employed to deter-
mine its presence in more complex sam-
ples. Together with hydrogen isotopic
composition (6D), stable carbon isotope
composition (8'°C) was examined for
the reservoir fluid from the well (Reddy
et al.,, 2012). These data informed sub-
sequent studies, including how oil was
incorporated into the plankton food web,
which was determined by examining
8"3C of oil and two plankton class sizes
(Graham et al,, 2010). Phytoplankton
and suspended particulates examined
were depleted in *C because they had
incorporated oil. Oil contains no radio-
carbon (**C) due to its age, and as such,
the depletion of natural abundance radio-
carbon (A'C) in samples can be used as
an inverse tracer of oil (e.g., White et al,,
2008). Compared to 8 °C, A™C has a
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larger dynamic range of values. Biological
uptake of carbon derived from oil was
confirmed by additional analysis of the
AM™C of plankton (Chanton et al., 2012)
and that of fish tissue, invertebrate tissue,
and shell samples (Wilson et al., 2015),
which were all depleted in *C due to the
incorporation of oil. This approach was
also used to examine microbial phospho-
lipid fatty acids in impacted marsh sedi-
ments, revealing that oil-derived carbon

collected both sediment and coral sam-
ples (White et al., 2012). These samples
were analyzed in various laboratories to
determine their chemical compositions
and, in some instances, natural "*C abun-
dance (see Passow and Ziervogel, 2016, in
this issue for further details).

Both the chemical and carbon isoto-
pic composition of oil was used to pro-
vide estimates of the flux of oil from the
DWH spill to the seafloor. The A"C com-

The DWH spill enabled scientists to
demonstrate the reliability of many new
technologies, but to be effective, these techniques
must be implemented with appropriate transfer
of technology from government, academia,

and industry to responders.

was incorporated into microbial biomass
(Mahmoudi et al., 2013). In addition to
studies determining the biological incor-
poration of oil, examination of the §*C
and A'C of marsh sediments contam-
inated by the DWH spill described the
presence and quantity of oil in relation
to the thermochemical stability of dif-
ferent sedimentary organic carbon pools
(Pendergraft et al., 2013). A'C also pro-
vided insight into the transformation
of oil compounds in the environment,
indicating that even as oil is weathered,
it remains devoid of '*C and does not
incorporate recent photosynthetic mate-
rial (Aeppli et al., 2012).

Oil that had transited through the
water column to the seafloor was col-
lected by funnel-shaped sediment traps
(see Figure 2f), and discrete sediment
samples were obtained from surface ves-
sels using grab samplers (Liu et al., 2012)
or multicorers (Montagna et al., 2013;
Valentine et al., 2014; Chanton et al.,
2015). ROVs collected sediment push
cores from the seafloor, and DSV Alvin
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position of surface sediments was used
to indicate the presence of oil, which is
depleted relative to contemporary sedi-
mentary organic matter. Analysis of the
bulk isotopic properties of sediment is
less specific than analysis of the afore-
mentioned compound class or of weath-
ered oil (previously described by Aeppli
et al., 2012); however, this approach
provided a conservative estimate that
0.5%-9.1% of the released oil was depos-
ited on the seafloor (Chanton et al,
2015). A more specific estimate was
made using chemical distributions of oil-
derived compounds in surface sedi-
ments, with specific attention to the con-
centration of a recalcitrant biomarker
of crude oil, 17a,21B-hopane, indicat-
ing that 1.8%-14.4% of the released oil
was present in the surface sediments
(Valentine et al., 2014).

Methods to determine the compo-
sition of oil and how it is weathered in
the environment vary from more estab-
lished approaches that are decades old
(e.g., bulk oxygen, "*C analysis, infrared

spectroscopy, and GC-MS) to newer
techniques that are less established,
yet provide much greater certainty
(e.g., GCxGC and FT-ICR-MS). There is
a need to establish QA/QC for all meth-
ods applied. Data produced by the NRDA
and BP met rigorous QA/QC standards.
In addition, the National Institute of
Standards and Technology (NIST) ran
intercalibration exercises for oil and sed-
iments and made available standard ref-
erence material for the oil released in
the DWH spill. In 2015, The Gulf of
Mexico Research Initiative inaugurated
the hydrocarbon intercalibration exer-
cise to ensure that valid and comparable
data are produced to the academic com-
munity. Twenty laboratories participated
and analyzed the NIST standard refer-
ence material oil. Contributed results
included analyses of traditional petro-
leum hydrocarbons (alkanes, aromatics,
and hopane, and sterane biomarkers),
toxicity, viscosity, and FT-ICR-MS (non-
traditional) (Murray et al., 2016).

CONCLUSIONS

Through a combination of established
and new technologies, the toolbox for
responding to an oil spill of the mag-
nitude of the DWH spill has expanded.
The majority of vehicles, instruments,
and techniques described here were
used extensively prior to the DWH oil
spill to address questions related to gen-
eral oceanographic research. Some were
novel to oil spills, including the chemi-
cally instrumented P-3 aircraft (Ryerson
et al,, 2012); the AUV Sentry (Camilli
et al., 2010); the isobaric gas-tight sam-
pler (Reddy et al, 2012); the holo-
cam (Davis and Loomis, 2014); and the
detection of dispersant components
(Kujawinski et al, 2011); all of these
were developed with government fund-
ing to address basic scientific questions.
Further, the in situ mass spectrometer
(Camilli et al., 2010) was a new con-
cept for researchers and oil respond-
ers alike. The resourcefulness of scien-
tists and the extended time period of the
spill enabled the successful application of



these technologies, which both improve
our understanding of the fate of oil in the
environment and expand our capacity
to detect oil.

It is now the responsibility of the sci-
entific and response communities to criti-
cally examine these technologies to assess
their future utility in both large- and
small-scale spills. In particular, QA/QC
criteria must be developed for all instru-
ments and analyses so that accuracy and
precision are well defined, and methods
can be repeated by multiple users. It is
important to evaluate the percentage of
time these real-time (or quasi real-time)
measurements are correct and whether
this is sufficient to inform future response
or damage assessment decisions. In addi-
tion, the perception that discrete sample
results are the “gold” standard and have
reduced error is incorrect. Discrete sam-
ples and satellite remote sensing provide
two different types of spatial and tempo-
ral measures; their value could be greatly
leveraged by coordinated collection of
discrete samples that are taken synopti-
cally with satellite observations. The dis-
persed and highly patchy nature of surface
oil can produce very different informa-
tion regarding oil thickness, for example,
for closely spaced collections. Remote-
sensing data provide a means to general-
ize from discrete samples, but is difficult
when satellite returns are not calibrated
against known standards. Although mea-
suring the thickness of floating oil layers is
inherently challenging, better attention to
careful documentation of surface oil char-
acteristics could improve the interpreta-
tion of satellite sensors. Robust and reli-
able methods must be established for in
situ and remote sensing techniques, and
these in turn should be compared to data
determined from discrete samples from
the DWH spill so that any discrepan-
cies in quantity and chemical and physi-
cal composition of oil can be determined.
The advantages of real-time (or quasi-
real-time) measurements go beyond their
quick turn-around time for results; an in
situ mass spectrometer, for example, may
provide more accurate information on

volatile components of oil present in the
water column than grab bottle samples,
which may be compromised when col-
lected. Additionally, in situ fluorescence
and mass spectrometry offer advantages
in monitoring over obtaining grab bottle
samples that span relatively small areas of
water column. As a science and response
community, it is essential to understand
and define trade-offs between accuracy
and precision, and between different
temporal-spatial techniques. The balance
between the two is not new and is irre-
spective of the target analyte.

The DWH spill enabled scientists to
demonstrate the reliability of many new
technologies, but to be effective, these
techniques must be implemented with
appropriate transfer of technology from
government, academia, and industry to
responders. In addition, specific improve-
ments to oil spill response should include
(1) greater collection of surface sam-
ples for chemical and physical analyses;
(2) better characterization of surface oil
samples so that the interpretation of sat-
ellite data can be improved; (3) improved
spatial, temporal, and spectral resolu-
tion for satellites; (4) longer sampling
and duration of analysis for unmanned
vehicles; and (5) the availability and cor-
rect outfitting of ships with hydrographic
equipment composed of real-time, two-
way cabled CTD rosettes capable of full
ocean depth sampling with, at a mini-
mum, dissolved oxygen sensors, hydro-
carbon (not pigment) fluorometers, and
transmissometers, as well as particle size
analyzers, if possible. The availability of
assets leveraged in response to the DWH
spill was impressive, and from a logis-
tical perspective, occurred in an easily
accessible region. No matter where future
spills occur, it is imperative that the spill
and scientific communities know what
information technologies could provide.
This knowledge is necessary for taking a
multipronged approach to detecting oil,
including a comprehensive sampling and
collection program that will inform the
response, damage assessment, and funda-
mental science of a spill.
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