A High-Resolution Survey of a Deep Hydrocarbon Plume in the Gulf of Mexico
During the 2010 Macondo Blowout
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Following destruction of the Deepwater Horizon drilling rig, while unmitigated
blowout from the Macondo well was ongoing, NOAA scientiﬁc response cruise
GU-10-02 (27 May to 4 June 2010) employed coordinated ship and autonomous
underwater vehicle (AUV) operations to locate and study deep hydrocarbon
plumes. The ship hydrocast survey localized maximum optical signals of a deep
plume, centered at ~1150 m depth, approximately 13 km southwest of the blowout.
Deployed at this location, the AUV conducted a high-resolution survey of plume
structure, which indicated small-scale topographic inﬂuences on plume transport.
Maximum plume intensity was observed along the western slope of Biloxi Dome.
The orientation of gradients in plume intensity relative to isobaths indicated ﬂow
from the dome slope onto the dome top. In terms of the relative proportions of
major hydrocarbon groups, all plume samples southwest of the blowout exhibited
similar composition. The chemical composition of the plume southwest of the
blowout was signiﬁcantly different from the composition of a weaker deep plume
observed southeast of the blowout. Variation in optical signal from a colored
dissolved organic matter (CDOM) ﬂuorometer (FCDOM) explained up to 97%
(median 88%) of the variance in the concentrations of individual hydrocarbon
compounds. AUV data also showed that FCDOM was highly correlated with three
other optical measurements (r > 0.97) and oxygen measurements (r = 0.95). The
results provide unique perspective on small-scale dynamics of a deep plume and
illustrate the potential for studying subsurface plumes of dispersed oil using AUVs
with off-the-shelf sensors.
1. INTRODUCTION

water Horizon drilling platform above the BP Macondo
Prospect well (MC 252 #1) in late April 2010, extensive
information was being gathered at the boundaries of the
disaster. The bottom boundary was closely monitored
throughout prolonged efforts to understand the damaged
wellhead structure, quantify ﬂow rates, and stop the blowout.
The ocean surface and shoreline boundaries were closely
observed from satellites, aircraft, ships, and shore during
sustained efforts to understand and predict the transport of
oil, remove or disperse the oil, and block its incursion into
coastal environments. While urgency drove intensive observation of the Gulf’s boundaries, the vast volume of ocean
between the boundaries received relatively little attention
and effort. However, beginning in mid-May, ship surveys
began to reveal that some of the blowout oil was not rising to
the surface. Diffuse plumes of oil, dispersed at the wellhead,
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were remaining in the deep ocean, with their strongest evidence found southwest of the blowout [Diercks et al., 2010;
Joint Analysis Group (JAG), 2010a, 2010b; Hazen et al.,
2010]. Despite convincing evidence, the existence of deep
plumes became a controversial topic in the complex interactions between scientiﬁc research and the legal/political system [Schrope, 2010]. Our research efforts began during late
May, in the midst of this controversy. At this time, early
efforts to cap the well had failed, oil was not yet being
directly recovered from the damaged wellhead structure, and
unmitigated pollution from the blowout was near its peak.
The purpose of our cruise was to study subsurface oil and
thereby help ﬁll the large information gap between the ocean
boundaries.
The response of the marine research community to the
Deepwater Horizon incident included accelerated adaptation of technologies, many of which were not developed
speciﬁcally for studying oil in the marine environment.
One of these adapted technologies was the Dorado autonomous underwater vehicle (AUV), which was developed
by the Monterey Bay Aquarium Research Institute for
coastal marine research. Capabilities of Dorado that make
it effective for coastal oceanography include fast propulsion
(~3 kn = 5.6 km h 1) for synoptic surveying of rapidly
changing conditions, a multidisciplinary sensor suite for
interdisciplinary research, and a water sample acquisition
system that targets sampling according to autonomously
detected features of interest. These capabilities have been
applied to study a variety of complex coastal ocean processes
[Johnson and Needoba, 2008; Ryan et al., 2008a, 2008b,
2009, 2010a, 2010b, 2010c], and they were appropriate for
meeting the needs of studying dispersed oil plumes in the
water column. Another AUV, Sentry (Woods Hole Oceanographic Institution), was equipped with an in situ mass
spectrometer speciﬁcally for the Deepwater Horizon response effort [Camilli et al., 2010]. During surveys in late
June 2010, consistent with the ﬁndings of previous ship
surveys, Sentry mapped a continuous hydrocarbon plume
extending southwest of the blowout for at least 35 km. Its
onboard hydrocarbon detection and quantiﬁcation, combined with its measurements of water velocity, supported
deﬁnitive conﬁrmation that the apparently persistent plume
southwest of MC 252 #1 must have had its source in the
blowout. This was an important conﬁrmation because of
the potential confusion between anthropogenic signal of the
Macondo blowout and natural signal of seaﬂoor hydrocarbon seeps [JAG, 2010b, Figure 46]. With the goal of informing scientiﬁc response operations, Dorado observations
of the plume southwest of the blowout during early June
were provided to the Sentry team prior to their deployment
[Camilli et al., 2010].

Together, ship and AUV surveys revealed a deep hydrocarbon plume extending southwest of the blowout and persisting for months [JAG, 2010a, 2010b; Camilli et al., 2010;
Diercks et al., 2010; Hazen et al., 2010]. Deep-plume transport southwestward along the continental slope was indicated
by not only in situ observations, but also model studies [Liu
et al., 2011, this volume]. Although evidence of deep-plume
transport was found in a range of directions around the
wellhead [Valentine et al., 2010; Kessler et al., 2011], the
largest and most persistent plume was evidently southwest of
the blowout [JAG, 2010a, 2010b; Camilli et al., 2010]. After
MC 252 #1 was effectively sealed, ship surveys revealed
biogeochemical anomalies of the deep plume extending
500 km along the continental slope southwest of the wellhead
[Kessler et al., 2011].
In this contribution, we present deep-plume observations
acquired between the time of its discovery southwest of the
damaged wellhead and the time of its conﬁrmed link to the
blowout. We illustrate how ship hydrocast and AUV systems
were employed sequentially to localize deep-plume signal,
then map plume structure at high resolution to reveal evidence of small-scale topographic inﬂuences on plume transport. Next, we examine the chemical composition of the deep
plume southwest of the blowout relative to the composition
of a weaker deep plume that we observed southeast of the
blowout. Finally, we examine how well optical measurements from an off-the-shelf sensor served as a proxy for
hydrocarbon concentrations in our plume samples.
2. DATA AND METHODS
2.1. Ship Hydrocast
Scientiﬁc response cruise GU-10-02 conducted survey
operations from the NOAA Ship Gordon Gunter between
28 May and 3 June 2010. The Gunter was equipped with a
hydrocast-rosette system for acquiring water column proﬁles
of physical, chemical, and optical properties and returning
samples (Figure 1a). The hydrocast system was washed with
detergent following each station and maintained in a detergent bath between stations. Protocol for ship hydrocast sampling and data management during NOAA scientiﬁc
response surveys has been summarized [JAG, 2010c]. Hydrocast sensors included a Sea-Bird 9 conductivity, temperature, and depth (CTD) sensor, a Sea-Bird SBE 43 dissolved
oxygen sensor, and a WET Labs CD2000 colored dissolved
organic matter (CDOM) ﬂuorometer. Although not designed
to measure the concentration of oil in seawater, this type of
CDOM ﬂuorometer was proven to be highly responsive to
mixtures of MC 252 #1 source oil and the Corexit dispersant
that was being applied to disperse the oil [JAG, 2010b].
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Figure 1. Deep-plume survey platforms used to collect data presented in this study. (a) Ship conductivity, temperature, and
depth/colored dissolved organic matter (CDOM) rosette system. (b) The Dorado autonomous underwater vehicle (AUV),
shown being recovered following a preliminary survey in the Gulf of Mexico.

Because our CDOM ﬂuorometer was not calibrated speciﬁcally for the deep plume we observed, we present ﬂuorometric signal from the CDOM ﬂuorometer simply as FCDOM,
with the units of mg m 3 reﬂecting calibration according the
protocol of the instrument manufacturer [JAG, 2010b]. Following real-time examination of data proﬁles from the hydrocast sensors, focusing on F CDOM signal that could
indicate encounter with deep oil plumes, the depths for
sampling were chosen to target signal peaks and background.
Observed spatial variability in hydrocast FCDOM was also the
near-real-time data used to localize deep-plume signal for
targeted deployment of the AUV.

chlorophyll ﬂuorescence was replaced with a deep-rated
equivalent. Finally, because CDOM ﬂuorometers were
adopted by the response community as a primary off-theshelf optical sensor for detecting oil, a deep-rated CDOM
ﬂuorometer was added. Speciﬁcs of deployed sensors and
their measurements are summarized in Table 1. To make
Table 1. Variables Measured With Sensors on the Dorado
Autonomous Underwater Vehicle
Variable
Temperature, salinity

2.2. AUV
The Dorado AUV is a robust platform for water column
and seaﬂoor research [Bellingham et al., 2000; Sibenac et al.,
2002; Kirkwood, 2007]. Its modular design facilitates adaptability to observing needs, including support of specialized
sensors and sampling systems [Bird et al., 2007; Johnson
and Needoba, 2008; Ryan et al., 2010a; Maier et al., 2011]
and augmented power supply to enhance endurance. The
Dorado platform mobilized for the Gulf of Mexico response
(Figure 1b) was specialized for shallow pelagic ecology
research. While the core vehicle is rated for operations to
6000 m depth, and its water samplers are rated for operations
to 1500 m depth, not all components were sufﬁciently depthrated for the response effort. In preparation for this effort, the
vehicle’s shallow-rated (1000 m) syntactic buoyancy foam
was replaced with deep-rated foam, and four shallow-rated
(300 m) sensors were removed. The shallow-rated sensor for
measuring optical backscattering at two wavelengths and

Pressure

Density

Sensor
Dual Sea-Bird Electronics SBE3 temperature and SBE4 conductivity sensors,
using SBE25 conductivity, temperature,
depth (CTD) board sets
Paroscientific Digiquartz 8CB4000-I
High Pressure Intelligent Depth Sensor, 0-4000 m range
Derived from temperature, absolute
salinity, and pressure [IOC et al., 2010]
Sea-Bird SBE43 oxygen sensor

Dissolved oxygen
concentration
Colored dissolved organic WET Labs ECO-FL CDOM fluorometer
matter (CDOM)
fluorescence
370 nm excitation; 460 nm emission
Optical backscattering
HOBI Labs HydroScat-2
at 470 nm
Optical backscattering
HOBI Labs HydroScat-2
at 676 nm
Chlorophyll fluorescence HOBI Labs HydroScat-2
at 676 nm
(470 nm excitation)
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FCDOM data from the AUV comparable with that from the
ship hydrocast system, FCDOM data from the AUV were
adjusted. Cross-calibration employed data from the two ship
hydrocast stations that had the strongest deep-plume signal,
which were within the AUV survey domain, and data from
AUV proﬁles nearest the ship hydrocast proﬁles and exhibiting similar vertical structure in FCDOM signal. A linear leastsquares regression was computed for the matchup data, and
the AUV FCDOM data were converted according to this
relationship.
Prior to initial detection of deep-plume signal by the ship
hydrocast system, Dorado test missions were periodically
run in progressively deeper water, primarily to ensure that
all systems were functional and to prepare for targeted
mapping and sampling. This included acquisition of water
samples with the AUV at prescribed depths. Following the
ﬁrst detection of deep hydrocarbon plume signal by the
ship hydrocast system, which occurred late on 1 June
through early 2 June, AUV missions were prepared to
target the maximum signal localized by ship hydrocasts.
Because deep-plume signals were ﬁrst detected near the
end of the cruise, with less than 48 h of available research

effort left, the remaining time was focused primarily on
conducting high-resolution surveys and sampling with the
AUV across the plume boundary and interior. A deep
volume, centered on the maximum plume signal detected
by ship hydrocasts, was surveyed using parallel vertical
sections. The sections were oriented perpendicular to the
vector between the wellhead and the survey location, with
the intention of crossing the plume boundary at a series of
distances from the blowout. Each vertical section was
mapped using a sawtooth trajectory with six proﬁles between 900 and 1200 m. The deep boundary of the volume
survey was constrained for safe operations above the local
bathymetry. On 2 June, a brief (4 h) mission of two parallel
vertical sections was completed. Data from this mission
were used to ﬁnalize preparation of the algorithm for
autonomous sampling of FCDOM signal peaks [Zhang et
al., 2011], by modifying an algorithm previously used to
sample plankton layers [Zhang et al., 2010]. On 3 June, a
longer duration (10 h) mission of seven parallel vertical
sections was completed. AUV proﬁle data had an average
vertical resolution of 0.2 m; they were bin-averaged to 1 m
resolution for analysis.

Figure 2. Summary of ship hydrocast station locations and optical data from deep-plume detection. (a) Location of the ship
survey domain (black box). (b) Locations of all hydrocasts (gray) and those for which deep-plume optical signal was
detected (black circles). The location of the Deepwater Horizon wellhead is 28.7396°N, 88.3668°W. Bathymetric detail of
the inset box is shown in Figure 3. (c–g) Proﬁles of ﬂuorescence signal measured by the CDOM ﬂuorometer at the ﬁve
stations for which deep-plume optical signal was detected. Proﬁles extended above and, in some cases, below the depth
range shown. Black circles on the proﬁles indicate the locations of Niskin bottle samples. Station date-times are 17: 1 June
21:42, 19: 2 June 03:01, 20: 2 June 04:29, 27: 3 June 15:07, 28: 3 June 20:43.
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2.3. Chemical Analysis of Samples
Sample handling, storage, transfer, and analysis followed
the protocol established by NOAA. Samples were analyzed
using Environmental Protection Agency standard methods
that were modiﬁed by Alpha Lab for the set of petroleum
hydrocarbons speciﬁed by NOAA. Speciﬁcally, Alpha Lab
used methods 8015M (SOP. 0-003 Rev. 5), 8260M (SOP. 0119 Rev. 2), and 8270M (SOP. 0-008 Rev. 6). Following
analysis, results were compiled and provided by NOAA. In
addition to concentrations, the chemical data included extensive metadata for evaluation of quantiﬁable results. Excluded
from analysis were all reported concentration values below
the reported detection limit and all results with quality codes
indicating any of the following conditions: nondetect, unreliable results, tentative identiﬁcation, or do-not-report (quality codes U, UJ, R, N, NJ, and DNR). Only reported
concentrations passing the above criteria were used for examination of plume chemical composition and variability.
Further, only results from stations at which FCDOM indicated
deep-plume signal are presented. For these stations, the concentration data were summed in three categories: (1) benzene,
toluene, ethylbenzene, and xylenes (BTEX), (2) polycyclic
aromatic hydrocarbons (PAHs), and (3) alkanes.

3. RESULTS
3.1. Ship Hydrocast Survey
The ship hydrocast survey encompassed a large area (Figure 2a) in search of subsurface oil. Although stations were
occupied in all quadrants around the Deepwater Horizon
wellhead, most were concentrated in a hemispherical arc
centered southwest of the blowout (Figure 2b). The octagonal appearance of the station locations around this arc reﬂect
Incident Command speciﬁcation of an exclusion perimeter,
using eight reference points that circumscribed a circle of
5 nmi in radius around the wellhead. Although this exclusion
zone was in place for our operations during most of the
cruise, its relaxation late in the cruise permitted some sampling slightly closer to the wellhead. Among the 30 stations,
ﬁve proﬁles showed optical signal indicative of deep hydrocarbon plume encounter (Figures 2b–2g). Four of these were
southwest of the blowout: stations 17, 19, 20, and 28. These
were distinguished from station 27, southeast of the blowout,
by optical signals that were both stronger and deeper (Figures
2b–2g). The two stations with the strongest optical signal
(Figures 2c, 2d) had very similar proﬁle structures dominated
by a single peak, in contrast to multipeak structure evident in

Figure 3. Ship and AUV deep-plume observation locations relative to bathymetry and the blowout source location. The
domain shown is the inset box in Figure 2b. The AUV survey sections (black lines) were over the western ﬂank of Biloxi
Dome, centered on the hydrocast stations that exhibited the strongest deep-plume optical signal, stations 19 and 20
(Figure 2). Only the locations of the ﬁve hydrocast stations (white circles) exhibiting plume signal (Figure 2b) are shown.
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the other proﬁles (Figures 2e–2g). Samples were acquired
within all optical-signal peaks as well as in the optical-signal
background around each peak (Figures 2c–2g).
3.2. AUV Survey
Localization of maximum deep-plume signal by the ship
hydrocast survey (Figure 2) motivated the focus of AUV
operations on a relatively small area over the western ﬂank
of Biloxi Dome (Figure 3). All AUV sections showed elevated FCDOM within a deep plume, located toward the northern side of the survey domain, and all sections evidently
crossed the southern boundary of the plume (Figure 4). In
addition to the plume signal evident in FCDOM, very similar
signal was evident in optical properties measured by another
sensor on the AUV. The similarity of these optical signals is
evident in the interpolated vertical sections as nearly identical patterns of variation (Figure 4), and it is quantiﬁed by

examining relationships between FCDOM and the other optical properties (Figures 5a–5c). FChl (Figure 5a) is ﬂuorescence measured using wavelengths appropriate for the
excitation of chlorophyll ﬂuorescence and measurement of
its emission (Table 1). This measurement, which is normally
used as an imprecise proxy for phytoplankton abundance,
detected bio-optical signal of phytoplankton chlorophyll in
shallow waters (not presented). However, the FChl signal of
the deep oil plume was much greater than the FChl signal of
the shallow phytoplankton populations. The signal in optical
backscattering (Figures 5b, 5c) is consistent with the dominance of particle scattering over absorption in the attenuation
of light by this plume [Diercks et al., 2010]. In addition to
these optical measurements that covaried (Figures 5a–5c)
and consistently deﬁned deep-plume structure, oxygen measurements exhibited strong inverse variation with FCDOM
(Figure 5d). This signal is consistent with the biological
oxygen demand of microbial degradation of hydrocarbons,

Figure 4. Interpolated properties mapped along the seven vertical sections of the 3 June survey (Figure 3). All sections are
aligned such that the northwestern end is to the left. The gray lines show the AUV trajectory through each section. FCDOM
is ﬂuorometric signal from the CDOM ﬂuorometer, cross-calibrated with that from the CDOM ﬂuorometer on the ship
hydrocast system. FChl is uncalibrated ﬂuorescence from the chlorophyll ﬂuorometer (Table 1); rfu, relative ﬂuorescence
units, normalized relative to the maximum value measured; bb, optical backscattering at 470 nm.
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Figure 5. Scatterplots of AUV FCDOM versus the four other AUV sensor readings that exhibited signal from the deep
plume. Correlation coefﬁcients are noted.

and oxygen drawdown was indicated by analysis of oxygen
data in this plume [JAG, 2010d; Valentine et al., 2010;
Kessler et al., 2011].
To objectively deﬁne the plume and describe its structure
within the area surveyed by Dorado, it was necessary to
distinguish plume optical signal from natural background
signal. Maximum FCDOM exhibited a linear increase between 200 and 1000 m (Figure 6), and this was used as the
basis to deﬁne a depth-dependent maximum expected
background FCDOM. Extrapolation of this linear relationship through the depth range 1000 to 1200 m deﬁned the
maximum expected background across the depth range of
interest, and plume signal intensity was quantiﬁed as
FCDOM above the maximum expected background. Apply-

ing this quantiﬁcation of plume intensity and linear interpolation between the vertical sections (Figure 4) permitted
description of the synoptic structure of the plume boundary
and interior (Figure 7).
A contour map of maximum plume intensity measured in
each of the 42 AUV proﬁles indicates a close small-scale
relationship between bathymetry and plume structure. Speciﬁcally, the maximum plume intensity was found along the
upper slope of Biloxi Dome, and the plume core was evidently aligned with the dome’s slope-top break (Figure 7b).
Further, while isopleths of plume intensity were oriented
approximately perpendicular to dome-slope isobaths, they
were oriented approximately parallel to dome-top isobaths
(Figure 7b). These patterns are consistent with southeastward
ﬂow of the plume core along the western slope of Biloxi
Dome and spreading of the plume onto the dome top. At
intermediate levels of intensity between the outer boundary
of the plume (Figure 7c) and its most intense core (Figure 7f ),
the plume layer reached shallower depths over the dome
slope than over its top (Figures 7d, 7e).
3.3. Plume Chemical Composition

Figure 6. Deﬁnition of plume relative to background. Points show
all AUV FCDOM data acquired from the plume surveys of 2–3 June.
The solid line shows the linear ﬁt between maximum FCDOM and
depth for the depth range 200 to 1000 m, and the dashed line shows
the extrapolation of this linear relationship between 1000 and 1200 m.
Plume signal is deﬁned as FCDOM above the depth-dependent maximum expected background value.

The software developed to autonomously recognize
plume optical-signal peaks and sample them with the AUV
worked as planned during the 3 June survey. The design and
results of this algorithm can be found in the work of Zhang
et al. [2011]. Although the software functioned effectively,
the signals it sent to trigger AUV samples were blocked by
a ﬂooded controller housing. Therefore, our examination of
plume chemical composition is based entirely on analysis of
samples returned by the ship hydrocast system. Further, the
presentation of sample analysis data is constrained to the
ﬁve stations that exhibited optical signal from the deep
plume (Figure 2). Control samples above and below deepplume optical signal, as well as from proﬁles exhibiting
no deep-plume optical signal, were examined to verify
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Figure 7. High-resolution structure of the deep plume, based on the deﬁnition of background (Figure 6) and interpolation
between the AUV sections (Figure 4). (a) AUV survey domain relative to 3-D topographic map (as in Figure 3). (b)
Contours of FCDOM plume signal, based on the maximum signal detected in each of the 42 proﬁles (Figure 4). (c–f )
Volume views of the deep plume at a series of increasing levels of intensity, beginning with the boundary at which FCDOM
exceeded the maximum expected background (Figure 6). Each volume view represents the highlighted subdomain of the
full AUV survey volume shown in (a). The interpolated model is based on more than 65,000 FCDOM measurements within
the 900–1200 m depth range acquired in less than 10 h.

comparatively negligible levels of quantiﬁable hydrocarbons. However, we do not present any results from nonplume samples.
For samples acquired from the deep plume southwest of
the wellhead (Figures 2c–2f ), the relative proportions of
major chemical groups were similar, with BTEX the most
abundant, followed by alkanes and PAHs (Figures 8a–8c;
Table 2). The dominance of BTEX in this plume was also
noted in a separate study of its composition [Reddy et al.,
2011]. The composition of the weaker deep plume sampled
southeast of the wellhead (Figures 2b, 2g) exhibited greater
disproportion in the relative abundance of BTEX (Figure 8d;
Table 2). At the two stations within the AUV survey domain,
samples from the near-peak optical signal showed that concentrations of 117 individual hydrocarbon compounds were

nearly equal over a range of concentrations that spanned
more than four orders of magnitude (not shown).
Measurement of FCDOM by an off-the-shelf optical sensor,
as was widely used in the scientiﬁc response, served as an
effective proxy for chemical concentrations in the plume that
we surveyed. As much as 97% (median 88%) of the variance
in the concentrations of individual chemical compounds
could be predicted from a linear relationship with FCDOM
(e.g., Figure 9a). For most chemical compounds, the linear
relationship with FCDOM could explain >80% of the variance
in concentration (Figure 9b). Variation in FCDOM also explained a large proportion of the variance in total chemical
concentrations within the categories of total extractable matter, BTEX, alkanes, and PAHs (Figure 9b), ranging from
90% for alkanes to 63% for BTEX.
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Figure 8. Description of deep-plume chemical composition in terms of the proportions of total chemical concentrations in
each of three major groups, BTEX, alkanes, and PAHs. Corresponding concentration data and percentages are presented in
Table 2. The results are from samples having the highest total extractable matter in each of the hydrocasts showing deepplume optical signal (Figure 2). Station 28 is not shown because no sample for volatile organic analysis was acquired at
that station (Table 2).

4. DISCUSSION
When destruction of the Deepwater Horizon drilling rig
caused complete loss of control over the wellhead 1500 m
below the surface, the potential for severe pollution to spread
over great distances arose in a major environmental crisis.
The required management and mitigation efforts were monumental, and the need for accurate information and effective
solutions drew from a spectrum of existing and emergent
technologies. Remotely operated vehicles from the industrial
and scientiﬁc sectors converged on the damaged wellhead
with intensive efforts to understand and solve the problem at
its source. A variety of existing and emergent technologies
were applied to mitigate harm at the surface. While effort at
the ocean boundaries was a natural focus, understanding the
transport and effects of pollution within the vast volume
between the boundaries was also important. Although the
formation of deep plumes of dispersed oil was a known
possible consequence of blowout ﬂuid dynamics, deepplume formation during the Macondo blowout was likely
enhanced by the application of chemical dispersants [JAG,
2010c; Socolofsky et al., 2011]. Formation of this deep
pollutant pool occurred where its observation was challenging and its removal was infeasible. Rapidly adapted technol-

ogies played a key role in understanding its nature and
potential consequences.
Interpretation of deep-plume signal was complicated by a
number of factors, including potential hydrocarbon signal
from natural seaﬂoor seeps and delay in the provision of
analysis results from plume chemistry samples, caused by
sample processing backlogs and development of the data
management and reporting system. However, by the time the
ﬁrst summary report was released by the Joint Analysis
Group on 20 June 2010, without chemical analysis results,
the preponderance of evidence indicated that oil existed in
the deep water column southwest of the blowout, and multiple observations indicated that the source of this deep
plume was the blowout [JAG, 2010a]. These observations
included (1) the plume’s origin at the damaged wellhead,
(2) its extension southwest of the blowout in agreement with
deep current patterns, (3) its decreasing intensity with distance from the wellhead, and (4) vertical separation of the
deep plume and the local seaﬂoor away from the blowout,
indicating a layer with a nonlocal source across the region of
its extension. Also at this early stage, the JAG concluded that
a deep plume would be expected due to effects of dispersion
at the wellhead. The second summary report released on 20
July 2010 provided additional data indicating the persistence

Table 2. Categorized Total Hydrocarbon Concentrations, in µg L 1 and (Corresponding Percentages of the Total) for the Sample Having
the Highest Total Extractable Matter in Each Hydrocast That Showed Deep-Plume Optical Signal (Figure 2)a
Station
20
19
28
17
27
a

BTEX

Alkanes

Polycyclic Aromatic Hydrocarbons

262.0 (62%)
234.3 (59%)
NAa
62.4 (62%)
50.5 (90%)

103.2 (24%)
115.3 (29%)
45.3
32.9 (32%)
2.0 (4%)

58.1 (14%)
47.5 (12%)
23.4
5.9 (6%)
3.3 (6 %)

NA indicates no VOA sample was collected.
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Figure 9. Off-the-shelf optical measurements as a chemical proxy, evaluated using all matchups from ship hydrocast
sampling (Figures 2c–2g). (a) Example of scatterplot, linear relationship, and statistics of the linear relationship between
FCDOM and an individual chemical compound. (b) Histogram of the coefﬁcient of determination (R2) between FCDOM and
all individual hydrocarbon compounds quantiﬁed from hydrocast samples. The R2 values for the relationships between
FCDOM and summed concentrations within categories are noted; TEM, total extractable matter. Corresponding correlation
coefﬁcients for all categories are signiﬁcant at p < 0.001.

of a plume southwest of the blowout [JAG, 2010b]. Further
studies of the same data set [Diercks et al., 2010; Hazen et
al., 2010] and additional survey data [Valentine et al., 2010]
also supported the link to the blowout and began to examine
the microbial dynamics relevant to biological degradation of
hydrocarbons.
Although analysis of the ship hydrocast optical data made
a convincing case for the source of the plume, a more
deﬁnitive link between the deep plume and the blowout came
from data acquired by the rapidly adapted Sentry AUV
[Camilli et al., 2010]. Using results from an in situ mass
spectrometer and concurrent measurements of deep current
velocity, the researchers quantiﬁed the input rate of monoaromatic petroleum hydrocarbons to the plume and showed
that this rate far exceeded the input rate possible from all
northern Gulf seaﬂoor seeps combined. Our ship hydrocast
and AUV observations approximately 3 weeks before the
Sentry operations did not have sufﬁcient coverage or resolution to deﬁnitively link the plume to the blowout. In fact, our
hydrocast survey found maximum plume signal in an area
where natural seaﬂoor seeps were concentrated [JAG, 2010a;
Figure 46]. However, the plume attributes described by our
data are very consistent with results from surveys of the
Macondo deep plume made by six other ships [JAG,
2010a, 2010b; Diercks et al., 2010; Hazen et al., 2010;
Valentine et al., 2010] as well as the Sentry AUV [Camilli
et al., 2010]. Additionally, remotely operated vehicle (ROV)
video only 0.5 km southwest of the blowout, acquired the
same day our ﬁrst hydrocast detected deep-plume signal
approximately 10 km southwest of the blowout, showed that
the depth range over which we detected deep-plume FCDOM
signal was very similar to the vertical distribution of a dis-

persed oil plume recorded by ROV video [Camilli et al.,
2010]. Starting only 1 week after our AUV survey, a ship
survey revealed a deep plume of dissolved hydrocarbon
gasses from the blowout and associated oxygen depletion in
the same depth range and area that we found the maximum
optical and chemical signals, along the western side of Biloxi
Dome [Valentine et al., 2010]. Also similar to our ﬁndings,
they mapped a weaker plume southeast of the wellhead
between ~750 and 1000 m. Based on the consistency of our
observations with all Macondo blowout deep-plume observations southwest of the wellhead acquired during May and
June, we conclude that our AUV survey mapped a portion of
a plume from the Macondo blowout, not a natural seaﬂoor
seep.
Bathymetric steering of currents along the continental
slope was a factor noted by observational and modeling
studies of the deep oil plume extending southwest of the
blowout [JAG, 2010a; Liu et al., 2011, this volume]. The
synoptic plume survey conducted with the Sentry AUV
during the blowout period [Camilli et al., 2010] and the
large-scale ship survey conducted after the well was sealed
[Kessler et al., 2011] provided the clearest depictions of this
relationship. In addition to this bathymetric inﬂuence on
plume transport over scales of tens to hundreds of kilometers,
inﬂuence of bathymetry on ﬂow at smaller scales was indicated by the exceptionally high-resolution mapping of a
plume boundary zone by the Dorado AUV. Based on the
synoptic patterns of plume intensity and gradients, we interpret that we surveyed a plume ﬁlament extending southeastward along the western slope of Biloxi Dome. We observed
very close alignment between the plume-ﬁlament’s most
intense core and the dome’s slope-top break. Further, a
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change in the orientation of plume gradients relative to isobaths was observed across the dome slope-top break. The
orientation of plume-ﬁlament isopleths approximately perpendicular to dome-slope isobaths is consistent with alongisobath transport from the north. The orientation of plume
isopleths approximately parallel to dome-top isobaths is consistent with ﬂow from the dome-slope, where its intensity
was greatest, up onto the dome top, where its intensity was
weaker. We interpret that our hydrocast survey simply did
not have sufﬁcient spatial resolution or coverage to resolve
the main plume, which was known to extend at least 10 km
southwest of the wellhead by 25 May [JAG, 2010a]. Instead,
our hydrocast survey localized a small region within which
detailed structure of a plume ﬁlament was observed.
Because AUV proﬁles consistently sampled the peak
intensity and shallow boundary of the plume, small-scale
spatial variation in these plume parameters can be examined reliably relative to bathymetry. Small-scale spatial
variation in other important parameters, including plume
thickness and the height of the plume’s bottom boundary
relative to bathymetry, could not be robustly examined due
to limitations in the data. Constrained to a maximum depth
of 1200 m, the AUV proﬁles did not consistently sample
the bottom boundary of the plume (deﬁned as FCDOM
falling below background at the deep boundary). This
limitation in the AUV data is consistent with the ship
proﬁle data in the same region, which showed the bottom
boundary of the plume between ~1225 and 1275 m. The
two ship CTD proﬁles in the region of the AUV plume
survey were too sparse to deﬁne spatial variation. Despite
these limitations, the high-resolution AUV survey, targeted
using ship hydrocast data, uniquely described the apparent
steering of plume lateral transport by a small-scale bathymetric feature.
With our optical and chemical data of the deep plume, we
examined how well a simple optical measurement from an
off-the-shelf sensor served as a proxy for concentrations of a
variety of chemical compounds. This limited analysis is
relevant to interpreting the optical description of the deep
plume that we mapped with ship and AUV systems. Within
this data set, collected over a relatively small spatial and
temporal scale, we found that a simple optical measurement
served as an effective proxy for individual chemical compounds as well as total concentrations of chemicals in speciﬁc categories (alkanes, PAHs, BTEX). Our ﬁndings are
consistent with those of Wade et al. [this volume] who report
an R2 of 0.80 for the relationship between total PAH concentrations and ﬂuorescence in their data set, which was
collected during a period overlapping with our study. Analysis of much larger combined data sets that are now available
is needed to evaluate spatial and temporal variation in the

relationships between optical and chemical signals of subsurface plumes.
Because major scientiﬁc challenges arose suddenly from
this disaster, the response was indeed a record-breaking
enterprise in terms of mobilization of scientiﬁc resources,
adaptation of technology, and integration of results. With
short time for mobilization, targeting, and deployment, the
Dorado AUV proved to be an effective tool for studying a
difﬁcult-to-observe process of pollutant transport. Readiness
for this urgent deployment was primarily due to the similarity
between the requirements of mapping and sampling deep oil
plumes and the requirements of studying complex natural
coastal ocean phenomena, the purpose to which Dorado is
routinely applied. Data from an off-the-shelf optical sensor
supported mapping of the plume boundary zone and interior
structure and provided a reasonably accurate description of
quantitative variation in hydrocarbon concentrations. Plume
signal was detected clearly in ﬁve of the eight measurements
made by Dorado, suggesting the potential for combinations
of low-cost off-the-shelf sensors to disambiguate dispersed oil
from natural CDOM. Improvements to the plume-detection
algorithm applied in the Gulf can better optimize targeted
sample acquisition [Zhang et al., 2011]. The sampler controller housing that ﬂooded on the ﬁnal day of operations
had withstood dives to 1200 m the previous day. Its potential failure was a known risk that simply could not be
mitigated on the short time scale of mobilization to the Gulf;
however, this risk would be readily mitigated by modifying
the pressure-compensating mechanism of the housing. Additionally, augmented AUV capabilities are motivated by this
incident, particularly by the considerable spatial scale of the
deep plume and the complexity of its dispersion and degradation. These improvements include greater endurance [e.g.,
Bellingham et al., 2010], more capable onboard autonomy
for tracking evolving plumes [e.g., Farrell et al., 2005;
Camilli et al., 2010], and optimization of sensing and sampling capabilities.
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