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Abstract Seeps of free methane gas escaping the seabed can be found throughout the ocean basins. To
understand the role of methane gas seeps in the global carbon cycle—including both gas added to the
atmosphere and that which is dissolved and potentially oxidized in the ocean volume—it is important to
quantify the amount of methane escaping the seabed. Few large-scale mapping projects of natural meth-
ane seeps have been undertaken, however, and even among these, quantitative estimates of flux are rare.
Here we use acoustic mapping techniques to survey 357 natural methane seeps in a large region (6000
km2) of the northern Gulf of Mexico and outline a general approach for methane seep mapping using a
combination of multibeam and split-beam echo sounders. Using additional measurements collected with a
remotely operated vehicle (ROV) together with the acoustic mapping results, we estimate the total gas flux
within the 6000 km2 region to be between 0.0013 and 0.16 Tg/yr, or between 0.003 and 0.3% of the current
estimates for global seabed methane seepage rates.

1. Introduction

Free methane gas has been widely observed to be escaping the seabed in the world’s oceans from sour-
ces that are either of biogenic origin, typically in shallow sediments, or thermogenic origin in deep sedi-
ments [Judd, 2004]. After escaping the seabed, methane bubbles undergo a complicated upward
journey toward the sea surface, involving the transfer of methane from the bubble into aqueous solution
and the transfer of other gases (e.g., N2, O2) into the bubble [e.g., McGinnis et al., 2006]. Several mecha-
nisms potentially affect the gas transfer rate to/from methane bubbles during their ascent through the
water column. Both laboratory and deep ocean experimental evidence supports the presence of a
hydrate coating on the bubble wall if the bubble originates within the hydrate stability zone [e.g., Maini
and Bishnoi, 1981; Rehder et al., 2002; Sauter et al., 2006; Rehder et al., 2009], although the dissolution rate
of naturally occurring hydrate-coated bubbles has not yet been quantified. It has also been suggested
that oil coatings on methane bubbles provide a largely unaccounted-for mechanism that transports
methane to the atmosphere in bubbles that would otherwise dissolve [Solomon et al., 2009]. The reduc-
tion in hydrostatic pressure acts to increase the bubble size, increasing the surface area over which gas
transfer can occur, while the surface tension at the bubble wall, which is affected by the presence of sur-
factants or adsorbed particulate material, increases the tendency for bubble dissolution [Epstein and Ples-
set, 1950]. All of these mechanisms must be understood to determine the eventual fate of free methane
gas exiting the seabed.

Methane gas in bubbles that reach the surface is injected into the atmosphere where it has the potential to
affect climate due to methane being a greenhouse gas. Dissolved methane gas that reaches the ocean
mixed layer may also reach the atmosphere through equilibration at the ocean surface, although some of
the dissolved methane may be microbially oxidized before this occurs [Mau et al., 2007; Reeburgh, 2007]. To
understand the role of methane gas seeps in the global carbon cycle—including gas added to the atmos-
phere and that which is dissolved and potentially oxidized in the ocean volume—it is important to both
quantify the amount of methane escaping the seabed and to understand the transport of gas across the
bubble boundary as it travels upward through the water column. In this work, we address the former using
a combination of acoustic mapping techniques together with a limited number of remotely operated vehi-
cle (ROV) dives to survey 357 natural methane seeps in a large region (6000 km2) of the northern Gulf of
Mexico.
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The acoustic mapping techniques used here employ both a 30 kHz multibeam echo sounder (MBES) and an
18 kHz split-beam echo sounder (SBES). Both types of echo sounders have unique advantages: the wide
swath of the MBES offers the potential for efficient mapping and localization of gas seeps and the SBES
offers a well-established path to absolute acoustic measurements using standard calibration techniques
[e.g., Foote et al., 1987] and split-aperture processing techniques [Burdic, 1991].

Acoustic anomalies associated with gas seeps similar to the ones analyzed here have previously been
observed by other investigators [e.g., Merewether et al., 1985; Dimitrov and Dontcheva, 1994; Hornafius et al.,
1999; MacDonald et al., 2002; Heeschen et al., 2003; Greinert et al., 2006; Westbrook et al., 2009; Greinert et al.,
2010; Schneider von Deimling et al., 2011; R€omer et al., 2012; Kannberg et al., 2013]. These types of acoustic
observations of gas seeps exploit a gas bubble’s mechanical resonance and large acoustic impedance con-
trast with the surrounding seawater. The target strength (TS) of a single bubble can be calculated from the
total scattering cross section of the bubble, r, which is dependent on both the bubble size, a, and fre-
quency of ensonification, f:
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where fR is the resonance frequency of the bubble and d is a damping coefficient that incorporates energy
losses in the vibrating bubble due to thermal dissipation, viscous losses in the fluid surrounding the bubble,
and acoustic reradiation [Clay and Medwin, 1977]. The use of equation (1) assumes that the monopole reso-
nance of the bubble dominates the scattered acoustic field (note that the wavelength at 18 kHz is approxi-
mately 8 cm, an order of magnitude large than the bubbles observed here) and also neglects changes in
the acoustic response related to deformations in the bubble shape. Nonspherical bubbles have been shown
to have changes in resonance frequency, peak scattering amplitude, and quality factor Q from that of a
spherical bubble with the same volume, although small deformations may cause only minor effects (e.g.,
prolate spheroid air bubbles with an aspect ratio of 2 or less at, presumably, ambient pressure conditions
show variations of only a few percent) [Feuillade and Werby, 1994]. For any nonspherical bubbles examined
here, equation (1) is used to estimate the acoustic response and a is assumed to be the ‘‘effective’’ bubble
radius given by the volume, v, of the bubble: (3/4v)1/3. Figure 1 shows both 18 and 30 kHz TS models for sin-
gle methane bubbles with radii between 1 and 5 mm, a typical size range for bubbles in methane seeps
[e.g., Leifer and MacDonald, 2003; R€omer et al., 2012], using equation (1) and the formulation for fR and d
given by Clay and Medwin [1977]. The scattering cross sections for collections of bubbles in gas seeps enso-
nified by SBES and MBES are usually assumed to be additive. In general, higher measurements of TS suggest
a larger number of bubbles, although the resonant nature of bubbles can confound this generalization (i.e.,
a few bubbles excited near resonance can have the same TS as many bubbles excited away from their

Figure 1. Modeled TS for bubbles at (left) 18 kHz and (right) 30 kHz for three different water depths: 500 m (solid line), 1000 m (dashed
line), and 1500 m (dotted line).
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resonance frequency). If the distribution of bubble sizes associated with a seep is known, or can be esti-
mated, then TS measurements of a gas seep can be used to provide estimates of gas volume fraction.

In this work, seeps within a study area are identified and localized during a survey conducted from 22
August 2011 to 10 September 2011 using a 30 kHz MBES, producing an estimate of both the spatial distri-
bution and number of seeps. A subset of these seeps were also acoustically characterized using a calibrated
18 kHz SBES, resulting in an estimate of the seep TS. These acoustic analyses are described in section 2. One
of the seeps observed in 2011 was revisited in April 2012 with the same SBES and MBES, and was also vis-
ited with an ROV. During one ROV dive the bubble size distribution and rise velocity was calculated using a
calibrated grid (described in section 3). The combination of calibrated SBES measurements and knowledge
of the bubble size distribution and rise velocity made it possible to acoustically estimate the flux rate of gas
escaping the seep. This flux rate estimate was then compared to a timed capture of the gas (i.e., a direct
estimate of the flux rate) made with the ROV on a subsequent dive, providing some estimate of the accu-
racy of the acousto-optical measurements. Finally, the flux rate measurements were extrapolated to the
entire 2011 survey area, using the acoustic observations as a constraint, in order to estimate bounds on the
regional flux of methane gas. These estimates of the flux rate are described in section 4.

2. Acoustic Observations of Methane Seeps

Acoustic backscatter data were collected with both an 18 kHz Simrad EK60 SBES and a 30 kHz Kongsberg
EM302 MBES during survey operations on board the NOAA Ship Okeanos Explorer in the northern Gulf of
Mexico between 26 August 2011and 1 September 2011 and 6–9 September 2011. The survey covered 6000
km2 (Figure 2), approximately 0.4% of the Gulf of Mexico basin, in water depths between 900 and 2600 m.
Water temperatures over this depth range were observed to be as high as 5.4�C, at 900 m water depth, and
as low as 4.3�C in the deeper waters (see supporting information), and suggest that the bubbles were origi-
nating within the hydrate stability zone based on the model of Tishenko et al. [2005]. During the survey,
acoustic anomalies associated with natural seeps were observed in both the SBES and MBES (e.g., Figure 3).
The SBES data typically show a much wider-looking seep than the MBES, which is a result of the wider SBES
beam width (11�) as compared to the MBES (1�). When the SBES targets associated with gas seeps are proc-
essed using the SBES split-beam capability, targets are positioned to an accuracy that is commensurate
with that of the narrow-beam width MBES [Weber, 2012].

The MBES data were manually scrutinized in order to localize the seabed sources of each seep, resulting in
573 observations of gas seeps during the survey. For each observation, the range/angle pair corresponding
to the seabed source was identified and reduced to a georeferenced location using a processing path iden-
tical to that typically used for generating bathymetric soundings (e.g., accounting for vessel motion, sound
refraction, etc.). Some of the MBES seep observations were thought to be repeat observations. Using an esti-
mated system resolution of 1.7% of the water depth, which is the nominal seabed footprint for a 1� beam
width, 357 observations of seeps were made from uniquely identifiable seabed locations (Figure 2), exclud-
ing seeps in the immediate vicinity of possible anthropogenic sources (e.g., leaky well heads and pipelines).
Of the 357 observations of uniquely identifiable seeps, 54% were observed within 100 m of at least one
other seep, 22% were observed within 100 m of at least two other seeps, and 8% were observed within 100
m of at least three other seeps.

Most of the seeps were observed on the edges of large domed structures caused by salt diapirism. Faults
associated with the outer edges of the diapirs provide pathways for the leakage of deep trapped gas and
other fluids to the seafloor [Hood et al., 2002]. The geologic setting suggests that the seeps are largely com-
prised of methane (CH4), although other gas constituents have been observed in relatively small quantities
from hydrocarbons directly spilled into the deep ocean in the same area [e.g., Kessler et al., 2011]. Gas sam-
ples were not collected from the seeps during this work, and it is assumed for the sake of the present work
that the observed gas bubbles are comprised of methane alone. It should also be noted that past investiga-
tors have found evidence of oil slicks attributed to natural seeps in this region using synthetic aperture
radar (SAR) imagery [Garcia-Pineda et al., 2010]. There were no shipboard observations of surface oil slicks
made during the present study, and follow-up site visits with the ROV detected no oil escaping the seabed
at the few seep sites visited, but it should be noted that a comprehensive effort was not made to detect oil
at either the ocean surface or bottom.
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A subset of the gas seeps observed with the MBES was simultaneously observed with the 18 kHz SBES,
which was calibrated using a standard calibration sphere midway through the cruise following the proce-
dure described by Foote et al. [1987]. Data collected with the 18 kHz SBES include time series of scattered
acoustic power and electrical phase angles. These data were converted into apparent acoustic TS (TS modu-
lated by the angular-dependent receiving sensitivity of the SBES, so that true TS is found on the SBES maxi-
mum response axis, or MRA, and apparently weaker TS are found at angles away from the MRA) and
alongship and athwartship mechanical angles, using software developed by Towler [2013]. The only modifi-
cation to the apparent TS predicted by Towler is a correction for the cumulative acoustic absorption that
was estimated using expendable bathythermograph (XBT) and conductivity- temperature-depth (CTD) pro-
files collected during the cruise along with the absorption model of Francois and Garrison [1982]. It is

Figure 2. Bathymetry and seep observations in the northern Gulf of Mexico. Black dots indicate acoustic anomalies associated with gas seeps originating from the unique seabed loca-
tions, observed with MBES. Colored dots indicate gas seeps observed with SBES. Color represents the seep TS with warmer colors representing stronger seeps (red corresponds to a TS
of 213 dB) and cooler colors representing weaker seeps (purple corresponds to a TS of 233 dB). Labeled domes include the (A) Biloxi Dome, (B) Gloria Dome, (C) Dauphin Dome, (D)
Mobile Dome, (E) Mitchell Dome, (F) Horn Dome, and the (G) Pascagoula Dome.
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important to note that the TS measurements reported here show the integrated response of the seep along
the 4 ms pulse length (nominally 3 m in range accounting for two-way travel time).

Examples of the SBES data are shown in Figure 4 for seeps found on the Biloxi, Gloria, Mobile, and Pasca-
goula Domes. Due to the broad SBES beam width, the seep targets are observed for tens of pings as the
vessel traverses over the seep. The alongship angle (Figure 4, column 2) monotonically decreases as the
seep is first observed ahead of the ship, then underneath the ship, and then behind the ship. The athwart-
ship angle (Figure 4, column 3) varies less than the alongship angle, and identifies whether the vessel
passed to port, starboard, or directly over the seep. In addition to correcting the apparent TS for effects
related to the SBES beam pattern, the alongship and athwartship angles can be used to position the seeps
to an accuracy of a few tens of meters in water depths of over 1000 m [Weber, 2012].

The SBES data have been used to create vertical profiles of TS. To do so, acoustic anomalies associated with
seeps are first identified in the raw data (e.g., Figure 4) by manual scrutiny. When a seep is observed, back-
ground noise adjacent to the seep (approximately 50 pings) is averaged to create a vertical profile of the
average background noise. Targets associated with the seep are then identified using a depth-dependent
threshold filter of 10 dB above the background noise profile. Each target is associated with an apparent TS
value and two mechanical angles corresponding to the target direction in the alongship and athwartship
directions (Figure 4, columns 2 and 3). Because targets located at angles off the beam MRA appear weaker
than on-axis targets, the measurements of mechanical angle are used to adjust the apparent TS for the
beam pattern modulation so that unbiased estimates of TS can be made (see supporting information). All
TS measurements for unique seep observations are then averaged in depth bins of 20 m to create vertical
profiles of seep TS. Note that these TS profiles integrate all bubbles that are present at any given depth in
the 4 ms long acoustic pulse (equivalent to approximately 3 m, vertically) used by the SBES, and inherently
assume that the bubbles are not changing appreciably over the 20 m depth window (roughly 100 s in the
lifetime of the bubble).

Examples of vertical profiles of seep TS and background noise profiles are shown in Figure 5. The back-
ground noise is generally low below �1100 m, and often shows multiple peaks at shallower depths that are
associated with reverberation from the deep scattering layer. The deep scattering layer is an assemblage of
marine organisms [e.g., Hopkins and Landcraft, 1984] that scatter acoustic waves [Clay and Medwin, 1977],
appearing as horizontal bands in TS data shown in Figure 4 and potentially masking the scattered return
from any bubbles at the same depths. Despite the potential masking effect from the deep scattering layer,
the TS profiles can be observed extending several 100s of meters upward from their seabed source,

Figure 3. Acoustic anomalies associated with natural seeps observed with the (left) SBES (100 pings shown) and (right) MBES (one ping shown). These data were collected simultane-
ously on the northern side of the Dauphin Dome on 7 September 2011. Multiple seeps can be seen in the MBES data. The black dots overlaid on the SBES data represent the result of
split-beam processing with the results averaged in 1 m deep bins (1–20 data values per bin).
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suggesting that there is some mechanism such as the presence of a hydrate coating on the bubble which is
inhibiting bubble dissolution [see, e.g., McGinnis et al., 2006]. However, the TS profiles in Figure 5 do not
always exhibit the same depth-dependent behavior. For example, Figure 5G* shows a TS profile that
decreases monotonically by 15 dB as the bubble rises from 800 to 550 m water depth. Assuming the gas to
be steadily escaping the seep, the simplest explanation for this decrease in TS is that the bubbles are at or
near resonance at 800 m water depth and reduce size as they rise through the water column, with the
reduction in size occurring at a fast enough rate that bubble becomes smaller than the depth-dependent
size of a resonating bubble at 18 kHz. In other SBES observations of seeps, the TS profile decays more slowly
with depth (e.g., �5 dB over a 600 m vertical ascent in B1). With TS observations at only one frequency, the
cause for this reduced rate of TS decay is ambiguous and could be consistent with a gradual increase in
bubble size as it rises, or a gradual decay in size of an initially resonant bubble. Similarly, TS profiles that are
constant with depth are consistent with both a slight increase in bubble size during ascent for bubbles
that are initially above resonance, or a slight decrease in bubble size during ascent for near-resonance
bubbles.

Figure 4. Examples of raw SBES data used to generate vertical TS profiles for seeps. (column 1) Apparent TS (uncorrected for the SBES
beam pattern. (column 2) Alongship target mechanical angle. (column 3) Athwartship target mechanical angle. From top to bottom, these
data correspond to the Biloxi Dome (30 August 2011), the Gloria Dome (30 August 2011), the Mobile Dome (7 September 2011), and the
Pascagoula Dome (April 2012).
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3. ROV Observations of Bubble Size and Rise Velocity

In 2012, one of the seeps originally observed in 2011 on the Pascagoula dome was revisited with the same
SBES (data from the revisit are shown in Figure 5G*) and MBES as well as an ROV. Estimates of bubble size
were made during an ROV dive by placing a grid approximately 10 cm behind the seep (Figure 6). The grid
was constructed with 200 3 200 squares (the laser dots in Figure 6 are separated by 10 cm) to help mitigate
the effects of lens distortion. The distance between the camera and the center of the grid was 0.80 m, and
so the bubbles are only 7/8th of their apparent size in the images due to the geometry of the field of view.
Estimates of bubble sizes near the seabed were extracted from ROV camera data of the grid for times when
there were no changes to camera focal length. For this work, the data with the highest zoom level were
used, resulting in a horizontal pixel size of approximately 0.5 mm and a vertical pixel size of 1 mm after the
video was deinterlaced. Video frames were captured at 30 frames/s (prior to deinterlacing).

When processing the video data, a background pattern used to determine grid locations was generated by
averaging all frames. Bubbles were observed to be brighter than the background when appearing between
gridlines, and darker than the background when overlapping a gridline. Bubbles were detected by differ-
encing odd and even frames (separately) in the deinterlaced video. For the imagery used here, the rise
speed of the bubbles was fast enough that the bubbles did not have overlapping locations in sequential
frames. Pixels in the ‘‘difference image’’ at the gridline locations were multiplied by 21 in order to account

Figure 5. Acoustic profiles of TS for a subset of observed seeps (black dots), and background noise profiles at each location (gray lines, no
beam pattern correction). This subset set shows seeps observed on the (A) Biloxi, (B) Gloria, (C) Dauphin, (D) Mobile, (E) Mitchell, (F) Horn,
and (G) Pascagoula domes, with letters corresponding to locations shown in Figure 2. All observations were made in 2011 with the excep-
tion of G*, which was made in 2012.
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for the opposite brightness of the background. A Canny edge detector was then applied to this modified
difference image in order to identify the 1 pixel wide bubble perimeters. The Canny edge detector detects
steep gradients in brightness, and in some instances where the gradient in brightness was gradual the bub-
ble perimeter was not complete. In these instances, the perimeters were closed using a straight line. Each
closed perimeter was classified with a unique ID. An example of the result is shown Figure 7.

In many cases, the grid lines confounded the process of identifying bubbles, particularly where bubbles
only partially overlapped a grid cell. This often caused a single bubble to appear distorted or as multiple
bubbles. To avoid this problem, a bubble tracker was implemented. Each newly appearing bubble in a
frame was labeled, and subsequent frames were examined to identify the same bubble and give it the
same label based on proximity. As an example, if bubble ‘‘A’’ was identified in frame 1, all detected bubbles

Figure 6. Grid used for estimating bubble sizes and positions with respect to the gas seep during measurements. The gas seep is esti-
mated to be 10 cm in front of the grid.

Figure 7. (left) An example of the raw (deinterlaced) video data and (right) the result of the edge detector.
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in frame 2 that were not previously labeled were considered as candidate ‘‘A’’s. The number of bubbles in
frame 2 that were within a distance of 20 pixels (1–2 cm) from the location of bubble ‘‘A’’ frame 1 was then
identified. If only one bubble met this 20 pixel proximity criterion, then it was assumed that this bubble was
identical to the one identified in the previous frame and labeled bubble ‘‘A.’’ If more than one bubble was
identified within 20 pixels, or if no bubbles were identified, then none of the bubbles in frame 2 were added
to the track as bubble ‘‘A.’’ This was continued for all bubbles and frames in a video segment. Bubble tracks
were ended whenever a bubble was not labeled in two subsequent frames.

To estimate the bubble size distribution and rise velocity, only those tracks including at least 10 frames were
used. To calculate the bubble size, an ellipse was fit to the perimeter of the bubble in order to find the median
minor and major ellipse axes for the track, b and c, respectively. The volume of the bubble was then calculated
as v5 4

3 pbc 2
� �

7
8

� �3
, where the factor of 7/8 accounts for the size distortion of the bubble due to the measure-

ment geometry. The effective radius of the bubble a5 v= 4
3 p

� �1=3
was then used in order to generate the size

distributions of the bubbles. There is some error in this measurement due to the position of the bubble: if the
standard deviation of the bubble position varies by 2 cm in range to the camera, then the associated error in
bubble size would be 2.5%. The rise velocity was estimated for each bubble track by dividing the total vertical
distance traveled by the total duration of the track. A total of 965 individual bubble tracks were used for the
estimates of effective radius and rise velocity in this work. The results of these visual observations suggest
bubble radii between 1 and 5 mm (Figure 8, top), consistent with bubble sizes observed previously at deep
seeps [Leifer and MacDonald, 2003; Sauter et al., 2006; Sahling et al., 2009; R€omer et al., 2012], and rise velocities
near 20 cm/s (Figure 8, bottom) similar to predicted velocities [Clift et al., 1978].

4. Estimates of Methane Flux From the Seabed for a Single Seep

If the probability density function q(a) describing the distribution of bubble sizes, a, is known, then the aver-
age acoustic scattering cross section, rT , for a bubble seep can be calculated assuming the contributions
from individuals add incoherently:

Figure 8. (top) Empirically estimated probability of occurrence, q, of observing a bubble of radius a estimated during an ROV dive at the
Pascagoula Dome. (bottom) A box plot showing the observed bubble rise velocities (the edges of the box are the 25th and 75th percen-
tiles, and the central mark is the median).
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rT 5

ðamax

0

r
4p

q að Þda (2)

where amax is the largest bubble size in the plume. The scattering cross section r is calculated using equa-
tion (1) evaluated at the depth of the observation. The volume flow rate, Q, of the seep can be found from

Q5N
ðamax

0

4=3pa3v að Þq að Þda (3)

where v að Þ is the size-dependent rise velocity of the bubbles. N is estimated from the observed TS and aver-
age scattering cross section by

N5
10TS=10

rT
(4)

Q was estimated for the Pascagoula Dome seep visited by the ROV. This seep exhibited a TS at the seabed
of 220 dB (Figure 5G*) within a day of the ROV observations (Figures 6–8), based on the same 20 m depth
bins used to generate the seep TS profiles with the SBES as described in section 2. Using both the size distri-
bution q(a) and average rise velocity v að Þ estimated using the grid (Figure 8), the volume flow rate for gas
exiting the seabed at this single seep is estimated to be Q 5 3.1 3 1026 m3/s at the in situ depth and tem-
perature of 1120 m and 4.72�C, respectively. Assuming that the bubbles are pure methane, the flow rate Q
can be computed from PV 5 ZnRT where P is the pressure, V is the volume, n is the number of moles, R is
the ideal gas constant, T is the temperature, and Z is a compressibility factor accounting for the departure
of methane from an ideal gas. At the in situ depth and temperature, Z is estimated from the Peng-Robinson
equation of state [Peng-Robinson, 1976] to be 0.76, resulting in a flow rate of 0.02 mol/s or 0.32 g/s using a
molecular weight of 16.04 g/mol. If the observed conditions were stationary throughout the year, this is
equivalent to 1.0 3 107 g/yr. It is important to note that this acoustically derived flow rate estimate could
be biased by the presence of other seeps that are within the SBES field of view. In fact, acoustic observa-
tions with the higher-resolution MBES showed the presence of four other weaker (by greater than an order
of magnitude) seeps. These other seeps are estimated to bias the acoustic TS measurement, and therefore
the flow rate, by as much as 10% (see supporting information).

Within a few days of the acoustic and optical measurements, the ROV revisited the same seep and used an
optically clear cylinder (closed on top and with a downward-facing funnel on the bottom) to capture

Figure 9. Collection of methane gas from a gas seep at the Pascagoula Dome and behavior of gas and hydrate as the ROV ascended through the water column. From left to right, the
images were collected at 22:21:00, 23:02:49, and 23:55:31 (UTC) on 16 April 2012.
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methane gas exiting the seep (Figure 9). During gas collection, hydrate formation was observed at the top
of the cylinder. The hydrate can be seen as the blue/white material at the top of the funnel in the two left
frames of Figure 9. The gas, which appeared to be steadily escaping the seep, was collected for 7 min and
52 s. It should be noted that a few bubbles (i.e., one every several seconds) were observed escaping the
seabed outside of the funnel within the camera field of view, but it is estimated that this uncollected gas
accounted for less than 1% of the gas escaping the seabed at the location within the field of view of the
ROV during the gas collection period.

After 7 min and 52 s of gas collection, the ROV maneuvered away from the seep and began to ascend
through the water column (video available in supporting information). Free gas was clearly visible inside
the funnel at depths as great as 1000 m, and this volume of gas continued to expand as the ROV ascended.
The dissociation depth for methane hydrate in the area of study is estimated to be 610 m using the parame-
terization of Tishenko et al. [2006, equation 24]. It is difficult to determine from the imagery whether a thin
hydrate boundary exists between this free gas and the seawater below. It is possible that this free gas origi-
nated from hydrate-coated bubbles trapped in the top of the funnel that had coalesced as they expanded
due to decreasing hydrostatic pressure as the vehicle ascended.

By the time the ROV reached a depth of 420 m, 1 h, and 14 min after departing the seep, all of the hydrate
had dissociated and only free gas and water remained in the funnel. At this and shallower depths, the loca-
tion of the gas-liquid interface was manually digitized in the recorded imagery of the cylinder to determine
the interface location in pixels. The cylinder was constructed with nine graduated markings dividing the cyl-
inder into 10 equal volumes. In each image, the 1st and 9th markings were also manually digitized in order
to translate the gas-liquid interface location in pixels into a volume estimate using the known volume of
the cylinder (inside radius of 0.080 m and height of 0.38 m). By this process, the volume of gas was recorded
for 1679 images between 165 and 420 m water depth (Figure 10). The expansion of the gas with depth and

Figure 10. (top) The observed volume of methane gas collected between 165 and 420 m water depth, after methane dissociation (dots),
compared with the volume of gas estimated assuming an ideal gas law with 5.6 mol of methane (solid line). (bottom) The difference
between the observed volume of methane, V, and the estimated volume of gas assuming an ideal gas law, Viso, divided by the observed
volume, V.
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temperature (measured by the ROV during ascent) was then fit to both an ideal gas law (PV 5 nRT), assum-
ing the system was isothermal, resulting in an estimated 5.6 mol of gas collected over the 7 min and 52 s,
and a gas law accounting for Z (PV 5 ZnRT) calculated from the Peng-Robinson equation of state, resulting
in an estimated 6.2 mol of gas collected. These estimates were calculated at the deepest observation (420
m) to minimize the effect of methane dissolution into the water column. The observed change in volume
with depth between 165 and 420 m is compared to both the ideal gas law and a gas law accounting for
methane’s compressibility (or Z factor), which varies from Z 5 0.89 to 0.96 (420 m depth/283 K and 165 m
depth/290 K, respectively). Interestingly, the ideal gas law provides a much more accurate fit to the observa-
tions, although it should be pointed out that neither model accounts for dissolution at the gas/water inter-
face during the ROV ascent. Over the 7 min and 52 s collection period, and assuming dissolution is
negligible, the estimates for flux rate at the observation depth of 1120 m and 277.9 K would be Q 5 2.3 3

1026 m3/s and Q 5 2.0 3 1026 m3/s using the ideal gas law and the Peng-Robinson equation of state,
respectively. These results are 26% and 35% lower than the acoustic estimate, respectively.

5. Estimates of Methane Flux From the Seabed in the Entire Study Area

In addition to the seep at the Pascagoula Dome described in section 4, several other seeps at the Biloxi
Dome and a few km south of the Biloxi Dome (Figure 2) were visited with the ROV in 2012. These ROV dives
were not able to perform direct methane capture or measurements with the grid, but did employ two lasers
spaced 10 cm apart that were used for low-precision estimates of bubble size (although not bubble size dis-
tributions such as those presented in Figure 8).

The characteristics of the bubbles at all seeps visited with the ROV in 2012 were found to be quite different
from each other, ranging from the relatively wide distribution of bubble sizes observed at the Pascagoula
Dome (Figure 8) to a monodisperse bubble size distribution (i.e., bubbles of a single size only) observed at
the site south of the Biloxi Dome (see supporting information). All of the bubbles observed during these
ROV dives appeared to have radii between 1 and 5 mm, a size range that is consistent with bubble sizes
previously observed by other investigators in similar deep water conditions [e.g., Leifer and MacDonald,
2003; R€omer et al., 2012]. This constraint on bubble size suggests that it may be possible to predict, perhaps
crudely, the flux of gas escaping the seabed using the TS measurements made with the SBES.

To estimate the flux of methane gas escaping the seabed for the entire 2011 survey area, several assump-
tions must be made. We use each SBES TS measurement from the 2011 survey (41 observations, with TS
estimated over a 20 m depth bin at the seabed, see supporting information) to estimate the volumetric flux
at the seabed for each individual seep observation. The flux at the seabed is estimated as described in sec-
tion 4, but without the benefit of ROV observations describing the bubble size distribution and rise veloc-
ities. To provide at least some bounds for the flux estimate, it is assumed that the observed seeps had a
monodisperse bubble size distribution, and that) the rise velocity of a single bubble was 20 cm/s, similar to
that predicted by Clift et al. [1978] and to the observations of this study (Figure 8, bottom). The assumption
of the monodisperse bubble size distribution, which is used with bubble sizes ranging from 1 to 5 mm
radius, is an admittedly crude assumption, but one that is assumed to be better than assuming that the sin-
gle observed bubble size distribution on the Pascagoula Dome (Figure 8) applies to all seeps in the study
area (see images of other seep sites shown in the supporting information). The volumetric flux rate at the
seep base for each of the 41 TS observations made with the SBES in 2011 was then converted to a mass
flux, accounting for the compressibility factor Z (see supporting information) and then linearly extrapolated
to the 357 MBES seep observations under the assumption that the distribution of SBES observations was
representative of the entire population of seeps within the study area. This process results in a different
total mass flux estimate for the study area for each of the assumed bubble radii between 1 and 5 mm, rang-
ing from 0.0004 to 0.05 Tg/yr (Figure 11).

The total flux rate for the 6000 km2 area studied here is the equivalent of 0.0008–0.1% of the current esti-
mates for global seabed methane seepage rates, assuming a nominal value for the latter of 50 Tg/yr based
on several different estimates [Hovland et al., 1993; Kvenvolden et al., 2001; Judd, 2000]. The seeps observed
in this study likely constitute only a small fraction of the total gas seepage in the Gulf of Mexico basin. For
example, observations of gas seeps, gas hydrate, and chemosynthetic communities associated with gas
seeps are widespread across the north-central and north-western region of the Gulf of Mexico in a region
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far larger than the study area [e.g., Judd and Hovland, 2007] (Seabed Fluid Flow, Map 30). These observa-
tions are largely nonquantitative in terms of volumetric flux rate, however.

6. Discussion

The acoustic measurements presented here show excellent capacity for making synoptic measurements of
seabed gas escapage, a method that several other investigators have taken advantage of [e.g., R€omer et al.,
2012]. The direct comparison between acoustically derived and directly observed flux from a seep on the
Pascagoula Dome show that relatively accurate estimates of gas flux (the direct observations is about 35%
lower than the acoustic observation) can be achieved in the deep ocean using shipboard SBES. This com-
parison neglects the potential influence of smaller, nearby seeps which could result in an overestimate of
the acoustic TS and resulting flux estimate, and also neglects methane dissolution in the direct capture
experiment which would result in an underestimate of the directly observed flux. Estimates for the seabed
flux rate of free gas for the entire study area are much larger, varying by 2 orders of magnitude due to the
unknown size distribution of bubbles escaping the seabed.

Additional sources of uncertainty in the flux rate calculations for both the Pascagoula Dome seep and the
entire study area may also be present. The acoustic effects of both nonspherical bubbles (note that most
observed bubbles had an aspect ratio of 2 or less, see Figure 7 and supporting information) and hydrate
coatings on the bubble walls have been neglected. It has been assumed that the gas is comprised exclu-
sively of methane which, if untrue, may change both the formation of a hydrate coating and the dissolu-
tion of the bubble during its ascent. Also, the calculations presented here inherently assume that the gas
observed to be escaping the seabed during the 2 week time in 2011 represents an accurate ‘‘snapshot’’ of
the gas escaping the seabed throughout the year. Some gas seeps have been shown to be episodic [Grei-
nert, 2008; Kannberg et al., 2013], and so it is possible that a repeat examination of these seeps would
show that some are still present, some are no longer seeping, and some new seeps have appeared.
Although it seems reasonable to assume that the flux of escaping gas was not appreciably changing on a
regional scale during the survey, information to show that this is the case within the study area is not
presently available.

Although the acoustic measurements were effective at identifying the locations and numbers of gas seeps,
the use of only a single frequency has resulted in a wide range of values in the resulting flux estimate. The
use of multiple frequencies could be used to further constrain this estimate by exploiting the strong
frequency-dependence in the bubble target strength. Such a measurement would be novel for a natural
methane seep, but wideband acoustic measurements have been made previously for estimating the void
fraction of air bubbles under breaking waves [e.g., Medwin and Brietz, 1989; Terrill and Melville, 2000; Vagle
and Farmer, 1992], to discriminate between fish species [Holliday, 1972; Thompson and Love, 1996; Stanton
et al., 2010], and to distinguish scattering from turbulence from marine organisms [Lavery et al., 2010].

Figure 11. Estimates of methane gas flux at the seabed for the entire study area shown in Figure 2.
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After addressing the gas escaping the seafloor, the next obvious question is the eventual fate of the meth-
ane. This question has not been substantially addressed in this work, but the data presented here do not
offer some potential insights into the fate of methane bubbles in this deep water region. Methane is under-
saturated in the deep ocean, and clean methane bubbles are expected to lose much of their mass over sev-
eral tens of meters [Rehder et al., 2002; McGinnis et al., 2006; Rehder et al., 2009]. The observations presented
here (Figures 3 and 5) show that these gas seeps are rising several hundreds of meters through the water
column. This seems likely to be a result of the suggested impediment to gas transfer provided by a skin of
hydrate at the gas-liquid boundary of the bubble, acting to slow the rate of gas transfer [Rehder et al., 2002;
McGinnis et al., 2006]. Oil coatings on bubbles have also been suggested as a mechanism for slowing the
rate of gas transfer, possibly to a rate sufficiently slow that methane bubbles reach the sea surface [MacDon-
ald et al., 2002; Solomon et al., 2009]. Although we observed tall gas seeps, suggesting some kind of impedi-
ment to gas transfer relative to a ‘‘clean’’ bubble, when conducting this work we rarely observed methane
bubbles rising above the hydrate stability zone (HSZ), and often the observations did not extend even up to
the top of the predicted HSZ. More work is required, however, to determine whether the rising bubbles
were undetectable due to acoustic reverberation (or masking) from the deep scattering layer, whether the
bubbles rose outside of the SBES and MBES angular field of view, or whether the bubbles substantially dis-
solved deep within the water column.
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