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[11 Three deepwater hydrocarbon seep sites in the northern Gulf of Mexico that feature
near-seafloor gas hydrates, MC118 (depth = 900 m), GC600 (depth = 1250 m) and GC185
(depth = 550 m), were investigated during the Remote Sensing and Sea-Truth
Measurements of Methane Flux to the Atmosphere (HYFLUX) study in July 2009.
Continuous measurements of air and sea surface concentrations of methane were made to
obtain high spatial and temporal resolution of the diffusive net sea-to-air fluxes. The
atmospheric methane fluctuated between 1.70 and 2.40 parts per million (ppm) during the
entire cruise except for high concentrations (up to 4.01 ppm) sampled during the end of
the occupation of GC600 and the transit between GC600 and GC185. In conjunction with
air-mass back trajectory analysis, these high concentrations are likely from a localized
methane source to the atmosphere. Methane concentrations in surface seawater and
methane net sea-to-air fluxes show high temporal and spatial variability within and
between sites. The presence of ethane and propane in the surface seawater indicates a
thermogenic source in the plume areas, suggesting the surface methane could be at least
partly attributable to transport from the deepwater hydrocarbon seeps. Results from
interpolations within the survey areas show the daily methane fluxes to the atmosphere at
the three sites range from 0.744 to 300 mol d~'. Extrapolating the highest daily sea-to-air

flux of methane to other deepwater seeps in the northern Gulf of Mexico suggests that
the net diffusive sea-to-air flux from deepwater hydrocarbon seeps in this region is

an insignificant source to the atmospheric methane.

Citation: Hu, L., S. A. Yvon-Lewis, J. D. Kessler, and 1. R. MacDonald (2012), Methane fluxes to the atmosphere from
deepwater hydrocarbon seeps in the northern Gulf of Mexico, J. Geophys. Res., 117, C01009, doi:10.1029/2011JC007208.

1. Introduction

[2] Methane (CH,), one of the most important green-
house gases, has a warming potential 23 times that of car-
bon dioxide over a 100 year time horizon [Ramaswamy
et al., 2001]. It is also actively involved in tropospheric
ozone production and stratospheric ozone destruction. The
total amount of methane reserved in the form of gas hydrate
is about 2 x 10° Tg in a global inventory [Boswell and
Collett, 2011]. It is comparable to about 400 times the
total mass of the global atmospheric methane, 4850 (4-242)
Tg [Intergovernmental Panel on Climate Change, 2001].
Although the gas hydrate is an enormous methane reser-
voir, the contribution of the gas hydrate from the seafloor
to the atmospheric methane budget is poorly characterized.
It is estimated that marine seeps emit 18—48 Tg yr ' of
methane from the continental shelves to the overlying water
column [Hornafius et al., 1999]. However, the global
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emission from gas hydrates to the atmosphere is less than
5 Tg yr~' [Reeburgh, 2007].

[3] Methane released from the seafloor or produced in
microenvironments in the water column [e.g., Cynar and
Yayanos, 1991; de Angelis and Lee, 1994] can reach the
atmosphere through turbulent diffusion or rising bubbles. In
shallow water, rising bubbles are the predominant pathway
for delivering methane from seeps to the atmosphere, while
the net sea-to-air fluxes via diffusion are also considerable
[Mau et al., 2007; Schmale et al., 2005]. In deep water
systems, turbulent diffusion is a commonly cited pathway to
deliver methane to the atmosphere, whereas it is still debat-
able whether or not bubbles are capable of surviving from
the seafloor to the surface and, if so, how much methane
would be displaced by other gases (i.e., oxygen, nitrogen
etc.) as they are stripped out of the water as the bubble
moves to the surface [McGinnis et al., 2006; Rehder et al.,
2002, 2009]. Methane transport via rising bubbles from
the deepwater seeps to the atmosphere depends on a variety
of geological and physical parameters, including intensity
and composition of the seepages, bubble initial size, release
depth, bubble path, and dissolution rate [Leifer and
MacDonald, 2003]. Most previous studies reported that the
diffusive net sea-to-air fluxes of methane from deepwater
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Figure 1. Cruise track (red line) of HYFLUX cruise in July 2009. Colored surface of the map indicates
the water depths and land surface elevations. The bathymetric data are from the NOAA National Geophys-
ical Data Center (http://www.ngdc.noaa.gov/mgg/bathymetry/relief.html). White circles denote the loca-
tions of the three seep sites; black circles mark the year days (YD) along the cruise track; red stars
stand for the ports where the ship departed or arrived.

seep systems (water depth >200 m) are insignificant [e.g.,
Kessler et al., 2006; Reeburgh et al., 1991; Schmale et al.,
2005; Yvon-Lewis et al., 2011]. However, one recent study
suggests that the diffusive net sea-to-air flux of methane
from the deepwater hydrocarbon seeps to the atmosphere
could be considerable [Solomon et al., 2009].

[4] To better understand and quantify the diffusive net
sea-to-air fluxes of methane from deepwater hydrocarbon
seeps, we investigated three deepwater seeps featuring near-
seafloor gas hydrate in the northern Gulf of Mexico. High
spatial and temporal resolution measurements were made to
determine the net sea-to-air fluxes of methane over these
hydrocarbon seeps.

2. Method

2.1. Location and Measurements

[s] The HYFLUX cruise took place in the northern Gulf
of Mexico during July 2009 (4-19 July 2009) aboard the
R/V Brooks McCall. Intensive surface surveys were con-
ducted above three active seeps, MC118 (Rudyville,
28.8522°N, 88.4928°W, 900 meters below sea level (mbsl)),
GC600 (Oil Mountain, 27.3652°N, 90.5642°W, 1250 mbsl),
and GC185 (Bush Hill, 27.7823°N, 91.5080°W, 550 mbsl)
(Figure 1), which were characterized by seafloor gas hydrate
deposits that were partly exposed to seawater. Active oil and
gas venting was confirmed by a remotely operated vehicle
(ROV) at fixed locations within all three sampling sites. Air
and surface seawater samples were analyzed continuously
(except for brief maintenance intervals) during occupation of
the sites and transits. The air-sea sampling plan had two
modes: (1) a coarse regular grid, where samples were spaced

at a kilometer scale and (2) a fine sampling scale that
occurred as the ship loitered above the ROV, where samples
were spaced <10 m. The ship speed was kept below 4 knots
over most of the seep areas (Figure 2e¢).

[6] To measure the diffusive net sea-to-air fluxes of
methane and infer its origin, atmospheric and surface sea-
water dissolved C;-C; hydrocarbons were measured con-
tinuously with an automated sampling system coupled to a
Weiss-type equilibrator and a Gas Chromatograph/Flame
Ionization Detector (GC/FID, Agilent 6850) system. This
technique only quantifies the diffusive net sea-to-air flux of
dissolved methane and not the direct bubble injection of
methane to the atmosphere; however, direct bubble injection
to the atmosphere could be manifested in the data as
enhanced atmospheric concentrations relative to surface
seawater.

[7] Air samples were pumped continuously at ~6 L min~
through 0.63 cm ID Synflex tubing (Motion Industries,
Texas) mounted on the railing on the top of flying bridge
and running to the laboratory. Surface seawater (about 4 m
below the sea surface) was pumped into the Weiss-type
equilibrator at 15 L min~'. Equilibrator headspace and
ambient air were alternately sampled every 6 min using a
stream select valve. The sample stream passed through a
20 puL sampling loop after being dehumidified by a Nafion
dryer (Permapure Inc). The Nafion dryer and the 20 uL
sampling loop were flushed with the sample air at a rate
of 25 mL min~"' for 90 seconds before injection into the
GC/FID, which was equipped with a 15 m long, 32 pum
ID GS-GasPro column (1 m precolumn and 14 m main
column) with nitrogen carrier gas. Prior to the cruise, a
series of standard mixtures (C,-C3) ranging from 0 to
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Figure 2. (a) Atmospheric mixing ratios (blue) and surface seawater concentrations (red) of methane; the
scales for surface seawater methane in ranges of 0-30 and 30-200 nmol L™ are different. Atmospheric
mixing ratios (blue) and surface seawater concentrations (red) of (b) ethane and (c) propane. (d) Sea sur-
face salinity (blue) and temperature (red) and (e) 24 hour averaged wind speeds at 10 m above sea level
prior to sampling (blue) and ship speeds along the cruise track (red). (f) Saturation anomalies (blue) and
net sea-to-air fluxes (red) of methane; different scales for saturation anomalies in ranges of —40-2000%
and 2000~10,000% and fluxes in ranges of —20—~100 and 100-400 ymol m 2 d~'; dash line marks zero
saturation anomaly and zero flux. Concentrations of zeros for Figures 2a—2c indicate concentrations below
the instrument detection limit. Grey shadows mark the time periods over three seep sites. X-axis is the year
day of 2009 and the corresponding month/day is labeled in the brackets.

C01009

1000 parts per million (ppm) were made using two known
concentration standards (15 and 1000 ppm) from Scott
Specialty Gases. Standards with methane concentrations at
0.09 (£0.01), 1.09 (£0.02), 1.69 (£0.02) and 2.88 (+0.06)
ppm were also calibrated against a whole air tank, which was
calibrated to the NOAA-04 methane scale. The standards
with methane concentrations at 0.09-2.88 ppm were used to

3 of

create a standard curve to calibrate the instrument. Higher
concentration standards 15 (£1.5), 503 (4£25) and 1000
(£50) ppm were also run and used as an alternate calibration
curve when the measured concentration exceeded the lower
calibration range. The precision of the system was deter-
mined from five standard injections. The precision for con-
centrations <3 ppm was 3% for methane, 2% for ethane and
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3% for propane. The precision for concentrations >3 ppm
was less than 1% for methane, ethane and propane.

[8] The sea surface temperature and salinity were con-
tinuously measured by a conductivity-temperature-depth
(CTD) sensor from Sea-Bird Electronics (SBE 19 plus) at
the outflow of the equilibrator. Wind speeds and directions
were continuously measured by an anemometer at a height
of ~9 m above the sea level.

2.2. Equilibrator Concentration Correction

[s] The equilibrator headspace technique has been used
for the determination of the net sea-to-air fluxes of many
dissolved gases including but not limited to halocarbons
[Butler et al., 2007 and references therein; Hu et al., 2010
and references therein], CO, [Takahashi et al., 2009 and
references therein] and methane [Amouroux et al., 2002;
Bange et al., 1994, 1996, 1998; Kourtidis et al., 2006; Rhee
et al., 2009] over the past 20 years.

[10] Due to the different solubilities for different gases, the
time needed for the trace gas concentration in the headspace
to reach equilibrium with the incoming seawater is different
for each trace gas. The headspace mass concentration, C,, at
a time, ¢, can be expressed with the following equation when
the equilibrator vent flow, Q,, is zero [Johnson, 1999]:

Cv\ _ Cy
Q:(G——%W”+—, (1)
« «

where 7, = ﬁ, V, is the volume of the headspace, 12.5 L;

0,, is the volumetric flow rate of the seawater, 15 L minfl; £

is a dimensionless equilibrator coefficient, which is typically
about 0.3-0.4 [Johnson, 1999]; « is the Oswald solubility
coefficient; C; is the initial mass concentration in the head-
space and C,, is the mass concentration of the trace gas in the
incoming seawater.

[11] When the equilibrator vent flow, Q,, is not zero, the
air in the headspace is removed and replaced by the ambient
air at a rate of Q,. The trace gas concentration in the head-
space can then be expressed by the following equation
[Johnson, 1999]:

o _am(lmem) (i) +hein
‘< 1/’7’2 ’

(2)

where 7, =2 and - =1+ L; C, is the mass concentration of
Oy T T T 4

the trace gas in the ambient air.

[12] Under normal operating conditions, the equilibrator
vent flow is zero except the duration when the instrument is
flushing the dryer and sample loop (i.e., collecting the
headspace air sample). Assuming the equilibrator vent flow
is off for a period of #; (min) and on for a period of #, (min)
at a rate of 0, (ml min~"), the trace gas concentration in the
headspace at #; + #, can be expressed as

Q(l

e R
-

1/7’2

+ Ci—ﬂ e*f1/71+& e /T (3)
[0} [0}

Since the trace gas concentrations in the ambient air and in
the equilibrator headspace were measured, C,, C;, and C, are

_ e*tz/Tz)
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known. The trace gas concentration in seawater can be
expressed as a function of C,, C;, and C, (equation (4))

Co—2(l—e®m)Ci—e <7+%> G
C, = . : (4)

7'2(]*6 L2/T2) (]—e ’1/"’1)3 B/

aTy a

In this study, the vent flow, 25 ml min~', was only on for
2.5 min between two seawater measurements, resulting in
only 1% of difference in the C,, compared to the case
without the vent flow. Given such a small effect, we can
simplify equation (4) by assuming the vent flow is 0
during f; to #. Then 7, is equal to 0, and 7 is equal to 7».
Equation (4) can be expressed as

— (’l*'z)
C,—Cie \'"
Cw = 1 7(/1:2) : (5)

«

In equations (1)—(5), it is assumed that the trace gas con-
centration in the seawater is constant during #; and .
However, in reality, this assumption may not be true espe-
cially when the ship speed is fast. Therefore, assuming the
seawater concentration is constant during a very short time
period (Af) (i.e., <1 s) and the seawater concentrations are
Cy,Cy, ..., G, , C, foreach At (nAt=t, + ), the trace
gas concentration in the headspace can be expressed by

, _nAt , — g _(n=1)Ae
oo (et (Eam ) o
(0% «
« «

+@.
«

(6)

By substituting the C, in equation (5) with equation (6), C,,
can be expressed by

1 — e A/m —nLAg —I=ZA¢ —I=3N¢
C, = 17_ PN <Cwl€ m + sze i + nge n
—LAt
b Gy e C) )
. _ AT _n—i .
Assuming a; =117:T/T‘le A(i=1,2,3,...,n), C, can be

rewritten as
Cw = alcwl + aZsz + as CW'3 + ...+ anflcw,,,l + anCw,,~ (8)

Therefore, the fractional contributions of the true seawater
concentrations, C,,, Cy, ..., C, , C, , to the corrected
seawater concentration (C,,) are ay, as, ..., a,_1, ,. For the
very soluble gases (i.e., CO,, N,O), ai, a, ..., a,_1, a,
exponentially increase from 0 to 1 as a; goes to @, and C,, is
more representative of an instantaneous incoming seawater
concentration. For the less soluble gases (i.e., CHy, CO), a;,
a, ..., a,_y, a, are close to 1/n and C,, is more representa-
tive of an average seawater concentration during the last nA¢
min. In this study, the seawater concentrations were calcu-
lated using equation (4), and they represent average seawater
concentrations over a period of 12 min. As the ship speed
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Table 1. Mean Atmospheric Methane Mixing Ratios, Seawater Methane Concentrations, Saturation Anomalies and Net Sea-to-Air

Fluxes of Methane at the Three Seep Sites”

Atmospheric CHy Seawater CH4 Concentration

Saturation

) Flux (umol m2d™")
Averaged Wind

Sites Mixing Ratio (ppm) (nmol L™ Anomaly (%) Speed (m s~ ") w92° S07°¢
MCI118 1.93 (1.71-2.62) 5.85 (1.76-23.5) 207 (—6.42-1196) 5.6 15.4 (—0.52-86.1)  12.8 (—0.45-75.0)
GC600 2.13 (1.72-3.83) 3.61 (1.76-11.9) 90.5 (—46.0-598) 53 541 (—4.19-34.9)  4.67 (—3.65-30.4)
GC1385 1.81 (1.71-1.98) 2.41 (1.72-4.48) 39.6 (2.33-156) 4.0 1.25 (0.08-4.13) 1.07 (0.07-3.60)

“Ranges of values are given in parentheses.

"W92 refers to the flux calculated using the Wanninkhof [1992] gas transfer velocity parameterization.
°S07 refers to the flux calculated using the Sweeney et al. [2007] gas transfer velocity parameterization.

was in a range of 0—4 knots when sampling, 12 min repre-
sents a distance of 0—-1480 m.

2.3. Net Sea-to-Air Flux Calculation
[13] The net sea-to-air flux (F) is calculated by

F= kw(Cw - OCCa)7 (9)
where k,, is the gas transfer velocity (m d ") [Sweeney et al.,
2007], and C,,, C, and « are defined above. The gas transfer
velocity parameterization from Sweeney et al. [2007] is an
improvement over the typical Wanninkhof [1992] parame-
terization since they closed the previous gap between field
measurements [Liss and Merlivat, 1986; Nightingale et al.,
2000] and radiocarbon estimates [Tans et al., 1990;
Wanninkhof, 1992] on this parameter.

[14] The gas transfer velocity (k,) from Sweeney et al.
[2007] is expressed as

—-0.5
ky = 02717 Se
103 660 ’

where Sc is the Schmidt Number of methane in seawater
from Wanninkhof [1992] and u,q is the 10 m normalized
wind speed (m s~ ') determined using the equation given by
Large and Pond [1982].

(10)

3. Results

[15] Atmospheric methane during this cruise ranged from
1.70 to 4.01 ppm with a mean of 2.03 ppm (Figure 2a). The
atmospheric methane fluctuated around a background con-
centration of 1.92 ppm during the occupation of the sites and
transits except at the end of GC600 and the transit to GC185
(Figure 2a). The surface seawater methane concentrations
ranged from 1.76 to 23.5 nmol L™" at MC118, 1.76 to
11.9 nmol L™" at GC600, and 1.72 to 4.48 nmol L™ at
GC185 (Table 1). The presence of ethane (Figure 2b) and
propane (Figure 2c) in the surface seawater over the seep
area (mainly at MC118 and GC 600) indicates a thermogenic
contribution from the deepwater hydrocarbon seeps. The
maximum methane concentration observed in surface sea-
water during this study, 156 nmol L ™', was observed on year
day (YD) 191 (10 July 2009) on the continental shelf off-
shore from Louisiana (Figures 1 and 2a). The corresponding
atmospheric methane concentrations reached 2.10 ppm due
to the net sea-to-air flux (Figure 2a). Increased ethane and
propane along with elevated salinity and decreased temper-
ature (Figures 2b—2d) suggest that the elevated methane in
the surface seawater may be associated with upwelling of

hydrocarbon enriched waters. A similar feature in the sur-
face seawater was observed in the same region in June 2010
during the Persistent Localized Underwater Methane Emis-
sion Study (PLUMES) [Yvon-Lewis et al., 2011].

[16] The methane saturation anomaly is defined as the
percent difference between the partial pressures of methane
in surface seawater and air. They ranged from —51.8% to
7.43 x 10°% (Figure 2f). The calculated net sea-to-air fluxes
ranged from —4.68 to 416 pmol m~2 d~' (Figure 2f). The
mean net sea-to-air flux at each of the three seep areas
was 12.8 (MC118), 4.67 (GC600) and 1.07 pimol m 2 d~!
(GC185) (Table 1). To compare the results from this study to
those from previous studies, we calculated the flux using the
gas transfer velocity from Wanninkhof [1992] in addition
to using the Sweeney et al. [2007] relationship described
earlier. The calculated net sea-to-air methane fluxes from
the deepwater hydrocarbon plume areas are 1-2 orders of
magnitude lower than those from shallow water seep plume
areas (Table 2) [Mau et al., 2007; Schmale et al., 2005]. For
the deep water environment, the calculated fluxes from this
study are in the same range as those determined from most
previous studies (Table 2) [Reeburgh et al., 1991; Schmale
et al., 2005; Yoshida et al., 2004; Yvon-Lewis et al., 2011].
However, they are three orders of magnitude lower than
those reported by Solomon et al. [2009] who investigated the
same region as the current study including one of the same
identified seep sites.

4. Discussion

[17] Based on the results above, four main issues will be
addressed in the following discussion: (1) the source for the
elevated atmospheric methane during the transit from
GC600 to GC185; (2) the diffusive net sea-to-air fluxes of
methane over three seep sites and the extrapolated total
fluxes of methane over the deepwater seep area in the
northern Gulf of Mexico; (3) potential causes for the large
discrepancy between the results from this study and those
reported by Solomon et al. [2009]; and (4) the impact of
small areas of high methane concentration hotspots on our
regional air-sea flux estimate if extremely high concentra-
tions existed in the surface seawater over a deepwater
hydrocarbon plume area and were missed in this study.

4.1.

[18] An area of elevated atmospheric methane with a
maximum concentration of 4.01 ppm was observed on YD
197 (16 July) at GC600 (Figure 2a). The elevated atmo-
spheric methane persisted for 19 h and extended over 50 km
to the northwest of GC600 during the transit to GC185

Elevated Atmospheric Methane
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Table 2. Diffusive Net Sea-to-Air Fluxes of Methane From Different Marine Environments
Location Water Depth (m) Flux® (umol m 2 d ™) Reference
Deep Water Environments (>200 m)

Deepwater hydrocarbon plume area 550-1250 —4.19-86.1 this study

in the northern Gulf of Mexico
Deepwater hydrocarbon plume area 500-600 200-10,500 Solomon et al. [2009]

in the northern Gulf of Mexico
Plume area during the Deepwater Horizon oil spill 1500 —0.055-1.83 Yvon-Lewis et al. [2011]
Sorokin Trough and Dnepr Area in Black Sea >200 40.6-49.2 Schmale et al. [2005]
Central Black Sea >200 27 Reeburgh et al. [2006]
Sea of Okhotsk >200 0.36-88 Yoshida et al. [2004]
Baltic and North Seas >200 —6.6-13.89 Bange et al. [1994]
Aegean Sea >200 1.81 Bange et al. [1996]
Northwestern Levantine Basin >200 3.02 Bange et al. [1996]
Open Ocean in the Atlantic >200 0.3 Rhee et al. [2009]
Open Ocean in the Pacific >1000 0.9-3.5 Tilbrook and Karl [1995]

Shallow Water Environments (<200 m)

Coal Oil Point <70 195 Mau et al. [2007]
Northwest Black Sea <200 53 Amouroux et al. [2002]
Northwestern continental shelf of <200 0.47-11 Yoshida et al. [2004]

the Sea of Okhotsk
Shelf waters of Dnepr Area <200 67 Schmale et al. [2005]
Coastal region of the Atlantic <200 32 Rhee et al. [2009]

“Fluxes were calculated using the gas transfer velocity parameterization of Wanninkhof [1992].

(Figure 2a). Coincident elevated ethane and propane in
the atmosphere suggest a thermogenic gas contribution
(Figures 2b and 2c). The 24 h air-mass back-trajectories
obtained from the NOAA Air Resources Laboratory (http:/
ready.arl.noaa.gov/HYSPLIT traj.php) show that the air
masses with increased atmospheric methane came from
the same region as those with background concentrations

32

of 1.81 ppm (Figure 3), suggesting a localized source rather
than long-range transport. Since the methane concentrations
in the underlying seawater were close to a seawater back-
ground concentration of 2.40 nmol L™ (Figure 2a), methane
transport via diffusive sea-to-air gas exchange is not the
source of these high atmospheric concentrations.

Latitude ( °N)

-97

-92 -91 -90 -89

Longitude ( °E )

Figure 3. The 24 h back-trajectories of air masses (dot lines) and locations of oil platforms (black dots)
in the northern Gulf of Mexico. Back-trajectories were downloaded from NOAA Air Resources Labora-
tory (http://ready.arl.noaa.gov/HYSPLIT traj.php) and platform locations are from MMS Gulf of Mexico
regional database (http://www.gomr.mms.gov/homepg/pubinfo/repcat/arcinfo/index.html). White circles
denote the locations of three seep sites. Red stars stand for the ports where the ship departed or arrived.
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Figure 4. Vertical profiles of density at (a) MC118, (b) GC600 and (c) GC185. Red and blue lines stand

for two randomly selected CTD casts from each site.

[19] Although bubbles traveling over 1000 m from a
deepwater seep site have been observed [Greinert et al.,
2006], whether or not they can reach the surface is still
debated [McGinnis et al., 2006, Rehder et al., 2009]. In this
study, to increase the atmospheric methane concentration
to 4.01 ppm (3.25 ppm averaged over the area with
elevated methane concentrations), there would need to be
3 x 10° mol d~' of methane released to the atmosphere
assuming a marine boundary layer height of 700 m (data from
http://ready.arl.noaa.gov/READYamet.php) and assuming
that the elevated methane only spread out in a circle 100 m in
diameter centered on the ship as it moved along the cruise
track. It is not likely for direct methane transport via gas
bubbles at GC600 to contribute such a large amount of
methane to the atmosphere due to the strong pycnocline
during the summer (Figure 4) and the 1200 m water depth
at this site. While slicks were observed from the ship at
this site along with intermittent oil droplets rising to the
surface, surface water concentrations were 2.85 + 0.73 (10)
nmol L', suggesting that these droplets were not carrying
high concentrations of methane. Since the observation of
the elevated atmospheric methane to the northwest of
GC600 does coincide with satellite data from 20 July
showing very extensive oil slicks over this broad region of
the Gulf, we could not completely exclude the possibility
that methane could be transported inside of the oily bubbles
to the atmosphere. However, we cannot provide an appro-
priate mechanism for this possibility.

[20] Fugitive release to the atmosphere directly from oil
platforms around GC600 is possible (Figure 3). Given the
fact that no significantly elevated atmospheric methane
concentrations were observed near the recovery ships during
the Deepwater Horizon oil spill, which were flaring tre-
mendous amounts of gas [Yvon-Lewis et al., 2011], flaring
itself is an unlikely source of methane to the atmosphere.
Not flaring or accidentally releasing gas from the drilling oil

platform during this time is not likely to be the explanation
either based on the drilling records from the Drilling Rig
OCEAN MONARCH (the rig close to GC600). A likely
explanation could be an undetected leak from one or more
of the nearby oil platforms.

4.2. Methane Net Sea-to-Air Fluxes Over the Seep Area
in the Northern Gulf of Mexico

[21] High spatial variability was observed in sea surface
methane and net sea-to-air fluxes over the three seep areas
(Figures 5 and 6). Overall, MC118 had higher sea surface
methane concentrations and higher net sea-to-air fluxes than
either GC600 or GC185 (Tables 1 and 3 and Figures 5 and
6). GC600 is the oiliest site surveyed during this study.
Although surfactants can inhibit bubble dissolution and
enhance the methane transport, lower surface seawater
methane concentrations and lower diffusive fluxes were
observed than those at MC118. GC18S5 is the shallowest site
occupied during this study. During a prior study at this site, a
methane concentration of 608 nmol L™" at a water depth of
~20 m was reported and used to determine a net sea-to-air
flux of 3420 pmol m 2 d™' in the plume area [Solomon
et al., 2009]. Therefore, higher methane concentrations in
the air and sea surface as well as higher fluxes were antici-
pated. However, both the atmospheric methane and the sea
surface (4 mbsl) methane were near background (Table 1).
Spatial variability between sites is associated with char-
acteristics of their geological and physical environment, e.g.,
seep intensity, oil-water ratio, water depth, currents, and
mixed layer depth. Spatial variability within one seep site
(Figure 5) is related with the rising angle of the bubbles and
the directions of mid-depth and surface currents. High tem-
poral variability within one seep site was also observed
during our surface survey (Figures 2 and 6). The magnitudes
of the fluxes and the elevated flux areal extent vary from day
to day (Table 3 and Figure 6). The temporal variability of
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Figure 5. Methane concentrations in surface seawater at (a and b) MC118, (c and d) GC600 and (e and f)
GCI185. Grey rectangles in Figures 5a, 5c and 5Se indicate the blown-up regions, which are plotted in
Figures 5b, 5d and 5f. Red stars indicate the locations of the seeps.

methane fluxes could be due to changes in seepage rates,
currents, wind speeds, surface wave action, etc. [Clark et al.,
2003, 2010; Greinert et al., 2006; Leifer and Boles, 2005;
Leifer et al., 2006; Quigley et al., 1999].

[22] The daily methane mass flux distribution for each
survey area was determined by interpolation using natural
neighbor, inverse distance weighted interpolation, and krig-
ging (Table 3). The three different interpolation methods do
not produce significantly different fluxes. Since the natural
neighbor method produced a smoother shape, we chose this
algorithm as our main interpolation method for plotting the
mass flux distribution over the seep sites. Due to the high
temporal and spatial variability of the methane fluxes within
and between sites, it is difficult to extrapolate the observed
net sea-to-air fluxes to other periods or to other hydrocarbon
seeps (Figures 5 and 6). However, we can approximate the
upper limit of the diffusive net sea-to-air flux of methane
from the deepwater hydrocarbon seeps in the northern Gulf
of Mexico under normal conditions (i.e., no mud volcanoes
or submarine earthquake) by assigning the highest daily
flux determined in this study, 300 mol d™' (per seep site),
to other deepwater hydrocarbon seeps in this region. Large
uncertainty exists in the number of active seeps in the
northern Gulf of Mexico. Geophysical anomalies generated

by seeps in the geologic past exceed 5000 possible sites
[Frye, 2008] whereas preliminary results for seeps detected
by remote sensing (see the detailed method by Garcia-
Pineda et al. [2010]) suggest a maximum number of active
vents about 1500. Assuming that each of the 1500-5000
seeps in the northern Gulf of Mexico has daily net sea-to-
air flux of 300 mol d™' and they persistently emit methane
to the atmosphere at the same rate over a one-year period,
the total diffusive net sea-to-air flux from deepwater
hydrocarbon seeps in the northern Gulf of Mexico is about
3-9 Gg yr'. Compared with the total annual emission
of methane to the atmosphere, 5.8 x 10° Gg yr~' [Denman
et al., 2007], the contribution of the net diffusive sea-to-air
flux from deepwater hydrocarbon seeps in the northern
Gulf of Mexico is insignificant to the atmospheric methane
budget.

4.3. Explanation for Flux Discrepancy

[23] The three orders of magnitude methane flux discrep-
ancy between this study and that reported by Solomon et al.
[2009] is mainly attributable to the surface seawater methane
values used in the flux equation (equation (9)). The “sur-
face” seawater methane concentrations reported by Solomon
et al. [2009] were in the range of 57.1-1609 nmol L' while
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Figure 6. Contour plots of methane net sea-to-air fluxes at the three seep sites using natural neighbor.
Red stars indicate the locations of the seeps. Black circles stand for the locations of the flux measurements.

the methane concentrations in this study ranged from 1.72 to
23.5 nmol L™". Although we cannot exclude the possibility
of temporal variability, we can evaluate the methodological
differences between these two studies. How each study
defines a surface sampling depth is a key factor that bears
consideration. In the present study, seawater was continu-
ously sampled from ~4 m water depth within the mixed
layer as the ship was moving. Mean mixed layer depths were
4.8 m (0-28.8 m; median: 3.5 m; 32 CTD casts) at MC118,
4.9 m (4.2-5.5 m; 2 CTD casts) at GC 600, and 2.1 m (1.4—

2.6 m; 3 CTD casts) at GC185 (Figure 4). When determining
the air-sea flux using the air-sea concentration gradient, the
dissolved concentrations must be measured as close to the
surface as possible. By contrast, the shallowest sample col-
lected by Solomon et al. [2009] was around 20 m. Their
temperature and salinity profiles (see supplementary mate-
rials of Solomon et al. [2009]) do not display a mixed layer
depth below 20 m. Therefore, the surface water value they
used to calculate methane fluxes were not diagnostic of true
surface water values.
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Table 3. Mass Fluxes Over the Survey Area Using Different Interpolation Gridding Methods®
Natural Neighbor Inverse Distance Weighted Krigging
Area Weighted Area Weighted Area Weighted
Survey Area Area With Fluxes Mean Flux Mass Flux Mean Flux Mass Flux Mean Flux Mass Flux
Sites (km?) >8 ymol m2d~" (km?) (umolm2d™") (mold™") (umolm2d™") (mold™') (umolm2d™") (mold™")
MC118
YD 187 15.15 14.00 19.8 300 21.5 326 232 352
YD 188 16.27 13.91 13.2 215 12.0 195 11.3 183
YD 189 34.64 12.31 7.82 271 8.68 301 9.11 316
YD 190 8.530 3.430 7.75 66.1 8.70 74.2 8.82 75.2
YD 192.5-193.5  0.06155 0.03014 12.1 0.744 15.5 0.954 18.7 1.15
YD 193.5-195.2 0.5318 0.0055 6.98 371 6.36 3.38 6.23 331
GC600 8.571 0.407 6.05 51.9 5.53 47.4 5.26 45.1
GC185 6.686 0.000 1.02 6.85 1.03 6.86 1.00 6.69

“The boundaries for the gridded fluxes are shown in Figure 6.

[24] A contributing but minor factor to the differences in
net sea-to-air fluxes reported in the two studies involves the
atmospheric methane concentrations used in the flux calcu-
lation. Solomon et al. [2009] used an averaged atmospheric
methane concentration for their flux calculations, while the
atmospheric mixing ratios were measured once every 12 min
locally during the current study. Atmospheric methane
ranged from 1.70 to 4.01 ppm over the seep sites during the
current study. At times, the atmospheric methane con-
centrations were over twice the average background con-
centration. In some places during the occupation of GC600,
the surface ocean acted as a sink for atmospheric methane
and would have been misinterpreted as a source to the
atmosphere if average atmospheric methane concentrations
were used in the flux calculations. Fluxes of methane from
the ocean to the atmosphere or other incidental hydrocarbon
emissions could result in perturbations to the local atmo-
spheric methane concentrations, and these perturbations
should be accounted for in the calculation of the flux.

4.4. Impact of Small Area High Concentration
Hotspots on the Regional Air-Sea Flux

[25] To determine if the regional air-sea flux results from
continuous air-sea measurements are more representative
than discrete measurements, we investigate whether the
technique used in this study could have missed a high
methane concentration hotspot that is large enough to impact
the overall flux from the plume area. To address this possi-
bility, the sensitivity of the corrected seawater concentration
(C,,) to the size and concentration of a potential hotspot is
determined using equation (7). We assumed gl) that any
corrected seawater concentration >4 nmol L™ (twice the
background concentration) indicated an observable hotspot
and (2) that the ship left a background concentration of
2 nmol L' and immediately crossed a methane hotspot with
a concentration ranging from 4 to 1609 nmol L' (the
highest 20 m value reported by Solomon et al. [2009]).
Under these conditions, a surface hotspot with a concentra-
tion of 1609 nmol L™ is observable for a hotspot with a
diameter >2 m when the ship speed is 4 knots (e.g., when the
ship is conducting coarse surveys) (Figures 7a and 7¢), and a
diameter >5 cm when the ship speed is 0.1 knots (e.g., when
the ship was holding a station) (Figures 7b and 7d). As the
concentration of the hotspot decreases, the hotspot size
required for unequivocal detection would exponentially
increase (Figure 7).

[26] Since the corrected seawater concentration (C,,) is
close to an average concentration over 12 min (see equation
(7)), it averages out the high and low seawater concentra-
tions. Here, we will assess the possible impact of missed
hotspots along the survey track. Assuming the three seep
sites only contain hotspots with methane concentrations of
1609 nmol L' and waters with background concentrations
of 2 nmol L™, the possible sizes of the missed hotspots can
be determined by equation (7) using the actual ship speeds
and the observed concentrations. The area of each possible
missed hotspot ranges from 5.2 x 10~* m? to 77 m? and the
total area of missed hotpots in each of the three plume areas
is 181-930 m? (MC118), 51 m? (GC600) and 20 m’
(GC185), corresponding to fluxes of 0.80-5.16 mol d~'
(MC118), 0.24 mol d~' (GC600) and 0.05 mol d~' (GC185)
(Table 4). The mean flux over each plume area resulting
from hotspots that might have been missed using the current
survey technique accounts for only 1.7% (MC118), 0.5%
(GC600) and 0.7% (GC185) of the integrated regional
flux (Table 4).

[27] Another potential limitation of the survey technique
used in this study is the possibility that hotspots between the
survey tracks were never sampled. Since the extremely high
surface water methane concentrations reported by Solomon
et al. [2009] were from GC185, we use this site to investi-
gate the impact of missed hotspots between the survey
tracks. Assuming that either the missed hotspots or our
sampling pattern were randomly distributed throughout the
survey area, we estimate the probability that a hotspot was
completely missed. For each surface water measurement, the
probability (P) that a hotspot was missed is calculated as a
function of the total integrated hotspot area (4,) and the total
survey area (4; 6.686 km?) of GC185

P=(4d—4;,)/A. (11)
Since we sampled 71 times, the probability that the hotspot
was completely missed on all 71 measurements is P’'. This
calculation clearly shows that as the area of the hotspot
increases, the probability that it was missed rapidly decrea-
ses (Figure 8). While there is an increased probability that a
relatively small total integrated hotspot area was missed, this
relatively small area leads to a relatively small flux from
hotspots. Interestingly, even if we assume a background flux
of 50 times the observed value for GC185, a total integrated
hotspot area of only 1.92% of the survey area is necessary to
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Figure 7. Corrected seawater methane concentrations (C,,) (colored contours) as a function of hotspot
sizes (x-axis) and hotspot concentrations (y-axis). (a) A scenario when the ship crosses a hotspot with
an infinite variety of sizes and concentrations from a background concentration of 2 nmol L™" at a ship
speed of 4 knots (e.g., when ship is doing coarse survey). (b) A scenario when the ship crosses a hotspot
with an infinite variety of sizes and concentrations from a background concentration of 2 nmol L ™" at a
ship speed of 0.1 knots (e.g. when ship is holding station). (¢) An expansion of Figure 7a and (d) an expan-
sion of Figure 7b are also shown. White lines indicate 4 nmol L™ contours, our defined boundary for an
observable hotspot signal (see section 4.4). Any concentration or size condition to the right and above the
white line meets the criteria for being a detectable hotspot.

produce a daily flux similar to our “background” observa-
tions. And for a hotspot area of 1.92%, there is only a 25%
chance that hotspots covering this total integrated area were
missed during our sampling campaign.

5. Conclusions

[28] Elevated methane concentrations in surface seawater
were observed, and elevated net sea-to-air methane fluxes

were determined at three seep sites (MC118, GC 600 and
GC185) in the northern Gulf of Mexico. The net sea-to-air
methane fluxes ranged from —4.19 to 86.1 ymol m 2 d~'
over the deepwater hydrocarbon plume areas, agreeing
with most previous studies. Variations in the atmospheric
methane concentrations suggest the need for measuring
atmospheric methane concentration when assessing the net
sea-to-air fluxes. High temporal and spatial variability in the

Table 4. The Integrated Net Mass Flux of Methane From Each Survey Area Each Day and the Total Potential Mass Flux From Hotspots

at Those Sites

Sites Survey Area (km?) Mass Flux® (mol d~ ') Total Hotspot Area (km?) Hotspots Mass Flux® (mol d~")
MC118
YD 187 15.15 300 0.930 x 1072 5.16
YD 188 16.27 215 0.238 x 10 1.34
YD 189 34.64 271 0.444 x 1073 1.82
YD 190 8.53 66.1 0.181 x 1073 0.82
YD 192.5-193.5 0.062 0.74 0.597 x 1073 4.66
YD 193.5-195.2 0.53 3.71 0.181 x 1073 0.80
Mean 142 243
GC600 8.57 51.9 0.051 x 1073 0.24
GC185 6.69 6.85 0.020 x 1073 0.05

“Integrated mass flux using natural neighbor.

®The total methane flux from hotspots assuming relatively small areas of hotspots exist on the survey tracks.
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methane fluxes was observed over the three seep areas.
Extrapolating the highest flux from this study to other
deepwater hydrocarbon seeps in the northern Gulf of Mexico
suggests that diffusive net sea-to-air fluxes from deepwater
hydrocarbon seeps in the northern Gulf of Mexico is an
insignificant source to atmospheric methane. However,
the elevated air concentrations on GC600 require about 3 x
10° mol d' of methane released in this area. This tremen-
dous methane source could not be characterized during
this study.

[20] Three orders of magnitude of discrepancy exist
between the results from this study and those reported by
Solomon et al. [2009] for the estimation of the diffusive net
sea-to-air flux of methane from deepwater hydrocarbon
seeps in the northern Gulf of Mexico. The large discrepancy
between these two studies is mainly attributed to the differ-
ent concentrations observed and the depths of those con-
centrations. The concentrations reported here are all from
within or close to the surface mixed layer and appropriate for
use in air-sea flux calculations. However, assuming that
extremely high methane concentrations existed as relatively
small hotspots in the surface seawater over deepwater
hydrocarbon seep area, the impact of those hotspots on the
regional diffusive air-sea flux would be small.
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