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Considerable methane fluxes to the atmosphere
from hydrocarbon seeps in the Gulf of Mexico

Evan A. Solomon'*, Miriam Kastner', lan R. MacDonald? and Ira Leifer?

The fluxes of the greenhouse gas methane from many
individual sources to the atmosphere are not well constrained’.
Marine geological sources may be significant?, but they are
poorly quantified and are not included in the Intergovernmental
Panel on Climate Change budget'. Previous results based
on traditional indirect sampling techniques and modelling
suggested bubble plumes emitted from marine seeps at
depths greater than 200 m do not reach the surface mixed
layer because of bubble dissolution and methane oxidation3->,
Here we report methane concentration and isotope-depth
profiles from direct submersible sampling of deepwater (550-
600 m) hydrocarbon plumes in the Gulf of Mexico. We
show that bubble size, upwelling flows and the presence
of surfactants inhibit bubble dissolution, and that methane
oxidation is negligible. Consequently, methane concentrations
in surface waters are up to 1,000 times saturation with
respect to atmospheric equilibrium. We estimate that diffusive
atmospheric methane fluxes from individual plumes are one
to three orders of magnitude greater than estimates from
shallow-water seeps®®, greatly expanding the depth range
from which methane seep emissions should be considered
significant. Given the widespread occurrence of deepwater
seeps, we suggest that current estimates of the global oceanic
methane flux to the atmosphere’ may be too low.

Hydrocarbon seeps are ubiquitous along continental margins,
and hydrocarbon gas is emitted to the water column as bubble
plumes from focused vents within the larger seep sites (see
Supplementary Fig. S1). Progress in quantifying CH, emissions
has been restricted by difficulties in sampling the bubble plumes
with traditional techniques. In the Gulf of Mexico (GOM), bubble
plumes are commonly visible throughout the water column on
echograms’ (Fig. 1a), and the bubbles are often coated with a thin
oil layer'®. On reaching the sea surface (Fig. 1b), this oil is detected
by satellite remote sensing methods such as synthetic aperture radar
(SAR; refs 9, 11). SAR imagery shows ~350 perennial oil slicks
associated with plumes offshore Louisiana®"!? (see Supplementary
Fig. §2), and ~100 slicks in the southern GOM (refs 12, 13). These
are conservative estimates that exclude non-oily plumes, which may
be as abundant as oily ones™'°.

Traditionally, shipboard hydrocasts have been used to sample
the water column over seeps; however, they are ineffective at target-
ing seafloor vents and bubble plumes. Hence, we used a submersible
to collect water-column samples immediately adjacent to six bubble
plumes from the seafloor vents to the sea surface during two
research expeditions. Navigation through the water column was
based on visual identification of gas bubbles during ascent.

The extent of CH, consumption by aerobic oxidation in the
water column and the atmospheric methane flux from six plumes
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Figure 1| Perennial hydrocarbon plumes and their associated sea-surface
oil footprints. a, East-west trace of a 10 kHz echo-sounder showing two
bubble plumes at GC 185. Figure from ref. 9. b, Photograph from a space
shuttle showing that the bubble oil coating reaches the sea surface in
distinct footprints (arrows), forming perennial oil slicks above the plumes.
Figure from ref. 11. ¢, Bathymetric map of the northern GOM. Crosses are
the locations of the hydrocarbon seep sites examined in this study and
circles are the locations of nearby wind-recording stations. Bathymetry
from the NOAA National Geophysical Data Center.

were assessed at three GOM seep sites from depths of ~550 to 600 m
(Fig. 1c). Sites GC 185 and GC 234 are seeps containing gas hydrate
outcrops that breach the sea floor. Perennial bubble plumes escape
from gas vents within and adjacent to the outcrops. GB 425 is a mud
volcano at ~600 m depth. Hydrocarbons are discharged in a steady
stream from its centre, and the bubbles are not oily*'°.

Bottom waters sampled by submersible have CH, concentrations
ranging from 124 to 13,660 nM (Fig. 2b). Bottom water collected

by hydrocasts adjacent to the bubble plumes and at background
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Figure 2 | Methane concentration profiles sampled by hydrocast and submersible. a, Methane concentrations from traditional CTD casts. b, Methane
concentrations sampled by submersible. Note the concentration scale is expanded with respect to a. ¢, Methane concentrations from CTD casts in the
upper water column. d, Methane concentrations sampled by submersible in the upper water column. Note the concentration scale is expanded with
respect to c. e, Two-dimensional contour plot of the water-column CHg4 distribution at GC 185. The plot is based on three submersible dives and five
hydrocasts represented as black and white dotted lines, respectively. Standard error = +2%.

sites >400 m from the plumes had concentrations ~12% of those
sampled by submersible (Fig. 2a). Methane concentrations sampled
by submersible in the plumes decrease by 80-99% from the sea
floor to 350 m water depth, are relatively constant between 350 and
80 m, then increase near the sea surface up to 1,609 nM in both the
oily and non-oily plumes (Fig. 2¢,d). These exceptionally high CH,
concentrations coincide with the mixed layer, where CH, sea-to-air
evasion is faster than microbial oxidation’.

The bottom-water §'"*C-CH, ranges from —54.4 to —44.7%0
(Fig. 3a,b). An increase in §""C-CH, from the sea floor to the
surface indicates the occurrence and extent of microbial methane
oxidation if mixing with background sea water is negligible
(see Supplementary Discussion). There is only a minor increase
in §¥C-CH, from the sea floor to the surface in plumes
sampled by submersible, but there is an 18%c enrichment in
one conductivity—temperature—depth (CTD) cast (Fig. 3a,b). An
open-system, oxidation model'* was used to estimate the fraction
of the CH, input flux oxidized in the plumes from the §"* C-CH,
profiles. The model shows that only 0-37% of the input flux is
oxidized in the samples collected by submersible from both oily
and non-oily plumes. A significant portion of dissolved CH, that
escapes oxidation is transported to the mixed layer with the bubbles.
Using the same model for the CTD cast data, 3-97% of the CH, not
transported upwards with the bubbles is oxidized (Table 1).

Previous studies at other basins have indicated that bubble-
plume CH,4 emanating from water depths >200 m does not reach
the mixed layer because of bubble dissolution and oxidation
during ascent®®. Our data and the natural oil slicks at the sea
surface indicate that bubble plumes do reach the mixed layer
in the GOM (refs 11-13). At all GOM sites, the oil surfacing
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Figure 3 | Water-column §¥C-CH, profiles from the plumes sampled by
CTD casts and submersible. a, Water-column §3C-CH, from CTD casts.
An increase in 83C-CHa from the sea floor to sea surface indicates aerobic
methane oxidation. b, '*C-CH, depth profiles sampled by submersible
showing only minor aerobic methane oxidation within the water column.
Standard error = £0.6%q.

footprints are laterally within ~200-1,000m from the seafloor
vents'!. For the oil to surface this close to the vents requires bubble-
mediated seafloor (~550 m) to sea-surface transport with velocities
of 10-50cms™" (assuming lateral currents of ~20cms™'); oil
droplets alone are insufficiently buoyant to rise at this speed'!
(for example, a 1cm oil droplet rises at 1cms™'). The bubble
plumes studied in the GOM have high bubble fluxes, upwelling
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Table 1| Water-column CH, oxidation and mixed-layer diffusive CH, fluxes to the atmosphere.

Plume experiments Mixed-layer Times % Input flux Contemporary flux'

CH4 (nM) saturation* oxidized' (umol CHym=2d-")

Average Minimum Maximum

Submersible sampling
GC 185 main plume 571 30 37 566 313 895
GC 185 main plume 492 288 8 2,770 2,220 3,370
GC 185 secondary plume 608 354 il 3,420 2,750 4,160
GB 425 mud volcano 236 137 — 197 61.9 399
GC 234 main plume 1,609 954 3 6,520 3,470 10,500
GC 185 main plume 2002 164 96 0 362 n7z 736
CTDs
GC 185 main plume 2.92 1.5 97 7.0 5.6 8.5
GC 185 main plume 0.760 0.40 3 —0.38 —0.04 -1.0
GC 185 main plume 210 1.2 16 4.2 2.3 6.7
GC 185 background 113 0.66 — -0.12 —0.01 -0.35
GC 185 background 1.71 1.0 — 0.01 0 0.03
GC 234 main plume 175 1.0 — 0.05 0.02 on
GC 234 background 0.880 0.52 — —0.29 —0.04 -0.77

*Computed from the observed concentration of CH4 divided by the CHy in sea water equilibrated with ambient air at in situ conditions?’. Average CHy in air =1.77403 ppmv (ref. 1).

JrWater-cqumn 8'3C-CH, profiles that lacked adequate sample density were not used to compute per cent oxidation and are indicated with a dash.

* Fluxes calculated from the range in gas transfer coefficients based on the average daily wind speed +1o presented in Supplementary Table S2.

flows and broad bubble-size distributions that extend to large
bubbles, with bubbles commonly oil-coated, all of which are
critical factors that enhance bubble-mediated CH, transport to
the sea surface'™'. Using a simplified bubble propagation model
for bubbles at GC 185, it was predicted"' that only oily bubbles
>4.5mm radius would reach the sea surface (see Supplementary
Fig. S3). Using an improved version of the model that considers
depth-dependent compressibility, solubility and hydrate skin effects
within the hydrate stability field'®, as well as upwelling flows, we
show that non-oily bubbles with an initial radius of ~2.4-6 mm
at these and similar GOM sites as well reach the mixed layer from
550 m depth (see Supplementary Methods, Fig S4).

We propose that the loss of 80-99% of the plume CH, between
the sea floor and 350 m and the increase in CH, concentrations
above ~80 m (Fig. 2b) is a manifestation of the broad initial bubble
size distribution and upwelling flows at these seeps. Although
smaller bubbles (<1mm) completely dissolve below ~400m
(150 m above the sea floor), larger bubbles (~>2.4 mm) transport
their CH, far greater distances, ultimately dissolving near the
mixed layer or even surfacing (see Supplementary Fig. S4). As the
larger bubbles have a lower surface area to volume ratio and a
larger volume, the CH, transport efficiency increases with bubble
size. Plume aqueous CH, produced by small-bubble dissolution is
probably diluted by mixing with ambient water between 100 and
300 m where the currents were much stronger. Upwelling flows
result from the ensemble buoyancy force of the plume bubbles,
and decrease the transit time to the sea surface!”. The plume
spreading-angle is only ~5.2° and the thermocline was locally
raised above the plumes in comparison with the background sites
(see Supplementary Figs S5-S7), which can be explained only by
the vertical transport of deeper water. Thus, we conclude that
upwelling flows persist at least to the pycnocline. The increase in
methane concentrations above ~80m is consistent with plume
transport of deeper fluids to the pycnocline. As a result of the sharp
and large density difference between plume fluids and ambient
sea water at this depth, the plume cannot support the deeper
fluid, causing detrainment of plume fluids enriched in aqueous
CH, into the base of the mixed layer. This causes a build-up
of CH, concentrations as the CH, flux into the mixed layer is
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higher than the air-sea flux. Visual contact with the bubbles was
obscured/lost between ~15 and 70 m by turbulence and emptying
the submersible’s ballast tanks; however, the numerical bubble
simulations predict the larger bubbles reach the sea surface (see
Supplementary Methods, Fig S4), further increasing the mixed-
layer methane concentrations. Although bubble oil coatings at two
of the sites would further enhance bubble-mediated CH, transport
by slowing gas transfer, the numerical bubble simulations predict
that it is not requisite (see Supplementary Fig. S4). This conclusion
is validated by the elevated mixed-layer CH, concentrations in the
non-oily plume at GB 425.

Mixed-layer methane concentrations are several orders of mag-
nitude greater than produced locally as a by-product of methylphos-
phonate decomposition under PO,-limiting conditions (typically
2—-4nM; refs 17-19), and there is no known pathway for CH, pro-
duction during microbial oil degradation under oxic conditions®.
Thus, the elevated mixed-layer methane concentrations probably
result from limited CH, oxidation, enhanced bubble-mediated CH,
transfer through the water column and the deposition of aqueous
CHy at the base of the mixed layer.

Both research expeditions occurred during the summer when the
average mixed-layer depth in the northern GOM is ~30 m (ref. 21).
The summer mixed-layer methane concentrations are 30-954 times
saturation (Table 1). From the mixed-layer CH4 concentrations,
the contemporary (on the day of sampling) methane fluxes to the
atmosphere were estimated. An explanation of the uncertainties in
the CH, flux estimates is provided in the Methods section. The
contemporary methane fluxes from the plumes were computed
to be 197 £ 135 to 6,520 = 3,530 umolm~2d~!, and from the
background sites they are —0.38 +0.34 to 7.0 = 1.4 umol m—2d ™!
(Table 1). In the winter, the mixed layer deepens to ~80m in
the northern GOM (ref. 21), where dissolved CH, concentrations
are higher (Fig. 2). Given that winter winds are also stronger, the
wintertime diffusive fluxes to the atmosphere are probably greater
than during the summer. The contemporary GOM diffusive fluxes
exceed previous estimates from other deepwater environments
by 3-4 orders of magnitude®®!”!%22  and are even 2-3 orders
of magnitude greater than fluxes from shallow-water seep areas
(<200 m; refs 6-8) (see Supplementary Table S1).
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The results of the submersible sampling of deepwater
hydrocarbon plumes show that the GOM is not only a region where
much of the CHy escapes aerobic oxidation in the water column
and reaches the sea surface from depths >500m, but also that
diffusive fluxes to the atmosphere above these plumes are among
the highest reported so far. For example, they are up to three orders
of magnitude greater than diffusive fluxes from shallow-water seeps
(<100m) in the Black Sea (53-200 umolm~2d~!) and the Sea of
Okhotsk (3.2-63 pumol m—2 d~!; refs 7, 8), and are even greater than
far-field fluxes from the prodigious shallow-water seeps at Coal Oil
Point, California (see Supplementary Table S1). Given that previous
estimates of CH, fluxes to the atmosphere from deepwater seeps
relied on hydrocast data, the estimated fluxes presented here are
the first reported in close vicinity to bubble plumes; the primary
CH, transport mechanism. These results highlight the importance
of detailed and controlled sampling by submersible and shed light
on the significance of deepwater seeps as an atmospheric CH,
source. On the basis of available SAR imagery, a 53,693 km?” area
offshore Louisiana (3.6% of the GOM surface area) contains ~350
perennial seeps at water depths from 200-2,000 m, each containing
612 plumes®'"'?. This is a minimum estimate that excludes the
non-oily plumes such as the GB 425 plumes. Recent seismic studies
and ground-truth observations over a larger area have identified
~5,000 seep sites at water depths >200m in the northern GOM
(ref. 23), and there are probably five times as many seeps at
shallower depths*. Hence, considering the substantial diffusive
fluxes estimated in this study, the GOM is potentially a significant
source of fossil ("C-depleted) methane to the atmosphere. It is
probable that detailed plume sampling at other active hydrocarbon
basins such as the Persian Gulf, Caspian Sea, West African Margin
and the Alaska North Slope would yield similar CH, fluxes. Thus,
a more extensive measurement program including submersible
sampling of deepwater plumes in the GOM and other hydrocarbon
basins would improve estimates of the natural methane input from
the ocean and the contribution of marine seeps to the atmospheric
fossil methane burden.

Methods

Water-column samples from the bubble plumes were collected by the Johnson
Sea-Link research submersible and the CTDs were deployed from R/V Seward
Johnson, both operated by Harbor Branch, during two research expeditions in 2002
and 2003. The submersible samples were collected immediately adjacent to the
bubble plumes (~1-3 m) to ensure that the bubbles were not directly sampled.
The sampling interval was every ~20 m, and samples were not collected from the
sea surface, but rather >2 m below to ensure that floating oil was not sampled.
Samples were collected using a suction tube connected to the manipulator arm. The
tube outlet was in the back of the submersible, and samples were directly pumped
into serum bottles that were immediately capped and crimped by the observer.
Duplicate samples were collected for both methane concentration and isotopic
composition, and were poisoned immediately with a saturated HgCl, solution to
halt microbial production and oxidation of methane.

CH, and §'*C-CH, analyses. C,—C; hydrocarbons were analysed on a gas
chromatograph equipped with a flame ionization detector (GC 14A, Shimadzu
Corp.). C,—C; compounds were resolved with isothermal 60 °C runs using
ultrahigh-purity N, as a carrier gas through a 3.658 m by 0.318 cm packed column
(n-octane Res-Sil C). The standard error of the CH, analyses was +2%. §'*C-CH,
isotopic analyses were carried out on a Finnigan MAT 252 mass spectrometer with
a GCl interface with a standard deviation of 0.6%o.

Model for water-column methane oxidation. As methane ascends through the
water column and is aerobically oxidized, the residual CH, becomes isotopically
enriched in *C (CH, + 20, — CO, +2H,0) with an isotopic fractionation
factor (&) of ~1.020. Thus, an increase in §'*C—CH, from the sea floor to

the sea surface is an indicator of the occurrence and extent of microbial CH,
oxidation assuming mixing with ambient sea water is negligible. The fractionation
factor of 1.020 is the average of published values for aerobic methane oxidation
determined in laboratory and field experiments®?°. An open-system estimation
is probably representative of the plumes sampled in this study, as they have been
observed to persist at the same location among multiple SAR images, and thus are
perennial®''? (see Supplementary Fig. S2). This suggests that geologically sourced
methane is continuously added to the plumes from focused gas vents, and methane
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is simultaneously being consumed by microbial oxidation. In the model, it is
assumed that methane is added at a constant rate with a constant isotopic signature,
mixing with background methane is negligible (see Supplementary Discussion)
and the removal of CH, is primarily by aerobic oxidation, which is proportional to
the amount of CHj in the system and is the only pathway for isotope fractionation.
With these assumptions, the open-system equation'* was used:

8" Cen,® = (f - (8"Cep, +10%)) /(@ —a(1—f)*) - 10°

where §*Ccyy,© is the bottom-water methane carbon isotope ratio (equivalent to
the vent input ratio), « is the fractionation factor (1.020) and f is the fraction of the
input flux of CH, to the water column that is oxidized. f was determined iteratively
on the basis of the water-column §'*C-CH, depth profiles.

Estimation of the gas transfer coefficient k,,;. The methane fluxes to the
atmosphere were computed using the diffusive exchange equation

Flux = kavg (Cprume — Ceq)

where k,,, is the gas transfer coefficient at the average wind speed and C, is the
seawater CH, concentration in equilibrium with air at ambient conditions?’. The
gas transfer coefficient for the diffusive flux equation was computed using the
empirical Wanninkhof % relationship.

kovg = 0.3112, (Sc/660)*°

avg

where u,,, is the average wind speed at 10 m above the sea surface and Sc is the
Schmidt number. Both the equilibrium CH, concentration and Sc were computed
on the basis of the submersible temperature and salinity profiles at each site (see
Supplementary Figs S5 and S6). The wind speeds at the three focus sites were
obtained from the National Data Buoy Center Stations 42038 and 42041 (see:
http://www.ndbc.noaa.gov/). Station 42038 is located 15 km from the GB 425
mud volcano, and Station 42041 is 100 km from GC 185 and 75 km from GC 234
(Fig. 1c). The average and range in daily and seasonal wind speeds, as well as the
calculated k., at each site is presented in Supplementary Table S2.

Uncertainties in the estimated diffusive CH, fluxes arise from inherent
variations in u,, affecting the k,,, estimation (see Supplementary Table S2), and
the various relationships between u,,, and k,, in the literature®. For instance, an
increase in wind speed from 4 to 5cms™" (daily average) increases the methane
flux estimate by ~50% (ref. 29). In addition, for a given u,, use of the various
other parameterizations for k., produces differences in the methane flux of
10—40% (ref. 29). Two of the sites sampled have sea-surface oil slicks associated
with the plumes, and these surface films can reduce gas exchange by as much as
50% (ref. 30), suggesting the diffusive flux estimates at GC 185 and GC 234 are
high values. It should be noted that the sea-surface trajectories of the floating
oil are very complicated, and the locations of the slicks are highly variable over
short timescales; thus, areas with elevated mixed-layer CH, concentrations are not
continuously covered with these surface films.
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