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Introduction

Natural marine hydrocarbon seeps are
widespread features (Fleischer et al.,
2001) which potentially have an
important impact on the cycling of
hydrocarbons between the litho-
sphere, the hydrosphere, and the
atmosphere (Hornafius et al., 1999;
Judd, 2000; Kvenvolden et al., 2001;
Judd et al., 2002). They create a
unique bio-geochemical and fluid-dy-
namical environment (Leifer et al.,
2000) not easily reproducible in the
laboratory, and may have significant
impact on the coastal and the global
environment (Kvenvolden et al.,
2001), as well as �simulating� many of
the processes in an underwater oil ⁄gas
spill – see Johansen (2000) for a
description of underwater spill pro-
cesses.
Unlike deep-water seeps, the impact

of seeps on the ecology in shallow
continental shelf waters remains
unclear. Some authors who worked
on seeps in the North Sea – e.g.
Hovland and Thomsen (1989) – or
the Oregon continental shelf – e.g.
Juhl and Targon (1993) – suggest a
significant increase in biological activ-
ity around seeps. Others who worked
on North Sea seeps – e.g. Dando et al.

(1991), Dando and Hovland (1992)
and Dando (2001) – argued that
anomalous biological activity was
accounted for mainly by the presence
of hard ground (rocks of methane-
derived authigenic carbonate) and a
relatively sheltered environment.
However, the presence of certain spe-
cies with endosymbiotic chemosyn-
thetic bacteria indicates some impact
on benthic communities. These seep
biology investigations were concerned
primarily with benthic ecology.
Despite speculation regarding the
wider biological impact of seeps (Judd
and Hovland, 1989), concerted efforts
to study the biological seep implica-
tions higher in the water column are
lacking.
Many of the unique seep conditions

result from the presence of rising
bubbles. At natural seeps, free gas
bubbles rise from the seabed into the
water column. Some seeps are little
more than gentle emanations of bub-
bles from a few vents, while others
bubble vigorously from dense vent
clusters. Bubbles exchange gas with
the surrounding fluid (Keeling, 1993),
introduce turbulence (Monahan and
Spillane, 1984), induce bulk fluid
motions (Chen et al., 1994), and effi-
ciently transport oil and particles
(Blanchard, 1989). However, the
mechanisms for many of these proces-
ses are at best poorly understood – see
Jakobsen et al. (1997) for a review. In
some ways, a rising bubble plume is
similar to a submerged buoyant jet,
such as sewage or power plant

discharges that rise in a stratified fluid
until a terminal height (Zheng and
Yapa, 1998), but important differenc-
es can arise. In a buoyant jet, all
plume fluid elements contribute to
buoyancy. Thus to model a seep as a
buoyant jet, the buoyancy arises from
decreased plume density due to the
bubbles. But in reality, the fluid
motion in a bubble plume is primarily
due to discrete, highly buoyant ele-
ments, the bubbles, transferring
momentum to the plume fluid. As a
result, interesting properties may
occur when the bubbles dissolve and
the driving buoyancy force ceases. In
this paper, we review observations of
methane layers below the thermocline
and discuss the implications of bubble
dissolution on hydrocarbon seep bub-
ble plumes and present observations
best explained by a process we term
bubble deposition.

Observations

The observations upon which this
study is based were made at three
locations: the UK sector of the North
Sea (Summer 1991); the Santa Bar-
bara Channel, California (Spring &
Summer 2001); and the Gulf of
Mexico (Summer 2000).

North Sea

Active pockmarks in UK Block 15 ⁄25,
North Sea (shown in Fig. 1), have
been subjected to numerous investiga-
tions (Hovland and Sommerville,
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1985; Hovland and Judd, 1988; Dando
et al., 1991; Judd et al., 1994). ROV
and manned submersible dives have
confirmed that acoustic plumes show
seepage activity. However, both the
density of active vents and bubble flux
are low (Hovland and Judd, 1988).

High-resolution seismic profiles across
this pockmark (Fig. 2) show hyperbo-
lic water column targets. These were
all at approximately the same height
above the seabed (� 20–30 m) but
with a different character from the
plumes associated with bubble.

Gulf of Mexico

Natural oil and gas seepage in the
Gulf of Mexico is well documented
(Brooks et al., 1984; MacDonald
et al., 1999) and produces bubble
plumes that have been observed by
their acoustic return signal rising hun-
dreds of metres. These signals often
disappear before reaching the surface
– e.g. Fig. 3. Previous authors noting
this phenomenon (e.g. Guinasso and
Schink, 1973; Judd et al., 1997) have
attributed it to one or more of the
following: the gas bubbles passing out
of the acoustic beam, the relationship
between bubble size and acoustic
signal being no longer conducive to
acoustic resonance reflection, or dis-
solution of the gas bubbles. The tran-
sect in Fig. 3 was in the downcurrent
direction, and thus the likely explana-
tions are bubble dissolution or bubble
dispersion at the same depth as the
upper scattering layer. The upper
scattering layer was most likely due
to zooplankton, since it became thin-
ner and shallower at night time. A
second scattering layer was observed
60–80 m above the seabed, and
showed no diurnal variation.

Santa Barbara Channel

The northern margin of the Santa
Barbara Channel contains some of the

most active areas of hydrocarbon
seepage in the world, releasing both
oil and gas (Hornafius et al., 1999;
Quigley et al., 1999). Gas bubbles, to
which the oil adheres, boil out of
densely clustered vents. These seeps
are very shallow (20–70 m) and seep
bubbles are observed easily at the
surface (Leifer et al., 2000).

Bubbles and fluid motions

Few published quantitative observa-
tions of the bubble emission size
distribution for hydrocarbon seeps
exist. Bubble probability distributions
from the Gulf of Mexico (GOM) and
Santa Barbara Channel (SBC) are
shown in Fig. 4. The GOM distribu-
tion was at the seabed (540 m deep)
and represented bubbles escaping in a
single, steady stream (Leifer and Mac-
Donald, unpublished results). A pul-
sing stream at the same site (not
shown) had a broad and flat distribu-
tion to 104-lm radius, r, unlike the
distribution shown in Fig. 4. The SBC
distribution was at the surface (i.e.
20 m above the seabed) for Shane
Seep (34�24.37¢N, 119�53.41¢W) and
represented bubbles rising from
numerous vents, both pulsing and
steady, located within a few metres
of two adjacent and active pockmarks
on the seabed. Both distributions
decreased steeply from peaks at
�r ¼ 2700 lm.
Quantitative bubble distributions

were unavailable for the North Sea,
but visual observations suggested
that some vents emitted continuous
streams of � 2500-lm-radius bubbles,
and in a narrow size range. Other
vents intermittently released bursts of

Fig. 1 Map showing pockmarks Scan-
ner, Scotia and Challenger in the North
Sea, UK Block 15 ⁄25. All were actively
seeping gas. Data from multibeam echo
sounder survey, Kommander Jack, April
2001 (courtesy of Geotek Ltd). Sample
measurement sites shown. Arrows indi-
cate sites off the map with distance to
site from arrow base. Depth contour key
and distance scale on figure. Grid lines
show latitude (North) and Longitude
(East).

Fig. 2 Seismic profile of the �Scanner� pockmark, UK Block 15 ⁄25, North Sea (see Fig. 1 for locations). British Geological Survey
(BGS) digital deep-towed boomer, previously published in Judd et al. (1994).
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four or five relatively large (3–4 cm
top diameter) bubbles (Hovland and
Judd, 1988). The narrow size range is
consistent with the data presented in
Fig. 4, particularly for continuous
streams.
In the extremely active SBC

seeps, strong SBC upwelling flows of
30–100 cm s)1 were observed at the
surface (Leifer et al., 2000). For the
GOM seeps, upwelling flows
1–15 cm s)1 were observed for three
seeps at the seabed (Leifer and Mac-
Donald, unpublished results). No
observations to either confirm or deny
the existence of upwelling flows for the
North Sea seeps exist or were
obtained.

Dissolved gas observations

Due to its extreme activity and shal-
lowness, very high oceanic CH4 lev-
els, significantly above oceanic
background levels, are observed in
the SBC (Clark et al., 2000). How-

ever, CH4 in the water in the bubble
plumes was significantly greater,
slightly supersaturated with respect
to the bubbles – i.e. CH4 levels were
millimolar (Leifer et al., 2000). This
is significant, since it is CH4 in the
plume rather than in the far field
water that affects the bubble gas loss
rate (discussed below). However, cap-
turing plume water free of all bubbles
is challenging.
Water is primarily transported into

the North Sea site area from the
North Atlantic by the Fair Isle Cur-
rent and has low (2.5–3.5 nmol L)1)
CH4 concentrations (Rehder et al.,
1994). River input is important in
portions of the North Sea and con-
tains significantly greater CH4 (i.e.
100 nmol L)1 for the Rhine). How-
ever, based on the relationship
between salinity and CH4 in the North
Sea for water entering from the Elbe
River, the observed salinity (see
Fig. 6) was consistent with back-
ground N. Atlantic CH4 levels

(Rehder et al., 1994). One potential
input near the site was a blow-out in
November 1990 at 57�55¢19.8¢N,
1�37¢56.9¢E, � 30 km SE from the
Scanner pockmark, that produced
surface CH4 levels in 1994 of
1450 nmol L)1. Output from a disper-
sion model in Rehder et al. (1994) for
the location of the Scanner pockmark
estimated a decrease by a factor of
� 100, i.e. potential blowout contri-
bution to the study area was compar-
able to background levels.
The vertical CH4 concentration

profiles were determined for the North
Sea site by water bottle casts above
actively seeping pockmarks and in the
field in general. Locations are shown
in Fig. 1. The data has been segrega-
ted into profiles above pockmarks
(Fig. 5A) and in the seep field
(Fig. 5B). Average profiles for these
two categories are shown in Fig. 5(C).
Each profile was linearly interpolated
to 1 m, and then averaged at each
depth for profiles with available data.
Three features are common to these
profiles, a peak at 100–125 m depth, a
deeper peak, and a gradual decrease
from the shallower peak towards the
surface. The deeper peak likely resul-
ted from sediment disturbance during
water bottle casts. The peak at 110 m
is more pronounced for plumes than
that for the field, but not significantly,
namely the minimum at 130 m, or the
decrease from 90 m towards the sur-
face. The presence and consistent
depth of this peak, both over pock-
marks and away from pockmarks in
several directions in the seep field
area, strongly suggests that CH4 was
trapped in a layer. A least-squares,
linear-regression analysis of the
CH4 decrease with depth from 100 m
to the thermocline is shown in
Fig. 5(C). Slopes were 0.35 and
0.81 nmol L)1 m)1, with correlations
of 69% and 83%, for the plume and
field profiles, respectively.
During a May 1994 cruise, Rehder

et al. (1994) observed a midwater col-
umn peak (� 60 m depth) also below
the thermocline at 57�43¢N, 1.5�E,
� 20 km from the blowout and
� 70 km from the Scanner pockmark.
During a North Sea transect at 58�N, a
midwater peak was only observed at
this site, while other sites just showed a
peak below the thermocline.
Frequently, a CH4 peak is ob-

served at the thermocline (e.g. Fig. 5

Fig. 3 Bush Hill, Gulf of Mexico (GC185), acoustic return (27�46.9¢N, 91�30.4¢W).
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No. 14); however, the thermal profile
(Fig. 6) showed a very shallow ther-
mocline. The Challenger pockmark
(Nos. 6, 14) was the most active in
terms of seepage and showed evi-
dence of both the highest seepage and
the highest CH4 concentrations in
near surface water.

Bubble gas exchange theory

Seep bubbles are often observed esca-
ping from the seabed as a stream of
nearly pure CH4 bubbles (Hovland
and Judd, 1988) with trace alkanes
and atmospheric gases. The bubble
CH4 is highly supersaturated with

respect to the bulk ocean and rapidly
outflows from the bubble, causing
bubble dissolution. The mass flux
(FM) for any gas from a bubble is
described by (Leifer and Patro, 2002)

FM ¼ ð@n=@tÞ ¼ AkBDC

¼ 4pr2kBðr;D; T ÞðC � PB=HðT ÞÞ
ð1Þ

where n is the number of moles in the
bubble, t is time, C is the aqueous
concentration, DC is the concentration
difference between the gas and liquid
phases, r is the equivalent spherical
radius, and A is the bubble surface
area. The individual gas transfer rate
(kB) is strongly dependent upon r and
the gas diffusivity (D). The bubble
pressure (PB) is primarily a function
of the hydrostatic pressure (PH) andH
is the Henry’s Law constant that
describes the equilibrium between the
gas concentration and the partial
pressure. Both H and D are tempera-
ture (T) dependent.
A schematic of bubble gas exchange

is shown in Fig. 7. As CH4 outflows
the bubble, the driving force, DC,
decreases and thus FM also decreases.
While the CH4 outflows the bubble,
dissolved air inflows, slowing the rate

Fig. 5 CH4 concentration profiles compiled from individual water bottle casts at locations over active pockmarks and distant from
the seep field in the North Sea. For sample locations, see Fig. 1 and Table 1. (Data from Dando, 1991.)

Fig. 4 Normalized bubble probability distributions (to peak probability ¼ 1) for
non-pulsing seep in the Gulf of Mexico (GOM) and combined pulsing and non-
pulsing seep in the Santa Barbara Channel (SBC). Data key on figure.
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of bubble dissolution. Initially, air
inflow has negligible effect on r
(Fig. 7A), but as the bubble loses
more CH4 its air content becomes
increasingly significant (Fig. 7B). In
addition, the bubble grows due to the
decrease in PH as it rises (see Fig. 7B
where the air inflow ¼ CH4 outflow).
Complications arise if the bubble is in
an upwelling flow, since ¶PH ⁄ ¶t is
greater. Additionally, if the cumula-
tive gas outflow from the plume

bubbles increases C in the plume fluid,
FM decreases. The balance between
these three processes determines whe-
ther or not a bubble dissolves. As a
result, a bubble’s fate depends, among
other factors, upon its release radius
(r0), seabed depth (z0), vertical velo-
city (VZ), the rate ¶PH ⁄ ¶t, and the
aqueous CH4 concentration (C).
Bubbles rise at their stagnant rise

velocity (VB) relative to the surround-
ing fluid, and also create upwelling

flows. The upwelling flow, Vup,
decreases the time for bubbles to reach
the surface, as well as increasing
¶PH ⁄ ¶t. For most seep bubbles, VB is
20–30 cm s)1 and thus Vup can be
significant, delaying bubble dissolu-
tion until shallower depths. Since the
driving force behind Vup is the rising
bubbles, bubble dissolution decreases
Vup. This leads to our central hypo-
thesis: if all plume bubbles dissolve,
the upwelling flow will (after some
distance) cease, causing both dissolved
gases in the plume fluid and any
particles or oil transported by the
bubbles to be deposited at a subsur-
face depth.

Numerical bubble model

Bubble dissolution for North Sea hy-
drocarbon seepage was investigated
with a numerical bubble model (des-
cribed in detail in Leifer and Patro,
2002). A model flowchart is shown in
Fig. 8. Initially, physical, fluid dynam-
ical, plume and chemical parameters
are loaded. Next, the seabed bubble
flux distribution, /(r), is calculated
from the product of the observed VB(r)
and the size probability distribution –
i.e. Fig. 4. Where feasible, look-up
tables are calculated for calculation
speed, including parameterizations for
kB and VB. Bubbles in each size class
are simulated including an imposed
upwelling flow, Vup. The model solves
the coupled differential equations des-
cribing the change in n, r, PB and z as a
bubble rises, exchanges gases, and
changes in size due to gas exchange
and decreasing PH. Then the output
for each r is interpolated to a smooth
depth grid. The mass flux for the
plume at each depth can be calculated
from the bubble mass flux integrated
over the bubble flux at each depth. D
and H were for 6.9 �C (from Wan-
ninkhof, 1992).
For this study the model simulated

bubbles spanning 100 < r < 104 lm
with varying surfactant contamin-
ation, where small bubbles are dirty,
and large bubbles are clean (Patro
et al., 2001) with a transition at
r ¼ 500 lm, from a release depth of
172 m (Challenger pockmark). Vup
was constant throughout the water
column. In reality, Vup decreases as
the plume disperses and bubbles dis-
solve, disappearing if all bubbles
dissolve unless the plume fluid is more

Fig. 6 Profile of temperature (A) and salinity (B) from a CTD cast at Challenger
pockmark (Site 14). (Data from Dando, 1991.)

Fig. 7 Schematic of seep bubble gas exchange. In (A) CH4 outflow is much greater
than air inflow, and the bubble size decreases; in (B) air inflow matches CH4 outflow,
but the bubble size increases because the pressure (PH) decreases as the bubble rises.
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buoyant than the surrounding ocean
(i.e. T increases with depth). Gas
parameters are shown in Table 1.
Since bubble air content and aqueous
values were unavailable, air in the
bubbles was assumed trace, using
values from SBC seabed seep compo-
sition – Leifer et al. (2000). The re-
maining bubble content was simulated
as pure CH4. Average T and CH4
values for the lower 100 m (from
Figs 5 and 6) were used. Over z of
interest for this study (172 <
z < 100 m), sensitivity studies showed
that the observed z variations in T and
CH4, had negligible effect on the
model calculations, and therefore
using water-column averaged values
was appropriate.

Model results

The calculated ratio of the final (i.e.
surface) to initial r is shown in

Fig. 9(A), while for dissolving bub-
bles, the dissolution depths are shown
in Fig. 9(B), for upwelling flows, Vup,
of 0, 5 and 10 cm s)1. For all cases the
smallest bubbles dissolved close to the
bottom. For Vup ¼ 0 cm s)1, bubbles
smaller than 3400 lm dissolved sub-
surface; while with increasing Vup,
smaller bubbles survived and larger
bubbles grew more. For Vup ¼
10 cm s)1, only r <2500-lm bubbles
reached the surface. For this range of
Vup, bubbles � 2700 lm dissolved
from 110 m (Vup ¼ 0) to 60 m
(Vup ¼ 10). Clearly, bubble size and
Vup are critical.

Discussion and conclusions

Our hypothesis is that the bubbles
outflow methane into the surrounding
upwelling fluid that ceased rising near
the depth where the bubbles dissolved,
forming the observed layer. The

model results show that the predicted
dissolution depth for Challenger
was slightly shallower than the
observed methane peak, particularly
if Vup > 0. The Vup ¼ 0 simulation is
an unrealistic limiting case, since in
the absence of an upwelling flow, it is
very difficult to produce a CH4 peak.
This is because the bubble gas flux is
greatest initially, i.e. near the seabed
(when DC is greatest), and thus the
CH4 peak would be near the seabed –
a feature more strongly observed over
the pockmarks.
The crucial question for interpre-

ting the model output is: For what z
does Vup ¼ 0? This is critical, since it
is at this z that the plume stops rising
and is �pulled� in the downcurrent
direction, forming a deposition layer.
Unfortunately, theoretical understan-
ding of upward rising oceanic bubble
plumes is virtually non-existent, with
few measurements available, partic-
ularly throughout the water column.
Therefore, we approach this question
descriptively.
The more developed is a bubble

wake, the more efficiently the bubble
transfers momentum to the rising
plume. The flow around r <300-lm
bubbles is close to laminar, while
oscillating bubbles (r > 900 lm) have
well-developed wakes (Clift et al.,
1978). Thus for r � 300 lm, the
driving force for Vup is likely to disap-
pear. However, due to inertia, the
plume should rise somewhat higher.
Bubbles will dissolve to 300 lm below
the dissolution depths shown in
Fig. 9. For example, for Vup ¼ 0 and
5 cm s)1, 2000-lm bubbles dissolved
to 300 lm, 5 m and 10 m below their
respective dissolution depths. For
higher Vup the dissolving bubbles were
advected further upwards. Thus the
model is consistent with Vup disap-
pearing and forming a layer � 10 m
below the bubble dissolution depth.
If the emitted size distribution of

bubbles is narrow, all bubbles will
dissolve at about the same depth, i.e.
in a thin layer. Thus, any substances
carried by the bubbles, e.g. sediment,
mineral particles, bacteria, etc., in
addition to methane in the rising
upwelling flow, will be deposited in a
subsurface layer. For oily bubbles this
implies a subsurface oil layer. Bubbles
are known to efficiently accumulate
and transport surface active bacteria,
particles and surfactants (Blanchard,

Fig. 8 Flowchart of numerical bubble model.

Table 1 Gas parameters for simulations. CS is the saturation pressure

CH4 O2 N2

P (Atm) 17 0.0241 0.136

C (mol l)1) 2.00 · 10)7 9.76 · 10)5 1.37 · 10)4

H (Atm mol)1 L)1) 609 1430 695

CS (mol L)1) 2.79 · 10)2 1.69 · 10)5 1.96 · 10)4

D (cm2 s)1) 1.0 · 10)5 1.12 · 10)5 9.9 · 10)6
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1989), and are important to sustaining
the enhanced level of such in the sea
surface microlayer (Grammatika and
Zimmerman, 2001). These materials
may arise from the seep, or be collec-
ted (sparged) from oceanic water and
be deposited in a bubble deposition
layer.
Particle deposition in such a layer

may produce a layer enriched in
nutrients that marine organisms may
find attractive. During several surveys
of this area, gas plumes have been
observed rising from the Scanner,
Scotia and Challenger pockmarks,
but never from elsewhere in the area.
The gas is rising from beneath the
surficial Quaternary sediments (Judd
et al., 1994); apparently, these pock-
marks are sited over the only active
gas migration pathways. The hyper-
bolic targets shown in Fig. 2 indicate
the presence of gas bubbles, which
may or may not be located inside
marine organisms. Support to the
marine organism interpretation is the
widespread distribution in a layer at
120–140 m, and their character.
Rising bubble plumes leave a trail
(i.e. Fig. 3), while bubble pulses are
unlikely to be found in a layer, par-
ticularly since bubble pulses (including
pulses observed at this site) include
large bubbles that can reach the sur-
face (Fig. 9). Further evidence for a
biological explanation was recorded
on submarine video and in submarine
operator comments regarding signifi-
cant numbers of jellyfish at 120–140 m
depth. In addition, during several

different cruises, many tentacles of
the same species of jellyfish (Cyanea
lamarckii) were retrieved from the
same depth attached to coring cable.
Thus jellyfish and ⁄or other organisms
may explain the targets.
While possibly coincidental, this

research demonstrates a potential
mechanism to explain the co-location
of these hyperbolic targets and the
midwater-column methane layer evi-
denced in Fig. 5. Clearly this evidence
is insufficient to prove a relationship
between bubble dissolution and
enhanced biological activity. How-
ever, we regard this hypothesis of
sufficient probability to merit further
detailed investigation of the role of
seep bubble plumes in nutrient cycling
within the water column. Such studies
are needed to investigate the nature
and fates of seep bubbles, the variab-
ility of CH4 concentrations within the
water column, and distribution and
density of organisms within the water
column.
The correlation for the linear fit of

the CH4 profile to depths above the
115-m peak was high, indicating that
the profile is primarily explained by a
deep CH4 source (the layer) and is
consistent with loss due to vertical
mixing and an upwards flux. The
profile is consistent with an upwards
CH4 flux to the thermocline. The CH4
slope within the plume is less steep
than outside, indicating either a
greater upwards flux or additional
input from larger bubbles. However,
model predictions show that a bubble

source flux decreases exponentially
with height above the seabed (Leifer
and Patro, 2002), while here the
profile decreased linearly. Thus one
explanation is that the higher CH4
concentration at shallower depths in
the plume is due to the effect of the
observed very-large-diameter bubbles
on vertical mixing rates. Finally, the
presence of a vertical flux to the base
of the mixed layer over an area
covering tens of square kilometres
suggests a non-negligible fraction of
the seep methane may escape into the
atmosphere.
In this paper we have demonstrated

a conceptual model showing how a
rising bubbly flow from a seep can
form a deposition layer of methane
and nutrients when the bubbles dis-
solve. This also has implications for
understanding the fate of oil in the
ocean from both natural hydrocarbon
seeps or oil ⁄gas leaks related to pet-
roleum exploitation. When present, oil
will be deposited in the same subsur-
face layer as the methane and other
particles. Predictions were consistent
with estimated bubble sizes and con-
strain the upwelling flow magnitude.
The dissolution depth was shown to
depend upon bubble size and upwel-
ling flow strength. This depth may
depend upon other factors such as
bubble cleanliness, methane concen-
tration in the plume water, and stra-
tification (where changes in T etc. may
significantly alter the bubble dissolu-
tion depth). Therefore, we hypothesize
that the influence of seeps on the food
chain may not be confined to the
benthic community in the immediate
seep vicinity.
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