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Abstract

A mud volcano area in the deep waters (>2000m) of the Black Sea was studied by hydroacoustic measurements during several
cruises between January 2002 and June 2004. Gas bubbles in the water column give strong backscatter signals and thus can be
detected even in great water depths by echosounders as the 38kHz EK500 scientific split-beam system that was used during the
surveys. Because of their shape in echograms and to differentiate against geochemical plumes and real upwelling bubble-water
plumes, we call these hydroacoustic manifestations of bubbles in the water column ‘flares’. Digital recording and processing of the
data allows a 3D visualization and data comparison over the entire observation period, without artefacts caused by changing system
settings.

During our surveys, we discovered bubble release from three separate mud volcanoes, Dvurechenskiy (DMV), Vodianitskiy
(VMV) and the Nameless Seep Site (NSS), in about 2080m water depth simultaneously. Bubble release was observed between 9
June 2003 and 5 June 2004. The most frequently surveyed, DMV, was found to be inactive during very intensive studies in January
2002. The first activity was observed on 27 June 2002, which finally ceased between 5 and 15 June 2004 after a period of
continuously decreasing activity. This observed 2-yr bubble-release period at a mud volcano may give an indication for the
duration of active periods. The absence of short-term variations (within days or hours) may indicate that the bubble release from the
observed mud volcanoes does not undergo rapid changes. The recorded echograms show that bubbles rise about 1300m high
through the water column, to a final water depth of about 770m, which is ∼75m below the phase boundary of pure methane
hydrate in the Black Sea. With a release depth from 2068m and a detected rise height of 1300m, the flare at VMV is among the
deepest and highest reported so far, and gives evidence of highly extended bubble life times (up to 108min) in deep marine
environments.

To better understand how a methane bubble (gas analyses of the pore water and gas hydrate gave 99.4% methane) can rise so
high without dissolving, we applied a recently developed bubble dissolution model that takes into account a decreased mass
transfer due to an immediately formed gas-hydrate rim. Using the hydroacoustically determined bubble rising speeds (19–22cm/s
at the bottom; 12–14cm/s at the flare top) and the relation between the rising speed of ‘dirty’/gas hydrate rimmed bubbles and the
bubble size, we could validate that a gas-hydrate-rimmed bubble with a diameter of 9mm could survive the 1300-m-rise through
the water column, before it is finally dissolved. A diameter of about 9mm is reasonable for bubbles released at seep sites and the
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coincidence between the observed bubble rising speed and the model approach of a 9-mm bubble supports the assumption of gas-
hydrate-rimmed bubbles.
© 2006 Elsevier B.V. All rights reserved.
Keywords: Sorokin Trough; Black Sea; mud volcanoes; bubble seepage; timely variability; hydroacoustic plume – flare; bubble dissolution
modeling
1. Introduction

Methane seeps are currently a topic of strong interest
in both marine and lacustrine research, particularly those
seeps that are related to gas hydrate occurrences [1–7].
Methane fluxes at those seeps have a significant impact
on the local and possibly regional carbon budgets and
trigger the massive precipitation of carbonates (e.g. [8–
10]). Microbial studies have shown that the anaerobic
oxidation of dissolved methane (AOM) by a consortium
of archaea and bacteria in the shallow sea-floor
Fig. 1. Single-beam echogram showing a typical hydroacoustic manifestatio
image shows several flares rising from different depths between 190 and 325
surface and crossing the oxic/anoxic boundary at about 110m. The strong sig
whereas below this depth the Black Sea provides ideal conditions for d
backscattering. Flares are often tilted or bended because of currents. The bend
the ship on an opposing course (dashed vertical line).
sediments [11–15] has an immense methane-filtering
capability [16]. In contrast, the released free-gas phase is
much less (if at all) directly influenced/consumed by
microorganisms and is thus capable of transporting
significant amounts of methane gas very rapidly into
and through the water column. The fate of dissolved
methane in the marine environment due to aerobic
consumption [17], distribution [18] or formation in
micro-environments at the base of the euphotic zone
[19] are well understood. However, real data about the
processes controlling gas bubbles, their lifetime, the gas
n of rising methane bubbles in flare-like shape in the Black Sea. The
m (x-axis span≈22min), with shallower flares almost reaching the sea
nals in the oxic zone above 110m are caused by fish and zooplankton,
etailed hydroacoustic studies of bubbles without other ‘disturbing’
ing of the flares towards the middle of the image is caused by the turn of
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exchanges occurring between the bubble and the
surrounding water or the formation of a gas-hydrate
skin on the bubble surface are limited. This is to a large
extent due to the technical difficulties of acquiring such
data, which requires very sophisticated and expensive
sampling procedures and tools (submersibles, ROVs)
and is hampered by both the very small size of the
bubble site itself and the temporal variability of the
bubble release on very different time scales.

Nevertheless, many bubbling (i.e. free-gas releasing)
cold seeps and hydrothermal vents are known from all
over the world. These features are typically identified
by hydroacoustic ‘plumes’ in the water column (i.e.
strong backscatter signals with a flare-like shape that
are detected with single-beam echosounders), which
are often ‘rooted’ to the seafloor [1,20–29, and articles
in 30]. Thus, echosounder systems of different kind
have become a common tool for finding and monitor-
ing bubbling seep sites. Use of sophisticated multi-
frequency, split-beam systems allows detailed investi-
gations of the bubble-size distribution, rising speeds
and finally gas fluxes if the data are stored digitally
Fig. 2. (A) Position of the study area in the Black Sea, SE of the Crimea Peni
show the distribution of diapiric zones/faults (after Krastel et al. [34]). The sed
Maikopian Formation that forms an Oligocene–Lower Miocene sequence of
locations of the investigated mud volcanoes Dvurechenskiy and Vodianitskiy
range is from 2040 to 2140m; the contour lines are in 2-m intervals with ev
[31]. The great advantage of hydroacoustics is that the
bubble-releasing system itself – i.e. the seafloor with
small fluid/gas pathways or currents in the bottom
boundary layer – is not disturbed by this remote, non-
invasive method.

Within the EU-funded project CRIMEAwe studied a
series of bubble-releasing seeps in the Black Sea to
investigate the possible impact of ‘high intensity seeps’
on the atmospheric methane concentrations. Sites from
60 to 2100m were hydroacoustically mapped and
extensively sampled during several cruises between
2002 and 2004. Here, we report about the occurrence
and temporal variability of three bubble-seep locations
in more than 2000m water depth (mwd) which generate
more than 1000-m-high ‘hydroacoustic plumes’.

In the following we will call these hydroacoustic
plumes ‘flares’ because of their shape on echograms
(Fig. 1) and to clearly distinguish between geochemical
anomalies in the water column and those sites that imply
the upward migration of water due to thermal heating (at
hydrothermal vents/mud mounds) or massive bubble
release [28,32], which are also called plumes.
nsula (Ukraine). Little black dots indicate mud volcanoes, gray patches
iments extruded from the mud volcanoes are clay-rich deposits from the
4–5km thickness [33]. (B) Bathymetric map of the study area with the
(DMV, VMV) and the Nameless Seep Site (NSS). The overall depth

ery 10-m annotate.
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2. Study area

The flare sites are located in the Sorokin Trough,
southeast of the Crimea Peninsula (Fig. 2). The
Sorokin Trough is known for mud volcanoes of
different size and shape in water depths between
1500 and 2100m, fluid migration and gas hydrates
occurrence [33–35]. Rather prominent is the Dvur-
echenskiy mud volcano (DMV), which, unlike most of
the other mud volcanoes, has a very flat-topped central
high [34] of 1.3 by 0.95km situated in a larger caldera-
like depression of 3.2km in diameter (Fig. 2). The
steep northern and western flank of this central ‘mud
pie’ only rise 18m above the depression bottom,
whereas the eastern and southern flank decent from the
top of the mud volcano at 2062mwd down to
2130mwd. Only 1.45km NE and thus still within the
main caldera, another small depression of 1.2km in
diameter occurs, showing a very weak central
elevation (2089m water depth) which we call the
‘Nameless Seep Site’ (NSS). Almost in the same
direction as the NSS but 4.3km away from DMV, a
20-m-deep depression builds the eastern flank of a
third edifice, the Vodyanitskiy mud volcano (VMV),
which is ∼1km in diameter. The VMV is morpholog-
Fig. 3. CTD data and methane concentration form the study area. The density,
which did not show significant differences with respect to the given scale. Me
of the Black Sea. The dashed line marks the phase boundary for pure metha
phase boundary for methane hydrate in fresh water as calculated with CSMHY
33.5‰ salinity.
ically part of the northward rising slope but builds a
small brow at 2068mwd.

Heat-flow measurements at DMV during cruises in
May to June 2003 and 2004 confirm the data of
Bohrmann et al. [33] and show constantly elevated
values between DMV and VMV. Sediment sampling at
DMV revealed cm-sized flake-shaped pieces of gas
hydrate similar to previously sampled gas hydrate in the
area. Immediate gas analyses of the sediment show
methane as the main gas phase and traces of ethane
(0.06% to 0.2%) and even smaller amounts of propane
(Beaubien, personal communication). Similar gas com-
positions were analyzed by Blinova et al. [36] and were
also found in pore-water data from mud volcanoes in the
vicinity [37].

With respect to methane, the Black Sea is unique as
the water column is characterized by a strong
stratification in the upper 140–200m where it changes
from an oxic to anoxic environment [38–40]. The
physical and geochemical conditions in the water
column below 500mwd of interest here show a steadily
increasing temperature from 8.88 to 9.11°C, a slight
salinity increase and a στ density profile which
indicates almost complete mixing below 1800mwd
(Fig. 3). No dissolved oxygen exists below 500mwd,
salinity and temperature profiles are averaged from 12 individual casts
thane concentrations are in the typical range for the anoxic water body
ne hydrate at the ambient temperature and salinity conditions. Line a:
D. Line b: data from Dickens and Quinby-Hunt [48] for salt water with
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H2S concentrations are in the range of 0.35mM [35]
and methane concentrations vary between 11 and
13μM (Fig. 3). The latter is in good agreement with
data presented by Reeburgh et al. [38]. The scattering
in our methane data cannot be directly linked with
sample distances to mud volcanoes or flares. Despite
several attempts, we did not discover significantly
higher methane concentrations above a mud volcano or
within the hydroacoustic flare than we measured in
their vicinity or at reference stations several kilometers
away. A possible explanation for this is given by
Schubert et al. [41] who argue that the methane input
from bubbles is not high enough to cause a significant
and detectable increase of the already very high
dissolved methane concentration. N2- and Ar-concen-
trations from the degassed water show concentrations
between 600 and 690μM (mean=640μM) and be-
tween 15 and 18μM (mean=16.5μM), respectively.

Of great importance for the methane distribution and
bubble release are currents and tides. Currents in the
Black Sea are found to be rather weak below 500mwd.
ADCP measurements, visual observations in the water
column and at the seafloor, as well as unpublished data
(Korotaev, personal communication), give maximal
current velocities in the range of 3 to 4cm/s. Tides are
almost absent in the Black Sea and daily water level
changes vary in a range of 10–30cm. Long-term
variations in water level have been found to correlate
with the North-Atlantic Oscillation, but even those
changes are below 40cm [42]. Thus, the influence of
tides or currents on the release of bubbles should be
negligible in more than 500mwd.

3. Methods

For hydroacoustic investigations in 2003 and 2004
the dual-frequency scientific SIMRAD EK500 split-
beam echosounder (38 and 120kHz) on board RV
Professor Vodyanitskiy was used. Due to the strong
attenuation of high-frequency sound in water, all data
shown here are only from the 38kHz signal source. The
beam angle of the system as defined by the −3dB echo
level is 6.7° which results in a footprint-to-depth ratio
of about 1 :8.5. The ping interval was 4.5s with 3ms
pulse length. Hydroacoustic surveys were carried out at
4 to 5knots, a speed at which the vessel steams rather
silently. With 4.5-s ping interval, this results in a
distance between two pings of about 10.5m. More
detailed measurements were done on drift, during
which the main engine was switched off providing
ideal conditions for hydroacoustic measurements. The
system was calibrated during the cruises with a 30mm
reference target according to the method described by
Anon [43].

When performing sequential hydroacoustic surveys
or ‘flare imaging’, it is important to know exactly the
specific system settings and to keep track of their
variations during the survey (e.g. TVG, amplifications,
filter, signal thresholds). Simple paper records or PC
screen shots are therefore not adequate to provide
quantitative scientific evidence of e.g. the flare height or
changing bubble release intensities. All our data have
been continuously recorded digitally including system
settings and were post-processed with the WaveLens
software (for detailed description of the used hydro-
acoustic techniques, see Artemov [31]). Typical echo-
grams are shown in Fig. 4.

For the survey in January 2002, the Parasound
system on board of RV Meteor was used which operates
with 18kHz as the main frequency of the parametric
3.5kHz sub-bottom profiler unit (beam angle 4°).
Unfortunately we were not able to calibrate the system
during the cruise and thus are not totally sure about its
accuracy. Nevertheless, during the same M52-1 cruise,
the system proved its capability of detecting bubbles in
the water column by recording several flares between
770 and 310mwd further east of DMV [44]. As these
detections occurred at shallower depth than the flare
observations in the Sorokin Trough we compared the
theoretical backscattering strength of bubbles smaller
than 10mm in diameter at 2000mwd for 38 and 18kHz.
It is shown that the received signal strengths from
18kHz would be significantly lower than the 38kHz
values for bubbles smaller than 4.4mm in diameter (Fig.
5). For bubbles above 4.4mm, the received 18kHz
signals would be generally stronger. These theoretical
calculations concern methane bubbles without a hydrate
skin, which if present may alter the acoustic properties
of bubble. However, direct confirmation of hydrate-
coated gas bubbles above DMV has not been obtained
yet.

Water-column measurements and water sampling
were performed with a SeaBird 911-plus CTD with
water-sampling carrousel. CTD data were processed
with the SeaBird post processing software. Measure-
ments of the dissolved gases occurred directly on board
using a vacuum degassing line [45,46] and GC-based
gas analyses.

The phase boundary of the gas-hydrate stability zone
(GHSZ) was calculated for the ambient pressure,
temperature and salinity conditions. The CSMHYD
program by Sloan [47] was used and a salinity
correction based on Dickens and Quinby-Hunt [48]
(here: 22.2‰ salinity=−0.73°C) was applied, resulting



Fig. 4. Typical echograms recorded in the study area at different times and locations. (A) Date from VMVrecorded at the 10 June 2003. The good data
quality is due to very calm sea conditions at time of recording and because the ship was on drift with switched off main engine. (B) Date recorded
from NSS at the 25 June 2003. The much thinner flare compared to image A is given due to the ships' speed of about 5knots, which cased the higher
noise. (C) Date from DMVrecorded at the 2 June 2004, the last time bubbles where recorded above DMV. Images B and C are from Egorov et al. [61].
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in a phase boundary for pure methane hydrate in the
Black Sea at 695mwd (Fig. 3). Suggesting that 0.1% of
the gas phase is ethane, the phase boundary would be in
about 690mwd.

Bubble model calculations are based on the approach
presented by McGinnis et al. [49], which incorporates
the non-ideal gas equation and considers the salinity and
pressure effects (fugacity) on gas solubility, and is
suitable for a wide range of aquatic environments. The
model tracks an individual bubble rising through the
Fig. 5. Differences in the received signal strength of 18 and 38kHz in 2000
water column and calculates the gas exchange (i.e.
stripping and dissolution) for four different gasses
simultaneously (CO2, CH4, N2 and O2). The modelled
bubble changes diameter due to the gas exchange,
pressure, and temperature changes. Predicting the
correct initial bubble size is critical as both the bubble
rise velocity and mass transfer coefficient are bubble-
size dependent. The model also predicts the rate of gas
exchange for a bubble that has formed a methane-
hydrate skin. Methane-hydrate skins form on bubbles
and 500m water depth for an ideal round gas bubble of different sizes.
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released below the GHSZ, as reported by Rehder et al.
[50] and dramatically extend the lifetime of the bubble,
resulting in a substantially higher bubble rise height.
The model by McGinnis et al. [49] has been calibrated to
fit data by Rehder et al. [50] collected below and above
the GHSZ.

4. Results and discussion

4.1. Flare observations and their temporal variability

Bubble release from DMV was first discovered 27
June 2002 using the EK500 during a short mapping
survey as part of the PV57 cruise of RV Professor
Vodyanitskiy [51,52]. Only 6months earlier, DMV had
Fig. 6. (A–F) Tracks and flare occurrences during the 2002, 2003 and 2004 cru
1 with RV Meteor using the 18kHz signal of the Parasound system. All oth
Vodyanitskiy. Black lines represent the positions projected on the seafloor whe
observations are not corrected for the footprint and thus give a larger area th
been the target of very intensive investigations (pore
water and water-column studies, sea-floor imaging and
hydroacoustics) during the RV Meteor M52-1 cruise
[33–36]. No bubbles were detected at that time using the
18kHz Parasound system. With respect to the backscat-
tering strength calculations shown in Fig. 5, the not-
detection of bubbles above DMV in January 2002
indicates that (1) no bubbles larger than 4.4mm were
present, as those would have been easily detected; (2)
that only some bubbles smaller than 4.4mm might have
been present but could not been detected because of the
relatively low received target strength; or (3) that no
bubbles at all were in the water column. In any case, it
can be stated decisively that the amount of bubbles
above DMV was significantly lower in January 2002
ises. The green line in the 2002 map represents the track of cruise M52-
er observations were done with the EK500 on board of RV Professor
re strong backscattering of bubbles–flares–have been observed. These
an the actual bubble occurrence is.
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than 6months later during the first discovery of bubble
release in the study area.

In June 2002, four lines in NE–SW direction
detected two separate flares, one on top and one at the
SW edge of the central high at DMV. With respect to
other flares, both show a rather broad base of about
400m width and a height of 710 and 740m, respectively
(Fig. 6A). One N–S running line crossing the eastern
flare shows the same rise height as the central NE–SW
running line, strongly supporting that the top of this flare
is at 1320mwd, with a total height of 740m. Because of
the similar readings on both crossing lines and the very
symmetrical shape of the flare we are convinced that we
crossed the flare at it highest point and that the observed
rising height of 740m represents the limit at which an
unknown (few) amount of bubbles are still just
detectable with the used system.

We do realize that statements of maximum rising
heights of flares have to be made with caution, while
taking into account the 3-dimensional hydroacoustic
coverage of the flare and the type of hydroacoustic
system (frequency and beam angle) that was used. This
is of particular importance if relations between the rising
height and e.g. methane anomalies in the water or the
gas-hydrate phase boundary are discussed [29]. Never-
theless, if a flare is crossed from several different
directions in a rather short time period (which depends
on the assumed/known changes in the activity of the
seep, the water depth and beam width) the detected
maximum rising height can be taken as correct.
Discussions about very-short-term changes of the
activity-driven rise height or influences of currents
that might move the top of the flare out of the beam
during each crossing are, at a certain stage, irrelevant if
the same rising height is found more than once within a
reasonably short time.

It can be argued by the three crossings of the western
flare that we did not hit the point of the maximum rising
height, as the flares become higher from the southern-
most line, from 560m over 700m to 740m at the
northernmost line. This may indicate that the highest
point of the flare is further to the north (Figs. 6A and 7A).

The Gaussian shape of these two flares strongly
indicates that no strong currents exist. Currents would
change the 3-dimensional shape of a flare by adding a
horizontal component to the almost straight upward
migration of bubbles, which would result in tilted or
bent flares as shown in Fig. 1. Current-driven shifting of
bubbles is described by e.g. Merewether et al. [20] and
shown in many published echograms. During our
studies, it was commonly observed at shallower-water
depths where currents of more than 40cm/s were
present. For a 740-m-high flare and the slowest
observed bubble rising speed of 12cm/s (see below)
the maximal horizontal offset caused by a constant
current of 3.5cm/s would be 215m. Thus, tilting or
bending of flares would be well visible in 3-dimension-
ally visualized flares as it would be in normal
echograms. However, significantly tilted or bended
flares have never been observed in the Sorokin Trough
area, and only the last observations of bubbles above
DMV showed a flare that was not connected with the
seafloor.

Based on the observation of bubble release at DMV
in 2002, the area was surveyed again in May and June
2003, in the framework of the CRIMEA project (i.e. for
multi-channel seismic studies, multi-beam mapping and
parallel-running hydroacoustic single-beam surveys). A
rather dense track grid, with a spacing of only 100m,
crossed DMV many times on 17 May 2003. Wider-
spaced grids were sailed on 18 and 22 May 2003. All
crossings show that only one flare is present at DMV,
which is slightly shifted to the north from the middle of
the flat-topped central high (Fig. 6B) indicating that the
actual bubble releasing site has moved over the time. In
addition, we localized a second flare at NSS for the first
time on two lines. The flare height at DMVof 837m (top
at 1223mwd) was slightly higher than at NSS, which in
contrast showed much stronger volume backscattering
strength of up to −50dB (Fig. 7B). Unfortunately, we
did not cross the area of VMV and thus have no
information about the presence of bubbles for this time
period at this mud volcano.

The flares of DMV and NSS were observed again
during a return survey from 9 to 12 June 2003. In
addition, we discovered bubble activity at VMVand due
to its strong backscatter intensity and flare height
(−48dB and 1300m, respectively), detailed CDT
profiling and water sampling were undertaken to
identify (a) bubble- or heat-influenced turbulence in
the water column (evidence of a plume?), (b) the impact
of bubble dissolution on the dissolved methane
concentration, and (c) the distribution and activity of
anaerobic microbial communities in the water column
that may utilize the bubble-transported methane [41].
During the multiple crossings of VMV between 9 and
12 June 2003 (Fig. 6C) we observed that the flare
significantly changed its shape above 1200mwd,
becoming much narrower (Fig. 7C). With a 1300-m
flare height and a release depth of 2068mwd the flare at
VMV is certainly amongst the deepest and to our
knowledge the highest reported flare so far.

During return surveys in June 2003, we obtained an
even better spatial coverage of the NSS (Fig. 6D) and



Fig. 7. (A) 3D view from 54° showing the registered flares on the 23 June 2002. Well visible are the different heights of the western flare (background)
which becomes higher from south to north. Less obvious from this direction is that the N–S trending line of the eastern flare (foreground) shows the
same height as the NE–SW trending lines. (B) View from 123° showing the much stronger backscatter signals at NSS and an 837-m-high flare at
DMV. The blue plain is at 1240m water depth. (C) View from 223° showing the flares above all three bubble locations. DMV shows only very weak
backscatter values and a low spatial distribution. NSS and VMV have similar backscattering strength but the rising height at VMV is 150m higher.
Blue plains are in 1500 and 1000m water depth. (D) View from 52° showing a strong but less high flare above VMVat the left and a very strong and
high flare above NSS. The flare at DMVextends it height with respect to the previous observations, but becomes very thin above 1410m water depth.
(E) View from 329 showing the very high flare above NSS and VMVas well as the almost vanished flare above DVMwith a rather thin root. (F) View
from 127° with a very high flare above VMV and a significantly lower flare above NSS. The black arrows point towards north.
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monitored the flares of the other two sites by four
parallel lines crossing all sites within 4h on 23 June
2003. Based on these almost simultaneous observations,
we can conclude that all sites (DMV, NSS and VMV)
were continuously active at the same time on 23 June
2003. The larger flare height (i.e. 1220m) at NSS with
respect to DMVand VMV might be artificial due to less
survey time and lower line density at these two sites



Fig. 8. Typical echogram showing the flare-shaped hydroacoustic
backscatter signals on top of DMV. During the 27min of observation
the ship drifted within an area of about 200m. Lines in echograms,
as marked by black arrows, represent the rising of denser bubble
clouds. The time axis corresponds to pings with a ping rate of 4.5s.
Picking the time difference at two distinct depths (open black circles)
at such a ‘bubble-line’ the bubble rising speed can be directly
measured. The slight bending of bubble-lines indicate changing
(decreasing) rising speeds due to bubble shrinkage. White arrows
mark bubble release events which indicate that bubbles are not
constantly released on short time scales. The two lines marked a and
b are reflections from an upward (a, 2m/s) and downward (b, 0.7m/
s) going CTD.
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(Fig. 7D). Despite their much lower flare height, their
backscatter signals are of similar strength as at NSS
which did not exceed −70dB level.

The four NE–SW running parallel lines of 23 June
2003 were repeated twice in June 2004. On 2 June
2004, the flare at DMV had both a much lower height
and intensity than during previous years. Only 13 days
later, on 15 June 2004, it had completely disappeared
(Figs. 6E, F and 7E, F). Also the flares above NSS and
VMV decreased in height and backscatter intensity
during June 2004. The steadily decreasing intensity and
finally the complete disappearance of the flare at DMV
in June 2004 and the concurrent decrease at NSS and
VMV indicates a general decline in the fluid-venting
activity in this area from 2003 to 2004, from SW
towards NE. Subsequent surveys in August 2004
confirmed that no bubbles were released at DMV, but
that NSS and VMV remained active (E. F. Shnyukov,
personal communication).

4.2. Are the flares really caused by bubbles?

Hydroacoustics is very sensitive in detecting even
small bubbles in the water column, which are hard or
even impossible to observe visually. The ultimate
confirmation that bubbles are indeed the cause of the
observed backscatter signals would of course be
provided by direct observations at the seep site itself.
However, the required equipment has to be available
and the typically very small-scale bubble-releasing spots
have to be found. Despite these uncertainties, flares are
nevertheless most often attributed to bubbles, although
other explanations such as rising gas-hydrate particles,
oil droplets, sediment particles or less dense water
bodies are given as well [1,7,20].

With respect to our observations of acoustic flares
above the mud volcanoes in the Sorokin Trough, we are
confident that the backscattering in the water column at
all three flare sites is indeed caused by bubbles,
because:

(a) echogram patterns and particular linear features
similar to those observed have been confirmed by
in situ experiments to be caused by bubbles [22]

(b) the received signal strength and observed rising
speeds fit perfectly with those of bubbles

(c) the backscattering from fish as described by
Ostrovsky [3] can be excluded due to the anoxic
conditions at those water depths in the Black
Sea

(d) strong density changes in the water column due to
thermal/saline plumes are not present in the area
The two features referred to as (a) and (b) are evident
in our echograms and prove the occurrence of bubbles
by: (a) ‘rising’ strong backscatter signals which plot
along a line that can be used to measure the rise velocity;
and (b) backscatter values that are in the range of what
would be produced by gas bubbles in that particular
water depth and acoustic frequency. Fig. 8 shows an
echogram from DMV on which rising bubbles are
clearly seen. Measuring the rise velocity of bubble lines
near the seafloor and at the top of the flare results in
values of 19–22 and 12–14cm/s, respectively. These
rise velocities are in the typical range for ‘dirty’ rising
bubbles, which varies between 10 and 28cm/s for



Fig. 9. Compiled data of rising speed versus bubble size. The typical relation for clean bubbles in distilled water as documented from Haberman and
Morton [53] and modeled in Clift et al. [54] is not valid for the natural environment where surfactants decrease the rise velocity. Important here are
data presented by Maini and Bishnoi [55] which give rise velocities between 19 and 22cm/s for gas hydrate rimmed bubbles between 8.5 and 13mm
diameter.
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bubbles between 1 and 15mm in diameter, respectively
(Fig. 9; and summary in McGinnis et al. [49].
Unfortunately, the rather simple correlation between
bubble size and rise velocity of ‘clean’ bubbles in tap or
distilled water [53,54] cannot be directly applied in
natural environments where surfactants (sediment
particles, organic matter, and oil) or a skin of gas
hydrate decrease the rising speed sometimes drastically
[7,53,55–57]. The echogram example of Fig. 8 shows
slower rising velocities at the top of the flare, which
mirrors the presence of bubbles that are smaller than
those released from the seafloor.

4.3. Modeling the bubble rising height

Observing bubbles that rise over 1300m through the
water column brings up the question how bubbles can
exist over such a long time (108min, with a rising speed
of 20cm/s) without being dissolved. One possible
explanation could be the formation of a gas-hydrate
skin as already proposed – and observed – by several
authors [50,58,59]. Such a skin would form almost
immediately around the bubble upon its release from the
sediment within the GHSZ, or perhaps already in the
sediment, and would drastically decreases the gas
exchange between the bubble and the surrounding sea
water.

McGinnis et al. [49] utilize this gas-hydrate skin
concept to model the evolution of bubble sizes and gas
composition in 1300-m-high rising bubbles in the
DMV area assuming that pure methane bubbles were
released at the seafloor. The physical and chemical
boundary conditions of the water column correspond to
those shown in Fig. 3. As stated by McGinnis et al.
[49], the gas concentrations in the water, i.e. changes in
H2S and CO2, can be neglected in the model
calculations due to the extreme depth. As both gasses
are highly soluble, the local dissolved concentrations
are far below saturation.

Using the methane–bubble dissolution data obtained
by Rehder et al. [50], McGinnis et al. [49] calibrated
their bubble-rise model to predict the bubble behavior
within the GHSZ. They argue that for the experiments of
Rehder et al. [50] the much shallower depth of around
800m is responsible for a later ‘freezing’ of the bubble at
around 3.5mm bubble diameter as marked by the
significant change in the shrinking rate in the data from
Rehder et al. [50]. Assuming that the mass-transfer
coefficient of bubbles completely coated with a gas-
hydrate skin (‘frozen bubbles’) is the same in 2000 and
800mwd, the model predicts that bubbles immediately
coated by gas hydrate when released from the seafloor
only have to be 9mm in diameter to rise 1300m through
the water column (Fig. 10). Only within the last 50m the
bubbles shrinks below 1mm, which is still in agreement
with the hydroacoustically observed rising speeds. Only
slightly larger bubbles (11.8mm) would be needed to
reach the top of the flare as 5.5mm sized bubbles and to
become dissolved only at the sea surface, if the slower
hydrate-skin-induced mass transfer would apply the



Fig. 10. Model results of four different gas bubbles, two of which having no gas hydrate rim (dashed lines) and two forming an instantaneous gas
hydrate rim that drastically decrease the mass transfer coefficient (solid lines). To reach the detected flare high of about 1300m, a bubble of ‘only’
9mm in diameter is needed. This size is very reasonable; the mass transfer of gas hydrate rimmed bubbles is calibrated by McGinnis et al. [49] using
experiments by Rehder et al. [50]. With respect to not-rimmed bubbles, this mass transfer is almost ten times decreased.
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entire way through the water column. That fact that
bubbles do keep the slower mass transfer for quite a
while after leaving the GHSZ is shown by the data of
Rehder et al. [50] and is discussed by McGinnis et al.
[49]. However, it seems rather unlikely that the gas-
hydrate coating will remain intact during a 700-m-high
rise and thus model results for the 11.8mm frozen
bubble are certainly not correct above the gas-hydrate
phase boundary at 695mwd.

According to the experimental bubble-rise data from
Maini and Bishnoi [55], the modeled bubble size of
9mm fits very well with the rising-speed range of 19–
22cm/s as measured close to the seafloor (Fig. 9). This
coincidence, the very reasonable initial bubble size and
the knowledge that gas-hydrate skins form rapidly
around bubbles [58,59] strongly supports the hypothesis
that the formation of gas-hydrate coatings allows
methane bubbles released at mud volcanoes at
2000mwd to rise through the water column for over
1300m without being dissolved, and that they are
detectable during hydroacoustic surveys.

5. Summary and conclusions

As part of four Black Sea cruises, hydroacoustic
surveys were undertaken between January 2002 and
June 2004, during which hydroacoustic plumes –
flares – were detected above three mud volcanoes in
about 2080m water depth in the Sorokin Trough.
With 1300m height, these flares are the highest and
with 2080m water depth they are among the deepest
flares reported so far. The hydroacoustic investiga-
tions show rising speeds of the hydroacoustic back-
scatterers varying between 19 and 22cm/s close to
the seafloor and between 12 and 14cm/s at the top of
the flare. As the Black Sea is anoxic below ∼120m,
no fish or other organisms can be responsible for the
backscattering. Therefore, methane bubbles released
from the mud volcanoes are the most likely cause of
these high flares. In the course of our hydroacoustic
surveys, we observed that DMV was not active in
January 2002, but found a very high flare in June
2002, May–June 2003 and May 2004. This high flare
vanished in June 2004 and DMV remained inactive
in August 2004. The two other mud volcanoes (NSS
and VMV) were active whenever surveyed, but also
showed a slight decrease in activity, as indicated by
lower flare heights and by less intense backscattering,
during our last observations in 2004. When active, all
three mud volcanoes released bubbles at the same
time and we are confident that they did so constantly,
also in between our surveys. The mechanisms for the
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methane oversaturation are either the pressure de-
crease of deeply derived, strongly methane-enriched
fluids and/or the thermal decomposition of gas
hydrates due to the upward migration of warmer
fluids. As fluid migration and heat transport in
sediments are rather slow processes, rapid changes
in bubble releasing activity are unlikely. It is unclear
if this episode represents a violent gas eruption
comparable to those observed on land i.e. in
Azerbaijan (Lokbatan mud volcano that at least
erupted 23 times since 1829; [60]) or if we witnessed
‘only’ a period of slightly increased activity that was
just intense enough to be detected by hydroacoustic.
However, our observations give a first example of the
lifetime and of the variations in activity of a single
episode of bubble-release from an underwater mud
volcano.

With 1300m rising height the observed flares are the
highest reported so far. Observing bubbles that rise over
1300m through the water column brings up the
question how bubbles can exist over such a long
distance. We propose, supported by modeling the
bubble dissolution using the recently presented model
by McGinnis et al. [49], that this is due to the formation
of a gas-hydrate coating on the bubbles. As suggested
by Rehder et al. [50] and observed by Brewer et al.
[59], bubbles within the GHSZ immediately form a gas-
hydrate skin that decreases the mass transfer between
the bubble and the surrounding water by approximately
ten times. The model predicts that a bubble with an
initial diameter of 9mm upon release at the seafloor
would survive a 1300-m-high rise through the water
column, if protected by a gas-hydrate coating. The
measured rising speed of 19–22cm/s is completely in
agreement with the rising speed of gas-hydrate-rimmed
bubbles of this size [55] which are in the typical size
range of bubbles released at seep sites.
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