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Abstract

The relation between acoustic seafloor backscatter and seep distribution is examined by integrating
multibeam backscatter data and seep locations detected by single-beam echosounder. This study is
further supported by side scan sonar recordings, high-resolution 5 kHz seismic data, pore-water
analysis, grain-size analysis and visual seafloor observations. The datasets were acquired during the
2003 and 2004 expeditions of the EC-funded CRIMEA project in the Dnepr paleo-delta area,
northwestern Black Sea.

More than 600 active methane seeps were hydro-acoustically detected within a small (3.96 km by
3.72 km) area on the continental shelf of the Dnepr paleo-delta in water depths ranging from -72 m to
-156 m. Multibeam and side scan sonar recordings show backscatter patterns that are clearly
associated with seepage or with a present dune area. Seeps generally occur within medium- to high-
backscatter areas which often coincide with pockmarks.

High-resolution seismic data reveal the presence of an undulating gas front, i.e. the top of the free
gas in the subsurface, which domes up towards and intersects the seafloor at locations where gas
seeps and medium- to high-backscatter values are detected. Pore-water analysis of 4 multi-cores,
taken at different backscatter intensity sites, shows a clear correlation between backscatter intensity
and dissolved methane fluxes. All analyzed chemical species indicate increasing anaerobic oxidation
of methane (AOM) from medium- to high-backscatter locations. This is confirmed by visual seafloor
observations, showing bacterial mats and authigenic carbonates formed by AOM. Grain-size analysis
of the 4 multi-cores only reveals negligible variations between the different backscatter sites.

Integration of all datasets leads to the conclusion that the observed backscatter patterns are the
result of ongoing methane seepage and the precipitation of methane-derived authigenic carbonates
(MDACs) caused by AOM. The carbonate formation also appears to lead to a gradual (self-)sealing of
the seeps by cementing fluid pathways/horizons followed by a relocation of the bubble-releasing
locations.
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4.1. Introduction

In recent years, considerable research efforts
have been invested to gain a better
understanding of how methane emissions from
natural marine gas seeps contribute to the
global atmospheric methane budget (Hovland et
al., 1993; Hornafius et al., 1999; Dimitrov, 2002;
Etiope and Klusman, 2002; Etiope, 2004; Judd,
2004; Kvenvolden and Rogers, 2005; Luyendyk
et al.,, 2005). Given that methane is a potent
greenhouse gas, with 21-23 times the global
warming potential as the same mass of carbon
dioxide (Lelieveld et al., 1998; IPCC, 2001b), a
correct assessment of all natural sources is
essential to better evaluate the human impact
on global atmospheric methane concentrations
and consequently on global climate change
(IPCC, 2001a).

The amount of methane released by natural
gas seeps from the seafloor, into the water
column and possibly into the atmosphere, is
highly variable and remains -despite several
attempts at quantification- largely unknown,
even for small well-studied areas (Hovland et al.,
1993; Hornafius et al., 1999; Dimitrov, 2002;
Etiope and Klusman, 2002; Etiope, 2004; Judd,
2004; Kvenvolden and Rogers, 2005; Luyendyk
et al., 2005; Bange, 2006; Kessler et al., 2006).
Current estimates of global methane fluxes from
the seabed to the atmosphere vary between 0.4
and 48 Tg yr' (Judd, 2004), i.e. over two orders
of magnitude. The main problems in establishing
reliable estimates of regional and global fluxes
are the uncertainties regarding i) the total area
involved in active seepage, and ii) the temporal
variability in seep intensity and activity.

Recent studies have shown that methane
transfer from marine and lacustrine seeps to the
atmosphere is only effective when methane is
transported by bubbles released in relatively
shallow water (< 100 m water depth) (Leifer and
Patro, 2002; MacDonald et al., 2002; Schmale et
al., 2005; McGinnis et al., 2006). In most cases,
even if a bubble reaches the surface with a
significant size, most of the methane is dissolved
into the water column and replaced by other
stripped gases, particularly oxygen (in oxic
conditions) and nitrogen. Therefore, only a
massive release of large amounts of bubbles
may create a bubble plume and enable
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significant volumes of methane to be
transferred to the atmosphere from deeper-
water seeps (> 100 m water depth) (Judd, 2004;
McGinnis et al., 2006; Judd and Hovland, 2007).
The increased scientific interest in marine gas
seeps goes hand in hand with the discovery of
new seep sites around the world. The
identification and delineation of seep sites on
the ocean floor often arises from the detection
of anomalously high acoustic backscatter on side
scan sonar or multibeam echosounder
recordings (Hovland, 1991; Hovland, 1992;
Orange et al.,, 2002; Van Rensbergen et al.,
2002; Johnson et al.,, 2003; Sager et al., 2003;
Shoji et al., 2005; Gay et al., 2006; Klaucke et al.,
2006; Rollet et al., 2006). High-acoustic
backscatter is caused by the enhanced acoustic
impedance or roughness contrast between
certain regions of the seafloor and their
surroundings (Blondel and Murton, 1997). At
methane seeps, this contrast is primarily caused
by the presence of methane-derived authigenic
carbonates (MDACs), chemosynthetic “cold
seep” communities (clams, tube worms),
bubbles or gas hydrates in the sediment
(Hovland et al., 1985; Ritger et al., 1987; Paull et
al., 1992; von Rad et al.,, 1996; Greinert et al.,
2001; Peckmann et al.,, 2001; Fonseca et al.,
2002; Greinert et al., 2002b; Orange et al., 2002;
Johnson et al.,, 2003; Niemann et al., 2005;
Holland et al.,, 2006; Ivanov et al., 2007).
Multibeam and side scan sonar surveys also
detect changes in the seafloor morphology,
which can mark the location of gas seeps (e.g.
pockmarks, mud volcanoes) (Judd and Hovland,
1992; Judd and Hovland, 2007). Furthermore,
seeps can be inferred from shallow seismic
signatures indicative of free gas in the
subsurface (e.g. shallow gas fronts, enhanced
reflections, acoustic blanking) or potential gas or
fluid conduits (e.g. faults, diapirs) (Judd and
Hovland, 1992; Orange and Breen, 1992; Yun et
al., 1999; Garcia-Gil et al., 2002; Van Rensbergen
et al.,, 2002; Krastel et al., 2003; Naudts et al.,
2006; Judd and Hovland, 2007). Direct
localization of seeps, i.e. locations of bubble
release, is performed by echosounders that
detect gas bubbles in the water column due to
the acoustic impedance contrast between water
and the free gas in the bubbles (Egorov et al.,
1998; Artemov, 2006; Naudts et al., 2006; Rollet
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et al., 2006).

In this paper, we examine the cause of
anomalously high acoustic backscatter and its
relation -in space and time, and through which
processes- with gas venting on the shelf of the
Dnepr paleo-delta, NW Black Sea. We use
multibeam backscatter and bathymetry data, as
well as side scan sonar images, very-high-
resolution seismic data, sediment cores, visual
observations and single-beam seep detection.
Our data and results confirm that acoustic
seafloor backscatter analysis can be used as a
proxy for seep distribution and seep activity
(Greinert et al., 2010).

4.2. Study area

The paleo-delta of the Dnepr River is located
on the outer shelf and upper continental slope
of the northwestern Black Sea, west of the
Crimea Peninsula (Fig. 4.1.A.). The region is well-
known for abundant gas seeps, carbonate
buildups and shallow gas (Polikarpov et al.,
1989; Polikarpov et al.,, 1992; Egorov et al.,
1998; Luth et al., 1999; Peckmann et al., 2001;
Thiel et al., 2001; Amouroux et al.,, 2002;
Michaelis et al., 2002; Kruglyakova et al., 2004;
Kutas et al., 2004; Popescu et al., 2004; Pape et
al., 2005; Pimenov and Ivanova, 2005; Reitner et
al., 2005; Schmale et al., 2005; Treude et al.,
2005; McGinnis et al., 2006; Naudsts et al., 2006).
During the 58" (May-June 2003) and 60" (May-
June 2004) cruise of R.V. Vodyanitskiy,
conducted during the EC  (European
Community)-funded CRIMEA project, almost
3000 active seeps (i.e. bubble-releasing
locations) were detected with an EK-500 split-
beam echosounder within the 1540 km? of the
studied area (Fig. 4.1.A.) (Naudts et al., 2006).
The distribution of these seeps is not random,
but is controlled by morphology, by underlying
stratigraphy and sediment properties, and by
the presence of gas hydrates acting as a seal and
preventing upward migrating gas to be released
as bubbles in the water column (Naudts et al.,
2006).

This study focuses on a small (3.96 km by 3.72
km) part of the continental shelf, centered on a
dense seep and pockmark site at -92 m water
depth (Figs. 4.1.B. and 4.1.C.). The area is
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characterized by a slightly undulating seafloor
that dips gently at 0.55° to the SE until it
intersects the shelf break at -105 m water
depth. Within this area, 605 actively bubbling
methane seeps were detected in water depths
ranging from -72 m to -156 m (Fig. 4.1.B.). The
seeps commonly occur in association with up to
3 m deep, large, elongated pockmarks, which
are up to 100 m wide and 500 m long (Fig.
4.1.C.) (Naudts et al.,, 2006). These elongated
pockmarks and related seep sites show a
preferential NW-SE orientation, as their location
is controlled by underlying, filled channels
incised in the outer shelf (Naudts et al., 2006).
Apart from the pockmarks, the shelf
morphology is characterized by the presence of
sediment dunes. These have a maximum height
of 2.5 m and a maximum wave length of 120 m
(Fig. 4.1.B.). The observed seeps and dunes
appear to be unrelated (Naudts et al., 2006).

Only a small part of the study area lies within
the oxygen-rich euphotic zone (above -80 m, in
this part of the Black Sea). Most of it falls within
the oxycline, between -80 m and -115 m, in
which the oxygen concentration decreases from
285 to 10 uM at the top of the suboxic layer
(Oguz, 2002). Oxygen concentration drops to
zero at around -145 m.

Sea-air methane flux calculations show that
methane emission from the study area (i.e.,
0.96-2.32 nmol m? s) is 3 times higher than
from the surrounding shelf (0.32—-0.77 nmol m™
s) and 5 times higher than from open water in
the Black Sea (0.19-0.47 nmol m? s™?) (Schmale
et al., 2005). During dives with the submersible
JAGO in October 2004 (as part of the EC-funded
METROL project) gas bubbles at -92 m seep site
were collected directly at the seafloor. The
initial gas composition of the bubbles was
almost pure methane (80 to 90 %) of presumed
microbial origin as indicated by the isotopic
composition (-62 to -68 *C%o PDB) (McGinnis et
al., 2006). Peckmann et al. (2001) assumes that
the methane originates from organic-rich
lacustrine sediments deposited during the Black
Sea’s fresh-water phase.
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Figure 4.1. A. The location of the study area in the NW Black Sea with seeps (black dots) and acquired
multibeam data (Egorov et al., 1998; Naudts et al., 2006). B. The multibeam bathymetry of the shelf with
dunes, pockmarks (transparent white masks) and seeps (see Fig. 4.1.A. for location). C. Oblique view on the
multibeam bathymetry of the high-intensity seep and pockmark site at -92 m water depth (after Naudts et al.,
2006) (see Fig. 4.1.B. for location). D. Side scan sonar mosaic of the studied area with indication for the multi-
cores (MC: 4, 7, 8, 9), 5 kHz seismic lines (SB 1-3: dashed white lines) and video lines (white lines) and seeps
(see Fig. 4.1.B. for location).
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4.3. Methods and data

4.3.1. Single-beam echosounding and
seep detection

Single-beam seep detection was performed
with a hull-mounted SIMRAD EK-500 dual-
frequency (38 and 120 kHz) split-beam
echosounder installed onboard of the R.V.
Professor Vodyanitskiy. This system operates
with a total beam width of 7°. The hydro-
acoustic water-column data was continuously
digitally recorded during both cruises and was
afterwards processed with the Wavelens
software package (Artemov, 2006; Artemov et
al., 2007). This software traces and locates the
origin of bubble streams at the seafloor based
on the real target strength analysis. During the
two cruises, a total length of 5261 km
echosounder tracks was recorded within the
1540 km? study area which resulted in the
detection of 2778 active seep positions (Naudts
et al., 2006). For this study we only focus on a
small area on the shelf where 605 active seeps
were detected based on 767 km of echosounder
tracks (Fig. 4.1.A.-D.).

4.3.2. Multibeam mapping

Bathymetric and acoustic backscatter mapping
was performed with a mobile 50 kHz SeaBeam
1050 multibeam echosounder, simultaneously
with the single-beam seep detection. The
multibeam system was operated with 120°
swath, transmitting and receiving 108 beams of
3° by 3° beam angle. Sound-velocity profiles
were acquired via CTD casts and the sound
velocity at the transducers was continuously
measured by an online sound-velocity probe.
Data acquisition was managed with Hydrostar
Online and data-processing was carried out with
HDPEdit and HDPPost software from L-3 ELAC
Nautik GMBH. Fine editing of the data, by
deleting bad data points, was done with
Fledermaus (6.1.2) software. During the two
cruises, an area of 1540 km? was covered in
water depths from -57 to -1248 m (Fig. 4.1.A.).
In this study we focused on an area of 14.7 km?
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in water depths ranging from -72 to -156 m (Fig.
4.2.A).

Raw backscatter data (bottom-amplitude
values) were corrected with HDPPost for their
grazing-angle dependency assuming a flat
seafloor. Data were exported as gridded xyz
data from HDPPost and spikes were removed
with Fledermaus. During processing in HDPPost,
backscatter values were normalized and thus do
not represent 'real' dB values, but rather
undefined backscatter units (BU). All maps
shown in this paper are based on grids of 5 by 5
m cell size, except for Fig. 4.1.A.

4.3.3. Side scan sonar imaging and
subbottom profiling

During the 2003 cruise seafloor backscatter
data was also acquired with a deep-towed
SONIC-3 sonar system. This system consists of a
tow-fish, including a 30 kHz side scan sonar and
5 kHz subbottom profiler. The fish was towed 50
to 60 m above the seafloor resulting in 700 to
850 m wide swath. The theoretical maximum
resolution of the acquired sonar image is 0.5 m.
Towing speed averaged 5.6 knots and the data
were gridded to a pixel size of 6.4 m, using
SONIC’s  in-house  developed processing
software. 22 parallel profiles were collected
with a total length of 589 km, in total covering
an area of 418 km?. Only 4 profiles are used
here, covering an area of 11.8 km? (Fig. 4.1.D.).

Very-high-resolution  seismic data was
acquired with the 5 kHz profiler system. The
theoretical vertical resolution is 30 cm and the
maximum penetration is 35 ms two-way travel
time (TWTT). Here, 3 profiles are displayed with
a total length of 12.6 km (Fig. 4.1.D.). No
processing has been carried out on the seismic
data. Interpretation was carried out with the
Kingdom Suite Software package.

4.3.4. Pore-water and grain-size
analysis

Sediment coring was undertaken with a TV-
guided multi-core system allowing real-time
selection of the coring site via the
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Figure 4.2. A. Multibeam-derived backscatter map overlain with bathymetric contours, detected seep
locations (black dots), positions of multi-core stations and outlines for Figs. 4.3., 4.7. and 4.9. (see Fig. 4.1.B.
for location). Furthermore the positions of the high-backscatter (HBS) and low-backscatter (LBS) swaths used
in Figure 4.10. are indicated by the solid bold lines. B. Graph showing the distribution of the number of seeps
with respect to their backscatter values, both, as a histogram and cumulative percentage curve (full line). The
second cumulative percentage curve (dashed line) shows the distribution of all backscatter values recorded in
the shown study area. Arrows a-a’ show that 74 % of all seeps occur in the high-backscatter areas above 0 BU,
thus within only 33 % of the studied area. Arrows b-b’ show that 75 % of all seeps with the lowest backscatter

values occur below 2 BU.

video connection. The multi-corer
accommodates 4 plastic liners with a diameter
of 10 cm which are able to sample sediment
layers up to ca. 40 cm. Three sediment cores
were taken from areas with different
backscatter intensities (MC7, MC8 and MC9)
and one directly at an actively bubbling bacterial
mat (MC4) (Figs. 4.1.D. and 4.2.A.). Pore water
was immediately extracted from the cores at a
0.5 cm interval with cut-off 5 ml plastic syringes
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and analyzed on board for total alkalinity,
hydrogen sulfide, and ammonia, following the
methods of Grasshoff et al. (1999). Methane
content was determined with the headspace
method, following the procedure used by ODP
(Pimmel and Claypool, 2001). 5 ml of sediment
were filled in 20 ml headspace vials and heated
in an oven at 70°C over 30 minutes. The
headspace was analyzed as volume ppm and the
final concentrations in mol/l pore water were
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calculated by weighing the water content and by
converting to volume percent, using 2.5 g/cm3
as an assumed sediment-grain density. On-shore
ion chromatography analyses were used to
measure sulfate concentrations; Ca was
analyzed by ICP-OES.

After extraction of the pore waters, five
sediment samples representing each centimeter
of the uppermost 5 cm of each core were used
for grain-size analysis. Samples were sieved wet
on a 50 um sieve and dried. The dried coarse
fractions were dry sieved on 600, 500, 425, 355,
300, 250, 180, 150, 125, 106 and 90 um sieves.
Since the sediment samples were rich in shells
and shell debris, carbonate and organic matter
were not chemically removed, to ensure that
their possible contribution to generating
backscatter was not omitted.

4.3.5. Visual seafloor observations

Visual seafloor observations were carried out
with the OFOS (Ocean Floor Observation
System) video sled and with the submersible
JAGO to get a better insight on the distribution
of possible seep-related seafloor features (e.g.
seeps, bacterial mats, etc.).

OFOS carries a downward-looking online
black/white video camera, two Xenon lights, a
color still camera with flash, a stand-alone
memory CTD and an extra color digital camera.
The system was towed at about 2 m above the
seafloor. No underwater positioning system
was used with OFQS; instead the position was
calculated relative to the ship’s GPS antenna by
taking cable length, course and ship speed into
account, resulting in a maximum offset of 50 m.
Corrections for the offset between OFOS and
the ship’s GPS position were made for every
video line separately (Fig. 4.1.D.). The made
offsets were confirmed by comparing the seep
distribution visible on video footage and the
seeps traced by single-beam detection.

One dive with the submersible JAGO (JAGO
852) enabled us to perform additional direct
seafloor observations in the area previously
surveyed with OFOS. This dive took place in
October 2004 as part of the R.V. Poseidon 317/3
cruise, which was conducted in the framework
of the EC-funded METROL project. Video
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recording was done using a digital camera from
inside the submersible through the large front
porthole. The area covered by JAGO is shown as
outline 7 in Figure 4.2. During the JAGO dive

ultra-short-base-line underwater positioning
was used.

4.4. Observations and results

4.4.1. Backscatter anomalies,
seafloor morphology and seep
distribution

The multibeam-derived seafloor backscatter
map reveals three distinct features (Fig. 4.2.A.):
a wave-like pattern, irregular patches with high-
backscatter and acquisition artifacts with low-
backscatter values.

Based on the number of backscatter values,
three backscatter classes with equal number of
backscatter values were created: areas with
low-backscatter (LBS: BU < -1.06), areas with
medium-backscatter (MBS: -1.06 < BU < 0) and
areas with high-backscatter (HBS: BU > 0) (Fig.
4.2.B.). Since each backscatter value
corresponds to a grid cell, a surface of 25 m?,
each backscatter class also corresponds to one
third of the studied surface. Areas with the
lowest 5 % of backscatter values are regarded as
very-low-backscatter areas (BU < -2.5). Areas
with the highest 5 % of backscatter values are
regarded as very-high-backscatter areas (VHBS:
BU > 2).

The wave-like pattern consists of low- to high-
backscatter values that vary between -2.4 and
1.9 BU and corresponds to the field of sediment
dunes (Fig. 4.1.B.), which generally display the
higher backscatter values on their ENE-
orientated flanks (Fig. 4.3.). There is no obvious
correlation between seep distribution and the
backscatter pattern related to the sediment
dunes.

When comparing the cumulative percentage
curve of the backscatter values of the entire
area (dashed line Fig. 4.2.B.) with the
percentage curve and histogram of the amount
of seeps falling in specific backscatter value
ranges (full line Fig. 4.2B), it can be noticed that
74 % of all seeps occur in the high-backscatter
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Figure 4.3. 3D view of the multibeam bathymetry overlain with the color-coded backscatter data, bathymetric
contours and seep locations (black dots) (for location, see Fig. 4.2.A.). Pockmarks are characterized by high- to
very-high-backscatter values with seeps located on their margins. The sediment dunes have higher backscatter

values on the ENE flanks.

areas above 0 BU, thus within only 33 % of the
studied area (Fig. 4.2.B. a-a’). However 75 % of
all seeps, with the lowest backscatter values,
occur below 2 BU (Fig. 4.2.B. b-b’). This indicates
that most seeps don’t occur in the very-high-
backscatter areas.

The pockmarks are characterized by a specific
backscatter pattern (Fig. 4.3.); deeper
pockmarks are characterized by higher
backscatter values and lower seep densities,
whereas shallower pockmarks have relatively
lower backscatter values and often show much
higher seep densities.

The same relations between backscatter
intensity, morphology and seep locations are
observed in the side scan sonar data (Figs. 4.1.D.
and 4.4.).
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4.4.2. Seismic observations

The seismic data show the presence of a
distinct “gas front”, which marks the top of the
free gas zone in the sediments (Figs. 4.4.C.,
4.4.F. and 4.4.1.) (Naudts et al., 2006; Judd and
Hovland, 2007). The gas front is expressed as a
high-amplitude reflection that cross-cuts the
normal stratigraphy and completely masks all
reflections below (Figs. 4.4.C., 4.4.F. and 4.4.1.).
Naudts et al. (2006) already observed that the
depth of the gas front in the study area is
strongly variable and controlled by the presence
of filled channels, and that seeps preferentially
occur where the gas front approaches the
seafloor within 10 m (Figs. 4.4.C., 4.4.F. and
4.4..). At the same time a correlation exists
between the depth of the gas front and the
acoustic seafloor backscatter (Fig. 4.4.). Shallow
gas fronts correspond to high- and medium-
backscatter areas with seeps, whereas deep gas
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Figure 4.4. Three 5 kHz subbottom profiles SB1, SB2 and SB3 (C, F and 1) with their respective multibeam-
derived backscatter profiles (A, D and G) and side scan sonar images (B, E and H) (for location see Fig. 4.1.D.).
Shallow gas fronts (dashed white line) occur at medium- and high-backscatter areas associated with seeps
(arrows), whereas deep gas fronts occur at low-backscatter areas without seeps. Bubbles recorded as noise in
the water column on the subbottom data (SB 1 & 2) sometimes blank out the side scan sonar recordings (see
NE of SB1) (Fig. 4.4.B.).The extent of SB2 shown in Figure 4.8. is indicated.
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Figure 4.5. Pore-water data from multi-cores taken at different backscatter intensity sites. MC 4 was taken at
an actively bubbling high-backscatter site. MC 7-9 are taken from areas with backscatter values ranging from
low- to very-high-backscatter values. Values at -1 cm depth are water samples taken from the core liner above
the sediment surface (for locations see Figs. 4.1.D. and 4.2.).

fronts correspond to low-backscatter areas
without seeps. This observation is valid for both
the multibeam-derived backscatter profiles
(Figs. 4.4.A., 4.4.D. and 4.4.G.) and the side scan
sonar images (Figs. 4.4.B., 4.4.E. and 4.4.H.).

4.4.3. Pore-water and grain-size
analysis

The pore-water analyses of the 4 multi-cores,
taken at sites of different backscatter intensity,
show significant differences (Fig. 4.5.). Core MC4

102

was taken directly at a bacterial mat with bubble
release inside a high-backscatter area (0.9 BU),
whereas MC7, MC8 and MC9 were taken in non-
seeping low- to very-high-backscatter sites (-1.3
BU, 0.5 BU and 2.4 BU, respectively) (Fig. 4.1.D.
and Fig. 4.2.). It has to be stated that a core only
represent a small subsample (0.0314 m?) of the
area over which the backscatter value was
measured (25 m?).

Core MC4 had limited penetration, with only 5
cm compared to at least 17 cm for the other
three cores. Methane concentrations increase
with depth in all four cores: very slightly in MC7
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Figure 4.6. Grain-size data from multi-cores taken at different backscatter intensity sites shown as histograms
and cumulative percentage curves for each centimeter of the uppermost 5 cm. MC 4 was taken at an actively
bubbling high-backscatter site. MC 7-9 are taken from areas with backscatter values ranging from low- to very-
high-backscatter values (for locations see Figs. 1D and 2).
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and MC8, more in MC9 and very strongly in MC4 Ammonium shows a constant increase with
(Fig. 4.5.). Equivalent trends can be seen for the depth for MC7, MC8 and MC9; whereas the
increase of sulfide and total alkalinity (TA) and concentrations for MC4 are generally much
the decrease of sulfate with depth (Fig. 4.5.). lower with only a slight increase with depth (Fig.

Figure 4.7. Screenshots captured from the JAGO dive 852 video (for outline of dive area see Fig. 4.2A) A-E:
Bacterial mats of different sizes surrounding black venting holes all or not associated with bubble release
(arrows) or carbonate structures. G-l: Semi-buried to fully-exposed carbonate structures, all or not associated
with bacterial mats. J-L: Seafloor depression (pockmark) with rough, probably carbonate-cemented, edges
and with a small bacterial mat on the bottom surrounded by Tunicates. Bubble release was observed on the
right of the bacterial mat (arrow).
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4.5.). Calcium concentrations are relatively
constant; only in MC4 a distinct decrease with
depth is observed (Fig. 4.5.). In addition, water
samples were taken from the core liner above
the sediment surface. Cores MC4, MC8 and MC9
show changes between the pore-water and
bottom-water data, whereas core MC7 almost
shows no changes with respect to the bottom-
water concentrations (Fig. 4.5.).

The grain-size analysis of the 4 multi-cores
reveals very limited differences in grain-size
distribution for the uppermost 5 cm of the
different cores. The fraction coarser than 50 um
only consists of shell fragments (Modiolus
phaseolinus), up to centimeter scale, with rare
carbonate-cemented sediments (shell fragments
and fine-grained sediments). All cores are
characterized by a polymodal grain-size
distribution for the fraction between 600 and 50
um (Fig. 4.6.).

4.4.4. Visual seafloor observations

Visual observations generally show a rather
flat, featureless seafloor with a micro-relief of a
few centimeters. In decimeter scale very little
relief is present, except for a small
depression/pockmark observed during the JAGO
dive (Figs. 4.7. J.-L.). The sediment surface is
typically composed of shells and shell fragments
in a fine-grained matrix, as confirmed by the
grain-size analyses (Figs. 4.7.A.-L. and Fig.
4.8.A.). Seeps are generally characterized by
bubbles escaping from small black venting holes,
which may or may not be surrounded by
bacterial mats (possibly Beggiatoa sp.) (Fig.
4.7.A.). Bubbles are released either from within
bacterial mats (Fig. 4.7.A.), from their edges (Fig.
4.7.K.) or from between bacterial mats if the
mats occur in larger clusters (Fig. 4.7.E.). The
bright white bacterial mats occur as irregularly
shaped single patches or in clusters with sizes
ranging from a couple of square centimeters to
several square meters (Figs. 4.7.A.-F. and Figs.
4.8.B.-E.). JAGQO’s sampling claw revealed that
quite often the sediment below bacterial mats is
hard. The sediment usually gets softer within a
few centimeters away from the mat. Digging
underneath bacterial mats frequently exposed
solid carbonate crusts or simply failed because
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the sediment was too hard. The distribution of
the bacterial mats corresponds very well with
the high-to very-high-backscatter areas and with
shallow gas fronts (Fig. 4.9., for the extent of
SB2 in Fig. 4.9. see Fig. 4.4.). Almost no bacterial
mats occur within the low-backscatter areas.
Generally, during the visual observations no
bubbles were observed being released from the
bacterial mats, which is in agreement with the
absence of single-beam-detected seeps at the
bacterial-mat locations (Fig. 4.9.).

Bacterial mats were also observed in
association with carbonates that form positive
elevations on the seafloor. Some only form a
moderate relief of a couple of centimeters (Fig.
4.7.F. and Figs. 4.8.D. and F.), whereas other
fully-exposed  carbonate  structures are
irregularly shaped and tens of centimeters high
and wide (Figs. 4.7.G.-l.). Areas around
carbonates often show up as rougher surfaces
resembling erosion features (Figs. 4.7.F.-G., Fig.
4.7.L. and Figs. 4.8.G.-l.), which correspond well
with the high to very-high-backscatter areas.

4.5. Discussion

4.5.1. Bacterial mats, carbonates and
their relation to seep distribution

Based on the visual observations and analysis
of the core data, different stages of bacterial-
mat growth and authigenic carbonate formation
can be determined. This process appears to lead
to a gradual (self-)sealing of the seeps by
carbonate clogging, followed by a relocation of
the bubble-releasing locations. Our observations
confirm the three-stage self-sealing process of
seeps, proposed by Hovland (2002).

The self-sealing process starts with gas
bubbles, generated from methane-
supersaturated pore waters (Boudreau et al.,,
2001), being released into the water column
from small holes in the sea bed (Fig. 4.7.A.). The
venting holes generally have a dark color
indicating the precipitation of sulfide minerals
like pyrite (Peckmann et al., 2001) and are often
surrounded by bacterial mats of different sizes
(Figs. 4.7.A.-E.). These bacterial mats are formed
by sulfide-oxidizing bacteria (e.g. Beggiatoa sp.),
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Figure 4.8. Screenshots taken during the OFQOS video lines shown in Figure 4.9., characterizing the study-area
seafloor (for scale see the 10 by 10 cm shackles). A: Usual flat, shell-covered, seafloor. B-E: Bacterial mats of
different sizes. F-l: Carbonate formations showing up as solitary buildups with small bacterial mats or as

rough, carbonate-cemented, seafloor.

which profit from the high fluxes of sulfide
generated by the anaerobic oxidation of
methane (AOM) (Boetius et al., 2000; Boetius
and Suess, 2004; Sommer et al., 2006).

The pore-water analysis of MC4 shows typical
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profiles and concentrations indicative of AOM
near the sediment surface, with strong gradients
of increasing alkalinity, sulfide and methane
concentrations (Fig. 4.5.). Decreasing sulfate and
very low ammonium concentrations indicate
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Figure 4.9. Multibeam backscatter map overlain with bathymetric contours (for location see Fig. 4.2.A.), seep
locations (black dots) and the outline of seismic profile SB2 (see Fig. 4.1.D. and Fig. 4.4.). Visually observed
bacterial mats are indicated by black markers along the offset-corrected OFOS video lines (white lines).
Bacterial mats occur solely at high to very-high-backscatter areas.
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that AOM is the only sulfate-consuming process.
From the other cores, only MC9 shows evidence
of AOM, with changes in sulfate, sulfide and
methane below 6 cm sediment depth. The
sulfate decrease is 2.4 higher than the sulfide
increase, pointing to precipitation of sulfides
such as troilite or pyrite.

The bacterial mats may cover several square
meters by capturing dissolved and free gas at
venting locations (Figs. 4.7.A.-E. and Figs. 4.8.B.-
E.). This enhances AOM in the sediments
beneath the mats which facilitates their lateral
growth (Boetius and Suess, 2004; Sommer et al.,
2006).

AOM is typically associated with the formation
of methane-derived authigenic carbonates
(MDACs) (Hovland et al., 1985; Paull et al., 1992;
Peckmann et al.,, 2001; Greinert et al., 20023;
Orange et al.,, 2002; Johnson et al.,, 2003;
Mazzini et al.,, 2006; Judd and Hovland, 2007).
Therefore, locations with increased methane-
rich fluid fluxes causing AOM and bacterial-mat
development, are often linked with MDAC
formation, as was shown by JAGO sampling and
visual observations (Figs. 4.7.C., 4.7.F.-G. and
4.7.).-K., Figs. 4.8.D. and 4.8.F.). This also
explains the limited penetration of MC4 and the
decreasing calcium concentrations within this
core, pointing to a calcium-rich carbonate
formation. XRD analyses of recovered carbonate
pieces from MC4 show aragonite as the
dominant cementing carbonate phase. The
carbonate-cementation of the  seafloor
sediments increases their resistance to erosion,
thus enhancing seafloor roughness and resulting
in exposed carbonate-cemented structures
(Figs. 4.7.C., 4.7.F.-). and 4.7.L., Figs. 4.8.D. and
4.8.F.-l.).

Once MDAC formation has started, ongoing
precipitation may result in clogging fluid
pathways and also blocking the migration of free
gas through the sediments, thus forcing bubbles
to migrate laterally towards the edge of the
carbonate crust or carbonate-cemented
sediments. Therefore bubbles are often released
at the edge of large bacterial mats (Figs. 4.7.E.
and 4.7.K.). Eventually, carbonate precipitation
will lead to the self-sealing of the entire seep,
leaving behind a carbonated-cemented seafloor
with exposed and buried carbonates (Hovland,
2002), associated with only small or no bacterial

108

mats, and no seeps (Figs. 4.7.F.-L. and Figs.
4.8.F.-L.).

4.5.2. Controls on acoustic seafloor
backscatter

The high to very-high-backscatter areas in our
study area often coincide with pockmarks,
therefore the angle of incidence and the
morphology of the seafloor could be a prime
factor causing the high-backscatter return
(Blondel and Murton, 1997). However, for the
pockmarks as well as for the dunes, the
differences in backscatter do not seem to be
related to the morphology of these features.
First of all, the backscatter data is acquired
when sailing in all possible directions. If
differences in backscatter response are caused
by differences in morphology, this would give
differences in backscatter response for different
acquisition orientation. But this is not the case.
Furthermore when comparing the backscatter
data from low- and high-backscatter areas (Figs.
4.2.A. and 4.10.). The similar morphology of the
seafloor together with the similar incidence
angles along the swath for high- and low-
backscatter swaths clearly indicates that the
observed difference in seafloor amplitude and
the resulting normalized-backscatter strength
between both swaths is morphology-
independent (Fig. 4.10.). Finally, the high-
backscatter patches associated with seeps were
also observed outside pockmarks on a flat
seafloor (Fig. 4.2.A.). These observations
indicate that the high to very-high-backscatter
anomalies observed in our study area are not
caused by morphological effects, but by
differences in sediment properties, such as
roughness, acoustic impedance or grain size at
and around the seep sites (Blondel and Murton,
1997). For the dunes, the backscatter
differences are most likely related to sediment-
property differences between the sediments
covering the western and eastern flanks of the
dunes; e.g. difference in grain-size distribution
induced by prevailing currents (Todd, 2005).

Since the medium- to high-backscatter areas
seem to be related to shallow gas fronts, (Figs.
4.4. and 4.9.), gas bubbles captured close to the
seafloor might increase the backscattering
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Figure 4.10. Comparison of two multibeam swaths from one multibeam line, one recorded in a high-
backscatter area (full line) and one from a low- to medium-backscatter area (dotted line). A. The raw depth
for both swaths (see Fig. 4.2.A. for location). B. The raw amplitude for both swaths within a cloud
representing all amplitudes recorded during the particular multibeam line. C. The incidence angle for each
beam of both swaths. D. Normalized backscatter values for both swaths.
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because of the increased acoustic impedance
affecting both the interface and volume
backscattering (Fonseca, 2001; Fonseca et al.,
2002). Fonseca et al. (2002) postulated,
however, that in shallow water (< 100 m water
depth) the interface backscatter is severely
reduced due to the decrease in sediment sound
speed. The gain in volume backscatter due to
the presence of methane bubbles is insufficient
to compensate for the loss in interface
backscatter, resulting in a net decrease in the
total backscatter response. Since the water
depth in our study area is generally less than
100 m, free gas present in the seafloor
sediments can probably be discarded as the
main factor for backscatter enhancement. This
assumption is further sustained by our raw
backscatter measurements, with differences up
to 18 dB between low- and high-backscatter
areas (Fig. 4.10.). Fonseca (2001) observed that
sub-surface gas, even in -785 m water depth,
only leads to a 4 dB and a 7 dB gain in
backscatter strength for a 95 kHz and a 30 kHz
multibeam system respectively.

Grain-size or shell-fragment distribution as
well as bioturbation can determine the acoustic
backscatter response of the seafloor (Pouliquen
and Lyons, 2002; Collier and Brown, 2005;
Lyons, 2005). Since no signs of bioturbation
were observed, bioturbation can be ruled out as
a cause for the observed backscatter patterns.
Grain-size and shell fragment distribution could
be of importance since the fraction > 50 um
consist solely of shell fragments. However, the
difference in grain-size distribution between the
cores is too small to cause the observed
differences in backscatter response.

Authigenic carbonates are known to be major
contributors to seafloor roughness and acoustic
impedance contrast in seep areas, and thus also
to acoustic backscatter intensity (Orange et al.,
2002; Johnson et al., 2003; Holland et al., 2006).
Holland et al. (2006) shows that authigenic
carbonate structures lead to a backscatter
increase of 10-15 dB above background
measurements. This is very similar to our raw
backscatter measurements, with differences of
up to 18 dB between low- and high-backscatter
areas (Fig. 4.10.). This suggests, together with
the lack of other backscatter enhancers, that for
our study area the observed authigenic
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carbonates are probably the main reason for the
high to very-high-backscatter patches.

4.5.3. Backscatter, seep distribution
and sub-surface integrative model

When disregarding the backscatter pattern
caused by the sediment dunes and the
acquisition artifacts, we can conclude from our
data, that the remaining backscatter anomalies
are mainly caused by the presence of authigenic
carbonates. Since ongoing carbonate formation
causes a self-sealing of seep sites and a
subsequent relocation of fluid pathways/seeps
we conclude that the observed seafloor
backscatter and seep distribution in our study
area can be explained by the degree of
authigenic carbonate formation (Fig. 4.11.).

Considering the formation of MDACs beneath
bacterial mats and the non-seeping of most of
these observed bacterial mats it can be
concluded that the very-high-backscatter
patches  correspond to areas  where
intense/long-lived methane seepage has
favored MDAC formation, which in turn has led
to the self-sealing of these seep areas (Figs. 4.9.
and 4.11.). Based on this, the high- and medium-
backscatter distribution can be interpreted as
representing different stages of carbonate
cementation (Fig. 4.11.). Locations with active
methane seepage and ongoing carbonate
precipitation show up as medium- to high-
backscatter areas, whereas those with
advanced, massive carbonate cementation -and
due to the self-sealing possibly lower seep
activity- are characterized by very high and
maximum backscatter values. These very-high-
backscatter areas are the result of long-lived
and/or intensive seepage which resulted in the
precipitation of massive MDACs and sometimes
in the formation of pockmarks, due to fine-
grained sediment remobilization.

On a larger scale, the filled delta channels that
control shallow gas migration and seep
occurrence (Naudts et al., 2006) also determine
the distribution of the seep-related backscatter
anomalies; areas with deep sub-surface gas
fronts and the absence of active seepage,
correspond to low-backscatter areas (Figs. 4.4.
and 4.11.). The medium- to high-backscatter
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Figure 4.11. Overview model of the supposed fluid migration in the subsurface, carbonate formation with seep
relocation and the acoustic seafloor backscatter expression. @ A. Gas-bubble release from black venting holes.
B. Bacterial-mat formation around the black venting holes. C-D. Precipitation of methane-derived authigenic
carbonates underneath bacterial mats with subsequent relocation or termination of seepage. E. Semi-buried to
fully exposed methane-derived authigenic carbonate structures. F. Bacterial mats with limited gas-bubble
release and associated with chemosynthetic communities (e.g. Tunicates). All mentioned features can occur in
association with or without pockmark formation. @ Acoustic seafloor backscatter expression resulting from the
seep distribution and associated features. Filled channels, blocking fluid migration, are characterized by low
backscatter values (LBS) and the absence of seeps. Locations with active seepage and ongoing authigenic
carbonate precipitation show up as medium- to high-backscatter areas (MBS), whereas those with advanced,
massive carbonate precipitation and at present less or no seep activity show up as very high to maximum
backscatter areas (VHBS).

areas only occur in between the channels, 4.6. Conclusions
where the sub-surface gas front reaches the
sediment-water interface and where active
seepage takes place, accompanied by bacterial-
mat growth and authigenic carbonate
formation, as a result of the higher methane
fluxes and the associated AOM (Fig. 4.11.).

The 600 active methane bubble-releasing seeps
that were detected in an area of 14.73km” on
the continental shelf of the Dnepr paleo delta
occur systematically in areas that are
characterized by a higher-than-average acoustic
backscatter response on side scan sonar and/or
multibeam echosounder recordings. Detailed
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spatial analysis shows that the seeps occur
preferentially in areas with medium- to high-
backscatter strength, but not in areas with very
high and maximum backscatter strength.

Visual observations made with the JAGO
submersible and OFOS video sled showed that
the high-backscatter areas are characterized by
the occurrence of bacterial mats and methane-
derived authigenic carbonates (MDACs) in the
seafloor sediments, both indicative of AOM. This
was confirmed by pore-water analyses, which
showed increasing methane, total alkalinity and
sulfide concentrations in correspondence with
decreasing sulfate concentrations and no
increase in ammonium.

Complete integration of all available data
excluded morphology, grain-size distribution
and the presence of free gas bubbles in the
shallow subsurface as possible causes for the
observed high backscatter associated with the
active seeps. Instead we conclude that the high-
backscatter values in areas with active methane
bubble release are caused by the presence of
methane-derived authigenic carbonates in the
sediment. The absence of active seeps in areas
with the highest backscatter values supports the
model proposed by Hovland (2002), in which
AOM-induced carbonate formation may lead to
(self-)sealing of fluid pathways by carbonate
clogging, followed by a relocation of the
fluid/gas pathways around the cemented,
impermeable areas. As a final point, our analysis
shows that acoustic backscatter of the seafloor
can indeed be used as a proxy —and as a rapid
mapping tool- for detecting seep provinces that
are very likely actively seeping. Furthermore,
areas with the highest backscatter values should
be excluded from backscatter-based estimations
of the total area involved in active seepage.
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