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Abstract Circular and elongated pockmarks are present
between 180- and 300-m water depths in the Eastern
Black Sea shelf. The circular pockmarks have diameters
of 50–120 m and the elongated pockmarks are 150–
200 m wide with crater depths of 10–25 m. In deeper
sediments, buried pockmarks were �vertically stacked�,
indicating that the pockmarks developed under period-
ically varying overpressure conditions driven by the
seismologically active North Anatolian Fault. Linear
elongated pockmarks were formed by downslope
tensional stretching, which caused linear weak zones
together with strong seafloor currents acting as a con-
nector of circular pockmarks.

Introduction

Shallow gas accumulations in seafloor sediments have
been recognized on echo-sounder and side-scan sonar
records by acoustic anomalies since the 1950s (Schüller
1952). The evidence for shallow gas accumulations in
shallow marine sediments has been provided by high-
resolution seismic and sub-bottom profiling techniques.
The most common gas is methane, even though different
kinds of gases may be produced in marine sediments.
Methane is usually generated by the natural decompo-
sition of organic matter—microbial gas generation—in
shallow marine sediments. Shallow gas accumulations
can be formed in bays and estuaries (Acosta 1984;
Hovland and Judd 1988; Fader 1991; Garcia-Garcia
et al. 1999), and in major deltas (Milliman and Butenko
1985; Hart and Hamilton 1993). Çifçi et al. (2002) and

Ergün et al. (2002) reported that large amounts of
microbial methane production, accumulation, and
expulsion took place at the Turkish shelf of the Eastern
Black Sea.

Due to continuous sediment loading and tectonic
compression, gas generated in near-surface sediments
and pore fluids becomes overpressured and migrates to
the seafloor via permeable pathways (e.g., Yun et al.
1999). These pathways can be faults, stratigraphic layers
(Orange et al. 2002), mud diapirs (Hovland and Curzi
1989; Moore et al. 1991) or the pathways formed by
migrating gas in porous sediments, for example, clays,
silts and muds (Judd and Sim 1998; Harrington and
Horseman 1999; Judd et al. 2002).

Methane migration is an important process for two
reasons:

1. Methane fluxes in the seabed and into the atmosphere
are significant in terms of the global carbon budget
because methane is a greenhouse gas (Judd et al.
2002). Hovland et al. (1993) concluded that natural
gas seeps on continental shelves account for 3–9% of
total global methane emissions.

2. Methane migration has a potential instability effect
on slopes. Increasing pore pressure due to free gas
accumulation in sediment pore spaces decreases the
effective stress and shear strength of the sediments
and can cause slope failures (e.g., Prior and Coleman
1984; Hovland and Judd 1988; Yun et al. 1999).

Migration and expulsion of shallow gas can create
depressions, such as pockmarks on the seafloor, which
are generally related to gas and/or fluid discharge in
near-surface sediments (Hovland and Judd 1988).
Pockmarks were first discovered in the continental shelf
of Nova Scotia, Canada (King and MacLean 1970).
They are known to be widely distributed, from coastal
areas to deepwater environments, such as in Belfast Bay
(Kelley et al. 1994), the Norwegian Trench (Hovland
1981), the Bering Sea (Nelson et al. 1979), the Gulf of
Cadiz (Baraza and Ercilla 1996), the continental slope of
California (Yun et al. 1999), and in some lakes (Pickrill
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G. Çifçi Æ M. Ergün
Institute of Marine Sciences and Technology, Dokuz Eylül
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1993). Pockmarks are typically circular or elongated
hollows in shape and their diameters vary from a few
meters to a few tens of meters. The depths of pockmarks
also vary, from <1 m to tens of meters (Hovland and
Judd 1988). Giant pockmark craters up to several hun-
dreds of meters in width and 200 m in depth have also
been reported (e.g., Solheim and Elverhoi 1993; Cole
et al. 2000).

The purpose of this study is to investigate and discuss
the deep and shallow structures of pockmarks in the
Yesilırmak River Fan of the Eastern Black Sea Turkish
shelf. We integrate high-resolution seismic, MAK-1
deep-towed side-scan sonar, 5-kHz sub-bottom profiler
and SIMRAD multi-beam echo-sounder bathymetric
data to characterize the structures of the pockmarks.
The probable origin and the mechanisms affecting the
activation/reactivation of the pockmarks are also dis-
cussed.

Tectonic setting

The Black Sea is a large marginal sea located within the
Alpine orogenic belt, surrounded by compressive tec-
tonic belts, the Pontides orogeny in the south, Caucasus
in the northeast and Crimean Range in the north
(Fig. 1). It is located on the western flank of the active
Arabia–Eurasia collision and north of the North Ana-
tolian Fault (NAF) that permits the tectonic escape of
Anatolia (Rangin et al. 2002). It was considered to be
the Late Mesozoic–Early Cenozoic marginal back-arc
basin of the northward-subducting Tethys Ocean (Spa-
dini et al. 1996; Robinson et al. 1996; Kazmin et al.
2000). The Black Sea comprised two major extensional
basins, the western and the eastern Black Sea sub-basins,
and was separated by a complex NW-SE-trending con-
tinental Mid-Black Sea Ridge (Robinson et al. 1996),
which was subdivided into two parts: the Andrussov
Ridge in the north and the Archangelsky Ridge in the
south (Fig. 1).

The Eastern Black Sea basin has been undergoing
about 12 km of subsidence since the early Tertiary (Fi-
netti et al. 1988). This area was dominated by major
extensional faults, which have generated half-graben
structures. The Archangelsky and Shatsky ridges repre-
sent regionally uplifted footwall blocks to major exten-
sional faults that form the southern and northern
continental slopes of the region. However, the southern
side of the basin was affected by the reactivation of
extensional faults and the development of new reverse
faults at the end of the Eocene (Meredith and Egan
2002).

The study area is located in the Yesilırmak River
delta on the Turkish shelf of the Eastern Black Sea,
over the Sinop Basin towards the Archangelsky Ridge
(Fig. 1). The shelf extends northwards down to the
continental slope, and the shelf break is located at
about 300-m water depth. Throughout the region, the
seabed was underlain by a thick accumulation of

unconsolidated, fine-grained sediments deposited in
the Sinop Basin between the Archangelsky Ridge and
the Turkish margin. The Sinop Basin separates the
Archangelsky Ridge and the Turkish mainland and
has been affected by the late Miocene normal faults
along the Turkish margin and the Archangelsky Ridge
(Rangin et al. 2002). The overall compressional
deformation of the Sinop Basin was superimposed
onto the footwall block forming the Archangelsky
Ridge. The geometry of the Sinop Basin was inter-
preted as a foreland basin. The Archangelsky Ridge
shows no deposition from the late Eocene to recent
times. Further south, the shelf was flanked by the East
Pontic Mountains where intensive submarine volcanic
activity took place.

The seismicity of the study area is controlled mainly
by the active strike-slip North Anatolian Fault (Fig. 1).
The age of the fault is early Pliocene (4–5 Ma) and the
total offset range is 72 to 125 km (Barka et al. 2000).
Based on GPS data, slip rate is 10 to 20 mm/year along
the NAF (Tarı et al. 2000). The directly related defor-
mation can be easily seen in the Central Pontides, north
of the NAF, and in the Sinop area, south of the Arch-
angelsky Ridge (Görür and Tüysüz 1997).

Pockmarks in the study area

The geological setting of the area promotes the for-
mation and migration of gas and overpressured fluid.
Large quantities of organic matter supplied by the
Yesilırmak River can contribute to excessive amounts
of microbial gas (mostly methane) production, associ-
ated with pockmark formations and acoustic blanking
(Ergün et al. 2002; Çifçi et al. 2002). The overlying
plateau of the Archangelsky Ridge (Fig. 1) is marked
by numerous pockmarks, appearing as circular and
elongated depressions. The pockmark zone is located at
water depths of 180–300 m and is an elongated area
about 25·7 km in SW–NE direction in the Yesilırmak
River delta (Fig. 1). Towards the northeastern margin
of the plateau, the pockmarks become more elongated
and tend to follow a linear trend. The direction of these
linear pockmark trends is sub-parallel to the underlying
Archangelsky Ridge axis in E–SE/W–NW direction.
The pockmarks are often associated with subsidence
structures and slumping of the sediments towards the
center.

Deep structure of the pockmarks

A high-resolution airgun seismic line, TSH02 (Figs. 2
and 3), was processed to image the deeper stratigraphic
structure of the pockmarked area. The seismic data were
collected using a 24-channel recorder with a sampling
rate of 0.25 ms and a filter range of 8–1,000 Hz. Shot
and group intervals were 3.12 m, with a maximum fold
of 12. Following the preprocessing, wave equation
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migration was applied and the data were filtered with an
8–300 Hz band-pass filter.

Figure 2 shows parallel thin sedimentary layers af-
fected by numerous small-offset, nearly vertical growth
faults in the TSH02 seismic line in the deeper section of
the sedimentary strata in the SW part of the pock-
marked area. These faults can be seen in two-way travel
times (TWTT) of 450 down to 850 ms. When the loca-
tion of the growth fault system in Fig. 2 is compared
with the close-up of the tectonic map given in Fig. 1, it
can be recognized that the locations of the shallow
growth faults completely correspond to the southern
flank of the Archangelsky Ridge where it is widely af-
fected by extensional normal fault systems. Therefore,

these faults are interpreted as the shallow extensions of
the normal fault systems formed along the southern
flank of the Archangelsky Ridge connecting the ridge
flank to the Sinop Basin.

Faults can provide active conduits for gas and fluid to
migrate to the seabed surface and create a fracture
permeability allowing gas and fluid to flow to the sur-
face. Two main sedimentary units, affected by growth
faults, were distinguished in the interpreted section as
unit A and unit B (Fig. 2). Unit A shows mainly parallel
and well-bedded sedimentary sequences whereas unit B
has a sub-parallel to chaotic reflection pattern. A strong
reflector shallows towards the northeast and separates
unit A from unit B. The seismic line also shows buried

Fig. 1 Simplified tectonic map
showing major tectonic
elements of the Black Sea (after
Robinson et al. 1996; Kazmin
et al. 2000). Close-up shows the
study area, seismic line TSH02
(dashed) and data locations
used in the text, together with
the limits of the pockmark area
(dotted area). Numbers next to
the data locations represent the
corresponding figure numbers.
Bathymetric contour interval is
100 m
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pockmarks (indicated by dashed boxes) in the deep
sedimentary strata, and seabed pockmarks as depres-
sions on the seabed (indicated by arrows). The seismic
line is perpendicular to the direction of the elongated
pockmarks, and thus all the pockmarks are seen as
cone-shaped depressions in cross section. The seabed
pockmarks can be described as narrow hollows on the
seabed.

The NE part of TSH02 is shown in Fig. 3, and a
deeper sequence is distinguished as unit C. An erosional
truncation (UN in Fig. 3) shallowing towards the NE
separates units B and C. The sedimentary layers of
unit B onlap this angular unconformity. The growth
faults, developed only in unit B, are older than those in
Fig. 2 and do not affect unit A. The seismic section
shows numerous seabed pockmarks as well as buried
pockmarks in the deeper parts of the section. There are
more buried pockmarks in the NE part shown in Fig. 3
than those developed in the SW part shown in Fig. 2,

suggesting that there are no well-developed fault sys-
tems. The buried pockmarks (indicated by dashed
boxes) were generally developed in unit A (Fig. 3) and
they form a �vertically stacked� structure. This interpre-
tation implies that there has been a continuous pock-
mark development above the same location for long
periods of time.

Shallow structure of the pockmarks

In order to investigate the shallow structure of the
pockmarks and to get a detailed image of the upper
50 m of the sediments, a 5-kHz sub-bottom profiler and
a 100-kHz side-scan sonar (MAK 1 system) were used.
Figure 4 shows two examples of sub-bottom profiler
data; the first one is from the southern part of the shelf
at a water depth of 185 m (Fig. 4a) and the second one is
from the northern part with a water depth of 260 m
(Fig. 4b). The sedimentary units were observed as par-
allel layers locally disturbed by the pockmarks. The
feeder channels of the pockmarks are clearly visible on
the sub-bottom profiler data. These well-developed fee-
der channels can best be explained by an explosive
nature of the pockmarks. The sedimentary sequences in

Fig. 2 SW part of seismic line TSH02 and its interpretation (see
Fig. 1 for location), showing several small, offset vertical faults and
pockmarks on the seafloor (arrows) as well as buried pockmarks in
deeper sediments (dashed boxes). Circular and elongated pock-
marks are indicated by C and E, respectively. Insets correspond to
5-kHz sub-bottom profiler sections shown in Figs. 5 and 6
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the vicinity of the feeder channels bend downwards due
to collapse after eruption (Fig. 4a). When comparing the
shallow structures of the pockmarks for deep and shal-
low waters, it can be concluded that the deepwater
pockmarks are more elongated whereas the shallow-
water pockmarks are generally smaller. In addition, the
amount of infill for the shallow-water pockmarks is
greater than that for the deepwater pockmarks. One

reason for the difference in infill of the craters could be
the higher sedimentation closer to shore (southwards),
with material transported by the Yesilırmak River. The
slope of the seabed is also quite suitable for recent sed-
iments to move towards the north at the nearshore.

As shown in Fig. 5a, b, sonar and multi-beam data
indicate that the occurrences of circular patches and
elongated structures are pockmarks. The sonar and sub-
bottom profiler records also show that pockmarks can
merge to form a larger, or elongated, pockmark
(Fig. 5b, c). In the SW part of the sub-bottom profiler
section (Fig. 5c), gas-filled sediments underlying a
strong reflector were observed with acoustic turbidity.

Fig. 4a, b Comparison of
shallow-water (a) and
deepwater (b) pockmarks. In a,
there are two pockmarks at
190- and 200-m water depths
(see Figs. 1 and 7 for location),
and in b, the pockmarks are at
260-m water depth (see Figs. 1
and 3 for location). Most of the
pockmarks in shallower water
depths are completely infilled
by recent sediments

Fig. 3 NE part of seismic line TSH02 and its interpretation (see
Fig. 1 for location), showing an unconformity (UN) separating
units B and C. Other symbols as in Fig. 2. Insets correspond to
5-kHz sub-bottom profiler sections shown in Figs. 4b and 8

315



Figure 6 shows another sonar and 5-kHz sub-bottom
profiler section with two coalesced pockmarks; each has
separate and clearly visible feeder channels, as seen in

Fig. 5 as well. Some microscale faults also exist on the
sub-bottom profiler section in Fig. 6b (see Fig. 3 for
deeper structures of Figs. 5 and 6).

Fig. 5a–c Multi-beam echo-
sounder bathymetry (a), side-
scan sonar (b), and 5-kHz sub-
bottom profiler (c) records (see
Figs. 1 and 2 for location). The
high-backscattering circular
and elongated pockmarks
outlined by dotted lines on the
sonar record in b are observed
as depressions on the sub-
bottom profiler record in c. It is
also observed that the smaller-
scale circular pockmarks merge
into one, larger elongated
pockmark. The SW part of the
sub-bottom profiler section also
shows gas-filled sediments
underlying a highly reflective
horizon below 300-m depth.
The dashed rectangle on the
sonar record in b identifies the
corresponding area on the
multi-beam echo-sounder data
in a

Fig. 6a, b Side-scan sonar (a)
and 5-kHz sub-bottom profiler
(b) records (see Figs. 1 and 2 for
location). The high-
backscattering pockmarks are
outlined by dotted lines on the
sonar record in a. Considering
the sub-bottom profiler data in
b, the elongated pockmark is
formed by the merging of two
pockmarks with two clearly
visible feeder channels. The
zone of microfaults observed on
the SW part of the profiler
section is outlined by a
rectangle
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After the eruption of the pockmarks, coarser material
is left inside of the craters due to the winnowing of fine-
grained sediments, causing higher backscatter. There-
fore, both circular and elongated pockmarks show high
backscattering on the sonar data. The high-backscat-
tering circular pockmarks, defined as �eyed pockmarks�
by Hovland (1989), are best visible on the sonar data.
The sonar mosaic in Fig. 7 shows facies changing from
high backscattering in the nearshore sediments to low
backscattering in the pockmarked plateau. The facies
change, located approximately at the bathymetric con-
tour line of 170 m, determines the transition boundary
between the fine-grained clayey sediments in the near-
shore, where extensive acoustic gas accumulations and
gas masking take place (Çifçi et al. 2002), and the sedi-
ments of silty sands where the gas and fluid migrate to
the seafloor and generate the pockmarks.

The elongated pockmarks can be seen clearly on the
multi-beam echo-sounder bathymetric data. Figure 8
shows a piston core log of 14.7 m, P12, with the multi-
beam echo-sounder data from the NE part of the
pockmarked plateau, and indicates the occurrence of
several parallel pockmarks in elongated form as
depressions on the seafloor (see Fig. 3 for deeper struc-
ture). The elongated pockmarks are about 200 m wide
and can reach a length of 2 km. The distances between
the adjacent crater centers of parallel-elongated pock-
marks vary from 150 to 250 m. The sub-bottom profiler
line was aligned across the elongated structures in the A–
B direction and shows strong reflections at a depth of
285 m, overlying gas-filled sediments with acoustic tur-
bidity (Fig. 8b). This strong reflector clearly acts as a
cap rock, where gas accumulation was taking place, and
is discontinuous in certain zones, where the feeder
channels of the seabed and buried pockmarks (indicated
as BP) are visible, for example, below the two pock-
marks in the SW and NW parts of the section (Fig. 8b).
The P12 piston core was sampled inside of the pockmark

crater and mainly soft clays with some shell fragments,
particularly in deeper parts, and coccolite laminations in
the uppermost parts were recovered. The expansional
cracks seen in the core log between 12 and 14.7 m may
be related to gas vacuoles.

The circular pockmarks have diameters of 50–120 m
whereas the elongated pockmarks have diameters of
150–200 m and can have lengths of 2 km. The depths of
the craters for circular and elongated pockmarks are
generally not more than 10 m, although depths of more
than 25 m were observed, too. The slope angles of the
pockmark walls vary between 6 and 12� and the south-
ern flank is generally steeper than the northern flank,
forming asymmetric-cone shaped craters, possibly due
to downslope turbidity currents.

Discussion

There are several buried pockmarks in vertically stacked
form in the deeper sedimentary strata of the pock-
marked plateau on the Turkish Shelf. Similar forms of
buried pockmarks have also been observed in the
Adriatic Sea (Curzi and Veggiani 1985) and the slope of
the Gulf of Cadiz (Baraza and Ercilla 1996). This indi-
cates that there is no continuous gas migration to the
seabed—rather, the migration of gas is repeated peri-
odically over certain periods of time.

The seabed pockmarks in the area can be classified
into four groups that explain the stages of development
of both the seabed and buried pockmarks (Fig. 9). In the
first stage, the gas accumulation in the uppermost sedi-
mentary sequence under overpressure conditions causes
a pockmark expulsion and a depression on the seabed
(Fig. 9a). The gas expulsion is mainly active in the first
stage, and an acoustically transparent, columnar-shaped
zone may still exist just below the pockmark due to the
absorption of seismic energy by free gas. The gas

Fig. 7 Part of the sonar mosaic,
together with the bathymetric
contours in 2-m intervals of the
southern part of the
pockmarked plateau (see Fig. 1
for location), showing circular
and high-backscattering
pockmarks as well as a facies
change from high-
backscattering nearshore
sediments to the low-
backscattering pockmarked
plateau
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expulsion also prevents recent sediment accumulation in
the depression. In the second stage, the expulsion has
ceased and recent sediments start filling in the depression
formed by the pockmark erupted in the first stage
(Fig. 9b). In the third stage, the depression is completely
filled by the sediments and the pockmark is buried
(Fig. 9c). In the fourth stage, the gas expulsion is reac-
tivated so that a new pockmark is formed on the seabed.
The pockmark that erupted previously in the first stage
becomes buried (indicated as BP in Fig. 9d). The inter-
ruption and reactivation of the gas eruption through the
pockmarks continues periodically; in this way, vertically
stacked pockmarks are formed.

There could be several reasons for the periodic
interruption and reactivation of gas seeping in an area.
One reason may be periodical sea-level changes, such as
in the Gulf of Cadiz (Baraza and Ercilla 1996) where the
expulsion was interrupted during the sea-level low-stand
and recent active pockmarks developed during the sea-
level high-stand in shallower waters. This explanation
fails for the present study area because most of the
shallow-water pockmarks were inactive and completely
filled by recent sedimentation. An alternative explana-
tion for periodical variations in overpressure conditions
is that seismologically driven periodical overpressure
generated gas/fluid escape to the seabed. Although the
study area was described as a passive margin, the seis-
mically active North Anatolian Fault (NAF; see Fig. 1)
could have a significant impact on the regional tectonic

conditions, and could modify the overpressure condi-
tions on the shelf cyclically. The deformation evidence of
the Arabian–Anatolian collision is particularly well
developed in the Central Pontides, north of the NAF, as
in the Sinop region, southern part of the Archangelsky
Ridge (Görür and Tüysüz 1997). Rangin et al. (2002)
investigated the effect of the NAF on the tectonics at the
southern end of the Archangelsky Ridge and in the
Sinop Basin. Based on seismic data, they proposed that
such fluctuations in stress regime along the NAF have
also been evidenced offshore. They also concluded that
the opening of the Sinop Basin was the side effect of the
incipient motion along the NAF. Therefore, any in-
crease in the stress regime along the NAF near the Black
Sea shelf could change the overpressure conditions in the
pockmark area, for example, contributing to the pore-
pressure increase in the gas-filled sediments and, hence,
the expulsion of the accumulated gas via pockmarks.

The development of the elongated pockmarks may be
related to recent faulting that provides possible gas es-
cape conduits to the seafloor. If this was the case, these
faults need to be traced for hundreds of meters along the
elongated pockmarks. However, in the NE part (deeper
water) of the area where numerous elongated pockmarks
occur, there was no evidence of recent faulting below the
pockmarks, since faults in this part did not affect unit A
(see Fig. 3). This suggests that the elongated pockmark
formations were actually not fault-controlled. We con-
clude that the smaller-size circular pockmarks coalesce

Fig. 8. a Multi-beam
bathymetric data from the NE
part of the pockmarked
plateau, showing a number of
parallel elongated pockmarks
as depressions on the seabed.
The depths of the craters here
are not more than 15 m. The
elongated pockmarks are
approximately 150–200 m wide
and 2 km long. b Sub-bottom
profiler section along A–B line
on the multi-beam data,
perpendicular to the direction
of the elongated pockmarks.
Buried pockmarks are indicated
as BP. A strongly reflective
horizon, which is discontinuous
in place to place below the
feeder channels of the
pockmarks, overlies gas-filled
sediments. The piston core
recovered inside of the crater of
the pockmark at the
southwestern part shows soft
clayey sediments and shell
fragments as well as coccolite
laminations
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late to constitute a single and wider, elongated pock-
mark. The evidence for this interpretation arises from
both the sonar and 5-kHz profiler data. As shown in the
profiler data in Figs. 5 and 6, it was evident that the
elongated pockmark was formed by the merging of two
separate, possibly circular-shaped pockmarks.

Furthermore, some other mechanisms have also been
considered for the formation and merging of the elon-
gated pockmarks. One mechanism is that pockmarks
may be eroded by scouring bottom currents (Bøe et al.
1998), and strong sea bottom currents occurring on the
shelf edges and continental slopes (e.g., turbidities or
density currents) could also create elongated depressions
(Hovland et al. 2002).

Turbidity currents are submarine flows of dense
mixtures of water and sediment and capable of moving
at very high speeds, up to 80 km/h, for distances of tens
of kilometers. These can transfer large volumes of sed-

imentary material and are capable of eroding channels
on the seafloor. Local current systems possibly exist off
the mouth of the Yesilırmak River. It is well known that
the river water flows out of the mouth at right angles to
the trend of the coastline, and hence it may gradually
turn to the east over the shelf break to produce an eddy
returning towards the mouth. The flow velocities of
these currents are about 20 cm/s in the Yesilırmak Fan
(Ergün et al. 2001), and they may have acted as a con-
nector of separate circular pockmarks by removing the
recent sediments between the two adjacent pockmarks.

Another mechanism is linked to the increased number
of elongated pockmarks towards the shelf break in the
NE part of the study area. The elongated pockmarks
could be formed by downslope tensional stretching,
which may cause linear weakness zones near the upper
slope where a sudden increase in slope angle occurs.
Ergün et al. (2001) reported that several slump and slide

Fig. 9a–d Schematic
illustration (left column, not to
scale) and corresponding 5-kHz
evidence (right column, see
Fig. 1 for locations) for the
evolution of vertically stacked
pockmarks. The pockmark
structures in the area are
classified into four groups
explaining the stages of the
formation of surface and buried
pockmarks. a A recently
erupted pockmark, b start of
the infill after eruption, c the
pockmark completely filled by
recent sedimentation, and d re-
expulsion and formation of a
new surface pockmark in the
same zone, leaving the former
pockmark completely buried
(BP). The vertical axis in the
right column is in meters below
sea level
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features were formed on the slope and caused a down-
slope stretching behind the shelf break, located
approximately at a depth of 300 m. The stretching may
cause some linear weakness zones where the accumu-
lated gas was easily released to the seafloor, allowing the
elongated pockmarks to develop. That the directions of
the elongated pockmarks are NW to SE (sub-parallel to
the bathymetric contour lines) supports this interpreta-
tion because the linear weakness zones originating from
downslope stretching should be perpendicular to the
slope direction, meaning parallel to the shelf break
bathymetric contour (300-m contour in Fig. 1). This
interpretation is illustrated on a bathymetric cross sec-
tion with the location map in Fig. 10. Figure 10 also
shows the formation provinces of the three main seabed
pockmark types—infilled, circular and elongated as well
as buried pockmarks. The infilled pockmarks were
formed towards the nearshore area, starting at a depth
of 180 m, where large amounts of recent sediments filled
the craters completely. The slope of the area of infilled
pockmarks is quite suitable for recent sediment trans-
portation from the Yesilırmak River (Fig. 10). The
pockmark plateau can be subdivided into two parts: as
shown in Fig. 10, the southwestern part was affected by
deep vertical fault systems, and the seabed pockmarks
are generally circular in shape, whereas the northeastern
part can be described as the region of elongated seabed
pockmarks and vertically stacked, deep buried pock-
marks.

Gas in marine sediments is either microbial or
thermogenic in origin. In general, it is not possible to
determine the origin of the gas in subsurface sedi-
ments—either biogenic or thermogenic—just by using
acoustic seismic data. However, it may be possible to
suggest the existence of gas in the sediments, and seismic

data could provide certain clues about the geological
conditions for the evaluation of the gas source.

Large quantities of organic matter transported by the
Yesilırmak River produce large amounts of microbial
gas resulting in acoustic blanking effects (Ergün et al.
2002; see also Figs. 5 and 8). Figure 9d explains how
microbial gas generation could play an important role in
forming the pockmarks. As shown in Fig. 9d, a pock-
mark was buried at about 300 m and was overlaid by
undisturbed parallel sedimentary layers. A younger
pockmark was also present and indicated a reactivation
at the seafloor. The existence of parallel and undisturbed
sedimentary layers between these two pockmarks
showed that the gas forming in the younger pockmark
was produced above these parallel layers. Otherwise,
these layers would be disturbed because of the eruption.
Therefore, it is concluded that the origin of gas forming
in the pockmark was microbial.

Conclusions

The Eastern Black Sea Turkish shelf has been affected
by numerous seabed and buried pockmarks in circular
and elongated forms. The integration of acoustic meth-
ods allowed us to evaluate both deep and shallow
structures of the pockmarks in the area. The pockmarks
were formed in expulsive nature in tectonically relaxed
zones in the pockmark plateau, located between the
bathymetric contours of 180 and 300 m. The circular
pockmarks varied strongly in size, 50 to 120 m, but the
elongated pockmarks were much wider, 200 to 250 m,
and could be traced about 2 to 3 km. It is concluded that
these wider elongated pockmarks were formed by
merging of the smaller-sized circular pockmarks. Strong

Fig. 10 Bathymetric cross
section from the shore area to
the shelf break (e.g., 300-m
water depth), together with the
location map. The pockmark
depressions are clearly observed
on the seafloor bathymetry. The
pockmark plateau shows three
main seabed pockmark
provinces, as infilled, circular
and elongated as well as buried
pockmarks deep in the
sedimentary strata
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bottom currents and downslope tensional stretching
may cause linear weak zones near the upper slope,
playing an important role in the merging of the pock-
marks. Both types of pockmarks were observed as high-
backscattering depressions on the sonar and the profiler
data.

The existence of numerous buried pockmarks in
deeper sediments of the pockmarked plateau indicates
that gas migration to the seabed was not continuous but
repeated periodically over long time periods. We con-
clude that the reason for the periodical interruption and
reactivation of the gas seeping in the area was the seis-
mologically driven, periodical variation in overpressure
conditions. The seismologically active North Anatolian
Fault has had a significant effect on the tectonic and
overpressure conditions in the area, and could modify
the overpressure conditions of the shelf cyclically.

The slope angles of the pockmark walls varied be-
tween 6 and 12� and the southern flank was generally
steeper because of the downslope turbidity currents that
form asymmetric, cone-shaped craters. The sidewalls of
pockmarks, particularly the fresh ones, may be steep and
unstable. Therefore, slope stability was influenced by
these sediments, and should be taken into account for
nearshore and offshore construction studies.
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