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Abstract
The Dnepr paleo-delta area in the  NW Black Sea is characterized by an abundant presence o f 

m ethane seeps. During th e  expeditions o f May-June 2003 and 2004 w ith in  th e  EU-funded CRIMEA 
pro ject, deta iled m ultibeam , seismic and hydro-acoustic w ater-co lum n investigations w ere carried 
o u t to  study the  re la tion betw een th e  spatial d is tribu tion  o f m ethane seeps, seafloor m orphology and 
subsurface structures.

2778 new m ethane seeps w ere  detected on echosounding records in an area o f 1540 km 2. All seeps 
are located in the  trans ition  zone betw een th e  continen ta l shelf and slope, in w a te r depths o f -66 to  - 
825 m. The in tegra tion  o f the  d iffe ren t geophysical datasets clearly indicates th a t m ethane seeps are 
no t random ly d is tribu ted  in th is  area, bu t are concentra ted in specific locations.
The depth  lim it fo r  th e  m a jo rity  o f th e  detected seeps is -725 m w a te r depth, w hich corresponds 
m ore or less w ith  the  stab ility  lim it fo r  pure m ethane hydrate at th e  am bien t bo ttom  tem pera tu re  
(8.9° C) in th is  part o f th e  Black Sea. This suggests th a t, w here  gas hydrates are stable, they  play the  
role o f bu ffe r fo r  the  upward m igration  o f m ethane gas and thus prevent seepage o f m ethane 
bubbles in to  the  w a te r column.

Higher up on th e  margin, gas seeps are w idespread, bu t accurate m apping illustrates th a t seeps 
occur p re fe ren tia lly  in association w ith  particu la r m orphologica l and subsurface features. On the  shelf 
th e  highest concentra tion o f seeps is found  in e longated depressions (pockmarks) above th e  margins 
o f filled  channels. On the  continen ta l slope w here no pockmarks have been observed, seepage occurs 
along crests o f sedim entary ridges. There, seepage is focussed by a para lle l-s tra tified  sedim ent cover 
th a t th ins ou t tow ards the  ridge crests. On the  slope, seepage also appears in the  v ic in ity  o f canyons 
(bo ttom , flanks and margins) o r near th e  scarps o f subm arine landslides w here mass-wasting 
breaches the  fine-gra ined sedim ent cover th a t acts as a stratigraphie seal. The seismic data show the  
presence o f a d is tinct "gas fro n t" , w hich has been used to  map the  depth  o f the  free  gas w ith in  the  
seafloor sediments. The depth o f th is  gas fro n t is variab le and locally domes up to  the  seafloor. 
W here the  gas fro n t approaches the  seafloor, gas bubbles w ere  detected in the  w a te r column. A 
regional map o f the  subsurface depth o f the  gas fro n t emphasises th is  "gas fro n t - versus - seep" 
re lationship.

The in tegra tion  o f all data sets indicates th a t the  spatial d is tribu tion  o f m ethane seeps in the  Dnepr 
paleo-delta is m ainly contro lled  by th e  gas-hydrate s tab ility  zone as w ell as by stratigraphie and 
sedim entary factors.
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3. Black Sea Seeps: Geology and Morphology

3.1. Introduction

Gas seeps are w idespread in the  oceans and 
can be found  on both active and passive 
continenta l margins ('co ld seeps') and at ocean 
spreading centers ( 'h o t vents ') (Judd, 2003).
Cold seeps and gas seeps in general have 
engendered a substantia l research e ffo rt 
w o rldw ide  because o f th e ir  potentia l im pact on 
the  geosphere, the  biosphere, th e  hydrosphere 
and the  a tm osphere (Judd, 2003). They can 
support unique endem ic ecosystems o f m arine 
organisms (bacteria, tu be  worm s, clams, etc.) 
associated w ith  auth igenic carbonate or barite  
p rec ip ita tion  (Hovland et al., 1985; Boetius et 
al., 2000; G re inert e t al., 2001; G re inert e t al., 
2002; M ichaelis e t al., 2002). Furtherm ore, 
seeps have an im p o rta n t econom ical value 
because they  can be ind ications fo r  shallow  or 
deep hydrocarbon accum ulations. These are not 
only in teresting as possible energy sources but 
also have a large influence on the  geotechnical 
p roperties o f sediments and thus on the  s tab ility  
o f the  seabed. Shallow hydrocarbon reservoirs 
can also lead to  b low -outs w hen reached during 
d rilling  operations (Sills and W heeler, 1992). 
Recently, intensive research has focused on how 
gas seeps, m ethane seeps in particular, 
con tribu te  to  a tm ospheric m ethane 
concentra tions and to  the  com position  o f the  
w orld  oceans, and how th ey  could a ffect global 
w arm ing and th e  carbon cycle (Judd e t al., 1997; 
Judd e t al., 2002).

Seepage occurs w here  flu id  flo w  is focused 
and w here  flu x  rates exceed u tiliza tions rates 
a llow ing m ethane to  pass th rough  th e  seabed 
in to  the  w a te r column (Judd, 2003). However, 
under norm al conditions, m ost o f the  m ethane 
w ill be oxidized by consortia o f su lfate-reducing 
bacteria and m ethane-oxid izing archaea in 
anaerobic environm ents or by the  aerobic 
activ ity  o f bacteria (Reeburgh e t al., 1993; 
Boetius e t al., 2000; M ichaelis e t al., 2002). Fluid 
m igration can occur via conduits, such as fa u lt 
zones, stratigraphie layers and mud diapirs 
(Hovland and Curzi, 1989; M oore  e t al., 1991), or 
by geom orpholog ica lly focused flo w  (Orange 
and Breen, 1992; Orange et al., 1994). This can 
be th rough  d iffusion o f dissolved gas or by 
means o f free-gas bubbles. Gas can also be a 
part o f a gas-hydrate system (Kvenvolden,

1993). If pressure a nd /o r tem pera tu re  
cond itions change, gas hydrates can dissociate 
and hereby support gas seeps at th e  seafloor 
and result in sedim ent destabilization (Bouriak 
e t al., 2000; Bünz e t al., 2005).

W ith  the  recent increasing in terest in gas 
seeps, detection  too ls and m ethods have been 
developed and adapted to  discover and 
investigate seep sites. In add ition  to  
echosounder and h igh-reso lu tion seismic 
recordings, m ultibeam  and side-scan sonar have 
been used to  de tect gas seepage and shallow 
gas (Judd and Hovland, 1992; W ever e t al., 
1998). These m ethods are no t on ly able to  
detect changes in m orpho logy re lated to  gas 
seepage (e.g. pockmarks, mud volcanoes) bu t 
also to  de tect changes in backscatter strength, 
which can provide strong ind ications fo r  the  
presence of, fo r  example, authigenic carbonates 
th a t are com m on at cold seeps (G re inert e t al., 
2001; Campbell e t al., 2002). ROV's, submarines 
and CTD's have been used fo r  g roundtru th ing , 
m apping and sampling seafloor seeps (Suess et 
al., 2001; Orange et al., 2002; Johnson e t al., 
2003; Pauli e t al., 2005). Recent w o rk  also paid 
a tten tion  to  th e  subsurface w ith  a focus on 
seismic subbottom  signatures and ind ications o f 
shallow  gas (acoustic tu rb id ity , enhanced 
reflections, acoustic blanking, etc.) and possible 
conduits (faults, diapirs, etc.), which can be 
ind irect ind ications fo r  seepage at the  seafloor 
(Judd and Hovland, 1992; Orange and Breen, 
1992; Yun e t al., 1999; Garcia-Gil e t al., 2002; 
Van Rensbergen e t al., 2002; Krastel e t al.,
2003).

In th is  paper we present the  discovery o f 
thousands o f active m ethane seeps detected 
d irec tly  w ith  an adapted scientific split-beam  
echosounder. We w ere able to  p inpo in t the  
exact location o f all seeps and to  in tegra te  the  
seep locations w ith  the  acquired m ultibeam  and 
geophysical datasets to  explain the  observed 
seep d is tribu tion  in re la tion to  the  geology and 
m orphology.

3.2. Study area

The Dnepr paleo-delta area is located on the  
continenta l m argin o f th e  northw este rn  Black 
Sea, w est o f th e  Crimea Peninsula (Fig. 3.1.). The
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area is well known fo r  the  abundant presence o f 
shallow  gas and gas seeps (Polikarpov e t al., 
1989; Polikarpov e t al., 1992; Egorov e t al., 
1998; Popescu and De Batist, 2004). S tructurally, 
th is  part o f the  Black Sea fo rm s the  trans ition  
zone between the  Scythian P latform  and the  
Karkin it Trough in th e  north, th e  Shtormavaya 
Graben, the  Kalam it Ridge and th e  W estern 
Black Sea Basin in the  south (Robinson e t al., 
1996; Nikishin e t al., 2003) (Fig. 3.1.). The 
W estern Black Sea Basin was fo rm ed during the  
late Cretaceous in a back-arc setting  above the  
northw ard  subducting Tethys Ocean, close to  
the  southern margin o f Eurasia (Robinson e t al., 
1996). The continenta l margin w est o f the  
Crimea Peninsula consists o f Late Paleozoic to  
Mesozoic basement rocks covered by th ick  
Cenozoic sediments (>2 km) (F inetti e t al., 1988).

The northw este rn  Black Sea is dom inated by a 
ra ther w ide  shelf (60-200 km) w ith  a shelf break 
at -120 m to  -170 m w a te r depth  and canyon 
systems w ith  large deep-sea fan complexes, 
m ainly developed during sealevel lowstands 
(W inguth e t al., 2000; Popescu e t al., 2001). The 
main canyon systems in th e  w estern Black Sea 
are th e  Danube and Dnepr Canyons, each w ith  
th e ir  own typ ical m orphology. The w ell-stud ied 
Danube Canyon (Popescu e t al., 2001; Popescu 
e t al., 2004) d iffers from  the  Dnepr Canyon and 
o ther, sm aller canyons because it indents the  
shelf over a distance o f 26 km and has an 
un id irectiona l deve lopm ent. The Dnepr Canyon 
only starts from  th e  shelf edge and deeply 
incises the  upper slope (W ong et al., 2002). Both 
canyon systems are likely to  have fo rm ed  by 
sedim ent flow s along the  axial tha lw eg  causing 
sedim ent fa ilu res along the  channel margins. 
These sedim ent fa ilu res are probably also 
influenced by gas-related instab ility  and by deep 
fau lting  (Popescu e t al., 2004). The deep-sea 
fans, re lated to  these canyon systems, are fed 
by sedim ent inpu t from  the  Danube River 
(Central Europe) and the  Dnepr, Dnestr and Bug 
Rivers (Eastern Europe). A t present th e  Dnepr, 
Dnestr and Bug discharge th e ir  sedim ent loads 
in to  a lagoonal system separated from  the  Black 
Sea by beach barriers, and only a small frac tion  
o f th e  suspended load reaches the  sea (W inguth 
e t al., 2000). During the  last lowstand the  Dnepr 
and Danube flow ed  hundreds o f kilom eters 
beyond the re  present m ouths depositing

organic-rich m ateria l and fo rm ing  shelf-edge 
deltas at th e  present-day shelf break (Ryan et 
al., 1997). A fte r th e  last sealevel lowstand w ater 
level rose, leading to  fresh -w a te r o u tflo w  from  
and sa lt-w ater in flow  in to  the  Black Sea th rough 
the  Bosporus. As a resu lt o f density differences 
and the  absence o f com ple te  w ater-co lum n 
mixing, the  Black Sea became the  biggest anoxic 
basin in the  w orld , w ith  favorab le  cond itions fo r 
preserving organic m ateria l and generating 
hydrocarbons (Jorgensen e t al., 2004). A w e ll- 
pronounced oxycline at about 90 m separates 
the  upper oxic from  the  deeper, perm anently  
sub-oxic and anoxic w a te r masses. So it is not 
surprising th a t th e  shelf-edge deltas and 
adjacent areas o f th e  northw este rn  Black Sea 
are characterized by shallow  gas and gas seeps 
th a t release m ethane o f m icrobial origin 
(Polikarpov e t al., 1989; Polikarpov et al., 1992; 
Egorov e t al., 1998; Am ouroux e t al., 2002; 
M ichaelis e t al., 2002; Popescu and De Batist,
2004).

The Dnepr paleo-delta area is the  m ost p ro lific  
seep area o f the  northw este rn  Black Sea margin 
and possibly one o f the  m ost active in the  W orld  
(Hornafius e t al., 1999). The m ethane seeps in 
th is  area w ere  firs t registered on echosounder 
recordings by Polikarpov e t al. in 1989. Later 
studies discovered m ore seeps (Polikarpov e t al., 
1992; Egorov e t al., 1998) as well as the  
presence o f carbonate buildups fo rm ed by 
anaerobically oxidized m ethane in an anoxic 
env ironm ent at -230 m w a te r depth  (Luth e t al., 
1999; Peckmann e t al., 2001; Thiel e t al., 2001; 
M ichaelis e t al., 2002). Gas seeps occur in the  
oxic as wel as in the  anoxic zone over a w ide  
depth  range from  -35 to  -785 m (Egorov e t al., 
1998). This part o f the  northw este rn  Black Sea 
m argin is dom inated by th e  presence o f the  
Dnepr Canyon and the  Dnepr Fan. The Dnepr 
Fan starts at a w a te r depth  o f about -300 m and 
it consist o f several vertica lly  stacked, la terally 
displaced channel-levee systems, deposited 
during w ater-level lowstands. Generally, the  
channel floors  are covered by coarse-grained 
deposits and flanked by finer-g ra ined levee and 
overbank sediments deposited during overflow  
o f the  canyons. The area east o f th e  Dnepr Fan is 
characterized by d r if t  sedim entation, whereas to  
the  west, mass-wasting and m ass-transport 
deposition is p rom inen t (W ong et al., 2002).
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Southwest o f the  Dnepr Canyon a b o ttom - 
s im ulating re flection  (BSR) has been observed 
on seismic recordings betw een -700 and -1350

m w a te r depth  (Inset Fig. 3.1.) (Liidm ann e t al., 
2004; Z illm er et al., 2005). Commonly, a BSR is a 
h igh-am plitude re flection  th a t runs sub-parallel

stnke-slip fault 

normal fault

area with 
observed BSR

Dnestr
Dnepr

Canyon

Scythian Platform

Karkinit Trough
Crimea

Grabeo
Danube

Western 
Black Sea 

Basin

Figure 3.1. Location map of the Dnepr paleo-delta study area with indication of deep structures, major faults 
and seep locations in the northwestern Black Sea (Robinson et al., 1996; Egorov et al, 1998). Inset shows the 
bathymetry of the study area in greater detail, with indication of faults, mud diapirs, area w ith observed BSR 
and the Dnepr Canyon (after Lüdmann et al., 2004).
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to  the  seafloor reflection, has a po la rity  th a t is 
opposite  to  th a t o f the  seafloor re flection  and 
occasionally crosscuts the  sedim ent 
s tra tifica tion  (Kvenvolden, 1998). BSRs mark the  
tem pera tu re - and pressure-contro lled base o f 
the  gas-hydrate stab ility  zone (BGHSZ) and are 
th e re fo re  com m only regarded as an ind irect 
ind ication fo r  th e  presence o f gas hydrates.
The seismic studies by Liidmann e t al. (2004) 
also revealed the  presence o f possible fau lts  and 
mud diapirs in the  Dnepr paleo-delta area (Fig.
3.1.).

3.3. Data and Methods

The data presented in th is paper were 
gathered during the  58th (May-June 2003) and 
60th (May-June 2004) cruise o f RV Professor 
Vodyanitskiy. W e com bine and in tegrate  hydro ­
acoustic w ater-co lum n data, hydro-acoustic 
seafloor data and seismic subsurface data (Fig.
3.2.) to  obta in  be tte r insight in the  geological 
and m orphologica l characterization o f the  
discovered seep sites.

3.3.1. Water-column data

Flydro-acoustic w ater-co lum n data was 
recorded w ith  a hu ll-m ounted  SIMRAD EK500 
dua l-frequency (38 and 120 kHz) split-beam  
echosounder. This system operates w ith  a to ta l 
beam w id th  o f 7°. Due to  the  high impedance 
contrast betw een w a te r and free  gas, gas- 
bubble seepage in the  w a te r colum n can be 
acoustically detected and shows up as "acoustic 
fla res" on echograms (Fig. 3.3.). Such a fla re  can 
com prise one single bubble stream or can be a 
conjugation o f d iffe ren t bubble streams or seeps 
w ith in  th e  fo o tp r in t o f the  echosounder. The 
WaveLens so ftw are  package (by Y. A rtem ov) 
was used to  trace  and locate the  orig in  o f the  
bubble streams, i.e. the  exact position o f the  
seeps at the  seafloor, based on gas-bubble 
backscatter strength. V ideo footage o f the  
seafloor, collected by OFOS (Ocean Floor 
O bservation System), confirm ed th e  accuracy o f 
the  seep position ing  and th e  nearly fu ll coverage 
at the  m ajor seep sites. During the  tw o  cruises, a

to ta l length o f 5261 km echosounder tracks was 
recorded w ith in  the  1540 km 2 study area (Fig.
3.2.B.).

3.3.2. Seafloor data

Regional bathym etric  m apping o f the  study 
area was perform ed w ith  a m obile  50 kHz swath 
system (SeaBeam 1050). This system operates 
w ith  126 beams (w id th  1.5° by 3° beam angle 
and 120° swath) and it was m otion- 
compensated by an OCTANS 3000 m otion 
sensor. Sound-velocity profiles w ere acquired 
via CTD casts and the  sound ve loc ity  at the  
transducers was continuously measured. Data 
acquisition was managed w ith  Flydrostar Online 
and the  data processing was carried o u t w ith  
HDPEdit and HDPPost. Fine ed iting  o f the  data 
by deleting bad data points was done w ith  
Fledermaus (6.1.2), which was also used fo r  the  
visualization o f th e  merged data sets. During the  
tw o  cruises an area o f 1540 km 2 was covered in 
w a te r depths from  -57 to  -1248 m (Fig. 3.2.). 
Gaps in th e  m ultibeam  coverage w ere filled  in 
by data acquired during th e  2004 METROL cruise 
(Poseidon cruise P317/3) w ith  th e  same swath 
system (SeaBeam 1050) as used during the  
CRIMEA cruises. All grids shown in th is paper 
have a cell size o f 30 m, except when specifically 
m entioned otherw ise.

3.3.3. Subsurface data

Three d iffe ren t types o f seismic data w ere 
acquired (Gl-gun, sparker and 5 kHz subbottom  
pro file r) (Fig. 3.2.A.), each w ith in  a d iffe ren t 
frequency range to  extract the  best possible 
in fo rm a tion  about the  underlying geology.

A firs t set o f single-channel seismic data w ere 
acquired w ith  a Gl-gun source (central 
frequency o f 150 Hz; m axim um  shooting interval 
o f 8 s) and an active surface stream er w ith  10 
hydrophones. The raw  signal was analog filte re d  
(70-200 Hz) and recorded on a Delph-2 system. 
The theo re tica l vertical reso lu tion is 6 m and the  
m axim um  penetra tion  is 600 ms TWTT. Single­
channel Gl-gun data w ere  recorded only during 
the  f irs t cruise and th is  over a to ta l length o f 664
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sparker

Figure 3.2. Swath bathymetry map (30 m grid) acquired during the 2003 and 2004 CRIMEA cruises with all 
newly detected seeps plotted as black dots. Gaps in the multibeam coverage were filled in by data from the 
2004 METROL cruise. The outlines of the areas covered by Figs. 3.6., 3.9., 3.10., 3.11. and 3.12. is indicated as 
well as the viewing direction of Fig. 3.5. and the location of the profile used in Fig. 3.7. Inset A shows the track 
lines of the seismic data (Gl-gun, sparker and 5 kHz) acquired within the study area and the seismic and 
echosounder profiles shown in this manuscript are also indicated. Inset B gives an overview of the ship tracks 
sailed during the 2003 and 2004 CRIMEA cruises and along which hydro-acoustic seep detection was 
performed (seeps locations are plotted as black dots).
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Figure 3.3. Hydro-acoustic image ("flare") of several methane bubble trains rising towards the sea surface at a 
seep site at -200 m water depth. The image consists of a succession of pings over a certain time interval. The 
tilted arrows show the rise of isolated bubbles. The bubbles clearly cross the oxic-anoxic interface at -90 m 
water depth. The other backscatter signals above this depth correspond to fish, jelly fish and larvae. The vertical 
acoustic anomalies (a) are caused by the parallel running multibeam system.

km. A second set o f single-channel seismic data 
w ere collected w ith  a SIG sparker source 
(central frequency o f 500-700 Hz) and an active 
surface stream er w ith  10 hydrophones. The 
analog signal was bandpass-filtered (200-2000 
Hz) and recorded on a Delph-2 system. The 
theo re tica l vertica l reso lu tion is 1 m and the  
m axim um  penetra tion  is 100 ms TWTT. During 
the  2003 cruise, 332 km o f sparker data were 
recorded.

Subbottom  pro filing  data w ere shot w ith  a 5 
kHz p ro file r system (Sonic-3), w hich was 
m ounted in a to w  fish w ith  a fish-track 
underw ater-navigation  system and a pressure 
sensor. The to w  fish was tow ed  100-200 m 
above the  seafloor. The theo re tica l vertica l 
reso lu tion is 30 cm and the  m axim um  
penetra tion  is 35 ms TWTT. During th e  2003 
cruise, 589 km o f 5 kHz data w ere recorded.

A part from  the  frequency filte rin g  no o the r 
processing was carried ou t on the  seismic data. 
In te rp re ta tion  o f th e  data was carried ou t w ith  
the  Kingdom Suite so ftw are  package.
The m ulti-channel Gl-gun p ro file  shown in figure  
3.7. was recorded during th e  2001 GHOSTDABS 
cruise and was made available by th e  Ins titu te  o f 
B iogeochem istry and M arine Chem istry o f the  
University o f Hamburg. The p ro file  was 
published before  by Liidmann e t al. (2004).

3.4. Observations and results

3.4.1. Morphology

The Dnepr paleo-delta study area covers the  
trans ition  zone betw een the  continen ta l shelf
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Dnepr
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H I  shelf ! j  dunes H
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area of mass 
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Figure 3.4. Map of the study area with indication of the major geomorphological regions and canyons. Seep 
locations are plotted as black dots. The scarps of the submarine landslides are emphasized by dashed lines and 
the position of two chimney fields is indicated by 2 horizontal arrows (1: Michaelis et al., 2002; 2: CRIMEA cruise 
2004).

and the  continen ta l slope. The w a te r depth  in 
the  study area ranges from  -57 to  -1248 m and 
the  shelf break occurs at -125 m w a te r depth 
(Fig. 3.2.).

3.4.1.1. Shelf
The shelf is characterized by a fla t, sub­

horizontal surface (Figs. 3.2., 3.4. and 3.5.) w ith  
a m axim um  slope o f 0.5°. Close to  the  shelf 
break, th is  fla t surface is locally in te rrup ted  by a 
dune fie ld  (Fig. 3.4 and 3.6). The m a jo rity  o f the

dunes have a NW-SE o rien ta tion , a wave length 
o f 120 m and a height o f 1.5-2.5 m. M ost o f the  
dunes are sym m etrical, bu t at th e  SW and NE 
borders o f the  central dune fie ld , they  are 
barchanoid in shape. South o f the  dune fie ld , 
fo u r e longated depressions occur. They have a 
m axim um  length o f 500 m, a m axim um  w id th  o f 
100 m and a m axim um  depth  o f 3 m. They 
appear to  be an am algam ation o f sm aller 
depressions (Fig. 3.6.).
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3.4.I.2. Slope
The slope can be sub-divided in tw o  

m orphologica lly contrasting segments: a
w estern  area dom inated  by mass-wasting and 
an eastern area dom inated by deposition . These 
tw o  areas are separated by a clear boundary, 
w hich we w ill herea fte r re fe r to  as the  "centra l 
d iv ide" (Figs. 3.4., 3.5. and 3.11.).

a) Western mass-wasting dominated area 
In the  w estern area, th e  m orphology is 
dom inated by a canyon system w ith  
sedim entary ridges and gullied walls (Figs. 3.4. 
and 3.5.). Some o f the  canyons incise the  shelf 
up to  a w a te r depth  o f 100 m and indent the  
shelf edge over a m axim um  distance o f 2 km. 
The canyons have cauliflower-shaped heads and 
are b ifurcated in th e  centra l part (Fig. 3.4.). The 
canyons at th e  w estern side o f the  area are 
m ore e longated and less b ifurcated. A t the

eastern side adjacent to  the  central divide, 
canyons are absent and five  subm arine 
landslides can be identified  (Figs. 3.4., 3.5. and
3.11.). The m axim um  size o f one ind ividual slide 
is 3 km by 5 km. The subm arine landslides cover 
an area o f 38 km 2 in w a te r depths from  -355 to  - 
975 m. The head scarps have a m axim um  height 
o f 45 m and fo rm  slopes o f 10 to  20°. W ith in  the  
slide areas, several sm aller scarps are visible 
(Figs. 3.5.), ind icating m u ltip le  fa ilu re  events. 
Some remains o f the  slide deposits can be 
recognized, bu t m ost o f the  destabilized 
sediments have been eroded or transported  ou t 
o f the  study area. Post-slide erosion is also 
evident from  th e  sm oothed m orphology o f the  
head scarps.

b) Eastern deposition-dominated area 
The eastern area is dom inated by deposition, 

w ith  channel-levee ou tbu ild ing  and deeply

Figure 3.5. Oblique view of grey-shaded bathymetry map of the upper part of the study area with indication 
of different geomorphological features (see Fig. 3.2. for location). Seeps locations are plotted as black dots. 
The scarps of the submarine landslides are emphasized by dashed lines and the position of the 2 chimney 
fields is indicated by 2 arrows (1: Michaelis et al., 2002; 2: CRIMEA cruise 2004). Seep clusters are evident at 
the crest of sedimentary ridges, at submarine landslides, along canyons, on the shelf and at the terrace at - 
200 m water depth.
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Figure 3.6. Plan view of grey-shaded bathymetry map of the shelf and the dune area (5 m grid) overlain by 
bathymetric contours (see Fig. 3.2. for location). The four elongated depressions are marked by a transparent 
white mask. The inset shows an oblique view of the intensive seep site at -92 m water depth characterized by 
pockmarks. Seep positions are plotted as black dots. On the 5 kHz profiles AB and CD (see Fig. 3.2.A. for 
location) the updoming gas front (dotted white line) underneath the seep positions (arrows) is clearly visible. 
Seeps are located at the margins of filled channels and not above them.

incised U-shaped canyons (Figs. 3.4. and 3.5.). region in the  west, the  canyons incise the  shelf
The canyons have a m axim um  w id th  o f 2.5 km to  a w a te r depth  o f 100 m, bu t here they  indent
and a depth  o f 200 m. Similar to  th e  erosional the  shelf over a m axim um  distance o f 4 km. The
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main canyon is the  Dnepr Canyon (Figs. 3.4.) 
w ith  all o the r canyons being tr ibu ta ries  to  it and 
m erging w ith  the  main tr ib u ta ry  at -940 m w ate r 
depth. N orthw est o f th is confluence, opposite  o f 
the  subm arine landslides on the  w estern  side o f 
the  central d ivide, a large, double subm arine 
landslide covers an area o f 21.5 km 2 betw een - 
444 to  -865 m w a te r depth  (Figs. 3.4., 3.5. and
3.11.). The crown scarp has a m axim um  height 
o f 60 m. In contrast w ith  the  w estern  subm arine 
landslides, the  slide deposits in the  canyon at 
the  base o f the  slide are still clearly visible in the  
m orphology and unaffected by erosion (Fig.
3.11.).

c) Central divide  
The eastern and w estern areas are separated 

by th e  centra l divide (Figs. 3.4., 3.5. and 3.11.). 
W ith in  the  centra l d ivide tw o  parallel channels 
extend over a length o f m ore than  24 km, w ith  a 
m axim um  depth  o f 45 m and a m utual w id th  o f 
1.5 km. A part from  these tw o  parallel 
depressions, th e re  are no o the r m ajor channels 
incising th e  divide. Upslope, the  central divide

ends at a te rrace-like  fea ture  at -180 to  -230 m 
w a te r depth, which fo rm s th e  trans ition  to  the  
shelf.

Figure 3.7. indicates th a t th e  ra ther unusual 
m orphology o f th e  central divide has been 
inherited  from  a series o f underlying, buried 
channel-levee systems. The tw o  parallel 
channels w ith in  th e  centra l d ivide are fo rm ed 
probably due to  d iffe ren tia l com paction o f the  
underlying channel sediments, w hich resulted in 
the  tw o  channels w ith  central ridge m orphology.

3.4.2. Seep locations

Up to  2778 m ethane seeps w ere  hydro- 
acoustically detected in an area o f 1540 km 2, in 
w a te r depths ranging from  -66 to  -825 m. O f all 
detected seeps, 99.5 % are located in w a te r 
depths shallow er than  -725 m (Figs. 3.2. and
3.4.) w here  they  are clustered in certa in 
m orphologica l locations (Fig. 3.5.).

Seeps on th e  shelf are concentra ted in the

central divide

channels

Dnepr
Canyon.channel

levee

channel> ■— “ 
■ V ' . \ TV . levee

University o f Hamburg 
Institute o f Biwgeochemistry 

and! M a r in i Chem istry 
GHOSTDABS seismic line 14

Figure 3.7. A multi-channel Gl-gun profile (see Figs. 3.2. for location) from the GFIOSTDABS project (Liidmann et 
al., 2004) clearly indicates that the rather unusual morphology of the central divide has been inherited from a 
series of underlying, buried channel-levee systems. The two parallel channels within the central divide are 
formed probably due to differential compaction of the underlying channel sediments, which resulted in the two 
channels with central ridge morphology. Also notice the presence of the Dnepr Canyon.
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dune fie ld  and are especially abundant in the  
e longated depressions to  th e  south o f the  dune 
fie ld . Because o f th e  clear re lationship  between 
the  seeps and the  e longated depression, we 
in te rp re t these depressions as pockmarks 
(Hovland and Judd, 1988). On the  shelf, the  
seeps appear to  be fo llo w in g  a general NW-SE 
trend  (Fig. 3.6.). This o rien ta tion  is 
perpendicu lar to  the  m a jo rity  o f the  ship tracks 
(Fig. 3 .2 .B.), w hich indicates th a t it is natura l and 
does no t o rig inate  from  data acquisition.

On th e  slope the re  are several places and 
structures which are bound to  seepage.

In the  mass-wasting dom inated  region, the  
m a jo rity  o f the  seeps occur on crests o f 
sedim entary ridges, on gullied canyon walls or 
on the  scarps o f subm arine landslides (Figs. 3.2.,
3.4. and 3.5.). On one o f the  scarps a new 
carbonate chim ney fie ld  was discovered during 
the  2004 CRIMEA cruise by visual observations 
and dredge sampling in about -600 m w ate r 
depth (Figs. 3.4. and 3.5.).

In the  deposition-dom inated  area, seeps are 
linked to  canyons: e ithe r on the  bo ttom , or on 
the  flanks or margins. Some seeps are located 
on the  crests o f sedim entary ridges (Figs. 3.5.). 
The scarps o f the  subm arine landslides in th is 
area are no t characterized by seep occurrences 
like in th e  w estern  area, bu t seeps are present 
w ith in  the  double subm arine landslide (Figs. 3.4. 
and 3.5.).

On the  central divide, seeps are in general 
ra ther scarce (Fig. 3.4.). In contrast, they  are 
abundant on the  terrace at -180 to  -230 m w ate r 
depth (Fig. 3.5.). The terrace actually consists o f 
th ree  rad ia lly spread ridges w ith in  the  lobed 
m orphology o f the  te rrace  (Fig. 3.2.). The 
carbonate chim ney fie ld , described earlie r by 
M ichaelis e t al. (2002), is located on the  crest o f 
one o f these ridges (Figs. 3.4. and 3.5.).

3.4.3. Gas hydrate and free gas 
occurrences

As m entioned above, the  vast m a jo rity  o f the  
gas seeps occur in w a te r depths from  -66 to  - 
725 m, and only a dozen seeps w ere detected 
below  -725 m w a te r depth  (Figs. 3.2. and 3.4.). 
Some o f these 'deep -w a ter' seeps are located at 
-825 m w a te r depth, above a subsurface m ud-

volcano-like structu re  described by Kruglyakova 
e t al. (2004). The o the r 'deep -w a ter' seeps are 
located close to  the  -725 m contour line. The 
a lm ost com ple te  absence o f seeps below  -725 m 
w a te r depth  strongly suggests th a t no free  gas is 
present, at th e  seafloor, below  th is  depth.

The stab ility  lim it o f pure m ethane hydrates 
occurs at -725 m w a te r depth  (Sloan, 1998), 
when calculated using a present-day b o ttom - 
w a te r tem pera tu re  o f 8.9°C (CRIMEA cruises) 
and a presumed average open-ocean pore- 
w a te r sa lin ity in th e  sedim entary column o f 35 
ppt. The presence o f gas hydrates in the  area 
had already been indicated by the  observation 
o f a BSR and confirm ed by d irect sampling 
(Kruglyakova e t al., 2004; Lüdmann e t al., 2004; 
Popescu and De Batist, 2004; Z illm er e t al.,
2005). Z illm er e t al. (2005) dete rm ined  fo r  the  
study area, th a t the re  is 38 ± 10 % hydrate  in the  
pore space at BSR depth, w here the  porosity  is 
57 %. Our Gl-gun data also dem onstra te  a BSR- 
like event th a t is located at the  calculated 
subbottom  depth o f the  BGHSZ (Fig. 3.8.). It 
displays a num ber o f characteristics o f a typ ical 
BSR (i.e. low  am plitudes above, enhanced 
reflections below , cross-cutting the  
stratigraphy), bu t instead o f appearing as a 
d istinct, single re flection , the  BGHSZ on our data 
is expressed as a trans ition  from  h igh-am plitude 
(gas-enhanced) reflections below  and low - 
am p litude  (blanked) reflections above (Fig. 3.8.). 
Such seismic response is a ttr ib u ted  to  the  
re la tive ly  high frequency o f the  seismic signal 
and to  th e  acquisition lay-out w ith  re la tive ly  
short o ffsets (Vanneste e t al., 2001).

The BGHSZ re flection  approaches the  seafloor 
close to  -725 m w a te r depth. From th a t po in t 
on, bubbles are detected in the  w a te r column 
(Fig. 3.8., graph). Low re flection  am plitudes 
w ith in  th e  GHSZ are o ften  a ttr ib u ted  to  the  
presence o f gas hydrates in the  sedim ent pore 
spaces (Lee and Dillon, 2001), a lthough th is 
could no t be confirm ed in e.g. the  Blake Ridge 
hydrate area (Holbrook, 2001). The presence o f 
free  gas below  th e  hydrate-cem ented strata is 
indicated by enhanced reflections below  the  
low -am plitude  zone. Since th e  enhanced 
reflections are present on our seismic records 
both in the  "hydra te  zone" and in the  "n o ­
hydrate zone", we in te rp re t the  to p  o f the  
enhanced reflections as the  "gas fro n t" , i.e. the
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upper boundary o f the  sedim ent package 
conta in ing free  gas (Fig. 3.8.). However, it has to  
be taken in to  consideration th a t th e  physical 
processes contro lling  the  depth o f the  free  gas 
in both  areas are d iffe ren t, bu t also th a t the  
acoustic expression o f th e  to p  o f the  free-gas 
section as gas fro n t is dependent on a.o. the  
frequency o f the  seismic signal.

Free gas can easily be iden tified  on seismic 
recordings (e.g. acoustic tu rb id ity , enhanced 
reflections, acoustic blanking, etc.) because o f 
its influence on the  sedim ent's bulk properties 
(Anderson and Ham pton, 1980; Judd and 
Hovland, 1992). The exact response to  the  
presence o f free  gas depends on the  frequency 
o f the  seismic source (Richardson and Davis, 
1998). The 5 kHz subbottom  data provide the  
best coverage in th e  study area (Fig. 3.2.A.) and 
are best suited fo r  m apping th e  gas fro n t 
because o f th e  stronger a ttenuation  o f the  
higher frequencies. On these data the  gas fro n t 
is expressed as the  upper te rm ina tion  o f a series 
o f enhanced reflections or as a h igh-am plitude 
re flection  th a t cross-cuts the  normal 
s tra tig raphy and th a t com ple te ly  masks all 
reflections below  (Figs. 3.6., 3.10., 3.11. and
3.12.). Based on these criteria , the  depth  o f the  
to p  o f the  free  gas zone in the  sedim ent can be 
mapped th ro ug h ou t the  area.

The 5 kHz seismic data show th a t the  depth  o f 
the  gas fro n t is variable and locally domes up to  
the  seafloor (Figs. 3.6., 3.10., 3.11. and 3.12.). 
The areas o f gas-front updom ing coincide w ith  
seep locations as observed by hydro-acoustics. 
By com bin ing the  gas-front surface w ith  the  
seafloor surface, a "d ep th -to -gas-fron t" map 
was produced (Fig. 3.9.), which illustrates the  
strong "gas fro n t - versus - seep" re la tionship  
th a t was already observed on th e  seismic 
profiles. The m a jo rity  o f the  seeps occur w here 
the  gas fro n t approaches th e  seafloor w ith in  < 
25 m, and in m ost cases even w ith in  < 10 m (Fig. 
3.9.).

3.4.4. Seep relation to morphology 
and subsurface structure

3.4.4.1. Continental shelf
The highest concentra tions o f seeps on the  

shelf are found  w ith in  th e  elongated

depressions/pockm arks below  w hich the  
updom ing gas fro n t approaches th e  seafloor 
w ith in  < 1 m (Fig. 3.6., p ro file  CD). There are 
m ore seeps in the  shallow  pockmarks than in 
the  deeper ones.

The d is tribu tion  o f the  seeps and the  general 
NW-SE tren d  o f the  e longated depressions and 
o f the  seeps on the  shelf (Figs. 3.6. and 3 .9 .B.) 
appears to  be related to  the  underlying geology. 
On th e  5 kHz seismic profiles, seeps occur along 
the  margins o f filled  channels and in association 
w ith  cu t-and-fill delta deposits, w h ile  no seeps 
have been detected above the  centra l part o f 
the  filled  channels (Fig. 3.6.). U nfortuna te ly , due 
to  the  a ttenua tion  o f the  acoustic signal, it is 
impossible to  adequately map subsurface 
geological features below  the  gas fron t.
The seeps w ith in  th e  dune area are also linked 
to  an updom ing gas fro n t, bu t they  are m ore 
random ly spread and no t really linked to  the  
particu la r dune m orphology.

3.4.4.2. Continental slope
W ith in  the  w estern  mass-wasting dom inated 

environm ent, the  seeps are p re feren tia lly  
located along crests o f sedim entary ridges (Fig.
3.5.). This a lignm ent is strik ing and suggests a 
d irect genetic re lationship. The seismic data 
provide no evidence fo r  the  existence o f fau lts 
which could act as conduits fo r  upward flu id  
m igration. However, th e  5 kHz subbottom  data 
reveal a clear updom ing o f the  gas fro n t below  
the  crests (Fig. 3.10.). Also, th e  upper lim it o f 
the  gas fro n t is determ ined by a parallel- 
s tra tified  sedim entary cover, which gets th inne r 
and pinches ou t tow ards the  crests o f th e  ridges 
(Fig. 3.10.).
High seep concentra tions also occur w ith in  the  
canyons and particu la rly  on the  gullied canyon 
walls (Figs. 3.5. and 3.12.). These canyon walls 
are strongly a ffected by mass wasting. Seeps are 
predom inan t on the  steep, fresh ly scarred 
gullied walls, bu t no t on o lder sm oothed canyon 
walls. The subsurface data shows th a t mass 
wasting at the  gullied walls breaches the  
sedim entary cover and creates fresh scars th a t 
cut o ff the  underlying stratig raphy. A t these 
locations an updom ing gas fro n t is visible and 
gas bubbles w ere  detected in the  w a te r column 
(Fig. 3.12., p ro file  CD). No fau lts w ere observed
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Figure 3.9. Map showing the depth of the gas front beneath the seafloor (see Fig. 3.2. for location), as mapped 
on 5 kHz profiles, overlain by bathymetric contours. The map emphasizes that gas seeps (white dots) are 
present where the gas front approaches the seafloor. Bubbles were detected where the gas front comes 
within 25 m of the surface. For the abundant seeps sites at the terrace (inset A) and the shelf (inset B) this is < 
10 m.
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below  these seep locations.
A th ird  im p o rta n t seep env ironm ent is fo rm ed 

by the  scarps o f th e  subm arine landslides on the  
border w ith  the  central d ivide (Figs. 3.5. and
3.11.). The w ater-co lum n, ba thym etric  and 
subsurface data show sim ilar features as 
m entioned fo r  the  gullied canyon walls: scars 
breaching th rough  the  sedim ent cover and 
exposing underlying stratig raphy, updom ing gas 
fro n t and higher seep densities at fresh scars 
(Fig. 3.11., p ro file  AB). In contrast, the  scale o f 
the  subm arine landslides is much bigger and the  
seep d is tribu tion  and the  scarps are lineated and 
no t random  as at th e  gullied walls. The seismic 
records do no t show th e  presence o f fau lts  
beneath these seeps locations, but th is  could 
also be due to  acoustic a ttenuation . On o the r 
places w here  small sedim entary fau lts  are 
present, these fau lts  d o n 't reach the  surface and 
no bubbles w ere  detected in the  w a te r column. 
Gl-gun data (Fig. 3.8.) show th a t the  gas fro n t 
comes up to  the  surface in fro n t o f the  
subm arine landslides at -725 m w a te r depth 
(Figs. 3.5. and 3.11.), suggesting th a t the  mass- 
wasting process m ight have been related to  gas- 
hydrate destabilization.

To the  east, in the  deposition -dom inated  area, 
the  same crest-seep re lationship  exists: i.e. no 
fau lts  below  seep locations, updom ing gas fro n t 
below  th e  crests, para lle l-s tra tified  cover th a t 
th ins ou t tow ards th e  crests (Figs. 3.10., 3.11. 
and 3.12.). One exception is th a t th e  ridges are 
no t characterized by deeply incised canyons at 
the  sides (Fig. 3.10.). Also fo r  the  canyon walls 
we observe th e  same re lationship  betw een the  
seeps and m orphological and subsurface 
features: i.e. incised canyon walls, scars
breaching trough  sedim ent cover and cu tting  o ff 
original stratigraphy, updom ing gas fro n t and 
higher seep densities at fresh scars and at 
steeper canyon walls. The seismic data also 
reveal th a t the  margins o f the  canyons are 
com m only covered by para lle l-s tra tified  
deposits w hich th in  o u t to  th e  side o f the  
canyons w here  seeps are also com m only 
located. Again, no m ajor fau lts  are observed 
w ith in  o r near the  canyons, except fo r  a fa u lt in 
the  Dnepr Canyon. Our data hereby contrad ict 
those o f Liidmann e t al. (2004), w ho observed 
several fau lts  to  th e  sides o f the  main canyons 
by using deeper-penetra ting  m ulti-channel

seismic data (Fig. 3.1.). Because o f th e  higher 
frequency o f our data, we w ere able to  observe 
small sedim entary fau lts  affecting the  overbank 
deposits, bu t no seeps w ere  detected above 
these faults.

For the  subm arine landslide (Fig. 3.11.), we 
observed sim ilarities w ith  the  subm arine
landslides in the  mass-wasting dom inated  area: 
i.e. borders the  central high, GFISZ a t th e  base o f 
the  subm arine landslide, no clear faults, 
updom ing gas fro n t be low  seep locations. 
Flowever, in contrast to  th e  subm arine
landslides to  the  w est o f th e  central d ivide, no
seeps are present on the  head scarp, which is 
also m ore circular than  th e  linear scarps o f the  
o the r landslides. Figure 3.11. clearly
dem onstrates th a t the  subm arine landslide has 
moved in to  the  canyon in fro n t. The subsurface 
data display th a t seeps occur w ith in  the  
subm arine landslide in fro n t o f detached 
sedim ent ridges (Laberg and Vorren, 2000) 
o rig inated from  th e  mass m ovem ent.

3.5. Discussion

3.5.1. Pockmarks

Since we detected hundreds o f seeps in the  
elongated depressions on the  shelf (Fig. 3.6.), 
w e in te rp re t these as pockmarks, as defined by 
Flovland and Judd (1988). Pockmarks are cra te r­
like structures th a t are fo rm ed by flu id  
expulsions, and occur w orldw ide  on continenta l 
margins, generally in m uddy sea beds. They are 
o ften  associated w ith  gas hydrates, slides and 
slumps (Flovland et al., 2002). Our bathym etric  
data show th a t the  observed pockmarks appear 
to  be an am algam ation o f several sm aller 
pockmarks (Fig. 3.6.). Single, sm aller pockmarks 
are about 100 m w ide  and 3 m deep (Fig. 3.6.). 
The shallowness o f the  pockmarks is probably 
due to  th e  re la tive ly  hard seafloor on the  shelf, 
which consists o f clayey sediments m ixed w ith  
shells and shell debris. The high seep activ ity  in 
the  pockmarks is rem arkable, as active -i.e. 
bubbling- pockmarks are th ou gh t to  be very 
scarce (Flovland et al., 2002). Less active 
pockmarks are deeper and b e tte r developed
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Figure 3.10. Oblique view of grey-shaded bathymetry map of a sediment ridge in the mass-wasting dominated 
area and of a sediment ridge in the deposition-dominated area overlain by bathymetric contours (see Fig. 3.2. 
for location). Both ridges are characterized by seeps (black dots) along their crests. The 5 kHz profiles (see Fig. 
3.2.A. for location) crossing the ridges show that at both ridges the gas front domes up to the crest of the 
ridges where seeps (arrows) were detected and that the sediment cover thins out towards the crest. The gas 
front (dotted lines) follows the base of the sediment cover.
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slump
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centra l divide

detached sediment 
ridges 600 m600 m

slide
700 m

Figure 3.11. Oblique view of grey-shaded bathymetry map of the area affected by submarine landslides (see 
Fig. 3.2. for location) with indication for the major geomorphological regions, overlain by bathymetric 
contours. The 5 kHz profile (see Fig. 3.2.A. for location) and the 3D image show the difference in location of 
seeps (black dots or arrows) on scarps of the submarine landslides in the western mass-wasting area and 
seeps within the submarine landslides in front of detached sediment ridges in the eastern deposition- 
dominated area. The -725 m water depth contour line, marking the border of the GHSZ, is located at the base 
of both submarine landslide areas.
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Figure 3.12. Oblique view of grey-shaded bathymetry map of the terrace seep site (see Fig. 3.2. for location), 
w ith indication the major geomorphological regions, overlain by bathymetric contours. The sparker profile AB 
(see Fig. 3.2.A. for location) shows that seeps (black dots or arrows) are detected where the gas front domes 
up to the seafloor and that no gas seeps are detected above a filled channel. The perpendicular 5 kHz (see Fig. 
3.2.A. for location) profile shows the same gas front-seep relation. The inset clearly shows that the gas front 
can only dome up to the surface where the sediment cover diminishes or is breached by mass-wasting at the 
flanks. During the 2004 METROL cruise this 5 kHz profile was used as a base for coring. Sand was cored at the 
seep sites and clay or fine sediments were retrieved outside the seep sites from the parallel-stratified 
sediment cover.
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than th e  presently active ones. This could be a 
result o f the  self-sealing nature  o f seeps due to  
carbonate cem enta tion  as postu lated by 
Hovland (2002). Except fo r  th e  updom ing gas 
fro n t at the  margins o f the  filled  channels, there  
appear to  be no o the r subsurface structures 
which could be identified  as potentia l factors 
con tro lling  th e  pockm ark and seep locations. 
The overall NW-SE trend  o f seeps and 
pockmarks re flec t th e  course o f th e  underlying 
filled  channels (Fig. 3.6.).

3.5.2. Crests of sedimentary ridges

The a lignm ent o f the  seeps on the  crests o f 
the  sedim entary ridges, the  general m orphology 
o f th e  crests (upslope-downslope trend) (Figs.
3.5. and 3.10.) and th e  absence o f fau lts  suggest 
th a t th e  ridges are fo rm ed purely by d iffe ren tia l 
erosion. M ore erosion-resistant sediments w ill 
stand ou t in re lie f a fte r periods o f erosion and 
result in the  typ ica l shape o f th e  ridges. Because 
o f th e  obvious seep-crest re la tionship  and the  
subsurface features below  the  crests (updom ing 
gas fro n t, parallel s tra tified  cover th a t th ins ou t 
tow ards the  crest, gas fro n t th a t stays below  th is 
cover) (Fig. 3.10.), we postu late  th a t the  
a lignm ent o f seeps on th e  crest o f the  ridges is 
probably linked to  a process described by 
Hovland (1990) and Hovland (1992). He 
proposed th a t the  gas perm eating from  gas- 
bearing sediments below  in to  a re la tive ly  th ick  
un it o f plastic clay, covering the  gas-bearing 
sediments, causes those sediments to  be 
buoyed up so th a t they  fo rm  elongated ridges 
on the  surface. This process could have 
breached th e  cover o f fine  sediments th a t acted 
as a Stratigraphie seal pe rm itting  and also 
focusing seepage at the  crests o f the  ridges. 
Since th e  ridges in our study area are sometim es 
up to  100 m high, the  proposed process can only 
account fo r  the  a lignm ent o f the  seeps at the  
crests and probably no t fo r  th e  fo rm a tion  o f the  
ridges as a w hole.

Since seepage is com m only associated w ith  
p rec ip ita tion  o f m ethane-derived authigenic 
carbonates (Boetius et al., 2000; M ichaelis e t al., 
2002), seeps probably have also con tribu ted  to  
the  fo rm a tion  o f m ore erosion-resistant 
sedim ent on the  crests o f these ridges.

3.5.3. Canyons

The floors  and walls o f m ost canyons in our 
study area are strongly a ffected by mass wasting 
(Figs. 3.10., 3.11. and 3.12.). M ass-wasting on 
canyon floors  and walls creates fresh scars and 
breaches th e  fine-gra ined sedim ent cover th a t 
e ffective ly  functions as a stratigraphie seal. As a 
result, possible gas-bearing layers get exposed 
and fac ilita te  gas seepage at these scarred steep 
canyon walls. That seepage com m only occurs on 
steep, recently eroded seafloor was also 
observed in M on terey Bay (Pauli e t al., 2005). If 
the  fine-gra ined cover is no t a ffected by mass- 
wasting, flu ids tend  to  be focused upslope to  the  
margins o f th e  canyon w here  the  cover 
d im inishes and seepage can occur (Fig. 3.12.). 
These in ferred  flu id  m igration  patterns are in 
agreem ent w ith  the  observed behavior o f the  
gas fro n t. M ig ra tion  o f flu ids  can also be focused 
by faults, bu t on our data, no faults  a ffect the  
upper 250 m o f the  sedim ent colum n in the  
v ic in ity  o f canyons and below  seeps. Therefore, 
w e rule ou t fau lts  as th e  main conduits fo r  flu id  
m igration close to  the  seafloor. This does not 
exclude th a t deeper faults, such as e.g. those 
observed by Liidmann e t al. (2004), m ight have 
influenced th e  position o f th e  existing canyons 
and cause a pre-focusing o f deeper derived 
flu ids.

3.5.4. Submarine landslides

Differences exist in seep d is tribu tion  
associated w ith  subm arine landslides in the  
e rosion-dom inated area and in th e  deposition- 
dom inated area. In the  mass-wasting dom inated 
area, the  linear a lignm ent o f th e  scarps and the  
seeps suggest a structura l contro l th a t 
determ ines the  seep locations and the  
m orphology o f th e  subm arine landslides. Helium 
analyses o f w a te r samples from  th is area sustain 
th is suggestion by showing anomalous high 3He 
values w hich po in t to  an inpu t from  deep- 
derived flu ids (Holzner e t al., 2005). A potentia l 
link betw een subsurface structures and mass 
wasting was already suggested by several 
authors fo r  o the r areas (Orange and Breen, 
1992; Eichhubl e t al., 2000; Kuscu e t al., 2005).
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Mass-wasting may be triggered by upward 
m igration o f flu ids along fau lts  resulting in a 
reduction in slope stab ility  (Orange e t al., 1997). 
The close re lation o f seepage and scarps can be 
explained by steepened pore-pressure gradients 
adjacent to  scarps due to  sudden erosion 
associated w ith  slum ping and the  resulting 
focusing o f flu id  tow ards these scarps (Orange 
e t al., 1997). Seepage is com m only observed at 
recently eroded seafloor. The d iffe ren t 
m orphologica l expression and d iffe ren t 
d is tribu tion  o f seeps in re la tion  to  the  
subm arine landslide in th e  deposition- 
dom inated area suggest a d iffe ren t mechanism 
fo r  sedim ent mass m ovem ent and associated 
seepage (Fig. 3.11.). A t th e  double subm arine 
landslide we do no t observe seepage at the  
scarps, bu t on ly in fro n t o f detached sedim ent 
ridges orig inated from  the  mass m ovem ent (Fig.
3.11.). The landslide m orphology and seep 
d is tribu tion  can be the  resu lt o f high w a te r and 
gas contents o f th e  sediments, which, toge ther 
w ith  the  re la tive ly  steep slope, caused sedim ent 
destabilization and the  observed mass 
m ovem ent. The seepage itse lf is probably a 
consequence o f h igher sedim ent com paction 
and steepened pore-pressure gradients in fro n t 
o f th e  detached sedim ent ridges. Since the  
BGFISZ is ou tcropp ing  at the  base o f both 
landslide areas we have to  take in to  account 
th a t th e  sedim ent fa ilu re  could have been 
fac ilita ted  by gas-hydrate destabilization due to  
tem pera tu re  and pressure changes associated 
w ith  c lim atica lly-driven sealevel fluctua tions, as 
has also been proposed fo r  e.g. Storegga slide 
(Bouriak e t al., 2000; Bünz e t al., 2005; Poort et 
al., 2005). We do no t observe any seepage 
th rough  the  GFISZ in th e  v ic in ity  o f these 
landslides th a t could resu lt from  overpressure 
and steeper pore-pressure gradients due to  
extra sedim entary loading or erosion at the  base 
o f the  subm arine landslides.

3.5.5. Terrace

As th e  te rrace  on the  central d ivide consists o f 
th ree  radia lly spread seeping ridges, we suggest 
the  same mechanism fo r  the  seep-crest re lation 
as is proposed fo r  the  o the r sedim entary ridges 
on the  slope. Flowever, judging from  the  shape,

the  size and th e  position o f th e  terrace, the  
ridges here are no t com m on upslope-downslope 
ridges, like th e  o the r seep-marked ridges on the  
slope. The lobed m orphology o f th e  terrace w ith  
the  central ridges is rem iniscent o f a lobed delta 
fro n t w ith  tr ibu ta ries  (Prior and Bornhold, 1990). 
W e th e re fo re  propose th a t the  terrace 
orig inated from  an old delta fro n t in which 
coarse sediments w ere  deposited during a 
period o f sealevel lowstand and th a t these 
coarser sediments cu rren tly  act as highly 
perm eable stratigraphie horizons th a t fac ilita te  
flu id  m igration  and seepage at the  seafloor. This 
is also indicated by coring (2004 METROL cruise) 
(Borowski e t al., 2005). Since the  te rrace  is 
located in a paleo-delta env ironm ent th is 
hypothesis can indeed be valid, w ere  it no t th a t 
the  w a te r level w ou ld  have had to  be 180 m 
below  curren t w a te r level. This is 30 m low er 
than the  low est value proposed in lite ra tu re  fo r 
the  last lowstand in the  Black Sea (W inguth et 
al., 2000). Peckmann et al. (2001) have dated 
carbonates from  the  te rrace  w ith  an age o f 19 
ka BP. This indicates th a t seepage at the  terrace 
was already active during the  last lowstand 20 
ka ago (Aksu e t al., 2002) and th a t the  terrace 
thus represents a rem nant from  th e  last or from  
a previous lowstand.

3.5.6. Controls on seep distribution

The m ost im p o rta n t contro l on seep 
d is tribu tion , o r ra ther on the  absence o f seeps in 
the  study area, is the  presence o f gas hydrates 
(Figs. 3.8. and 3.13.), w hich have o ften  been 
in ferred  to  have the  capacity to  act as a buffer 
fo r  upward m igrating gas (Kvenvolden, 1998). 
Gas hydrates are theo re tica lly  stable and have 
d irectly  and ind irectly  been observed in 585 km 2 
o f the  1540 km 2 covered study area. Flowever, 
on ly 0.5 % o f the  2778 detected seeps are 
located in th e  GFISZ, even though the  presence 
o f subsurface gas is indicated (i.e. by enhanced 
reflections below  the  BSR) (Figs. 3.8. and 3.13.).

Outside the  GFISZ, based on the  absence o f 
fau lts  be low  a lm ost all studied seep sites, we 
propose th a t seepage in our study area is 
dete rm ined m ainly by stratigraphie and 
sedim entary controls (Fig. 3.13.). A th ick  
im perm eable  sedim entary cover focuses the
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m igration o f flu ids to  nearby m orphological 
highs, w here th is  im perm eable sedim entary 
cover o f fine-gra ined sediments is breached by 
the  process proposed by Hovland (1990; 1992) 
(Fig. 3.13.). The a lm ost com plete  absence o f 
seeps above the  finer-g ra ined levee and 
overbank deposits confirm  the  sealing capacity 
o f the  sedim entary cover (Fig. 3.13.). It is only 
w here th is seal is destroyed by mass wasting or 
erosion th a t seepage occurs (Fig. 3.13.). The 
subbottom  depth d is tribu tion  o f the  gas fro n t 
confirm s the  sealing capacity o f gas hydrates 
and o f th e  fine-gra ined sedim entary cover in our 
study area.

A possible structura l con tro l on seepage can 
only be suggested fo r  th e  seeps located on the  
scarps o f the  subm arine landslide in th e  mass- 
wasting dom inated  area. However the  influence 
o f possible gas-hydrate destabilization at the  
fo o t o f the  subm arine landslides and the  
associated gas seeps can 't be neglected (Fig.
3.13.).

3.6. Conclusions

Based on 5621 km o f echosounder tracks we 
w ere  able to  detect 2778 active seeps w ith in  the  
1540 km 2 o f the  studied Dnepr paleo-delta area. 
The in tegra tion  o f the  geophysical datasets 
clearly indicates th a t m ethane seeps are not 
random ly d is tribu ted  in th is  area, bu t are 
concentra ted in specific locations. The depth 
lim it fo r  99.5 % o f the  detected seeps coincides 
w ith  the  phase boundary o f pure m ethane 
hydrate at -725 m w a te r depth. This suggests 
th a t gas hydrates act as an e ffective  seal and 
prevent upward m igrating m ethane gas to  be 
released as bubbles in to  the  w a te r column. 
Elsewhere, seeps generally occur in association 
w ith  pockmarks on th e  continenta l shelf, along 
crests o f sedim entary ridges, at bottom s, flanks 
and margins o f canyons and near subm arine 
landslides on th e  continen ta l slope. Except fo r 
one, all these areas are characterized by the  
absence o f fau lts. This does no t support the  
hypothesis by Kruglyakova et al. (2004) th a t 
seepage is p rim arily  associated w ith  tecton ica lly  
driven flow s th rough  regional fau lts in th e  Dnepr 
paleo-delta area. Our data, on the  contrary, are 
in agreem ent w ith  observations in M onterey

Bay w here seepage appears to  be p rim arily  
associated w ith  m orphologica lly or 
stra tig raph ica lly  contro lled  flo w  (Yun et al., 
1999; Pauli et al, 2005), and th is  can probably be 
extended to  o the r continenta l margins 
w orldw ide . The stratigraphie and sedim entary 
contro l on th e  d is tribu tion  o f m ethane seeps is 
dem onstrated by the  absence o f seeps above 
para lle l-s tra tified  fine-gra ined deposits (low - 
perm eab ility  stratigraphie horizons). The sealing 
capacity o f gas hydrates and fine-grained 
sedim ent covers gets emphasized by the  
regional behavior o f a d is tinct subbottom  gas 
fro n t th a t domes up to  the  seafloor in areas 
w here bubbles w ere  detected in the  w ater 
colum n and w here  th e  abovem entioned seals 
are locally absent or negligible. Finally, w e can 
conclude th a t in the  studied Dnepr paleo-delta, 
seep locations are m ainly determ ined by 
sedim entary characteristics close to  the  seafloor 
and th a t seepage-producing subsurface features 
and flu id  m igration can influence the  seafloor 
m orphology by fo rm ing  pockmarks and causing 
sedim ent instabilities.
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