
CHAPTER 2

Geo- and hydro-acoustic manifestations of 
shallow gas and gas seeps in the Dnepr paleo- 
delta, northwestern Black Sea

Lieven Naudts, Jens G reinert, Yuriy A rtem ov, M are  De Batist

2.1. Background

Shallow gas has been a top ic  o f m ajor in terest 
to  academic and industria l researchers 
w orldw ide  and th is  w ith in  d iffe ren t scientific 
fie lds. Shallow gas occurs in a depth  w indow  
between 0 m and 1000 m below  the  seafloor. It 
consists m ainly o f m icrob ia l-fo rm ed or 
therm ogen ic m ethane or a com bination o f both, 
sometim es w ith  a lim ited  adm ixture  o f higher 
hydrocarbons (propane, butane, etc.). The main 
in terest from  the  oil and gas industry in shallow  
gas is because o f the  possible hazard it poses 
during drilling, as it can lead to  b low -outs and 
seafloor ins tab ility  a ffecting seafloor-based 
constructions. Besides th is, shallow  gas can also 
be an im p o rta n t to o l to  localize deeper 
econom ically valuable hydrocarbon resources 
and reservoirs. Also in academic research, 
shallow  gas has become a m ajor study object 
over the  last decennia draw ing the  a tten tion  o f 
geologists, geophysicists, m icrobiologists, 
geochemists, oceanographers, etc. Shallow gas 
and seabed flu id  flo w  are global phenomena, 
which play a fundam enta l role in various natural 
processes th a t a ffect the  geosphere, the  
biosphere, the  hydrosphere and the  
atm osphere. In o rder to  study th e  possible 
e ffects o f shallow  gas and seabed flu id  flo w , it is 
im portan t to  understand the  processes and 
param eters th a t contro l its d is tribu tion  and 
presence in the  subsurface. H igh-resolution 
re flection  seismics is the  main to o l th a t has 
tra d itio n a lly  been used to  de te rm ine  the  
presence o f free  gas in the  shallow  sediments, 
and to  in fe r the  possible geological contro ls on 
its d is tribu tion  (e.g. im perm eable  sedim ent 
layers) as w ell as the  associated flu id  pathways 
(e.g. fau lts, perm eable sedim ent layers, diapirs).

In some cases, shallow  gas is able to  m igrate and 
to  reach th e  seafloor, w here gas (free and /o r 
dissolved) m ight be released in to  the  w a te r 
colum n. Since locations o f gas release, i.e. gas 
seeps, at th e  seafloor o ften  have a d is tinct 
m orphologica l expression (e.g. pockmarks, mud 
volcanoes, ridges); th ey  can easily be detected 
on h igh-reso lu tion re flection  seismic data, 
single-beam and m ultibeam  echosounding data 
and side-scan sonar recordings. In th is  paper, we 
present an overview  o f some o f the  
characteristics and seismic signatures o f shallow 
free  gas on d iffe ren t types o f h igh-resolution 
seismic re flection  data. W e also discuss the  
factors th a t contro l th e  d is tribu tion  o f shallow  
gas and gas seeps in the  Dnepr paleo-delta, 
northw este rn  Black Sea.

2.2. Dnepr paleo-delta

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 the  Crimea Peninsula (Fig. 2.1.). 
S tructura lly, th e  Dnepr paleo-delta is s ituated on 
th e  trans ition  zone between th e  Scythian 
P latform  and the  Karkin it Trough in the  north, 
the  Shtormavaya Graben, th e  Kalam it Ridge and 
the  W estern Black Sea Basin in the  south (Fig. 
2.1.). The W estern Black Sea Basin fo rm ed 
during the  late Cretaceous in a back-arc setting 
above the  northw ard  subducting Tethys Ocean, 
close to  th e  southern m argin o f Eurasia. The 
continen ta l margin w est o f the  Crimea Peninsula 
consists o f Late Paleozoic to  Mesozoic basement 
rocks covered by th ick  Cenozoic sediments w ith  
a thickness o f at least 2 km (Robinson e t al., 
1996).
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Figure 2.1. Location of Dnepr paleo-delta in the northwestern Black Sea with indication of major structures, 
deep faults, oil and gas fields and seep locations.
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Nowadays 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 to  170 m w a te r depth 
and canyon systems w ith  large deep-sea fan 
complexes which m ainly developed during 
sealevel lowstands. During several successive 
lowstands the  main in flow ing  rivers, Dnepr and 
Danube, deposited organic-rich m ateria l 
hundreds o f kilom eters beyond th e ir  present 
m ouths fo rm ing  shelf-edge deltas at the  
present-day shelf break. The Dnepr paleo-delta 
is one o f these shelf-edge deltas, in which 
m icrobial degradation o f the  organic-rich 
sediments has led to  the  fo rm a tion  o f shallow 
gas associated w ith  p ro lific  gas seepage at the  
seabed. The presence o f the  shallow  gas and gas 
seeps in the  Dnepr paleo-delta a lready received 
a lo t o f a tten tion  from  d iffe ren t European- 
funded research projects. The data shown here 
w ere  acquired during th e  EU-funded CRIMEA 
pro ject (2003-2006).

2.3. High-resolution reflection 
seismic data

Three d iffe ren t types o f seismic re flection  data 
w ere  acquired using th re e  d iffe ren t sources (5 
kHz pinger, SIG-sparker and Gl-gun) (Fig. 2.2.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 and shallow  gas d is tribu tion . 
The very shallow  subsurface was investigated 
using a deeptow  5 kHz pinger, w hich was 
m ounted in a tow fish  toge the r w ith  a side-scan 
sonar (SONIC-3). The tow fish  was tow ed  at 50- 
200 m above the  seafloor. The theore tica l 
reso lu tion (i.e. Rayleigh crite rion ) is 30 cm, fo r  a 
m axim um  penetra tion  o f 35 ms. In to ta l 590 km 
o f 5 kHz data w ere  recorded. To achieve deeper 
penetra tion , single-channel re flection  seismic 
data w ere  collected w ith  a SIG sparker source 
(central frequency o f 500-700 Hz) and an active
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Figure 2.2. A. High-resolution seismic reflection survey lines and outlines for Figs. 2.4.-2.9. (see Fig. 2.1. for 
location). B. Ship track with hydro-acoustically detected seeps (see Fig. 2.1. for location).
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Figure 2.3. Single-beam echogram showing typical hydro-acoustic manifestations of rising methane bubbles 
(flares) in the Dnepr paleo-delta.

single-channel surface stream er w ith  10 
hydrophones. The theo re tica l vertical reso lu tion 
is 1 m and th e  m axim um  penetra tion  is 100 ms. 
330 km o f sparker data w ere  recorded. For 
visualizing possible gas hydrate reservoirs and 
m ajor depositiona l units, also m ulti-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 a passive surface stream er 
w ith  16 hydrophone groups. The theore tica l 
vertica l reso lu tion is 6 m and the  m axim um  
penetra tion  is 600 ms. M ulti-channel data w ere 
recorded over a to ta l length o f 665 km. Data 
processing involved frequency filte ring , ve locity 
analysis, NMO correction, stacking and 
deconvo lu tion. In te rp re ta tion  and analysis o f 
the  th ree  types o f seismic data was carried ou t 
w ith  the  Kingdom Suite so ftw are  package. In 
add ition  to  th e  acquisition o f seismic reflection 
data, single-beam echosounding was perform ed 
fo r  seep detection  (i.e. fo r  the  detection  o f gas 
bubbles released in th e  w a te r colum n) using a 
hu ll-m ounted  SIMRAD EK-500 dual-frequency

(38 and 120 kHz) sp lit-beam  echosounder (Figs. 
2B and 2.3). Seabed features related to  gas 
venting and the  presence o f shallow  gas w ere 
add itiona lly  imaged by a com bination o f 
m ultibeam  echosounding, using a 50 kHz 
SEABEAM 1050 system, and side-scan sonar 
imaging, using the  30 kHz SONIC-3 deep-w ater 
sonar.

2.4. Shallow gas

The presence o f shallow  gas strongly 
influences the  mechanical and acoustic 
properties o f th e  sedim ent (increased sound 
a ttenuation , acoustic energy scattering, 
a ffecting sound velocity, etc.). Therefore  geo
acoustic m ethods, like seismic reflection 
pro filing, are s ign ificantly a ffected by the  
presence o f shallow  gas and are th e re fo re  very 
w ell-su ited  fo r  the  detection  o f gas in the  
sediments. Even very small concentra tions o f 
gas in th e  pore space (0.5% gas by volume)

■ •ƒ —> - ' ‘ .'!—:.r : .r ^ — H-
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for location).
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Figure 2.5. Comparison of "gas fronts" visible on 5 kHz data and sparker data (see Fig. 2.2.A. for location).

already lead to  a va rie ty o f shallow  gas 
signatures on m ost types o f h igh-resolution 
re flection  seismic data (Figs. 2.4.-2.9.) (Judd and 
Hovland, 2007). The m ost com m on types o f 
seismic d isturbances related to  gas-bearing 
sediments are "enhanced re flec tions" and 
"acoustic tu rb id ity " , both o ften  in com bination 
w ith  "acoustic b lanking" (Fig. 2.4.). "Enhanced 
re flections" on h igh-reso lu tion re flection  data 
are the  analogues o f "b rig h t spots" on low - 
frequency industria l data (Figs. 2.4.C. and
2.4.E.). They are characterized by anom alously 
high am p litude  and are in te rp re ted  to  be caused 
by th e  accum ulation o f (m inor am ounts of) free  
gas below  a certa in horizon. This gas 
accum ulation causes a negative impedance 
contrast across th a t horizon, and the  
subsequent large-am plitude, phase reversed 
re flection  on seismic data. "Acoustic tu rb id ity "  
shows up on seismic data as a dark smear th a t 
sometimes cross-cuts th e  norm al s tra tig raphy 
and com ple te ly  masks all reflections below  (Fig.
2.4.). "Acoustic tu rb id ity "  results from  the

a ttenua tion  (absorption and scattering) o f the  
acoustic energy by th e  presence o f gas bubbles 
w ith in  th e  sedim ent. The te rm  "gas fro n t"  is 
o ften  used fo r  the  to p  o f th e  "acoustic tu rb id ity "  
and associated gas features and is the re fo re  
in te rpre ted  as the  upper lim it o f the  free  gas 
zone w ith in  the  sedim ent (Fig. 2.4.). This 
in te rp re ta tion  is clearly supported by Fig. 2.4.B., 
on which th e  gas fro n t can be seen to  dom e up 
to  the  seafloor and w here  a "fla re ", a hydro 
acoustic w ater-co lum n anom aly caused by rising 
bubbles, is observed on the  5 kHz data. Since 
higher frequencies are m ore strongly 
a ttenuated , th e  5 kHz pinger data provides the  
m ost valuable in fo rm a tion  about the  depth 
variations o f the  shallow  gas present in the  
sediments (Figs. 2.4.-2.6. and 2.9.). Comparison 
betw een the  5 kHz data and sparker data (low er 
frequency) over a same area confirm s th a t even 
if both types o f seismic data clearly po rtray  the  
gas fro n t and its lateral depth  variations, th e  5 
kHz data provide a h igher-reso lution image o f 
the  subsurface (Fig. 2.5.). The la ter is o f course

56



2. Black Sea Seeps: Overview

flares
gas front 

depth below sea floor (m)

W i l l  -I" I W '
0 10 20

•  seep

Figure 2.6. 3D view showing the depth variation of the gas front as a depth map overlain by an isopach map 
(depth of the gas front below the seafloor) together with the used 5 kHz seismic profiles (see Fig. 2.2.A. for 
location). Gas seeps were mainly detected where the gas front approaches the seafloor within a couple of 
meters.

expected from  a h igher-frequency source. On 
the  5 kHz data, the  gas fro n t shows up as a 
single, strong reflection, whereas on th e  sparker 
data the  gas fro n t ra ther appears as a 
com bination o f enhanced reflections. The 
com parison also shows th a t the  sparker data 
only provide very litt le  extra in fo rm a tion  o f the  
deeper subsurface, less than w ou ld  be expected 
from  its low er frequency. The qua lity  o f these 
sparker data suffered sign ificantly from  a 
com bina tion  o f several acquisition param eters 
(e.g. high vessel speed, engine noise, etc). The 
free  gas w ith in  the  sediments strongly 
a ttenuates the  acoustic signal fo r  both sources. 
Acoustic a ttenuation  is largest when the  
acoustic frequency matches the  resonant 
frequency o f the  bubbles, which stands in 
re la tion to  the  bubble size. The data suggest 
th a t a w ide  range o f bubbles sizes occurs w ith in  
the  sediments imaged by th e  tw o  seismic

sources. However, the  observation depth  o f the  
gas fro n t is very s im ilar fo r  both m ethods. Both 
datasets show th e  presence o f d is tinct "gas 
fro n ts ", la tera lly s trongly varying in depth  and 
locally dom ing up tow ards the  seafloor. The 
areas o f "gas-fron t" updom ing coincide w ith  
seep locations as observed by hydro-acoustics. 
By com bin ing the  gas fro n t surface from  the  5 
kHz data w ith  the  seafloor surface, a "d ep th -to - 
gas-fron t" map was produced, w hich illustrates 
the  strong "gas front-versus-seep" re lationship  
th a t was observed on the  seismic profiles (Fig. 
2.6.). The m a jo rity  o f the  seeps occur w here  the  
gas fro n t approaches th e  seafloor w ith in  a 
couple o f m eters (Fig. 2.6.). The behavior or the  
depth  variations o f the  "gas fro n ts " seem erra tic  
at firs t, bu t a closer exam ination shows th a t "gas 
fro n ts " tend  to  dom e up tow ards the  seafloor at 
m orphologic highs. Furtherm ore, "gas fron ts " 
have th e  tendency to  stay below  the
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sedim entary in fill o f incised channels and only 
come up to  the  seafloor at th e  margins o f these 
filled  paleo-channels (Fig. 2.4.B.). Naudts et al. 
(2006) (CHAPTER 3) in tegrated the  geophysical 
seismic data w ith  m ultibeam  data and coring 
in fo rm a tion . Their results showed th a t the  
d is tribu tion  and m igration  o f gas near the  
seafloor in the  Dnepr paleo-delta is 
p redom inan tly  contro lled  by stratigraphie and 
sedim entary factors, and no t by fau lts  as m ight 
be expected. In the  Dnepr paleo-delta, along- 
strata and across-strata variations in grain-size 
d is tribu tions and consequent changes in 
perm eab ility  seem to  be the  main con tro lling  
factors on shallow  gas m igration and 
accum ulation outside the  gas-hydrate s tab ility  
zone (GHSZ).

2.5. Gas hydrates

Shallow gas w ith in  the  sediments does not 
only occur as free  gas (bubbles) or in dissolved 
fo rm  in sedim ent pore waters. It can also be 
trapped in crystalline, ice-like compounds 
composed o f w a te r and gas. These compounds 
are gas hydrates w hich are only stable at specific 
high-pressure and low -tem pera tu re  conditions. 
In the  m arine environm ent, these conditions can 
generally be found  at w a te r depths o f over 300- 
500 m, depending on bo ttom -w a te r 
tem pera tures and gas com position. The GHSZ is 
also lim ited  to  a certa in depth  below  the  
seafloor because o f the  geotherm ally-induced 
rise in subsurface tem pera tu re  w ith  depth. 
Besides the  P-T conditions, also the  am oun t o f 
available gas and w a te r in the  pore spaces needs 
to  be high enough to  sustain gas-hydrate g row th  
and to  keep hydrates stable. M arine gas 
hydrates have a ttracted  massive a tten tion  from  
scientists and decision makers over the  last 
decades, because they  represent a possible 
energy resource as well as a geohazard. W hen P- 
T conditions change, gas hydrates can become 
unstable and dissociate. This can lead to  
sedim ent destabilization, subm arine landsliding 
and possibly the  generation o f tsunam is. The 
dissociation o f m ethane hydrates involves the  
release o f large am ounts o f m ethane, w hich is a 
very strong greenhouse gas. If th is m ethane

w ou ld  reach th e  atm osphere, it w ou ld  strongly 
a ffect global climate.

In the  northw este rn  Black Sea, m ethane gas 
hydrates are theo re tica lly  stable on ly below  
w a te r depths o f -725 m due to  th e  re la tive ly 
high b o ttom -w a te r tem pera tures o f 8.9°C. 
Hydrate stab ility  calculation was done based on 
presumed average open-ocean pore-w ate r 
sa lin ity in th e  sedim entary colum n o f 35 ppt 
(Naudts e t al., 2006). During th e  CRIMEA 
expeditions no gas hydrates w ere sampled by 
sedim ent coring in th e  Dnepr paleo-delta. 
However, based on seismic re flection  p ro filing  
the  presence o f gas hydrates in the  subsurface 
can be in ferred  geophysically from  anomalous 
reflections. These reflections m im ic th e  seafloor 
topography and are th e re fo re  refe rred  to  as 
bottom -s im u la ting  reflections (BSRs). The 
subsurface depth  o f the  BSRs o ften  corresponds 
to  the  low er P-T contro lled  boundary o f the  
GHSZ, and is usually re ferred to  as the  base o f 
the  gas-hydrate stab ility  zone (BGHSZ). Since 
BSRs m im ic the  seafloor, they  o ften  crosscut the  
reflections o f th e  norm al subhorizontal 
s tratigraphy, making BSRs easy to  identify . BSRs 
occur typ ica lly  above h igh-am plitude reflections 
w ith  a reverse negative phase po la rity  and 
underlie  low -am plitude  blanked reflections. 
Generally, it is assumed th a t the  seismic 
signatures o f BSRs are the  result o f re la tive ly  
dense hydrate-bearing layers w ith  high acoustic 
ve loc ity  overlying gassy sediments w ith  low 
acoustic ve locity. Deep d rilling  th rough  BSRs 
have shown th a t BSRs can occur w ith o u t the  
presence o f hydrates in th e  subsurface and vice 
versa (Judd and Hovland, 2007).
Our Gl-gun data also exh ib it a BSR-like event, 
w hich is located at the  calculated sub-bo ttom  
depth o f th e  BGHSZ (Figs. 2.7.-2.8.). This BSR 
displays a num ber o f characteristics o f a typ ical 
BSR (i.e. low  am plitudes above, enhanced 
reflections below , cross-cutting th e  stratigraphy, 
reverse polarity), bu t instead o f appearing as a 
d istinct, single reflection, th e  BSR 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 (Figs. 2.7.- 
2.8.). 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 (Naudts e t al., 2006).
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Figure 2.7. Gl-gun reflection profile showing a BSR/gas front in the GHSZ. Inset A shows the inverse polarity of 
the BSR.

Seismic ve loc ity  analyses conducted w ith in  the  
CRIMEA pro ject confirm ed th a t th e  high- 
am p litude reflections correspond to  low -ve loc ity  
gas-bearing horizons. Seismic inversion revealed 
th a t th e re  is 38±10% hydrate in the  pore space 
at BSR depth, w here  the  porosity  is 57 % (Zillmer 
e t al. 2005). Since the  h igh-am plitude  reflections 
below  th e  BSR are caused by sedim entary strata 
conta in ing free  gas, we can also in te rp re t the  
BSR as a gas fro n t (Figs. 2.7.-2.8.). W here the  
BSR approaches the  seafloor, close to  -725 m 
w a te r depth, gas bubbles w ere detected in the  
w a te r colum n (Fig. 2.8.), s im ilarly to  w ha t was 
observed fo r  th e  gas fro n t outside o f th e  GHSZ 
(Figs. 2.4. and 2.6.). It is im p orta n t to  realize th a t 
the  physical processes contro lling  the  depth  o f 
the  free  gas inside and outside th e  GHSZ are 
com ple te ly  d iffe ren t, i.e. gas hydrates versus 
grain-size d is tribu tion . Nevertheless, sometimes 
it is hard to  d istinguish the  trans ition  from  a 
"hydra te-contro lled  gas fro n t"  to  a "grain-size- 
contro lled  gas fro n t"  (Fig. 2.8.) w ith o u t having 
in fo rm a tion  about the  exten t o f the  GHSZ. In 
any case, our data clearly suggest th a t fo r  the

Dnepr paleo-delta, gas hydrates present in the  
sediments are a m ajor fac to r con tro lling  shallow 
gas m igration and accum ulation w ith in  the  
GHSZ.

2.6. Gas seeps

Gas seeps are locations w here gas bubbles 
escape from  the  seafloor in the  overlying w a te r 
colum n. They are the  u ltim a te  prove, in add ition 
to  th e  geophysical detection  o f shallow  gas, th a t 
gas is present in the  subsurface. The detection 
and localization o f seeps is generally perform ed 
by means o f echosounders, w hich detect gas 
bubbles in th e  w a te r colum n due to  the  contrast 
in acoustic impedance between w a te r and free 
gas in the  bubbles (Figs. 2.2.B. and 2.3.). Seeps 
o ften  have a d is tinc t géom orphologie expression 
(e.g. pockmarks, mud volcanoes), w hich means 
th a t they  can also easily be detected on high- 
reso lu tion re flection  seismic data, on single-
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2. Black Sea Seeps: Overview

beam and m ultibeam  echosounding data and on 
side-scan sonar recordings. The delineation  o f 
seep sites on th e  seafloor o ften  arises from  the  
detection  o f anom alously high acoustic 
backscatter on side-scan sonar o r m ultibeam  
echosounder recordings. High-acoustic 
backscatter can be caused by abrup t changes in 
seafloor re lie f or by the  enhanced acoustic 
impedance o r roughness contrast between 
certa in regions o f the  seafloor and th e ir  
surroundings. A t m ethane seeps, th is contrast is 
p rim arily  caused by the  presence o f m ethane- 
derived auth igenic carbonates (MDACs), 
chem osynthetic "co ld seep" com m unities (e.g. 
clams, tube  worm s), gas bubbles or gas hydrates 
in th e  sedim ent. The va rie ty  and th e  uniqueness 
o f these seep-related features at th e  seafloor 
made seep research to  be a stand-alone 
(academic) research top ic  (Judd and Hovland,
2007). Recently, several studies have addressed 
the  question o f how  gas seeps -m ethane seeps 
in particu la r- con tribu te  to  a tm ospheric 
m ethane concentra tions and to  the  com position 
o f the  w orld  ocean, and how they  could a ffect 
global w arm ing and th e  carbon cycle.

During th e  CRIMEA pro ject, a lm ost 3000 
active bubble-releasing seeps w ere  hydro- 
acoustically detected w ith in  an area o f 1540 km 2 
in the  Dnepr paleo-delta (Figs. 2 .2.B. and 2.3.) 
(Naudts e t al., 2006). The d is tribu tion  o f these 
seeps is no t random , bu t the  seeps are 
concentra ted in specific locations. M ost 
rem arkable is the  a lm ost com ple te  absence o f 
seeps in th e  GHSZ. As much as 95.5 % o f the  
detected seeps have a depth  lim it th a t coincides 
w ith  the  phase boundary o f pure m ethane 
hydrate at -725 m w a te r depth  (Fig. 2.8.). This 
suggests th a t gas hydrates no t only contro l the  
d is tribu tion  o f subsurface gas, bu t also act as an 
e ffective  seal and sink fo r  m ethane, which 
prevents upward m igration  o f m ethane gas and 
its release in to  the  w a te r column. Elsewhere, 
seeps generally occur in association w ith  e.g. 
pockmarks on the  continenta l shelf, along crests 
o f sedim entary ridges, at bottom s, flanks and 
margins o f canyons and associated w ith  
subm arine landslides on th e  continen ta l slope 
(Figs. 2.8.-2.9.) (Naudts e t al., 2006). A t all these 
sites, outside o f the  GHSZ, stra tig raphy and 
sedim ent properties are the  main factors
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contro lling  the  d is tribu tion  o f shallow gas and 
gas seeps, resulting in focused flu id  flo w  and gas 
seepage in association w ith  w ell-de fined  
seafloor m orphologies.

The highest abundance o f seeps in th e  Dnepr 
paleo-delta was detected on the  continen ta l 
shelf in w a te r depths ranging from  -72 m to  -156 
m, w here they  com m only occur in association 
w ith  up to  3 m deep, e longated, large (up to  100 
m w ide  and 500 m long) pockmarks. Sediment- 
filled  channels contro l th e  depth  o f the  gas 
fro n t, w hich is only able to  dom e up at the  
edges o f these filled  channels. This is also w here 
seeps occur (Fig. 2.9.). For the  shelf region, 
these sed im ent-filled  channels thus appear to  be 
an im portan t con tro lling  fa c to r on shallow-gas 
m igration  and gas-seep d is tribu tion . Flowever, 
the  m ultibeam  backscatter data indicates an 
add itiona l fa c to r con tro lling  shallow  gas 
m igration  and seep d is tribu tion  on the  shelf o f 
the  Dnepr paleo-delta. The data show th a t seeps 
and a very shallow  gas fro n t are associated w ith  
pockmarks and w ith  anom alously-high acoustic 
m ultibeam  backscatter (Fig. 2.9.). Strikingly, the  
seeps do no t occur at m axim um  high- 
backscatter values o r in the  deepest pockmarks, 
bu t they  seem to  occur p re fe ren tia lly  in the  
surrounding m edium - to  h igh-backscatter areas, 
o ften  in shallow  pockmarks. Naudts et al. (2008) 
(CFIAPTER 4) exam ined the  cause o f these 
backscatter anomalies and th e ir  re la tion  w ith  
gas seepage by in tegra ting  the  m ultibeam  
backscatter data w ith  5 kHz pinger, m ultibeam  
bathym etry, hydro-acoustic seep detection, 
visual observations, sedim ent and pore-w ater 
data. This revealed th a t the  backscatter 
anomalies are caused by the  presence o f 
m ethane-derived authigenic carbonates 
(MDACs) in th e  seafloor sediments, and it 
a llowed to  rule ou t a lte rna tive  explanations, 
such as irregu la r pockm ark m orphology, grain- 
size d is tribu tion  or subsurface gas bubbles 
(Naudts e t al., 2008). The m ethane-derived 
carbonates are the  result o f the  anaerobic 
oxidation o f m ethane (AOM) by a consortium  o f 
su lfate-reducing bacteria and m ethane-oxid izing 
archaea, w hich u tilize the  m ethane dissolved in 
the  sedim ent pore w a te r and the  sulfate 
available in th e  sea w ater. AOM results in the  
fo rm a tion  o f sulfide and bicarbonate, giving way 
to  su lfide-oxid izing bacterial mats at th e  seafloor

and MDAC fo rm a tion  near the  seafloor (Judd 
and Flovland, 2007). The absence o f active seeps 
in areas w ith  th e  highest backscatter values was 
explained as a result o f longtim e AOM -induced 
carbonate fo rm a tion  th a t leads to  (self-)sealing 
o f flu id  pathways by carbonate clogging, 
fo llow ed  by a re location o f the  flu id /gas 
pathways around the  cemented, im perm eable 
areas. For the  shelf o f the  Dnepr paleo-delta, 
MDAC fo rm a tion  contro ls, on a (sub-)m eter 
scale, gas m igration in the  very shallow 
subsurface and the  subsequent seep d is tribu tion  
(Naudts e t al., 2008).

2.7. Concluding remarks

The in teg ra tion  o f d iffe ren t geo- and hydro 
acoustic datasets a llowed us to  de te rm ine  the  
presence and d is tribu tion  o f shallow  gas, gas 
hydrates in th e  subsurface and gas seeps at the  
seafloor in the  Dnepr paleo-delta, northw estern  
Black Sea. Furtherm ore, in tegra tion  o f the  geo- 
and hydro-acoustic datasets w ith  non-acoustic 
data, such as visual observations and sedim ent 
cores, enabled us to  iden tify  the  main controls 
on shallow-gas m igration  and gas-seep 
d is tribu tion  in our study area. These controls 
comprise the  presence o f gas hydrates, 
continen ta l slope m orphology, stra tig raphy and 
sedim ent properties (e.g. grain size), the  
presence o f shelf-incised channels and the  
p rec ip ita tion  o f m ethane-derived authigenic 
carbonates, each opera ting  in d iffe ren t sub
environm ents and at a d iffe ren t spatial scale.

Suggested reading
The "b ib le " o f shallow  gas, gas hydrates and 

gas seeps is the  tex tbook  "Seabed flu id  flo w : the  
im pact on geology, b io logy and the  m arine 
e nv ironm ent" by Judd and Flovland (Cambridge 
University Press, 2007). M ore  detailed 
in fo rm a tion  about th e  data and results 
presented here can be found  in "Geological and 
m orphologica l setting  o f 2778 m ethane seeps in 
the  Dnepr paleo-delta, northw este rn  Black Sea" 
by Naudts e t al. (M arine  Geology, 2006) and 
"Anom alous sea-floor backscatter patterns in 
m ethane venting areas, Dnepr paleo-delta, NW
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Black Sea" by Naudts e t al. (M arine Geology,
2008).
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