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Abstract
The re la tion  betw een acoustic seafloor backscatter and seep d is tribu tion  is exam ined by in tegra ting 

m ultibeam  backscatter data and seep locations detected by single-beam echosounder. This study is 
fu rth e r supported by side scan sonar recordings, h igh-reso lu tion 5 kHz seismic data, pore-w ate r 
analysis, grain-size analysis and visual seafloor observations. The datasets w ere  acquired during the  
2003 and 2004 expeditions o f th e  EC-funded CRIMEA p ro ject in the  Dnepr paleo-delta  area, 
northw este rn  Black Sea.

M ore than 600 active m ethane seeps w ere hydro-acoustica lly detected w ith in  a small (3.96 km by 
3.72 km) area on the  continenta l shelf o f th e  Dnepr paleo-delta in w a te r depths ranging from  -72 m to  
-156 m. M ultibeam  and side scan sonar recordings show backscatter patterns th a t are clearly 
associated w ith  seepage o r w ith  a present dune area. Seeps generally occur w ith in  m edium - to  high- 
backscatter areas w hich o ften  coincide w ith  pockmarks.

H igh-resolution seismic data reveal the  presence o f an undulating gas fro n t, i.e. th e  to p  o f the  free  
gas in the  subsurface, w hich domes up tow ards and intersects th e  seafloor at locations w here  gas 
seeps and m edium - to  high-backscatter values are detected. Pore-water analysis o f 4 m ulti-cores, 
taken at d iffe ren t backscatter in tens ity  sites, shows a clear co rre la tion  betw een backscatter in tensity  
and dissolved m ethane fluxes. All analyzed chemical species ind icate increasing anaerobic oxidation 
o f m ethane (AOM) from  m edium - to  high-backscatter locations. This is confirm ed by visual seafloor 
observations, showing bacterial mats and auth igenic carbonates fo rm ed  by AOM. Grain-size analysis 
o f the  4 m ulti-cores only reveals negligible varia tions betw een th e  d iffe ren t backscatter sites.

In tegration o f all datasets leads to  th e  conclusion th a t th e  observed backscatter patterns are the  
result o f ongoing m ethane seepage and the  p rec ip ita tion  o f m ethane-derived authigenic carbonates 
(MDACs) caused by AOM. The carbonate fo rm a tion  also appears to  lead to  a gradual (self-)sealing o f 
the  seeps by cem enting flu id  pathw ays/horizons fo llow ed  by a re location o f the  bubble-releasing 
locations.
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4. Black Sea Seeps: Backscatter and Carbonates

4.1. Introduction

In recent years, considerable research e ffo rts  
have been invested to  gain a be tte r 
understanding o f how  m ethane emissions from  
natural m arine gas seeps con tribu te  to  the  
global a tm ospheric m ethane budget (Hovland et 
al., 1993; Hornafius e t al., 1999; D im itrov, 2002; 
Etiope and Klusman, 2002; Etiope, 2004; Judd, 
2004; Kvenvolden and Rogers, 2005; Luyendyk 
e t al., 2005). Given th a t m ethane is a po ten t 
greenhouse gas, w ith  21-23 tim es th e  global 
w arm ing  potentia l as the  same mass o f carbon 
d ioxide (Lelieveld e t al., 1998; IPCC, 2001b), a 
correct assessment o f all natura l sources is 
essential to  b e tte r evaluate the  human im pact 
on global a tm ospheric m ethane concentrations 
and consequently on global clim ate  change 
(IPCC, 2001a).

The am ount o f m ethane released by natural 
gas seeps from  the  seafloor, in to  the  w a te r 
colum n and possibly in to  the  atm osphere, is 
h ighly variable and remains -despite several 
a ttem pts at quan tifica tion - largely unknown, 
even fo r  small w ell-s tud ied  areas (Hovland e t al., 
1993; Hornafius e t al., 1999; D im itrov, 2002; 
Etiope and Klusman, 2002; Etiope, 2004; Judd, 
2004; Kvenvolden and Rogers, 2005; Luyendyk 
e t al., 2005; Bange, 2006; Kessler e t al., 2006). 
Current estim ates o f global m ethane fluxes from  
the  seabed to  th e  a tm osphere vary betw een 0.4 
and 48 Tg yr"1 (Judd, 2004), i.e. over tw o  orders 
o f m agnitude. The main problem s in establishing 
reliable estim ates o f regional and global fluxes 
are the  uncerta inties regarding i) th e  to ta l area 
involved in active seepage, and ii) the  tem pora l 
va riab ility  in seep in tens ity  and activ ity.

Recent studies have shown th a t m ethane 
trans fe r from  m arine and lacustrine seeps to  the  
atm osphere is on ly e ffective  when m ethane is 
transpo rted  by bubbles released in re la tive ly 
shallow  w ate r (< 100 m w a te r depth) (Leifer and 
Patro, 2002; MacDonald e t al., 2002; Schmale et 
al., 2005; McGinnis e t al., 2006). In m ost cases, 
even if a bubble reaches the  surface w ith  a 
sign ificant size, m ost o f the  m ethane is dissolved 
in to  the  w a te r column and replaced by o the r 
s tripped gases, particu la rly  oxygen (in oxic 
conditions) and n itrogen. Therefore, on ly a 
massive release o f large am ounts o f bubbles 
may create a bubble plum e and enable

significant volum es o f m ethane to  be 
transfe rred  to  the  a tm osphere from  deeper- 
w a te r seeps (> 100 m w a te r depth) (Judd, 2004; 
McGinnis et al., 2006; Judd and Hovland, 2007).

The increased scientific in terest in m arine gas 
seeps goes hand in hand w ith  th e  discovery o f 
new seep sites around the  w orld . The 
identifica tion  and delineation  o f seep sites on 
the  ocean flo o r o ften  arises from  the  detection 
o f anom alously high acoustic backscatter on side 
scan sonar or m ultibeam  echosounder 
recordings (Hovland, 1991; Hovland, 1992; 
Orange e t al., 2002; Van Rensbergen e t al., 
2002; Johnson e t al., 2003; Sager e t al., 2003; 
Shoji e t al., 2005; Gay et al., 2006; Klaucke et al., 
2006; Rollet e t al., 2006). High-acoustic 
backscatter is caused by th e  enhanced acoustic 
impedance or roughness contrast between 
certa in regions o f the  seafloor and th e ir 
surroundings (Blondel and M urtón , 1997). A t 
m ethane seeps, th is  contrast is p rim arily  caused 
by the  presence o f m ethane-derived authigenic 
carbonates (MDACs), chem osynthetic "cold 
seep" com m unities (clams, tube  worm s), 
bubbles or gas hydrates in th e  sedim ent 
(Hovland e t al., 1985; Ritger e t al., 1987; Pauli et 
al., 1992; von Rad e t al., 1996; G re inert e t al., 
2001; Peckmann e t al., 2001; Fonseca e t al., 
2002; G re inert et al., 2002b; Orange e t al., 2002; 
Johnson e t al., 2003; Niemann e t al., 2005; 
Holland e t al., 2006; Ivanov e t al., 2007). 
M ultibeam  and side scan sonar surveys also 
detect changes in th e  seafloor m orphology, 
w hich can mark th e  location o f gas seeps (e.g. 
pockmarks, mud volcanoes) (Judd and Hovland, 
1992; Judd and Hovland, 2007). Furtherm ore, 
seeps can be in ferred  from  shallow  seismic 
signatures ind icative o f free  gas in the  
subsurface (e.g. shallow  gas fron ts , enhanced 
reflections, acoustic blanking) or po ten tia l gas or 
flu id  conduits (e.g. faults, diapirs) (Judd and 
Hovland, 1992; Orange and Breen, 1992; Yun et 
al., 1999; Garcia-Gil et al., 2002; Van Rensbergen 
e t al., 2002; Krastel e t al., 2003; Naudts e t al., 
2006; Judd and Hovland, 2007). D irect 
localization o f seeps, i.e. locations o f bubble 
release, is perform ed by echosounders th a t 
detect gas bubbles in the  w a te r colum n due to  
the  acoustic impedance contrast betw een w ate r 
and the  free  gas in the  bubbles (Egorov e t al., 
1998; A rtem ov, 2006; Naudts e t al., 2006; Rollet
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e t al., 2006).
In th is  paper, we examine th e  cause o f 

anom alously high acoustic backscatter and its 
re la tion -in space and tim e, and th rough  which 
processes- w ith  gas venting  on the  shelf o f the  
Dnepr paleo-delta, NW Black Sea. W e use 
m ultibeam  backscatter and ba thym etry  data, as 
w ell as side scan sonar images, very-high- 
reso lu tion seismic data, sedim ent cores, visual 
observations and single-beam seep detection. 
Our data and results confirm  th a t acoustic 
seafloor backscatter analysis can be used as a 
proxy fo r  seep d is tribu tion  and seep activ ity  
(G re inert et al., 2010).

4.2. Study area

The paleo-delta o f th e  Dnepr River is located 
on the  ou te r shelf and upper continen ta l slope 
o f the  northw este rn  Black Sea, w est o f the  
Crimea Peninsula (Fig. 4 .I.A .). The region is w e ll- 
known fo r  abundant gas seeps, carbonate 
buildups and shallow  gas (Polikarpov e t al., 
1989; Polikarpov et al., 1992; Egorov e t al., 
1998; Luth e t al., 1999; Peckmann e t al., 2001; 
Thiel e t al., 2001; Am ouroux et al., 2002; 
M ichaelis e t al., 2002; Kruglyakova e t al., 2004; 
Kutas e t al., 2004; Popescu e t al., 2004; Pape et 
al., 2005; Pimenov and Ivanova, 2005; Reitner et 
al., 2005; Schmale e t al., 2005; Treude e t al., 
2005; McGinnis e t al., 2006; Naudts et al., 2006). 
During th e  58th (May-June 2003) and 60th (May- 
June 2004) cruise o f R.V. Vodyanitskiy, 
conducted during the  EC (European 
C om m unity)-funded CRIMEA pro ject, a lm ost 
3000 active seeps (i.e. bubble-releasing 
locations) w ere  detected w ith  an EK-500 split- 
beam echosounder w ith in  the  1540 km 2 o f the  
studied area (Fig. 4 .I.A .) (Naudts e t al., 2006). 
The d is tribu tion  o f these seeps is no t random, 
bu t is con tro lled  by m orphology, by underlying 
stra tig raphy and sedim ent properties, and by 
the  presence o f gas hydrates acting as a seal and 
preventing upward m igrating gas to  be released 
as bubbles in the  w a te r column (Naudts e t al., 
2006).

This study focuses on a small (3.96 km by 3.72 
km) part o f the  continen ta l shelf, centered on a 
dense seep and pockm ark site at -92 m w ater 
depth  (Figs. 4 .1 .B. and 4 .1.C.). The area is

characterized by a s lightly undulating seafloor 
th a t dips gently at 0.55° to  the  SE until it 
intersects the  shelf break at -105 m w ater 
depth. W ith in  th is area, 605 actively bubbling 
m ethane seeps w ere  detected in w a te r depths 
ranging from  -72 m to  -156 m (Fig. 4 .1 .B.). The 
seeps com m only occur in association w ith  up to  
3 m deep, large, e longated pockmarks, which 
are up to  100 m w ide  and 500 m long (Fig.
4.1.C.) (Naudts et al., 2006). These elongated 
pockmarks and re lated seep sites show a 
p re ferentia l NW-SE o rien ta tion , as th e ir  location 
is contro lled  by underlying, filled  channels 
incised in the  ou te r shelf (Naudts e t al., 2006). 
Apart from  th e  pockmarks, the  shelf 
m orphology is characterized by the  presence o f 
sedim ent dunes. These have a m axim um  height 
o f 2.5 m and a m axim um  wave length o f 120 m 
(Fig. 4 .1 .B.). The observed seeps and dunes 
appear to  be unrelated (Naudts e t al., 2006).

Only a small part o f the  study area lies w ith in  
the  oxygen-rich euphotic  zone (above -80 m, in 
th is part o f the  Black Sea). M ost o f it falls w ith in  
the  oxycline, between -80 m and -115 m, in 
which th e  oxygen concentra tion  decreases from  
285 to  10 pM  at the  to p  o f the  suboxic layer 
(Oguz, 2002). Oxygen concentra tion  drops to  
zero at around -145 m.

Sea-air m ethane flux  calculations show th a t 
m ethane emission from  the  study area (i.e., 
0.96-2.32 nmol m"2 s"1) is 3 tim es higher than 
from  the  surrounding shelf (0 .32-0 .77  nmol m"2 
s"1) and 5 tim es higher than from  open w a te r in 
the  Black Sea (0.19-0.47 nmol m"2 s"1) (Schmale 
e t al., 2005). During dives w ith  the  subm ersible 
JAGO in O ctober 2004 (as part o f th e  EC-funded 
METROL pro ject) gas bubbles at -92 m seep site 
w ere collected d irec tly  at the  seafloor. The 
in itia l gas com position  o f the  bubbles was 
a lm ost pure m ethane (80 to  90 %) o f presumed 
m icrobial orig in  as indicated by the  isotopic 
com position (-62 to  -68 13C%o PDB) (McGinnis et 
al., 2006). Peckmann e t al. (2001) assumes th a t 
the  m ethane originates from  organic-rich 
lacustrine sediments deposited during the  Black 
Sea's fresh -w a te r phase.
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Figure 4.1. A. The location o f the study area in the NW Black Sea w ith  seeps (black dots) and acquired 
multibeam data (Egorov et al., 1998; Naudts et al., 2006). B. The multibeam bathym etry o f the shelf w ith 
dunes, pockmarks (transparent w h ite  masks) and seeps (see Fig. 4.1.A. fo r location). C. Oblique view on the 
multibeam bathym etry o f the high-intensity seep and pockmark site at -92 m w ater depth (after Naudts et al., 
2006) (see Fig. 4 .1.B. fo r location). D. Side scan sonar mosaic o f the studied area w ith  indication fo r the m u lti­
cores (MC: 4, 7, 8, 9), 5 kHz seismic lines (SB 1-3: dashed w hite  lines) and video lines (white lines) and seeps 
(see Fig. 4 .1 .B. fo r location).
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4.3. Methods and data

4.3.1. Single-beam echosounding and 
seep detection

Single-beam seep detection  was perform ed 
w ith  a hu ll-m ounted  SIMRAD EK-500 dua l­
frequency (38 and 120 kHz) split-beam  
echosounder installed onboard o f the  R.V. 
Professor Vodyanitskiy. This system operates 
w ith  a to ta l beam w id th  o f 7°. The hydro ­
acoustic w ater-co lum n data was continuously 
d ig ita lly  recorded during both cruises and was 
a fte rw ards processed w ith  the  WaveLens 
softw are  package (Artem ov, 2006; A rtem ov et 
al., 2007). This so ftw are  traces and locates the  
orig in  o f bubble streams at the  seafloor based 
on the  real ta rg e t strength analysis. 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 which resulted in the  
detection  o f 2778 active seep positions (Naudts 
e t al., 2006). For th is study we only focus on a 
small area on th e  shelf w here  605 active seeps 
w ere  detected based on 767 km o f echosounder 
tracks (Fig. 4.1.A.-D.).

4.3.2. Multibeam mapping

Bathym etric and acoustic backscatter m apping 
was perform ed w ith  a m obile  50 kHz SeaBeam 
1050 m ultibeam  echosounder, s im ultaneously 
w ith  the  single-beam seep detection . The 
m ultibeam  system was operated w ith  120° 
swath, tran sm itting  and receiving 108 beams o f 
3° by 3° beam angle. Sound-velocity profiles 
w ere  acquired via CTD casts and th e  sound 
ve loc ity  at the  transducers was continuously 
measured by an online sound-velocity probe. 
Data acquisition was managed w ith  Hydrostar 
Online and data-processing was carried ou t w ith  
HDPEdit and HDPPost softw are  from  L-3 ELAC 
Nautik GMBH. Fine ed iting  o f the  data, by 
deleting bad data points, was done w ith  
Fledermaus (6.1.2) softw are. 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. 4 .I.A .). 
In th is  study we focused on an area o f 14.7 km 2

in w a te r depths ranging from  -72 to  -156 m (Fig.
4.2.A.).

Raw backscatter data (bo ttom -am p litude  
values) w ere corrected w ith  HDPPost fo r  th e ir  
grazing-angle dependency assuming a fla t 
seafloor. Data w ere  exported as gridded xyz 
data from  HDPPost and spikes w ere rem oved 
w ith  Fledermaus. During processing in HDPPost, 
backscatter values w ere  normalized and thus do 
no t represent 'real' dB values, bu t ra ther 
undefined backscatter units (BU). All maps 
shown in th is  paper are based on grids o f 5 by 5 
m cell size, except fo r  Fig. 4 .I.A .

4.3.3. Side scan sonar imaging and 
subbottom profiling

During the  2003 cruise seafloor backscatter 
data was also acquired w ith  a deep-towed 
SONIC-3 sonar system. This system consists o f a 
tow -fish , including a 30 kHz side scan sonar and 
5 kHz subbottom  pro file r. The fish was tow ed  50 
to  60 m above the  seafloor resulting in 700 to  
850 m w ide  swath. The theore tica l m axim um  
reso lu tion o f th e  acquired sonar image is 0.5 m. 
Towing speed averaged 5.6 knots and the  data 
w ere gridded to  a pixel size o f 6.4 m, using 
SONIC's in-house developed processing 
softw are. 22 parallel profiles w ere  collected 
w ith  a to ta l length o f 589 km, in to ta l covering 
an area o f 418 km 2. Only 4 profiles are used 
here, covering an area o f 11.8 km 2 (Fig. 4 .1 .D.).

Very-h igh-reso lution seismic data was 
acquired w ith  the  5 kHz p ro file r system. The 
theore tica l vertica l reso lu tion is 30 cm and the  
m axim um  penetra tion  is 35 ms tw o -w ay trave l 
tim e  (TWTT). Here, 3 profiles are displayed w ith  
a to ta l length o f 12.6 km (Fig. 4 .1 .D.). No 
processing has been carried ou t on the  seismic 
data. In te rp re ta tion  was carried ou t w ith  the  
Kingdom Suite Software package.

4.3.4. Pore-water and grain-size 
analysis

Sedim ent coring was undertaken w ith  a TV- 
guided m ulti-core  system a llow ing rea l-tim e 
selection o f the  coring site via the
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Figure 4.2. A. M ultibeam -derived backscatter map overlain w ith  bathym etric contours, detected seep 
locations (black dots), positions o f m ulti-core stations and outlines fo r Figs. 4.3., 4.7. and 4.9. (see Fig. 4 .1 .B. 
fo r location). Furthermore the positions o f the high-backscatter (HBS) and low-backscatter (LBS) swaths used 
in Figure 4.10. are indicated by the solid bold lines. B. Graph showing the d istribution o f the number o f seeps 
w ith  respect to the ir backscatter values, both, as a histogram and cumulative percentage curve (full line). The 
second cumulative percentage curve (dashed line) shows the d istribution o f all backscatter values recorded in 
the shown study area. Arrows a-a' show tha t 74 % o f all seeps occur in the high-backscatter areas above 0 BU, 
thus w ith in  only 33 % o f the studied area. Arrows b-b' show tha t 75 % o f all seeps w ith  the lowest backscatter 
values occur below 2 BU.

video connection. The m ulti-co re r 
accom modates 4 plastic liners w ith  a d iam eter 
o f 10 cm which are able to  sample sedim ent 
layers up to  ca. 40 cm. Three sedim ent cores 
w ere  taken from  areas w ith  d iffe ren t 
backscatter in tensities (MC7, MC8 and MC9) 
and one d irec tly  at an actively bubbling bacterial 
m at (MC4) (Figs. 4 .I.D . and 4.2.A.). Pore w a te r 
was im m edia te ly  extracted from  th e  cores at a 
0.5 cm interval w ith  cu t-o ff 5 ml plastic syringes

and analyzed on board fo r  to ta l a lka lin ity, 
hydrogen sulfide, and am m onia, fo llow ing  the  
m ethods o f Grasshoff e t al. (1999). M ethane 
con ten t was determ ined w ith  the  headspace 
m ethod, fo llo w in g  the  procedure used by ODP 
(Pimmel and Claypool, 2001). 5 ml o f sedim ent 
were filled  in 20 ml headspace vials and heated 
in an oven at 70°C over 30 m inutes. The 
headspace was analyzed as volum e ppm and the  
fina l concentra tions in m o l/l pore w a te r w ere
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calculated by weighing th e  w a te r con ten t and by 
converting to  vo lum e percent, using 2.5 g /cm 3 
as an assumed sedim ent-grain density. On-shore 
ion chrom atography analyses w ere used to  
measure su lfate concentrations; Ca was 
analyzed by ICP-OES.

A fte r extraction  o f the  pore waters, five  
sedim ent samples representing each centim ete r 
o f the  upperm ost 5 cm o f each core w ere used 
fo r  grain-size analysis. Samples w ere sieved w e t 
on a 50 pm sieve and dried. The dried coarse 
fractions w ere  dry sieved on 600, 500, 425, 355, 
300, 250, 180, 150, 125, 106 and 90 pm sieves. 
Since the  sedim ent samples w ere rich in shells 
and shell debris, carbonate and organic m atte r 
w ere  no t chem ically rem oved, to  ensure th a t 
th e ir  possible con tribu tion  to  generating 
backscatter was no t om itted .

4.3.5. Visual seafloor observations

Visual seafloor observations w ere  carried ou t 
w ith  the  OFOS (Ocean Floor Observation 
System) video sled and w ith  the  subm ersible 
JAGO to  get a b e tte r insight on the  d is tribu tion  
o f possible seep-related seafloor features (e.g. 
seeps, bacterial mats, etc.).

OFOS carries a dow nw ard-looking  online 
b lack /w h ite  video camera, tw o  Xenon lights, a 
co lor still camera w ith  flash, a stand-alone 
m em ory CTD and an extra co lor d ig ita l camera. 
The system was tow ed  a t about 2 m above the  
seafloor. No underw ate r position ing system 
was used w ith  OFOS; instead the  position  was 
calculated re lative  to  the  ship's GPS antenna by 
taking cable length, course and ship speed in to  
account, resulting in a m axim um  offse t o f 50 m. 
Corrections fo r  th e  o ffse t between OFOS and 
th e  ship's GPS position w ere made fo r  every 
video line separately (Fig. 4 .1 .D.). The made 
o ffsets w ere confirm ed by com paring the  seep 
d is tribu tion  visible on video footage  and the  
seeps traced by single-beam detection.

One dive w ith  the  subm ersible JAGO (JAGO 
852) enabled us to  perform  add itiona l d irect 
seafloor observations in the  area previously 
surveyed w ith  OFOS. This d ive to o k  place in 
O ctober 2004 as part o f the  R.V. Poseidon 317/3  
cruise, w hich was conducted in th e  fram ew ork  
o f the  EC-funded METROL pro ject. Video

record ing was done using a d ig ita l camera from  
inside the  subm ersible th rough  th e  large fro n t 
portho le . The area covered by JAGO is shown as 
ou tline  7 in Figure 4.2. During th e  JAGO dive 
u ltra-short-base-line  underw ate r position ing 
was used.

4.4. Observations and results

4.4.1. Backscatter anomalies,
seafloor morphology and seep 
distribution

The m ultibeam -derived  seafloor backscatter 
map reveals th ree  d is tinct features (Fig. 4.2.A.): 
a wave-like pattern , irregu la r patches w ith  high- 
backscatter and acquisition artifacts w ith  low - 
backscatter values.

Based on the  num ber o f backscatter values, 
th ree  backscatter classes w ith  equal num ber o f 
backscatter values w ere  created: areas w ith  
low -backscatter (LBS: BU < -1.06), areas w ith  
m edium -backscatter (MBS: -1.06 < BU < 0) and 
areas w ith  h igh-backscatter (HBS: BU > 0) (Fig.
4 .2 .B.). Since each backscatter value 
corresponds to  a grid cell, a surface o f 25 m 2, 
each backscatter class also corresponds to  one 
th ird  o f the  studied surface. Areas w ith  the  
low est 5 % o f backscatter values are regarded as 
very-low -backscatter areas (BU < -2.5). Areas 
w ith  the  highest 5 % o f backscatter values are 
regarded as very-high-backscatter areas (VHBS: 
BU > 2).

The w ave-like pa ttern  consists o f low - to  high- 
backscatter values th a t vary betw een -2.4 and 
1.9 BU and corresponds to  the  fie ld  o f sedim ent 
dunes (Fig. 4 .1 .B.), which generally display the  
higher backscatter values on th e ir  ENE- 
o rien ta ted  flanks (Fig. 4.3.). There is no obvious 
co rre la tion  betw een seep d is tribu tion  and the  
backscatter pattern  re lated to  the  sedim ent 
dunes.

W hen com paring the  cum ulative  percentage 
curve o f the  backscatter values o f the  entire  
area (dashed line Fig. 4 .2 .B.) w ith  the  
percentage curve and histogram  o f the  am ount 
o f seeps fa lling  in specific backscatter value 
ranges (full line Fig. 4.2B), it can be noticed th a t 
74 % o f all seeps occur in the  high-backscatter
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Figure 4.3. 3D view o f the multibeam bathym etry overlain w ith  the color-coded backscatter data, bathym etric 
contours and seep locations (black dots) (for location, see Fig. 4.2.A.). Pockmarks are characterized by high- to  
very-high-backscatter values w ith  seeps located on the ir margins. The sediment dunes have higher backscatter 
values on the ENE flanks.

areas above 0 BU, thus w ith in  only 33 % o f the  
studied area (Fig. 4 .2 .B. a-a'). However 75 % o f 
all seeps, w ith  th e  low est backscatter values, 
occur below  2 BU (Fig. 4 .2 .B. b-b'). This indicates 
th a t m ost seeps d o n 't occur in th e  very-high- 
backscatter areas.

The pockmarks are characterized by a specific 
backscatter pattern  (Fig. 4.3.); deeper 
pockmarks are characterized by higher 
backscatter values and low er seep densities, 
whereas shallow er pockmarks have re lative ly 
low er backscatter values and o ften  show much 
higher seep densities.

The same relations betw een backscatter 
intensity, m orphology and seep locations are 
observed in th e  side scan sonar data (Figs. 4 .1 .D. 
and 4.4.).

4.4.2. Seismic observations

The seismic data show the  presence o f a 
d is tinc t "gas fro n t" , w hich marks th e  to p  o f the  
free  gas zone in the  sediments (Figs. 4.4.C.,
4 .4 .F. and 4.4.1.) (Naudts e t al., 2006; Judd and 
Hovland, 2007). The gas fro n t is expressed as a 
h igh-am plitude re flection  th a t cross-cuts the  
norm al stra tig raphy and com ple te ly masks all 
reflections below  (Figs. 4.4.C., 4.4.F. and 4.4.1.). 
Naudts e t al. (2006) already observed th a t the  
depth  o f th e  gas fro n t in th e  study area is 
strongly variable and contro lled  by the  presence 
o f filled  channels, and th a t seeps p re feren tia lly  
occur w here the  gas fro n t approaches the  
seafloor w ith in  10 m (Figs. 4.4.C., 4 .4 .F. and 
4 .4 .1.). A t th e  same tim e  a co rre la tion  exists 
between th e  depth  o f the  gas fro n t and the  
acoustic seafloor backscatter (Fig. 4.4.). Shallow 
gas fron ts  correspond to  high- and m edium - 
backscatter areas w ith  seeps, whereas deep gas
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Figure 4.4. Three 5 kHz subbottom  profiles SB1, SB2 and SB3 (C, F and I) w ith  the ir respective m ultibeam - 
derived backscatter profiles (A, D and G) and side scan sonar images (B, E and H) (for location see Fig. 4 .I.D.). 
Shallow gas fronts (dashed w hite  line) occur at medium- and high-backscatter areas associated w ith  seeps 
(arrows), whereas deep gas fronts occur at low-backscatter areas w ithou t seeps. Bubbles recorded as noise in 
the w ater column on the subbottom  data (SB 1 & 2) sometimes blank ou t the side scan sonar recordings (see 
NE o f SB1) (Fig. 4 .4.B.).The extent o f SB2 shown in Figure 4.8. is indicated.
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Figure 4.5. Pore-water data from  multi-cores taken at d iffe ren t backscatter intensity sites. MC 4 was taken at 
an actively bubbling high-backscatter site. MC 7-9 are taken from  areas w ith  backscatter values ranging from  
low- to  very-high-backscatter values. Values at -1 cm depth are w ater samples taken from  the core liner above 
the sediment surface (for locations see Figs. 4 .I.D . and 4.2.).

fron ts  correspond to  low -backscatter areas 
w ith o u t seeps. This observation is valid fo r  both 
the  m ultibeam -derived  backscatter profiles 
(Figs. 4.4.A., 4.4.D. and 4 .4.G.) and th e  side scan 
sonar images (Figs. 4.4.B., 4.4.E. and 4 .4 .H.).

4.4.3. Pore-water and grain-size
analysis

The pore-w ate r analyses o f th e  4 m ulti-cores, 
taken at sites o f d iffe ren t backscatter intensity, 
show significant d ifferences (Fig. 4.5.). Core MC4

was taken d irectly  at a bacterial m at w ith  bubble 
release inside a high-backscatter area (0.9 BU), 
whereas MC7, MC8 and MC9 w ere  taken in non­
seeping low - to  very-high-backscatter sites (-1.3 
BU, 0.5 BU and 2.4 BU, respectively) (Fig. 4 .1 .D. 
and Fig. 4.2.). It has to  be stated th a t a core only 
represent a small subsample (0.0314 m 2) o f the  
area over which the  backscatter value was 
measured (25 m 2).

Core MC4 had lim ited  penetra tion , w ith  only 5 
cm com pared to  at least 17 cm fo r  the  o the r 
th ree  cores. M ethane concentra tions increase 
w ith  depth  in all fo u r cores: very s lightly in MC7
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Figure 4.6. Grain-size data from  multi-cores taken at d iffe ren t backscatter intensity sites shown as histograms 
and cumulative percentage curves fo r each centim eter o f the upperm ost 5 cm. MC 4 was taken at an actively 
bubbling high-backscatter site. MC 7-9 are taken from  areas w ith  backscatter values ranging from  low- to  very- 
high-backscatter values (for locations see Figs. ID  and 2).
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and MC8, m ore in MC9 and very strongly in MC4 
(Fig. 4.5.). Equivalent trends can be seen fo r  the  
increase o f sulfide and to ta l a lka lin ity  (TA) and 
the  decrease o f su lfate w ith  depth  (Fig. 4.5.).

A m m onium  shows a constant increase w ith  
depth  fo r  MC7, MC8 and MC9; whereas the  
concentra tions fo r  MC4 are generally much 
low er w ith  only a slight increase w ith  depth  (Fig.

Figure 4.7. Screenshots captured from  the JAGO dive 852 video (for outline o f dive area see Fig. 4.2A) A-E: 
Bacterial mats o f d iffe ren t sizes surrounding black venting holes all or not associated w ith  bubble release 
(arrows) or carbonate structures. G-l: Semi-buried to  fully-exposed carbonate structures, all or not associated 
w ith  bacterial mats. J-L: Seafloor depression (pockmark) w ith  rough, probably carbonate-cemented, edges 
and w ith  a small bacterial mat on the bottom  surrounded by Tunicates. Bubble release was observed on the 
right o f the bacterial m at (arrow).
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4.5.). Calcium concentra tions are re la tive ly 
constant; on ly in MC4 a d istinct decrease w ith  
depth  is observed (Fig. 4.5.). In add ition , w a te r 
samples w ere  taken from  the  core liner above 
the  sedim ent surface. Cores MC4, MC8 and MC9 
show changes between the  pore-w ate r and 
b o ttom -w a te r data, whereas core MC7 alm ost 
shows no changes w ith  respect to  th e  b o ttom - 
w a te r concentra tions (Fig. 4.5.).

The grain-size analysis o f the  4 m ulti-cores 
reveals very lim ited  differences in grain-size 
d is tribu tion  fo r  the  upperm ost 5 cm o f the  
d iffe ren t cores. The frac tion  coarser than 50 pm 
only consists o f shell fragm ents (M odio lus  
phaseolinus), up to  cen tim e te r scale, w ith  rare 
carbonate-cem ented sediments (shell fragm ents 
and fine-gra ined sediments). All cores are 
characterized by a polym odal grain-size 
d is tribu tion  fo r  the  frac tion  between 600 and 50 
pm (Fig. 4.6.).

4.4.4. Visual seafloor observations

Visual observations generally show a ra ther 
fla t, featureless seafloor w ith  a m icro -re lie f o f a 
fe w  centim eters. In decim eter scale very litt le  
re lie f is present, except fo r  a small 
depression/pockm ark observed during th e  JAGO 
dive (Figs. 4.7. J.-L.). The sedim ent surface is 
typ ica lly  composed o f shells and shell fragm ents 
in a fine-gra ined m atrix, as confirm ed by the  
grain-size analyses (Figs. 4.7.A.-L. and Fig. 
4.8.A.). Seeps are generally characterized by 
bubbles escaping from  small black venting  holes, 
w hich may or may no t be surrounded by 
bacterial mats (possibly Beggiatoa sp.) (Fig.
4.7.A.). Bubbles are released e ithe r from  w ith in  
bacterial mats (Fig. 4.7.A.), from  th e ir  edges (Fig.
4 .7 .K.) or from  between bacterial mats if the  
mats occur in larger clusters (Fig. 4 .7 .E.). The 
b righ t w h ite  bacterial mats occur as irregu larly 
shaped single patches o r in clusters w ith  sizes 
ranging from  a couple o f square centim eters to  
several square m eters (Figs. 4.7.A.-F. and Figs.
4.8.B.-E.). JAGO's sampling claw revealed th a t 
qu ite  o ften  th e  sedim ent below  bacterial mats is 
hard. The sedim ent usually gets so fte r w ith in  a 
fe w  centim eters away from  the  mat. Digging 
underneath bacterial mats freq ue n tly  exposed 
solid carbonate crusts or sim ply fa iled because

the  sedim ent was to o  hard. The d is tribu tion  o f 
the  bacterial mats corresponds very w ell w ith  
the  h igh-to  very-high-backscatter areas and w ith  
shallow  gas fron ts  (Fig. 4.9., fo r  th e  exten t o f 
SB2 in Fig. 4.9. see Fig. 4.4.). A lm ost no bacterial 
mats occur w ith in  th e  low -backscatter areas. 
Generally, during the  visual observations no 
bubbles w ere  observed being released from  the  
bacterial mats, w hich is in agreem ent w ith  the  
absence o f s ingle-beam -detected seeps at the  
bacteria l-m at locations (Fig. 4.9.).

Bacterial mats w ere also observed in 
association w ith  carbonates th a t fo rm  positive 
e levations on the  seafloor. Some only fo rm  a 
m oderate  re lie f o f a couple o f centim eters (Fig.
4 .7 .F. and Figs. 4.8.D. and F.), whereas o the r 
fu lly-exposed carbonate structures are 
irregu larly shaped and tens o f centim eters high 
and w ide  (Figs. 4 .7.G.-I.). Areas around 
carbonates o ften  show up as rougher surfaces 
resem bling erosion features (Figs. 4 .7 .F.-G., Fig.
4 .7 .L. and Figs. 4.8.G.-I.), which correspond well 
w ith  the  high to  very-high-backscatter areas.

4.5. Discussion

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

Based on the  visual observations and analysis 
o f the  core data, d iffe re n t stages o f bacteria l- 
m at g row th  and auth igenic carbonate fo rm a tion  
can be determ ined. This process appears to  lead 
to  a gradual (self-)sealing o f the  seeps by 
carbonate clogging, fo llow ed  by a re location o f 
th e  bubble-releasing locations. Our observations 
confirm  the  three-stage self-sealing process o f 
seeps, proposed by Flovland (2002).

The self-sealing process starts w ith  gas 
bubbles, generated from  m ethane- 
supersaturated pore w aters (Boudreau et al.,
2001), being released in to  the  w a te r column 
from  small holes in the  sea bed (Fig. 4.7.A.). The 
venting holes generally have a dark color 
ind icating th e  p rec ip ita tion  o f sulfide m inerals 
like pyrite  (Peckmann e t al., 2001) and are o ften 
surrounded by bacterial mats o f d iffe ren t sizes 
(Figs. 4.7.A.-E.). These bacterial mats are fo rm ed 
by su lfide-oxid izing bacteria (e.g. Beggiatoa sp.),
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carbonate
structure-

carbonate
structure

carbonate
structure

Figure 4.8. Screenshots taken during the OFOS video lines shown in Figure 4.9., characterizing the study-area 
seafloor (for scale see the 10 by 10 cm shackles). A: Usual fla t, shell-covered, seafloor. B-E: Bacterial mats o f 
d iffe ren t sizes. F-l: Carbonate form ations showing up as solitary buildups w ith  small bacterial mats or as 
rough, carbonate-cemented, seafloor.

which p ro fit from  the  high fluxes o f sulfide 
generated by th e  anaerobic oxidation  o f 
m ethane (AOM) (Boetius e t al., 2000; Boetius 
and Suess, 2004; Sommer et al., 2006).
The pore-w ate r analysis o f MC4 shows typical

p rofiles and concentra tions ind icative o f AOM 
near the  sedim ent surface, w ith  strong gradients 
o f increasing a lka lin ity, sulfide and m ethane 
concentra tions (Fig. 4.5.). Decreasing su lfate and 
very low  am m onium  concentra tions indicate
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Figure 4.9. M ultibeam  backscatter map overlain w ith  bathym etric contours (for location see Fig. 4.2.A.), seep 
locations (black dots) and the outline o f seismic profile SB2 (see Fig. 4 .I.D . and Fig. 4.4.). Visually observed 
bacterial mats are indicated by black markers along the offset-corrected OFOS video lines (white lines). 
Bacterial mats occur solely at high to  very-high-backscatter areas.
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th a t AOM is th e  only sulfate-consum ing process. 
From the  o the r cores, only MC9 shows evidence 
o f AOM, w ith  changes in sulfate, sulfide and 
m ethane below  6 cm sedim ent depth. The 
su lfate decrease is 2.4 h igher than  the  sulfide 
increase, po in ting  to  p rec ip ita tion  o f sulfides 
such as tro ilite  o r pyrite.

The bacterial mats may cover several square 
m eters by capturing dissolved and free  gas at 
venting locations (Figs. 4.7.A.-E. and Figs. 4.8.B.- 
E.). This enhances AOM in the  sediments 
beneath the  mats which fac ilita tes th e ir  lateral 
g row th  (Boetius and Suess, 2004; Sommer e t al., 
2006).

AOM is typ ica lly  associated w ith  the  fo rm a tion  
o f m ethane-derived auth igenic carbonates 
(MDACs) (Hovland e t al., 1985; Pauli e t al., 1992; 
Peckmann e t al., 2001; G re inert e t al., 2002a; 
Orange e t al., 2002; Johnson et al., 2003; 
Mazzini e t al., 2006; Judd and Hovland, 2007). 
Therefore, locations w ith  increased m ethane- 
rich flu id  fluxes causing AOM and bacteria l-m at 
deve lopm ent, are o ften  linked w ith  MDAC 
fo rm a tion , as was shown by JAGO sampling and 
visual observations (Figs. 4.7.C., 4.7.F.-G. and
4.7.J.-K., Figs. 4 .8 .D. and 4.8.F.). This also 
explains the  lim ited  penetra tion  o f MC4 and the  
decreasing calcium concentra tions w ith in  th is 
core, po in ting  to  a calcium -rich carbonate 
fo rm a tion . XRD analyses o f recovered carbonate 
pieces from  MC4 show aragonite  as the  
dom inant cem enting carbonate phase. The 
carbonate-cem enta tion  o f the  seafloor 
sediments increases th e ir  resistance to  erosion, 
thus enhancing seafloor roughness and resulting 
in exposed carbonate-cem ented structures 
(Figs. 4.7.C., 4.7.F.-J. and 4.7.L., Figs. 4.8.D. and
4.8.F.-I.).

Once MDAC fo rm a tion  has started, ongoing 
p rec ip ita tion  may resu lt in clogging flu id  
pathways and also blocking the  m igration  o f free  
gas th rough  th e  sediments, thus fo rc ing  bubbles 
to  m igrate la tera lly  tow ards the  edge o f the  
carbonate crust or carbonate-cem ented 
sediments. Therefore  bubbles are o ften  released 
at the  edge o f large bacterial mats (Figs. 4 .7 .E. 
and 4 .7 .K.). Eventually, carbonate p recip ita tion  
w ill lead to  the  self-sealing o f the  en tire  seep, 
leaving behind a carbonated-cem ented seafloor 
w ith  exposed and buried carbonates (Hovland, 
2002), associated w ith  only small o r no bacterial

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

4.5.2. Controls on acoustic seafloor 
backscatter

The high to  very-high-backscatter areas in our 
study area o ften  coincide w ith  pockmarks, 
th e re fo re  th e  angle o f incidence and the  
m orphology o f the  seafloor could be a prim e 
fa c to r causing th e  high-backscatter re tu rn  
(Blondel and M urtón , 1997). However, fo r  the  
pockmarks as w ell as fo r  the  dunes, the  
differences in backscatter do no t seem to  be 
related to  th e  m orphology o f these features. 
First o f all, the  backscatter data is acquired 
when sailing in all possible d irections. If 
d ifferences in backscatter response are caused 
by differences in m orphology, th is  w ou ld  give 
differences in backscatter response fo r  d iffe ren t 
acquisition o rien ta tion . But th is  is no t the  case. 
Furtherm ore w hen com paring the  backscatter 
data from  low - and h igh-backscatter areas (Figs.
4.2.A. and 4.10.). The sim ilar m orphology o f the  
seafloor toge ther w ith  the  s im ilar incidence 
angles along the  swath fo r  high- and low - 
backscatter swaths clearly indicates th a t the  
observed d ifference in seafloor am p litude  and 
the  resulting norm alized-backscatter strength 
between both  swaths is m orphology-
independent (Fig. 4.10.). Finally, the  high- 
backscatter patches associated w ith  seeps w ere 
also observed outside pockmarks on a fla t 
seafloor (Fig. 4.2.A.). These observations 
indicate th a t the  high to  very-high-backscatter 
anomalies observed in our study area are not 
caused by m orphologica l effects, bu t by
differences in sedim ent properties, such as 
roughness, acoustic impedance or grain size at 
and around th e  seep sites (Blondel and M urtón, 
1997). For the  dunes, th e  backscatter
differences are m ost likely related to  sedim ent- 
p rope rty  d ifferences betw een th e  sediments 
covering th e  w estern  and eastern flanks o f the  
dunes; e.g. d iffe rence in grain-size d is tribu tion  
induced by prevailing currents (Todd, 2005).

Since the  m edium - to  h igh-backscatter areas 
seem to  be re lated to  shallow  gas fron ts , (Figs.
4.4. and 4.9.), gas bubbles captured close to  the  
seafloor m ight increase the  backscattering
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Figure 4.10. Comparison o f tw o multibeam swaths from  one multibeam line, one recorded in a high- 
backscatter area (full line) and one from  a low- to  medium-backscatter area (dotted line). A. The raw depth 
fo r both swaths (see Fig. 4.2.A. fo r location). B. The raw am plitude fo r both swaths w ith in  a cloud 
representing all amplitudes recorded during the particular multibeam line. C. The incidence angle fo r each 
beam o f both swaths. D. Normalized backscatter values fo r both swaths.
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because o f the  increased acoustic impedance 
a ffecting both  the  in terface and volum e 
backscattering (Fonseca, 2001; Fonseca e t al.,
2002). Fonseca e t al. (2002) postulated, 
however, th a t in shallow  w a te r (< 100 m w ate r 
depth) the  in terface backscatter is severely 
reduced due to  th e  decrease in sedim ent sound 
speed. The gain in vo lum e backscatter due to  
the  presence o f m ethane bubbles is insu ffic ien t 
to  com pensate fo r  the  loss in interface 
backscatter, resulting in a net decrease in the  
to ta l backscatter response. Since the  w ater 
depth in our study area is generally less than 
100 m, free  gas present in the  seafloor 
sediments can probably be discarded as the  
main fa c to r fo r  backscatter enhancem ent. This 
assum ption is fu rth e r sustained by our raw 
backscatter measurem ents, w ith  d ifferences up 
to  18 dB betw een low - and high-backscatter 
areas (Fig. 4.10.). Fonseca (2001) observed th a t 
sub-surface gas, even in -785 m w a te r depth, 
only leads to  a 4 dB and a 7 dB gain in 
backscatter s trength  fo r  a 95 kHz and a 30 kHz 
m ultibeam  system respectively.

Grain-size or shell-fragm ent d is tribu tion  as 
w ell as b io tu rba tion  can de te rm ine  the  acoustic 
backscatter response o f the  seafloor (Pouliquen 
and Lyons, 2002; Collier and Brown, 2005; 
Lyons, 2005). Since no signs o f b io tu rba tion  
w ere  observed, b io tu rba tion  can be ruled ou t as 
a cause fo r  the  observed backscatter patterns. 
Grain-size and shell fragm en t d is tribu tion  could 
be o f im portance since th e  frac tion  > 50 pm 
consist solely o f shell fragm ents. However, the  
d iffe rence in grain-size d is tribu tion  betw een the  
cores is to o  small to  cause the  observed 
differences in backscatter response.

Auth igenic carbonates are known to  be m ajor 
con tribu to rs  to  seafloor roughness and acoustic 
impedance contrast in seep areas, and thus also 
to  acoustic backscatter in tensity  (Orange e t al., 
2002; Johnson e t al., 2003; Holland e t al., 2006). 
Holland e t al. (2006) shows th a t authigenic 
carbonate structures lead to  a backscatter 
increase o f 10-15 dB above background 
measurem ents. This is very s im ilar to  our raw 
backscatter measurem ents, w ith  d ifferences o f 
up to  18 dB betw een low - and high-backscatter 
areas (Fig. 4.10.). This suggests, toge the r w ith  
the  lack o f o the r backscatter enhancers, th a t fo r 
our study area th e  observed authigenic

carbonates are probably th e  main reason fo r  the  
high to  very-high-backscatter patches.

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

W hen disregarding the  backscatter pattern  
caused by the  sedim ent dunes and the  
acquisition artifacts, we can conclude from  our 
data, th a t the  rem ain ing backscatter anomalies 
are m ainly caused by the  presence o f authigenic 
carbonates. Since ongoing carbonate fo rm a tion  
causes a self-sealing o f seep sites and a 
subsequent re location o f flu id  pathways/seeps 
we conclude th a t th e  observed seafloor 
backscatter and seep d is tribu tion  in our study 
area can be explained by the  degree o f 
authigenic carbonate fo rm a tion  (Fig. 4.11.).

Considering the  fo rm a tion  o f MDACs beneath 
bacterial mats and the  non-seeping o f m ost o f 
these observed bacterial mats it can be 
concluded th a t the  very-high-backscatter 
patches correspond to  areas w here 
intense/long-lived  m ethane seepage has 
favored MDAC fo rm a tion , which in tu rn  has led 
to  the  self-sealing o f these seep areas (Figs. 4.9. 
and 4.11.). Based on th is, the  high- and m edium - 
backscatter d is tribu tion  can be in te rp re ted  as 
representing d iffe ren t stages o f carbonate 
cem entation (Fig. 4.11.). Locations w ith  active 
m ethane seepage and ongoing carbonate 
prec ip ita tion  show up as m edium - to  high- 
backscatter areas, whereas those w ith  
advanced, massive carbonate cem enta tion  -and 
due to  th e  self-sealing possibly low er seep 
activ ity- are characterized by very high and 
m axim um  backscatter values. These very-high- 
backscatter areas are the  resu lt o f long-lived 
a nd /o r intensive seepage w hich resulted in the  
prec ip ita tion  o f massive MDACs and sometimes 
in the  fo rm a tion  o f pockmarks, due to  fin e ­
grained sedim ent rem obiliza tion.

On a larger scale, the  filled  delta  channels th a t 
contro l shallow  gas m igration and seep 
occurrence (Naudts e t al., 2006) also determ ine  
the  d is tribu tion  o f th e  seep-related backscatter 
anomalies; areas w ith  deep sub-surface gas 
fron ts  and the  absence o f active seepage, 
correspond to  low -backscatter areas (Figs. 4.4. 
and 4.11.). The m e d iu m -to  high-backscatter
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Figure 4 .11 . Overview model o f the supposed flu id m igration in the subsurface, carbonate form ation w ith  seep 
relocation and the acoustic seafloor backscatter expression. ®  A. Gas-bubble release from  black venting holes. 
B. Bacterial-mat form ation around the black venting holes. C-D. Precipitation o f methane-derived authigenic 
carbonates underneath bacterial mats w ith  subsequent relocation or te rm ination o f seepage. E. Semi-buried to 
fu lly  exposed methane-derived authigenic carbonate structures. F. Bacterial mats w ith  lim ited gas-bubble 
release and associated w ith  chemosynthetic comm unities (e.g. Tunicates). All mentioned features can occur in 
association w ith  or w ithou t pockmark form ation. ©  Acoustic seafloor backscatter expression resulting from  the 
seep d istribution and associated features. Filled channels, blocking flu id m igration, are characterized by low 
backscatter values (LBS) and the absence o f seeps. Locations w ith  active seepage and ongoing authigenic 
carbonate precipitation show up as medium- to  high-backscatter areas (MBS), whereas those w ith  advanced, 
massive carbonate precipitation and at present less or no seep activ ity show up as very high to  maximum 
backscatter areas (VHBS).

areas only occur in between the  channels, 
w here  th e  sub-surface gas fro n t reaches the  
sed im en t-w a ter in terface and w here  active 
seepage takes place, accompanied by bacteria l- 
m at g row th  and auth igenic carbonate 
fo rm a tion , as a resu lt o f th e  higher m ethane 
fluxes and th e  associated AOM (Fig. 4.11.).

4.6. Conclusions

The 600 active m ethane bubble-releasing seeps 
th a t w ere  detected in an area o f 14.73km 2 on 
the  continen ta l shelf o f the  Dnepr paleo delta 
occur system atically in areas th a t are 
characterized by a h igher-than-average acoustic 
backscatter response on side scan sonar and /o r 
m ultibeam  echosounder recordings. Detailed
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spatial analysis shows th a t th e  seeps occur 
p re fe ren tia lly  in areas w ith  m edium - to  high- 
backscatter strength, bu t no t in areas w ith  very 
high and m axim um  backscatter strength.

Visual observations made w ith  th e  JAGO 
subm ersible and OFOS video sled showed th a t 
the  high-backscatter areas are characterized by 
the  occurrence o f bacterial mats and m ethane- 
derived auth igenic carbonates (MDACs) in the  
seafloor sediments, both ind icative  o f AOM. This 
was confirm ed by pore-w ate r analyses, which 
showed increasing m ethane, to ta l a lka lin ity  and 
sulfide concentrations in correspondence w ith  
decreasing su lfate concentra tions and no 
increase in am m onium .

Com plete in tegra tion  o f all available data 
excluded m orphology, grain-size d is tribu tion  
and th e  presence o f free  gas bubbles in the  
shallow  subsurface as possible causes fo r  the  
observed high backscatter associated w ith  the  
active seeps. Instead w e conclude th a t the  high- 
backscatter values in areas w ith  active m ethane 
bubble release are caused by the  presence o f 
m ethane-derived auth igenic carbonates in the  
sedim ent. The absence o f active seeps in areas 
w ith  the  highest backscatter values supports the  
m odel proposed by Hovland (2002), in which 
AO M -induced carbonate fo rm a tion  may lead 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. As a fina l po int, our analysis 
shows th a t acoustic backscatter o f the  seafloor 
can indeed be used as a proxy -a n d  as a rapid 
m apping to o l - f o r  detecting seep provinces th a t 
are very likely actively seeping. Furtherm ore, 
areas w ith  th e  highest backscatter values should 
be excluded from  backscatter-based estim ations 
o f the  to ta l area involved in active seepage.
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