
CHAPTER 7

Final discussion

T h e  previous ch apters  have show n th a t  b u b b le -re leas in g  seeps occur a t d iffe re n t o ceanograph ic  

and p la te -te c to n ic  settings, a t d iffe re n t sea flo or m o rpholog ies , a t d iffe re n t w a te r  dep ths , in or 

outs id e  o f th e  g as-h yd ra te  s tab ility  zone. F u rth e rm o re , b u b b le -re leas in g  seeps are  o ften  associated  

w ith  various kinds o f ch em osyn th etic  co m m u n ities  and au th ig en ic  m e th a n e -d e riv e d  carbonates. 
W ith in  th is ch ap te r an in te g ra tio n  and com parison  is m a d e  o f th e  o b ta in ed  results and o f published  

data  fro m  o th e r seep sites arou n d  th e  w o rld  w hich  occur in s im ilar o r d iffe re n t geological settings. 
The com parison  and in te g ra tio n  allow s a b e tte r  u nd erstan d in g  o f th e  contro ls and th e  m an ifes ta tio ns  

associated w ith  b u b b le -re leas in g  seeps.

7.1. Global occurrence of bubble- 
releasing seeps

B efore co m p aring  and  in teg ra tin g  th e  

o b ta in ed  results, an o verv iew  is g iven o f b ub b le - 

re leasing  seeps arou n d  th e  w o rld  to  b e tte r  

assess th e  sim ilarities  and  d iffe ren ces b e tw e e n  

seep sites w ith  regard  to  th e ir  locations, th e ir  

geological contro ls and associated subsurface  

and seaflo or m an ifes ta tio n s  (ta b le  7 .1 .). Since 

b u b b le -re leas in g  seeps fo rm  th e  m ain  sub ject o f 
th is study, on ly  th o s e  locations w ith  p roven  

b ub b le  re lease are  listed, be it by visual 

o bservations o f gas bubbles o r by observations  

o f acoustic flares. Locations w hich  are  

exclusively ch arac terized  by ind icators o f flu id  

f lo w  or seepage ac tiv ity , like b acteria l m ats, 
ch em o syn th etic  m eg a fau n a , M DACs, shallow  

gas fea tu res , etc ., a re  n o t ad d ed  to  th is list. The  

locations w ith  gas-bubb le  re lease are  ind icated  

on fig u re  7 .1 . The  o verv iew  given in ta b le  7 .1 . 
points o u t th a t  seep locations occur w o r ld w id e  

in a v a rie ty  o f geological en v iro n m e n ts  a t 

various w a te r  d ep ths ranging fro m  coastal areas  

in to  th e  d eep  ocean basins, w h e re  th e y  occur up 

to  w a te r  depths o f several k ilom eters . D esp ite  

th is w id e  v a rie ty  o f seep locations, th e  a m o u n t 
o f kno w n  sites w ith  b ub b le  re lease is re la tive ly  

sm all. But th is is p ro bab ly  biased by th e  

restric ted  ab ility  to  fin d  th ese  very  small 
locations a t th e  seafloor. The  p ub lication  years  

o f th e  re feren ces given in ta b le  7 .1 . are  an 

ind ication  o f h ow  re ce n t and e m e rg e n t our 

kn o w led g e is regard ing  th e  d is trib u tio n  o f 

b u b b le -re leas in g  seeps, th e ir  contro ls , and th e  

in flu en ce th e y  have on th e  e n v iro n m e n t. It is 

only  since th e  last d ecad e  th a t  a m o re

w id es p rea d  ava ilab ility  o f e.g. ROVs, ad ap ted  

acoustical m etho d s, etc. allow s us to  p in p o in t  

b u b b le -re lea se  locations a t th e  sea flo or and  

a d e q u a te ly  study seeps and th e ir  associated  

fea tu res . This study w an ts  to  b e tte r  u nd erstand  

th e  geological contro ls th a t  in flu en ce th e  seep  

d is tribu tion , th e  seep ac tiv ity  and th e ir  

associated m an ifes ta tio ns .

7.2. Subsurface controls on the 
distribution of bubble-releasing 
seeps

W ith in  th is section, th e  m ain  sub ject o f this  

study is discussed; w h a t are  th e  geological 
subsurface contro ls on th e  d is tribu tion  o f  

b u b b le -re leas in g  seeps and on w h a t scale do  

th ese  contro ls act. T h e  o b ta in ed  results are  also  

co m p ared  to  d a ta  fro m  o th e r published seep  

sites (ta b le  7 .1 .).

7.2.1. Fluid sources

T he flu ids re leased  a t seeps can have several 
sources and com positions, h o w e v e r m e th a n e  is 

th e  m ost co m m o n  gas re leased  a t th e  seafloor. 

M e th a n e  p resen t in th e  ocean  or lake sed im ents  

can have several d iffe re n t origins: m icrob ia l, 

th e rm o g en ic , g eo th e rm a l-v o lc an ic  o r ab iogenic  

(Judd and Hovland , 20 0 7 ).
M e th a n e  p roduced  in th e  u p p er 1 0 0 0  m 

b e lo w  th e  seaflo or is o ften  re fe rre d  to  as 

shallow  gas. It m a in ly  consists o f m e th a n e  w hich  

is m icrob ia lly  fo rm e d  by m ethano g en es is  o f
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• f Location 
• f Tectonic setting

W ater depth
v ' Fluid source 

V' Fluid pathw ay  
V' Fluid type

Features related to  seepage References

W ith in  gas-hydrate stability zone

v' Batumi seep area, 
Black Sea 

'S passive margin

600-890 m v 'organic-rich shales 
v 'faults, diapirs 

v' microbial/thermogenic

gas bubbles, acoustic flares, 
sampled hydrates, seismic 

anomalies

(Klaucke et al., 2006; 
Nikolovska et al., 2008)

'S Blake Ridge, 
Atlantic Ocean 

'S passive margin

>2000 m v 'contourites, gas hydrates 
v 'faults, salt diapirs 

S  microbial

gas bubbles, acoustic flares, 
pockmarks, sampled 

hydrates, seismic anomalies, 
chemosynthetic fauna

(Kvenvolden and Dillon, 
1981; Holbrook, 2001; 
Van Dover et al., 2003)

v ' Congo Basin, 
Atlantic Ocean 

'S passive margin

3200 m v 'turbiditic fan, gas hydrates 
v 'faults, salt diapirs, erosional 

surfaces, buried chimneys 
v' Microbial/thermogenic

gas bubbles, pockmarks, 
sampled hydrates, seismic 

anomalies, chemosynthetic 
fauna

(Gay et al., 2007; Olu-Le 
Roy et al., 2007; Sahling 

et al., 2008)

'S Dvurechenskiy Mud 
Volcano area, 

Black Sea 
'S passive margin

2055 m v 'organic-rich shales 
S  faults, diapirs, buried chimneys 

v' m icrobial/thermogenic

gas bubbles, acoustic flares, 
sampled hydrates, enhanced 
heat flow , seismic anomalies

(Bohrmann et al., 2003; 
Greinert e t al., 2006; 

Kutas and Poort, 2008; 
Feseker et al., 2009)

v ' Gulf of Mexico 
'S passive margin

300-3000 m v'carbonate source rocks 
v'faults, salt diapirs 

v' therm ogenic/oil/brines

gas bubbles, acoustic flares, 
sampled hydrates, seismic 

anomalies, authigenic 
carbonates, chemosynthetic 

fauna

(MacDonald et al., 2002; 
MacDonald et al., 2003;

Joye et al., 2004; 
Solomon et al., 2009)

v ' Häkon Mosby Mud 
Volcano, Barents Sea 
'S passive margin

1270 m S  preglacial biosiliceous oozes 
v fault, pseudo-mud chamber 

v' microbial/thermogenic

gas bubbles, sampled 
hydrates, enhanced heat 
flow, seismic anomalies, 

chemosynthetic fauna

(Niemann et al., 2006; 
Jerosch et al., 2007; 

Perez-Garcia et al., 2009)

v' Hikurangi accretionary 
margin, Pacific Ocean 
'S active convergent 

margin

640-1500 m S  accreted marine sediments 
v'faults, stratigraphie conduits 

S  microbial

gas bubbles, acoustic flares, 
sampled hydrates, enhanced 
heat flow, seismic anomalies, 

authigenic carbonate, 
chemosynthetic fauna

this study, (Lewis and 
Marshall, 1996; Greinert 
et al., 2010a; Naudts et 

al., 2010)

'S Hydrate Ridge, 
accretionary margin, 

Pacific Ocean 
'S active convergent 

margin

600-840 m v'accreted marine sediments, 
gas hydrates 

v' faults 
v' microbial/thermogenic

gas bubbles, acoustic flares, 
sampled hydrates, seismic 

anomalies, authigenic 
carbonate, chemosynthetic 

fauna

(Bohrmann et al., 1998;
Greinert e t al., 2001; 

Boetius and Suess, 2004; 
Haeckel e t al., 2004)

S  Lake Baikal, 
v' Rift lake, 

mud volcanoes

500-1500 m v' biosiliceous oozes, gas hydrates 
v 'faults, buried chimneys 

v' m icrobial/thermogenic/oil

gas bubbles, acoustic flares, 
sampled hydrates, enhanced 
heat flow, seismic anomalies, 

authigenic carbonate

(De Batist e t al., 2002; 
Van Rensbergen et al., 
2002; Kida et al., 2006; 

Krylov et al., 2008a)

v' Makran accretionary 
margin 

v' active convergent 
margin

450-2500 m accreted marine turbidites  
v 'faults, mud diapirs 
microbial/thermogenic

gas bubbles, acoustic flares, 
sampled hydrates, tube  

worms, seismic anomalies, 
authigenic carbonate, 
chemosynthetic fauna

(von Rad et al., 1996; von 
Rad et al., 2000; Judd and 

Hovland, 2007; Ghosh 
and Sain, 2008)

v' Mercator and Darwin 
Mud Volcano, Gulf of 
Cadiz, Atlantic Ocean 

v 'compressional setting

388-1100 m marine shales and marls 
v 'faults, mud diapirs 

S  m icrobial/thermogenic/brines

gas, bubbles, seismic 
anomalies, enhanced heat 
flow , authigenic carbonate

(Depreiter e t al., 2005; 
Van Rooij e t al., 2005)
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'S Nile deep sea fan mud 
volcanoes, 

M editerranean Sea 
S  deep sea fan

550-2100 S deltaic sediments 
S faults, salt diapirs 

S m icrobial/thermogenic/oil/brines

gas bubbles, acoustic flares, 
sampled hydrates, tube  

worms, enhanced heat flow, 
seismic anomalies, 

authigenic carbonate, 
chemosynthetic fauna

(Dupre et al., 2007; 
Bayon et al., 2009; 

Hugu en et al., 2009; 
Omoregie et al., 2009; 
Feseker et al., in press)

S  northern Cascadia 
margin, Pacific Ocean 
S  active convergent 
margin, accretionary  

prism

1200-1400 m 'S accreted marine sediments, 
hydrates 

S  faults 
S  microbial

gas bubbles, acoustic flares, 
sampled hydrates, enhanced 

heat flow, seismic 
anomalies, authigenic 

carbonate, chemosynthetic 
fauna

(Judd and Hovland, 
2007; Riedel e t al., in 

press)

S  Sea o f Marmara  
S inland sea, pull apart 

basins

600-1200 m S  deltaic sediments 
S  faults, sandy turbidites 

S  m icrobial/thermogenic/brines

gas bubbles, acoustic flares, 
sampled hydrates, tube  

worms, seismic anomalies, 
authigenic carbonate, 
chemosynthetic fauna

(Gürgey et al., 2005; Géli 
et al., 2008; Zitter e t al., 

2008)

S  Sea o f Okhotsk 
S  back-arc basin

400-1000  m v'' highly organic-rich sediments 
S  faults 

S  m icrobial/thermogenic/oil

acoustic flares, sampled 
hydrates, seismic anomalies, 

authigenic carbonated, 
chemosynthetic fauna

(Greinert e t al., 2002b; 
Ludmann and Wong, 
2003; Sahling et al., 

2003; Shoji et al., 2005)

Outside of gas-hydrate stability zone

S  Adriatic Sea 
S  foreland basin

80-250  m S Holocene-Pliocene sediments 
S faults, clay diapirism 

S  microbial/thermogenic

acoustic flares, pockmarks 
seismic anomalies, 

authigenic carbonate

(Hovland and Curzi, 
1989; Conti et al., 2002; 
Pan i er i, 2006; Geletti et 

al., 2008)

S  Arabian Gulf 
S  rift system

5-50 m S  leaking hydrocarbon reservoirs 
S erosional surface 
S  therm ogenic/oil

gas bubbles, acoustic flares, 
pockmarks, seismic 

anomalies

(Judd and Hovland, 
2007)

S  Bering Sea 
S  active convergent margin

<200 m S  peaty mud 
S storm-related liquefaction, 

diffusion 
S  microbial/thermogenic

acoustic flares, pockmarks, 
seismic anomalies

(Judd and Hovland, 
2007)

S Bulgarian shelf, Black Sea 
S  passive margin

0 -20  m S  deltaic sediments, sapropels 
S  faults 

S  microbial

gas bubbles, acoustic flares, 
seismic anomalies

(Dimitrov, 2002)

S  Danube canyon, 
Black Sea 

S  passive margin

70-400 m ^ deltaic sediments 
^ faults 

S  microbial

gas bubbles, acoustic flares, 
seismic anomalies

(Egorov et al., 1998; 
Popescu et al., 2004)

S  Dnepr paleo-delta, Don 
paleo-delta, Black Sea 

S  passive margin

66-825 m S  deltaic sediments 
S Stratigraphie conduits in 

association with seals form ed by 
fine-grained and hydrated-bearing 

sediments 
S  microbial

gas bubbles, acoustic flares, 
pockmarks, seismic 

anomalies, authigenic 
carbonates, chemosynthetic 

fauna

this study, (Michaelis et 
al., 2002; Naudts et al., 

2006; Naudts et al., 
2008; Naudts et al., 

2009)

S  Eckernförde Bay, 
Baltic Sea 

S inland bay

10-15 m S organic rich mud 
S glacial outwash sands, diffusion 
S  m icrobial/fresh-water seepage

acoustic flares, pockmarks, 
seismic anomalies, 

chemosynthetic fauna

(W ever et al., 1998; Judd 
and Hovland, 2007)
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S  Eel River Basin, 
Pacific Ocean 

S  fore-arc basin

<550 m 'C deltaic sediments 
'C faults, mud diapirs, structural 

anticlines 
S  m icrobial/thermogenic

gas bubbles, acoustic flares, 
pockmarks, seismic 

anomalies, authigenic 
carbonates, chemosynthetic

(Orange et al., 2002; 
Orphan et al., 2004)

S Gulf o f Cadiz, 
Atlantic Ocean 

S compressional setting

300-400 m 'C deltaic sediments 
v''faults, Stratigraphie conduits 

S  microbial

acoustic flares, pockmarks, 
seismic anomalies

(Baraza and Ercilla, 1996)

S  Lake Baikal 
S  rift lake

20-340 'C deltaic sediments, biosiliceous 
oozes

v''faults, Stratigraphie conduits 
S  m icrobial/thermogenic

gas bubbles, acoustic flares, 
pockmarks, seismic 

anomalies

this study, (Granin and 
Granina, 2002; Granin et 

al., in press; Naudts et al., 
submitted)

S  Irish Sea 
S  inland sea

66-85 m S  coal-bearing rocks, lignites, silts 
'C faults, salt diapirs outcropping 

source rock 
S  m icrobial/thermogenic

Acoustic flares, authigenic 
carbonate, seismic 

anomalies

(Judd et al., 2007)

'C North Sea 
S  sag margin

<100-250 m S  leaking hydrocarbon reservoirs 
S  salt diapirs, glacial sediments 

S  m icrobial/thermogenic

gas bubbles, acoustic flares, 
pockmarks, seismic 

anomalies, authigenic 
carbonates, chemosynthetic 

faun

(Niemann et al., 2005; 
Hovland, 2007; Judd and 

Hovland, 2007)

S  Rias Baixas, 
Atlantic Ocean 

'C passive margin

10-55 m 'C deltaic sediments 
S  stratigraphie conduits 

'S microbial

gas bubbles, pockmarks, 
seismic anomalies

(Garcia-Gil e t al., 2002; 
Iglesias and Garcia-Gil, 

2007)

S  Santa Barbara Channel, 
Pacific Ocean 

S  fore-arc basin

20-70 m 'S leaking hydrocarbon reservoirs 
S  faults, structural anticlines 

S  thermogenic/oil

gas bubbles, acoustic flares, 
seismic anomalies

(Clark et al., 2003; Leifer 
et al., 2006a)

'S Skagerrak, Kattegat, 
Norwegian Sea 

'C passive margin

55-360 m, 
10-12 m

S  leaking hydrocarbon reservoirs, 
(post-)glacial sediments 

S faults, clay diapirism, 
stratigraphie conduits 

S  m icrobial/thermogenic

acoustic flares, pockmarks, 
seismic anomalies, 

authigenic carbonates, 
chemosynthetic fauna

(Dando et al., 1994; Rise 
et al., 1999; Judd and 

Hovland, 2007)

'CSouth China Sea 
S  mud volcanoes

<100 m S  leaking hydrocarbon reservoirs 
S  mud diapirs, buried chimneys 

m icrobial/thermogenic/oil

gas bubbles, acoustic flares, 
pockmarks, seismic 

anomalies

(Judd and Hovland, 2007)

S  Stockholm Archipelago, 
Baltic Sea 

S  Inland bay

6-16 m subducted sediments 
S  faults, Stratigraphie conduit 

m icrobial/ thermogenic

gas bubbles, pockmarks (Judd and Hovland, 2007)

S Timor and Arafura Sea, 
Eastern Indian Ocean 
'C passive margin

40-500  m leaking hydrocarbon reservoirs, 
Holocene mud 

S  faults 
microbial/thermogenic/oil

acoustic flares, pockmarks, 
authigenic carbonate, 

seismic anomalies

(Rollet e t al., 2006; Rollet 
et al., 2009; Logan et al., 

2010)

S  W est Spitsbergen 
continental margin, 

Barents Sea 
'C passive margin

150-400 m S  partially from  gas hydrates 
stratigraphie conduit in 

association w ith seals form ed by 
hydrate-bearing sediments 

S  microbial

acoustic flares (Westbrook et al., 2009)

S  Yellow Sea 
S  Inverted extensional 

basin

80-100 m S  deltaic sediments, leaking 
hydrocarbon reservoirs 

mud diapirs, buried chimneys 
S  microbial

acoustic flares, pockmarks, 
seismic anomalies

(Jeong et al., 2004; Judd 
and Hovland, 2007)

Table 7.1.
O verv iew  o f all know n bubble-re leasing seep sites in th e  w orld  w ith  indication o f w a te r  dep th , tecton ic  setting  

and associated features.
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organic m a te ria l. This organic m a te ria l is 

supplied  by river ru n o ff o r by sed im en ta tio n  o f 
p lankton , p resen t in th e  w a te r  co lum n. 

M icro b ia l m e th a n e  consists m ain ly  o f th e  light 
carbon iso top e 12C and has th e re fo re  ve ry  low  

6 13Cch values, co m m o n ly  b e tw e e n  -55%o and - 

110%o (W h itic a r, 1999). M eth an o g en es is  

c o m m o n ly  takes  places by C 0 2-red u ctio n , 
co m m o n  in m a rin e  en v iro n m e n ts , o r by a c e ta te - 

fe rm e n ta tio n , co m m on  in fre s h w a te r  

en v iro n m e n ts  (W h itic a r, 1999). W h e n  organic  

m a tte r  gets b uried  d eep  enough  to  w ith in  th e  

oil w in d o w , e.g. fro m  2 0 0 0  m b e lo w  surface, 
w h e re  high pressures and te m p e ra tu re s  prevail, 

th e rm o g e n ic  m e th a n e  (d ry  gas) can be fo rm e d  

by catagenesis, o fte n  in association w ith  crude  

oil (C i5+), co n densate  (C6-C 15) and w e t  gas (C2- 
C5). T h e rm o g en ic  m e th a n e  co m m o n ly  has 

6 13CCh4 values b e tw e e n  -25%o and -55%o 

(W h itic a r, 1999). Catagenesis sources th e  gas 

and oil fie lds produced  on m any co n tin en ta l 
m argins w o rld w id e . In m ost cases th e  source  

rocks a re  d iffe re n t fro m  th e  reservo ir rocks; th e  

escape o f p e tro le u m  fro m  source rocks is called  

p rim ary  m ig ra tio n , and th e  m ig ra tio n  in to  th e  

reservoirs rocks is re fe rre d  to  as secondary  

m ig ra tio n . As fo r  th e  source rocks, th e  reservo ir  

rocks are  also u nab le  to  co n tain  and seal o ff  all

hyd ro carb on  flu ids and thus a llo w  fu r th e r  flu id  

m ig ra tio n  to w a rd s  th e  sea flo or (te rtia ry  

m ig ra tio n ). In th is w a y  th e  m e th a n e  seep ing  into  

th e  w a te r  co lum n can be m ix tu re  o f m icrob ial 
and th e rm o g e n ic  m e th a n e  w ith  ad m ix tu res  o f 
higher hydrocarbons. As show n, in ta b le  7.1. 
te r t ia ry  m ig ratio n  seem s to  be an im p o rta n t  

source fo r  b u b b le -re leas in g  seeps w o rld w id e . 

Abiogenic m e th a n e  o rig inates fro m  degassing o f  

th e  ea rth 's  m a n tle , w h e re as  g e o th e rm a l-  

volcanic m e th a n e  is fo rm e d  by th e  th e rm a l 

b reakd o w n  o f organic hydrocarbons u n d er th e  

in flu en ce o f vo lcanic ac tiv ity  (Judd and H ovland, 

2007; Etiope, 2009). T he im p o rtan ce  o f th e  tw o  

la tte r  m e th a n e  sources is still u n d er d eb a te . 
G en era lly , 99% o f th e  gas e m itte d  a t b ub b le -  

re leasing  seeps is m e th a n e , m a in ly  o f a 

m icrob ial o r a m icro b ia l-th e rm o g en ic  origin w ith  

sm all ad m ix tu res  o f h igher hydrocarbons  

(e th a n e , p ro pane , etc .).
The  com positions o f th e  gases re leased  a t our  

study sites are  in good a g re e m e n t w ith  w h a t is 

observed  a t o th e r bub b le -re leas in g  seeps 

w o rld w id e . N o n e o f th e  seep sites occur above  

p ro ducib le  p e tro le u m -b e a rin g  sed im en ts , only  

in th e  D n ep r p a leo -d e lta  seeps occurs in a 

region w ith  several n earb y  gas and oil fie lds (Fig. 

2 .1 .).

Atlantic
Ocean Pacific

Ocean
Pacific
Ocean Indian

Ocean

Antarctic Ocean

tic OceanArctic Ocean

Figure 7 .1 . The locations o f our study areas (ind icated  by w h ite  stars) w ith in  th e  w o rld w id e  d istribution  o f 
bubble-re leasing seeps (red dots) and gas seepage indicators (bacterial m ats, auth igenic  carbonates, ice 

stream throughs, etc .) (ye llow  dots). W h e re  seeps as w ell as th e  seep indicators are present; they  are indicated  

by red dots (a fte r Judd and Hovland, 2007).
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For th e  D n ep r p a leo -d e lta  (Black Sea), gas 

sam ples w e re  ta k e n  w ith  th e  subm ersib le  JAGO  

in O c to b e r 2004 (as p art o f th e  EC-funded  

M ETROL p ro jec t) a t th e  -92 m seep site, d irec tly  

a t th e  seafloor. T he  in itia l gas com position  o f 
th e  bubbles w as a lm o st p u re  m e th a n e  (80 to  90 
%) o f p resum ed  m icrob ial origin as ind icated  by 

th e  6 13CCh4 values (-62%o to  -68%o) (M cG inn is  e t 

al., 2006). A sim ilar observatio n  w as m a d e  fo r  

th e  -2 0 0  m seep site, as ind icated  by th e  6 13CCh4

values (-62%o and -68%o) (M ich ae lis  e t al., 2002). 
W ith in  th ese  areas, gas-bearing  layers have  

b een  seism ically m ap p ed  up to  a d ep th  o f 30 m  

b e lo w  th e  seafloor. Thus gas g en era tio n  in 

se d im en t layers occurs a t least a t 30 m 

subsurface d ep th  (Fig. 3.9.). M e a s u re m e n ts  o f 

th e  n a tu ra l rad io carb on  c o n te n t o f th e  m e th a n e  

(14CCh4) show  th a t  m ost o f it derives fro m

ra d io ca rb o n -fre e  sources (5 .0 2 ± 0 .4  pM C , 24  ka) 

(Kessler e t al., 2 0 0 6 ). The  re leased  m e th a n e  is 

thus assum ed to  re p res en t a m ix tu re  o f 

m e th a n e  g en era ted  in o rgan ic-rich  de lta ic  

sedim ents d ep os ited  during  various sealevel 
low stands a long th e  D n ep r p a le o -d e lta  and  

u p w ard  m ig ratin g  ra d io ca rb o n -fre e  m e th a n e  

fro m  d e e p e r s tra ta . T he  m ost re ce n t sealevel 

low stands occurred  a t 9 -1 0  ka 14C B.P (Ivanova  

e t al., 2 0 0 7 ). For th e  -6 0 0  m seep site, h e a t-flo w  

m eas u rem e n ts  and helium  isotopes ind icate  a 

d e e p e r source, o rig in ating  fro m  2 0 0 -3 0 0  m 

subsurface d ep th  w ith  a crustal he liu m  o verp rin t  

(P o o rt e t al., 20 07 ; H o lzner e t al., 2 0 0 8 ).

A t th e  H ikurangi M arg in  (SW  Pacific), w a te r  

sam ples ta k e n  a t Faure Site and LM -3 o b ta in ed  

during  ROV dives have 613CCh4 values b e tw e e n  - 

66 % o  and -67 %o, ind icative o f a m icrob ial 
m e th a n e  source (Faure e t al., 2 0 1 0 ). These  

values a re  ve ry  s im ilar to  th e  ones m easured  a t 

e.g. H yd ra te  Ridge, a n o th e r ex am p le  o f an
accre tio n ary  m argin  w ith  b u b b le -re leas in g  seeps  

w ith in  th e  GHSZ (H eeschen e t al., 2 0 0 5 ). For 

both  Faure Site and LM -3 no h igher
hydrocarbons w e re  d e te c te d  (Faure e t al.,

2 0 1 0 ). Barnes e t al. (2 0 1 0 ) suggest th a t  th e
su b stra te  o f exposed C retaceous and P aleogene  

rocks o r an e ro d ed  cover sequence o f M io c e n e -  

Pliocene age acts as sources fo r  th e  observed  

seeps and possible gas h ydrates a t th e  Rock 

G arden  area . T h e re  is no ind ication  th a t  gas 

h ydrates in th e  Rock G arden  area  a re  sources

fo r  th e  observed  seepage. It ra th e r seem s th a t  

conduits th ro u g h  th e  GHSZ source th e  seeps  

fro m  b e lo w  th e  GHSZ (C rutch ley  e t al., 2010 ; 

C rutch ley e t al., in press).
A t th e  Posolsky Bank (Lake Baikal), gas 

sam ples fro m  seeps w e re  analyzed  by 

Kalm ychkov e t al. (2 0 0 6 ). T hey o b ta in e d  a 

6 13CCh4 va lue  o f -66.6%o, w ith  a C i/C 2+ ra tio  o f 

118, ind icating  a m ic ro b ia l-th e rm o g en ic  origin  

fo r  th e  re leased  gasses. O rganic m a tte r  in Lake 

Baikal com es fro m  th e  in p u t o f th e  Selenga River 

and fro m  p rim ary  p ro du ctio n  o f p h y to p lan kto n  

(V ykhristyuk, 1 9 8 0 ). Based on th e  seismic d ata , 
th e  gas-bearing  layer fee d in g  th e  seeps could be  

tra ce d  to  b e lo w  th e  BGHSZ. This indicates, 
to g e th e r w ith  th e  shallow  d ep th  occurrence o f 

th e  seeps, th a t  th ese  seeps are  n o t d irec tly  fed  

by th e  h ydrates (Fig. 6 .7 .). The  m icrob ia l- 
th e rm o g e n ic  origin also supports this  

assum ption . T h e  real th e rm o g e n ic  source could  

h o w e v e r n o t be d e te rm in e d . S ed im e n t thickness  

in th e  SBB reaches up to  7 .5  km and could  

th e re fo re  fa v o r th e rm o g e n ic  m e th a n e  

p ro duction .

The previous paragraphs have show n th a t  th e  

re leased  gas in th e  study areas has d iffe re n t  

sources and d iffe re n t com positions, a lb e it m in or  

d iffe ren ces (Fig. 7 .2 .). T he  d iffe ren ce  in source  

se d im en t and th e  n a tu re  o f th e  associated fluids  

is strongly re la ted  to  th e  p resen t and past 
s e d im en ta ry  en v iro n m e n ts  o f th e  seep areas. 
T he tec to n ic  setting  p artia lly  d e te rm in e s  th e  

s e d im en ta ry  e n v iro n m e n t b u t is ra th e r a m in o r  

and ind irec t fa c to r in re la tio n  to  th e  flu id  source  

and com position . Even th o u g h  th e  th re e  studied  

areas have th e  p o te n tia l and estab lished  prove  

o f th e rm o g en ic  hyd ro carb on  p ro du ctio n , n one  

o f th e  observed  seeps have a clear th e rm o g en ic  

source, b u t ra th e r a p rim arily  m icrob ia l origin  

w ith  m e re ly  a m in o r ad m ix tu re  o f h igher 

h ydrocarbons. This conclusion can be m a d e  fo r  a 

lo t o f th e  seep sites su m m arized  in ta b le  7 .1 . 

Regarding th e  o verw h e lm in g  ab u n d an ce  o f 
b u b b le -re leas in g  seeps in th e  D n ep r p a leo -d e lta  

(Black Sea), sem i-enclosed  (anoxic) basins w ith  a 

high in p u t o f o rgan ic m a te ria l can p ro v ide  an  

en o rm o u s  source fo r  seepage (ch ap te r 2 -4 ). 
O th e r possible in te res tin g  anoxic basins to  study  

seeps sites could be th e  anoxic Cariaco and  

G otland  Basins. D esp ite b oth  having strong  

ind ications fo r  shallow  gas, no bub b le -re leas in g
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seeps have been  observed  until n ow  (P iker e t  

al., 1998 ; W a k e h a m  e t al., 20 0 4 ).

7.2.2. Fluid migration modes, triggers 
and rates

First o f all, it has to  be s ta ted  th a t  th e  'n o rm a l' 
ad vective  and d iffusive flo w  o f fluids, 
respective ly  re la ted  to  pressure d iffe ren ces  

(Darcy's Law) o r co n cen tra tio n  d iffe ren ces  

(Fick's Law o f d iffusion), occurs e v e ry w h e re  and  

is a ra th e r slow  process (m m /y r) (B ern dt, 2005 ; 
Judd and Hovland , 2 0 0 7 ). This is re la ted  to  th e  

low  so lub ility  o f gases (e.g . m e th a n e : 35  m g /l)  

and to  th e  low  p e rm e a b ility  o f n orm al m arin e  

sedim ents (IO"8 - IO"9 m 2) (Judd and Hovland,
2 0 0 7 ). It is on ly  w h e re  flu id  f lo w  is focused, e.g. 

th ro u g h  p erm e a b le  sandy layers (p e rm ea b ility : 
IO"2 - IO"5 m 2) o r th ro u g h  cracks (p e rm eab ility :  

IO"4 - IO"8 m 2), th a t  ad vective  flu id  f lo w  rates  

b eco m e m uch h igher p rovided  an excess o f 
pressure a t th e  d ep th . In th is case th e  'cubic  

law ' and Poiseuille's Law co m e into  p lay (Judd 

and H ovland, 2 0 0 7 ). T h e  occurrence o f focused  

flu id  f lo w  can be w itn essed , since it 'visibly' 

affects  th e  g eosphere , b iosphere , hyd ro sp here  

and a tm o s p h ere . The stud ied  re lease o f bubbles  

in to  th e  w a te r  co lum n, and th e  associated fre e  

gas m ig ra tio n  th ro u g h  th e  sed im en t, is an 

u ltim a te  ex am p le  o f focused flu id  flo w .

Focused flu id  flo w , w hich  is o ften  a resu lt o f 
co m p action , is strongly d ep en d e d  on th e  

s e d im en ta tio n  ra te , th e  litho logy and th e  

s tra tig rap h y  (B ern dt, 2 0 0 5 ). Focused flu id  flo w  

w ill, fo r  exam ple , n o t occur in continuous sandy  

deposits because o f its high p e rm e a b ility  and  

hydrau lic  co n du ctiv ity  w hich  leads to  

h etero g en eo u s  flu id  flo w . It is on ly  w h e re  flu id  

f lo w  is im p ed ed  by lo w -p e rm e a b ility  

stra tig rap h ie  horizons (e.g . c layey sed im ents  

w ith  a p e rm e a b ility  o f IO"10 - IO"12 m 2, gas 

h ydrates w ith  a p e rm e a b ility  IO"10 - IO"18 m 2) or 

by s truc tura l fea tu res  (e.g. fau lts ) th a t  focused  

flu id  can occur (Judd and Hovland , 20 0 7 ).
In g en era l, focused flu id  m ig ratio n  th ro u g h  

sedim ents has m ain ly  tw o  possible driving forces  

th a t  can act sep ara te ly  o r in co m b ina tio n ; 
o verpressu re  and buoyancy. O verp ressu re  is 

g en era ted  a t d ep th  in location  w h e re  pore  

pressure rises ab o ve h yd rostatic  pressure and

approaches lith o static  pressure due to  th e  

increased com pression  and decreased  

p e rm e a b ility  o f s e d im en ta ry  layers as a resu lt o f 

high se d im en ta tio n  rates a n d /o r  tec to n ic  

loading (Judd and H ovland, 2 0 0 7 ). In g en era l, 
tec to n ic  stress reaches values b e tw e e n  1 0 -1 0 0  

M P a, w h e re as  h yd rostatic  pressure has a va lue  

o f 10 M P a /k m  and lith o static  pressure reaches  

values o f 2 0 -3 0  M P a /k m . These values ind icate  

th a t  tec to n ic  stress can have a m a jo r im p ac t on 

focused flu id  flo w  and lead to  overpressure  

situation  in re la tive ly  shallow  sed im ents, i.e. 
u pp er k ilom ete rs  (Judd and H ovland , 2 0 0 7 ). 

T h e re fo re  typ ica l ind ications fo r  o verpressure  

and se d im en t u nd erco nso lida tio n , e.g. 
fo rm a tio n s  o f subsurface d iapirs o r seabed m ud  

volcanoes, can be fo u n d  in tec to n ica lly  active  

regions (Judd and Hovland , 20 07 ; and  

re feren ces th e re in ). O verpressure also occurs  

w ith o u t th e  presence o f tec to n ic  loading, but 
due to  se d im en t loading  o r in re la tio n  to  gas 

h ydrates (see section 7 .2 .3 .).

A n o th e r im p o rta n t driv ing fo rc e  fo r  flu id  

m ig ra tio n  is buoyancy, w hich  acts w h e re  th e  

c o n cen tra tio n  o f gas dissolved in p o re  w aters  

exceeds its so lub ility  and free -g as  bubbles fo rm . 
The fo rm a tio n  o f fre e  gas low ers th e  bulk  

d ensity  o f a se d im en t b ody and can lead to  a 

d ensity  inversion. In th is w ay , buoyancy can lead  

to  m ig ratio n  o f sed im ents (w h e th e r o r not 
in itia ted  by o verpressu re ) o r instigates  

m ig ratio n  o f p ore  w a te rs  co n tain ing  m icroscopic  

bubbles even  w ith o u t th e  m o b iliza tio n  o f  

sedim ents o r m akes bubbles rise th ro u g h  th e  

sedim ents w ith o u t th e  m o b iliza tio n  o f  

sedim ents o r p ore  w a ters .
The m ost e ffe c t w a y  o f gas to  m ig ra te  th ro u g h  

th e  sed im en ts  occurs in association w ith  

se d im en t m o b iliza tion . W h e n e v e r sed im en t  

m o b ilizations d o e sn 't occur, th e  m ig ratio n  o f gas 

th ro u g h  sed im ents is m ost e ffe c tive  by th e  

m o v e m e n t o f bubbles th ro u g h  th e  se d im en t  

p ore  spaces (Saunders e t al., 19 99 ). D epend ing  

on th e  grain  size o f th e  host se d im en t and th e  

co m position  o f th e  gas, b ubb le  d ia m e te rs  can be  

to o  large in com parison  w ith  th e  p ore  spaces to  

fa c ilita te  b ub b le  m o v e m e n t. Unless an 

overpressu re  s itu ation  is c rea ted , th e  gas can 

only  m ig ra te  th ro u g h  th e  se d im en t by d iffusive  

f lo w  o u t o f th e  b ub b le  in to  th e  p ore  w a te r . 

W h e re  th e  space b e tw e e n  th e  se d im en t grains
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allow s it, bubbles can fo rm  again. In th is m a n n er  

a chain o f bubbles gets estab lished  th a t  a llow s  

m o v e m e n t o f gas th ro u g h  th e  sed im ents (Judd 

and Hovland , 2 0 0 7 ).
For o u r stud ied  seep areas, seism ic d a ta  show  

a clear linkage b e tw e e n  th e  p resence o f fre e  gas 

in th e  subsurface and th e  re lease o f bubbles  

in to  th e  w a te r  co lum n, g en era lly  w ith o u t clear 

ind ications fo r  o verpressu re  (e.g. subsurface  

d e fo rm a tio n , strong th e rm a l an o m alies , m ud  

volcanism , e tc .). This suggests a m ain ly  

buoyancy-d riven  fre e  gas m ig ratio n  in th e  upp er  

s e d im en ta ry  layers (Figs. 2 .4 ., and 6 .7 .). A t som e  

locations h o w ev er, buoyancy-d riven  flu id  flo w  

seem s to  occur in association w ith  o r is in itia ted  

by overpressure . Possible ind ication  fo r  

o verpressu re  forcing  in o u r study areas are: i) 
th e  occurrences o f su b m arin e  landslides n ear  

Faure Site (H ikurang i M arg in ) (Fig. 5 .2 .) and in 

th e  D n ep r p a leo -d e lta  a t th e  -6 0 0  m seep site  

(Black Sea) (Figs. 3 .5 . and 3 .1 1 .); ii) th e  focused  

m ig ra tio n  o f fre e  gas th ro u g h  th e  GHSZ a t Faure  

Site and LM -3 (H ikurangi M arg in ) (Fig. 5 .2 .) (see  

section 7 .2 .3 .) (C rutch ley e t al., 20 10 ; C rutch ley  

e t al., in press); iii) b reach ing  o f th e  

im p e rm e a b le  se d im en t cover on sed im en ta ry  

ridges in th e  D n ep r p a leo -d e lta  (Fig. 3 .1 0 ) (see 

section 7 .2 .4 .) . T he  presence o f o verpressu re  in 

an accre tio n ary  m arg in , like th e  H ikurangi 

M arg in  is o ften  due to  te c to n ic  loading (Judd 

and Hovland , 2 0 0 7 ). T h e  H ikurangi accre tio n ary  

prism  is n o t an exceptio n  w ith  overpressu re  

reaching  n ear-lith o s ta tic  pressure a t a b o u t 2 km  

d ep th  in n ear-sh o re  and o n -sho re  oil w ells  

(Sibson and Row land, 2 0 0 3 ). T he  accretion  and  

subduction  cause significant d e w a te rin g , w hich  

is linked to  th e  seep sites observed  onsho re  and  

o ffsh o re  (Lewis and M arsh all, 1996 ; Barnes e t 

al., 2 0 1 0 ).
W h ile  buoyancy and o verpressu re  a re  th e  

m ain  driving forces o f flu id  flo w , in som e cases 

ad d itio n a l triggers, such as ea rth q u akes , can 

lead to  enh an ced  flu id  flo w . This can lead to  th e  

re lease o f bubbles a t th e  sea flo or d ue to  

enh an ced  flu id  pressure, d ue to  th e  reac tivation  

o f fau lts  o r by causing su b m arine  landslides  

(H ovland  e t al., 20 02 ; Kuscu e t al., 20 05 ; Judd 

and Hovland , 20 07 ; Géli e t  al., 2 0 0 8 ). O th e r  

en v iro n m e n ta l changes, like pressure changes 

by tides , by cu rren t changes o r by storm  w aves  

are  also kno w n  to  re g u la te  flu id  flo w  and seep

activ ity  (see ch ap te r 5) (Boles e t al., 2001 ; 

H ovland e t a l., 20 02 ; Torres  e t al., 2 0 0 2 ; Judd 

and Hovland , 20 0 7 ).

Lake Baikal and th e  H ikurangi M arg in  are
seism ically ve ry  ac tive regions, neverth e less  no 

d irec t re la tio n  b e tw e e n  earth q u akes  and  

seepage has been  estab lished  during  our
observations. But th is d o e sn 't ru le  o u t th a t  

seepage and flu id  f lo w  a re  alw ays u n re la te d  to  

ea rth q u ak es  in th ese  areas. For th e  seeps o ff  

N ew  Z ealand , th e re  are  strong ind ications th a t  

th e  seep ac tiv ity  is re la ted  to  tides  (Linke e t al., 
2 0 1 0 ). In Lake Baikal and in th e  Black Sea th e re  

are  no strong tid a l variations , and thus seep  

activ ity  can 't be re la ted  to  tides  in th ese  areas. 
In th e  Black Sea, strong c u rre n t changes w e re  

observed  by ADCP m e asu rem en ts , b u t no
re la tio n  w ith  seep ac tiv ity  w as established

(CR IM EA P ro ject T eam , 20 0 6 ).
T h e  flu id  ra tes a t w hich  flu ids can m ove  

th ro u g h  th e  sed im ents can strongly d iffe r, 
d ep en d in g  on th e  observed  flu id -flo w  system  

(i.e . w ith  o r w ith o u t m o b iliza tio n  o f sed im ents) 
and on th e  ac tiv ity  during  th e  t im e  o f  

observatio n . M u d  volcanoes, fo r  exam ple , are  

o ften  ch arac terized  by re p e titiv e  flu id -flo w  

activ ity  w ith  high f lo w  rates. T hey are  also 

associated w ith  high th e rm a l g rad ien ts  w hich  

a ffe c t th e  s tab ility  o f gas h ydrates and results in 

enh an ced  flu id  f lo w  and in th e  re lease  o f 
bubbles in to  th e  w a te r  co lum n (ta b le  7 .1 .) (see  

section 7 .2 .3 .). F lu id -flow  rates o f up to  4  

m /y e a r  have b een  m easured  ju s t b e lo w  th e  

seabed a t th e  Hâkon M o sb y m ud volcano, 

w h e re as  a t th e  D vurechenskiy m ud vo lcano flu id  

rates w e re  less significant a t 0 .2 5  m /y e a r  a t th e  

ce n te r o f th e  m ud volcano (Aloisi e t  al., 2004 ; 

Feseker e t al., 2 0 0 8 ). T he  re lease  o f bubbles has 

been observed  a t both  m ud volcanoes, and  

seem s to  be in d e p e n d e n t o f th e  re lease o f o th e r  

flu ids, all o r n o t associated w ith  sed im en t 
m o v e m e n t o r m ud expulsions (tab le  7 .1 .) 
(G re in e rt e t  al., 20 06 ; S au ter e t al., 2 0 0 6 ). The  

flux  rates given h ere  clearly  re p res en t a ra th e r  

d o rm a n t perio d  in th e  ac tiv ity  o f th e  m ud  

volcano w ith o u t very  active m ud expulsions. 
Fluid rates re la ted  to  th e  m o v e m e n t o f fre e  gas 

th ro u g h  th e  sed im en ts  have b een  m easured  fo r  

e.g. H yd ra te  Ridge, w h e re  rates varied  b e tw e e n  

0 to  10 m /y e a r  (Tryon e t al., 2 0 0 2 ).

For o ur study areas no subsurface flu id  flo w

170



7. Final d iscussion

rates w e re  m easured . Based on th e  re la tio n  

b e tw e e n  subsurface flu id  f lo w  rates and b ub b le - 
re lease rates in o th e r  areas, th e  b u b b le -re lease  

rates d e te rm in e d  in o u r study areas can be used 

as an ind ication  fo r  th e  local flu id  f lo w  rates  

(ta b le  5 .1 .). For th e  Hâkon M o sb y m ud vo lcano  

fo r  exam ple , b ubb le  re lease leads to  m e th a n e  

f lo w  rates o f 4 .8 -2 1 .6  m o l/m in u te . A t H ydrate  

Ridge f lo w  rates w e re  es tim ate d  to  vary  

b e tw e e n  2 .6 -1 3  m o l/m in u te . In o ur study areas, 
visual o bservations ind icated  m e th a n e  flo w  

rates o f 0 .2 -7  m o l/m in u te  fo r  Faure Site, 
w h e re as  in th e  D n ep r p a leo -d e lta  f lo w  rates o f 

only  0 .0 3  m o l/m in u te  w e re  m easured . This  

shows th a t  a t Faure Site, subsurface flu id  flo w  

rates a re  p ro bab ly  in th e  sam e o rd e r as a t 

H yd ra te  Ridge. This indicates th a t  a t sim ilar  

tec to n ic  and s e d im en ta ry  settings, co m p arab le  

flu id  f lo w  system s w ith  s im ilar driving forces  

occur. In th is case, an ac cre tio n ary  prism  w h e re  

pro bab ly  o verpressu re  is th e  m ain  driving fo rce  

allow ing  flu id  f lo w  th ou gh  th e  GHSZ and b u b b le - 

re lease a t th e  seafloor. M e th a n e  f lo w  rates in 

th e  D n ep r p a leo -d e lta  p o in t to w a rd  m uch lo w e r  

subsurface flu id  f lo w  rates. This could ind icate  

th a t  th e  d iffe re n t te c to n ic  and sed im en ta ry  

en v iro n m e n t o f th e  D n ep r p a leo -d e lta  is 

associated w ith  a d iffe re n t kind o f flu id  flo w  

system  w ith  d iffe re n t driv ing forces. Buoyancy is 

p ro bab ly  th e  m ain  driv ing fo rc e  in th e  D nepr  

p a leo -d e lta , leading  to  lo w e r flu id  flo w  rates and  

m o re  w id es p rea d  occu rren ce o f seeps (i.e . 

thousands) (Fig. 7 .2 .). W h e rea s , on th e  

Hikurangi M arg in , flu id  f lo w  rates are  high and  

th e  n u m b e r o f seep sites is lim ited  (i.e . dozens), 
as a resu lt o f enh an ced  focused flu id  f lo w  (Fig. 
7 .2 .). T h e  la te r is p ro bab ly  re la ted  to  th e  

presence o f h ydrates and th e  associated  

overpressure; h ydrates lim it th e  w id espread  

occurrence o f seeps and o verpressure on ly  leads  

to  seepage w h e re  flu id  f lo w  is h ighly focused  

and passage th ro u g h  th e  GHSZ is possible.
For th e  Posolsky Bank, no flu id  flo w  rates o r  

b u b b le -re lea se  rates are  kn o w n . But visual 
o bservations o f bubbles reaching th e  lake  

surface and th e  re la tive ly  high a m o u n t o f seeps 

occurring in a sm all and w e ll-d e fin e d  area  

ind icate  th a t  flu id  f lo w  is p ro b ab ly  re la tive ly  

high (Fig. 6 .5 .). Fluid flo w  rates a t th e  Posolsky 

Bank are  p ro b ab ly  h ig h er th a n  in th e  D nepr 

p a leo -d e lta  and lo w e r th an  in th e  H ikurangi

M arg in . This again shows th a t  te c to n ic  and  

s e d im en ta ry  settings are  associated w ith  a 

p articu lar flu id  f lo w  system  th a t  leads to  

d iffe re n t flu id  f lo w  focusing and flu id  f lo w  rates  

(Fig. 7 .2 .).
This section shows th a t  flu id  m ig ra tio n  m odes, 

rates and triggers d iffe r in th e  d iffe re n t study  

areas and are  strongly re la ted  to  th e  geological 

setting  o f th e  stud ied  area  (Fig. 7 .2 .). The  

s e d im en ta ry  e n v iro n m e n t and s tratigraph ie  

buildup  o f th e  study areas plays a m a jo r ro le, 

n ot on ly  by provid ing  a d e q u a te  flu id  sources  

(see section 7 .2 .1 .), b u t also by providing  

stra tig rap h ie  conduits and seals th a t  focus flu id  

flo w . C onduits and seals can also be p rovided  by 

struc tura l fe a tu re s  like fau lts , etc . (tab le  7 .1 .), 

b ut fo r  o u r study areas stra tig rap h ie  conduits  

and seals a re  th e  m ost co m m on  (see section
7 .2 .3 .-7 .2 .4 .). W ith  regard  to  th e  driv ing forces  

fo r  focused flu id  flo w , buoyancy seem s to  be  

o m n ip re se n t in th e  shallow  subsurface o f all our  

study areas. But buoyancy-d riven  flu id  flo w  

so m etim es occurs in association w ith  

overpressu re  leading  to  m o re  enh an ced  focused  

flu id  flo w . O verp ressu re  in o u r study areas is 

m ain ly  re la ted  to  stra tig rap h ie  seals, e.g. 
im p e rm e a b le  fin e -g ra in e d  o r h yd ra te -b e arin g  

sedim ents, as w as s ta ted  fo r  buoyancy. This is 

also th e  case fo r  an active tec to n ic  e n v iro n m e n t  

as th e  H ikurangi M arg in  (see section 7 .2 .3 .)  

(C rutch ley e t al., in press). This ind icates th a t  

overpressu re  a t g as -h yd ra te -b earin g  

accre tio n ary  m argins is n o t only re la ted  to  

tec to n ic  loading  w ith  associated d e w a te rin g , but 

is also re la ted  to  th e  s e d im en ta ry  e n v iro n m e n t  

and associated stra tig rap h ie  buildup. T h e  v a rie ty  

o f driving forces, th e  co m p lex ity  o f th e  

stra tig rap h y  and th e  seism ic ac tiv ity  m akes  

accre tio n ary  prism s very  in te res ting  geological 
settings to  study seeps w ith  regard  to  driving  

forces and to  flu id  f lo w  triggers. On th e  o th e r  

hand, th e  a m o u n t o f seeps d e te c te d  in th e  

D n ep r p a le o -d e lta  (Black Sea) is fa r  g re a te r th an  

th e  a m o u n t o f seeps d e te c te d  on th e  Hikurangi 
M arg in  o r any o th e r ac cre tio n ary  prism , again  

poin ting  to  th e  Black Sea as a u n iq ue seep  

e n v iro n m e n t. C oncerning m igrations rates, 
tec to n ica lly  ac tive  com pressional systems  

associated w ith  strong o verpressu re  ind icated  

by active  m ud vo lcanism  and -d iapirism  are
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QOePr Pa,e°-cfe/fa

Figure 7 .2 . O verv iew  o f th e  fluid  sources, th e  fluid  types, th e  fluid  pathw ays, th e  fluid flo w  rates and the  

num bers o f seeps fo r th e  th ree  study areas, shown re latively  to  each o th e r as indicated by th e  arrow s. The  

figure shows th a t th e  Hikurangi accretionary m argin and th e  D nepr paleo -de lta  are th e  tw o  end -m em b ers  fo r 

m ost fluid  flo w  characteristics.

p ro b ab ly  m ost in te res tin g  study areas.
In conclusion, th e  d iffe ren ces  b e tw e e n  our  

study areas ind icate  th a t  flu id  f lo w  and b ub b le - 
re lease is p rim arily  d e p e n d e n t on th e  

s e d im en ta ry  and stra tig rap h ie  e n v iro n m e n t. 
H o w eve r, as w as s ta ted  fo r  flu id  sources, th e  

s e d im en ta ry  e n v iro n m e n t and s tratigraph ie  

buildup  is p artia lly  d e te rm in e d  by th e  tec to n ic  

setting  th a t  th e re fo re  also in fluences th e  flu id  

m ig ratio n  m o d e  and rates. T h a t th e  tec to n ic

setting  does play a ro le  is also ind icated  by th e  

absence o f seeps in th e  GHSZ o f th e  D nepr  

p a leo -d e lta  and th e  presence o f seeps in th e  

GHSZ o f th e  H ikurangi M arg in  (see section

7 .2 .3 .). O verp ressu re  g e n e ra te d  b e lo w  th e  

GHSZ, solely by th e  presence o f gas hydrates, 
d o e sn 't lead to  flu id  f lo w  th ro u g h  th e  GHSZ as 

can be w itn essed  in th e  D n ep r p a leo -d e lta . It is 

only w h e re  th e  te c to n ic  setting  enhances th e  

overpressu re  due to  tec to n ic  loading  and an
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excess o f flu ids th a t  flu id  flo w  th ro u g h  th e  GHSZ 

occurs. The la tte r  is d e m o n s tra te d  in th e  

Hikurangi M arg in  and m any o th e r accre tio n ary  

co n verg en t m argins (see section 7 .2 .3 .).

7.2.3. Fluid migration within the gas- 
hydrate stability zone

W ith  regard  to  th e  w a te r  d ep th , a d ivision is 

m a d e  b e tw e e n  seeps occurring w ith in  and seeps 

occurring o u ts id e  o f th e  th e o re tic a l g as-h yd ra te  

s tab ility  zone. The o verv iew  given in ta b le  7 .1 . 
clearly  shows th a t  gas h ydrates have been  

sam pled  a t all seep sites occurring w ith in  th e  

g as-h yd ra te  s tab ility  zone, in d e p e n d e n t o f th e  

geological o r tec to n ic  setting . A large a m o u n t o f 
th ese  seeps occur a t m ud vo lcanoes in a 

com pressional tec to n ic  setting , o r a t 
accre tio n ary  prism s a t ac tive co n verg en t 
m argins, o r in areas w ith  d iapiric  se d im en t or 

salt m o v e m e n t. O fte n  th e s e  d eep  seep sites 

correspond  to  locations w ith  enh an ced  h eat 

f lo w , ind icating  an u pw ard  flo w  o f w a rm e r fluids  

a n d /o r  sed im ents th a t  a ffe c t th e  s tab ility  o f 
h ydrates p resen t in th e  sed im en t. D eep  b u b b le - 

re leasing  seeps can be sourced by th ese  

d estab ilized  h ydrates o r by fre e  gas th a t  is ab le  

to  m ig ra te  th ro u g h  th e  GHSZ a t certa in  

locations. This can also be th e  case fo r  areas  

w h e re  saline flu ids m ig ra te  to w a rd s  th e  seabed.

M ig ra tio n  o f fre e  gas th ro u g h  th e  GHSZ is also 

w itn essed  a t locations w h e re  gas hydrates  

should be th e rm o d y n a m ic a lly  s tab le  given th e  

te m p e ra tu re , th e  pressure and th e  p resence o f 
p ore  w a te r  w ith  n orm al salin ities, e.g. th e  G ulf 
o f M ex ico , th e  Cascadia M arg in , Blake Ridge, 

Congo Basin, th e  H ikurangi M arg in  (Brooks e t  

al., 1994 ; T ryon e t al., 1999; T ay lo r e t al., 2000 ; 

G orm an  e t al., 20 02 ; W o o d  e t al., 20 02 ; G ay e t  

al., 20 07 ; C rutch ley e t al., 2 0 1 0 ). Several 
m echanism s are  p roposed fo r  th e  m ig ra tio n  o f 

fre e  gas th ro u g h  th e  GHSZ. T orres  e t al. (2 0 0 4 )  

suggested th a t  fre e  gas can m o ve fre e ly  th ro u g h  

th e  GHSZ as long as th e  b ubb le  pressure exceeds  

th e  o verb u rd e n  stress caused by th e  se d im en t 
load, resu lting  on ly  in m assive h yd ra te  

fo rm a tio n  close to  th e  sea flo or as is observed  a t 
H yd ra te  Ridge and in th e  Congo Basin (Sahling e t 

al., 2 0 0 8 ). Flem ings e t al. (2 0 0 3 ) suggest fo r  

Blake Ridge th a t  ra th e r th e  fo rm a tio n  o f m assive

h yd ra te  layers a t g re a te r  subsurface d ep th  leads  

to  o verpressu re  g e n e ra te d  by th e  b u ild -u p  o f 
fre e  gas reservo irs b en ea th  a lo w -p e rm e a b le  

g as-h yd ra te  ce m e n te d  se d im en t layer. If th e  gas 

pressure o f th e  gas reservo ir exceeds th e  

pressure ex erted  by th e  sed im ents above , a 

te m p o ra l co n du it can be m ad e  a llow ing  

m igrations o f fre e  gas th ro u g h  th e  GHSZ and th e  

re lease o f gas b ub b le  in to  th e  w a te r  co lum n. A  

high gas flu x  associated w ith  rapid h yd ra te  

fo rm a tio n  can lead to  a d ep le tio n  o f p o re  w a te r  

resu lting  in a high sa lin ity  o f th e  residual p ore  

w a te rs  o r th e  fo rm a tio n  o f h yd ra te -co a te d  veins  

th a t  p re v e n t in te rac tio n  w ith  th e  surrounding  

p ore  w a te rs  (C lennell e t  al., 1999 ; Flem ings e t 
al., 20 03 ; Pecher e t al., 2 0 1 0 ). In b oth  cases, 

fu r th e r  fo rm a tio n  o f hydrates m ay be im p ed ed  

and th is w o u ld  a llo w  th e  m ig ra tio n  o f fre e  gas 

th ro u g h  th e  GHSZ. A lte rn a tiv e ly , G insburg and  

Soloviev (1 9 9 7 ) suggested th a t  a d iffusion  

b arrie r caused by a h yd ra te  film  a t th e  g as -w a te r  

in te rfac e  m ay a llo w  th e  fre e  gas to  m ig rate  

th ro u g h  th e  GHSZ.
O u r study provides som e in te res ting  insights 

regard ing  th e  in flu en ce gas h yd ra te  have on th e  

m ig ra tio n  o f fre e  gas th ro u g h  th e  GHSZ and on 

th e  associated d is trib u tio n  o f seeps. P robably  

th e  m ost revea lin g  o bservatio n  is th e  a lm ost 
co m p le te  absence o f seeps in th e  GHSZ o f th e  

D n ep r p a leo -d e lta , even  th ou gh  seism ic data  

clearly  ind icated  th e  presence o f fre e  gas in th e  

sedim ents (Figs. 2 .8 . and 3 .8 .). T h e  seism ic data  

also show  BSRs th a t  ind icate  th e  p resence o f 
hydrates and fre e  gas in th e  subsurface. Seismic  

inversion revea led  th a t  th e re  is 3 8 ± 1 0 %  h yd ra te  

in th e  p ore  space a t BSR d ep th , w h e re  th e  

porosity  is 57%  (Z illm er e t al., 2 0 0 5 ). For th e  

D n ep r p a leo -d e lta  it seem s to  be c lear th a t  gas 

h ydrates p resen t in th e  sed im en ts  act as a 

b u ffe r fo r  u p w ard  m ig ratin g  fre e  gas and  

p rev en t th e  re lease o f gas bubbles a t th e  

seafloor. B ubble-releasing  seeps are  only  

observed  w ith in  th e  GHSZ o f th e  D n ep r pa leo - 

d elta  w h e re  th e  ac tiv ity  o f a m ud vo lcano allow s  

to  surpass th is e ffe c tiv e  h yd ra te  b u ffe r  

(Kruglyakova e t al., 2 0 0 4 ). This a lm o st co m p le te  

absence o f seeps w ith in  th e  GHSZ also suggests 

th a t  th e  ab o ve proposed m echanism s fo r  fre e  

gas m ig ratio n  th ro u g h  th e  GHSZ are  n o t p resen t  

or are  unsuccessful in th e  D n ep r p a leo -d e lta . For 

exam ple , o verp res su re -re la te d  seepage th a t  is
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n ot re la ted  to  m ud volcanism , as is seen on 

m any ac cre tio n ary  m argins, d o e sn 't seem  to  be  

e ffe c tive  in th e  D n ep r p a leo -d e lta . This is tru e  

fo r  th e  w h o le  Black Sea, w h e re  bub b le -re leas in g  

seeps occur exclusively o uts id e  o f th e  GHSZ and  

only  ab o ve m ud vo lcanoes inside th e  GHSZ (Fig. 

1 .7 .). The  on ly  exception  is th e  B atum i seep area  

o ffsh ore  G eorg ia , w h e re  seeps occur a t gas 

h yd ra te -b e arin g  circu lar structures associated  

w ith  au th igen ic  ca rb on ates  ind icating  focused  

flu id  f lo w  b u t w ith o u t th e  presence o f any m ud  

extrusions o r positive re lie f. S eepage a t th e  

B atum i seep area  seem s to  be re la ted  to  

u nderly ing  m ud d iapirs w hich  can h o w ev er  

so m etim es  be precursors o f m ud volcanism  

(K laucke e t al., 2 0 0 6 ).

N o tw ith s ta n d in g  th e  d iffe re n t, geological and  

te c to n ic  settings o f th e  Black Sea and Lake 

Baikal, th e  seep d is trib u tio n  and th e  ro le  o f 
h ydrates seem s to  be very  sim ilar. As fo r  th e  

Black Sea, b u b b le -re leas in g  seeps in Lake 

Baikal's GHSZ are  a lm o st exclusively fo u n d  at 

m ud volcanoes, in sp ite o f th e  w id espread  

occurrence o f active fau lts  w ith in  th e  Baikal 

Basins (Figs. 1 .7 . and 1 .1 1 .) (G ran in  e t al., in 

press). W ith in  th e  Posolsky Bank study area  fre e  

gas is observed  on seismic recordings w ith in  th e  

GHSZ and h ydrates have b een  sam pled  by a 

subm ersib le  a t th e  so u th w es te rn  fa u lt  scarp o f 

th e  Posolsky Bank (Figs. 6 .3 . and 6 .7 .). The  

absence o f seeps in th e  GHSZ o f th e  Posolsky 

study area  and in Lake Baikal (excluding m ud  

volcanoes) ind icates th a t  gas h ydrates act as a 

seal fo r  th e  u p w ard  m ig ra tio n  o f fre e  gas and  

th e  re lease o f fre e  gas in th e  w a te r  co lum n, as 

w as observed  in th e  Black Sea. T h e  only  

d iffe ren ces b e tw e e n  th e  D n ep r p a leo -d e lta  and  

th e  Posolsky Bank study area  is th a t  th e  seeps a t 
th e  Posolsky Bank are  p artia lly  sourced by gas 

com ing fro m  b e lo w  th e  BGHSZ. W h e re a s  in th e  

D n ep r p a le o -d e lta  th e re  are  no indications th a t  

gas fro m  b e lo w  th e  BGHSZ is m ig ratin g  a long th e  

se d im en t layers and is being re leased  o uts id e  o f 

th e  GHSZ (Figs. 2 .8 . and 3 .8 .). T h e  g e o m e try  and  

th e  layering  o f th e  Posolsky Bank are  p ro bab ly  a 

u n iq ue ex am p le  a llow ing  gas escape fro m  b e lo w  

th e  BGHSZ w ith o u t having to  pass th ro u g h  th e  

GHSZ. T h e  on ly  o th e r kno w n  exam p le  a re  th e  

seeps stud ied  a long th e  W e s t S pitsbergen  

co n tin en ta l m arg in  (W e s tb ro o k  e t al., 20 0 9 ).

T he on ly  study area  w ith  a clear observatio n

o f flu id  m ig ra tio n  th ro u g h  th e  GHSZ th a t  results  

in th e  re lease o f bubbles in to  th e  w a te r  co lum n  

is Rock G arden  (L M -3  and Faure Site) (Fig. 5 .2 .). 

N u m ero us au thors suggest th a t  o verpressu re  a t 
th e  BGHSZ caused by rising bubbles o r gas 

pockets allow s th e  m ig ratio n  o f flu ids th ro ug h  

th e  GHSZ a t th e  Rock G arden  seep sites (Pecher 

e t al., 20 05 ; Faure e t al., 20 06 ; Barnes e t al., 

20 10 ; C rutch ley e t al., 20 10 ; C rutch ley e t al., in 

press). O ur study d o e sn 't p ro v ide  any d ata  th a t  

sustains o r contrad icts  th ese  suggestions. But as 

w as p os tu la ted  in section 7 .2 .2 ., th e  

overpressu re  g en e ra te d  a t Rock G arden , and  

p ro bab ly  a t a lo t o f h yd ra te -b e arin g  accre tio n ary  

prisms, is associated w ith  th e  tec to n ic  setting  in 

co m b in a tio n  w ith  th e  s e d im en ta ry  and  

stra tig rap h ie  buildup  (i.e . p resence o f hydrates). 
F u rth e rm o re , C rutch ley e t al. (2 0 1 0 ) show  th a t  

fo r  Faure Site m ig ra tio n  th ro u g h  th e  GHSZ 

occurs a long tilte d  p e rm e a b le  layers w h e re as  a t 
LM -3 fau lts  contro l th e  flu id  f lo w  th ro u g h  th e  

GHSZ (Fig. 5 .1 2 .). O u r d ata  and in te rp re ta tio n  

show  th a t  th e  d iffe ren ce  in d ep th  o f LM -3 (-9 0 8  

m ) and Faure Site (-6 5 9  m ) and th e  associated  

th ickness o f th e  u nderly ing  GHSZ (respectively  

3 0 0  m and 35  m ) has a strong in flu en ce on th e  

b ubb le  re lease and th e  seep e n v iro n m e n t  

(carbonates, fau n a , e tc .) a t b oth  seep sites. 
C rutch ley e t al. (in press) explains h ow  a 

sh allow er BGHSZ is m o re  strongly in fluenced  by 

overpressu re  caused by u nderly ing  gas pockets  

a llow ing  te m p o ra l m ig ratio n  o f fre e  gas th ro ug h  

th e  GHSZ. T h e  la tte r  c learly  shows up as strong  

d iffe ren ces in b ub b le  re lease a t L M -3 and Faure  

Site, as w ell as in th e  p resen t seep fa u n a  and  

au th igen ic  ca rb on ates  (Fig. 5 .1 2 .). O verpressure  

can also have caused th e  su b m arine  landslide a t 
th e  Faure Site, changing and focusing flu id  

m ig ratio n  p ath w ays to w a rd s  th e  p resent 
b u b b le -re leas in g  sites as w as observed  a t th e  

D n ep r p a leo -d e lta  and o th e r seep sites in th e  

w o rld  (O ran g e and Breen, 1992 ; Eichhubl e t al., 
20 00 ; Kuscu e t al., 2 0 0 5 ).

This study has show n th a t  gas h ydrates play  

an im p o rta n t ro le in co n tro lling  th e  ac tiv ity  o f 

b u b b le -re leas in g  seeps, th e ir  d is tribu tion  and  

associated m an ifes ta tio n s  on a b as in -w id e  scale 

(D n ep r p a le o -d e lta ) and on sm aller scales 

(H ikurangi M arg in ). The  study o f th e  seeps in th e  

D n ep r p a leo -d e lta  c learly  show ed  th a t  gas 

h ydrates can be regard ed  as buffers fo r  u pw ard
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rising flu ids, p reven tin g  b ub b le  re lease a t th e  

seafloor. This w as o ften  suggested b u t n ever  

show n on such a scale. T h e  Lake Baikal study  

also ind icated  gas hydrates as buffers, b u t th e  

u n iq ue g e o m e try  and b u ild -u p  o f th e  Posolsky 

Bank a llo w ed  gas to  escape fro m  b e lo w  th e  

BGHSZ w ith o u t m igrating  tro u g h  th e  GHSZ. 
W h e re a s  a t th e  H ikurangi M arg in  th e  

overpressu re  typ ica lly  associated w ith  

accre tio n ary  prism s a llo w ed  th e  m ig ratio n  o f 
fre e  gas th ro u g h  th e  GHSZ. In n one o f th e  

stud ied  areas gas h ydrates have b een  in fe rred  

as d irec t sources fo r  th e  re leased  m e th a n e .

7.2.4. Fluid migration outside of the 
gas-hydrate stability zone

Fluid m ig ratio n  o uts id e  o f th e  g as-h yd ra te  

s tab ility  zone, i.e. sh a llo w er w a te r  d ep ths or 

g re a te r subsurface dep ths , can be co n tro lled  by 

various types o f conduits o r seals w hich  are  also 

p resen t in th e  GHSZ, b u t a re  o ften  obscured by 

th e  presence o f gas hydrates. M o s t im p o rta n t  

fac to rs  co n tro lling  flu id  f lo w  are  overlying  

sedim ents layers (p e rm ea b ility , porosity, 

co n tin u ity , h e te ro g en e ity , e tc .), th e  s tratigraph ie  

buildup  o f s e d im en ta ry  s tra ta , m ud d iapirs and  

th e  presence o f (active) fau lts  (see section
7 .2 .5 .) (Judd and Hovland , 2 0 0 7 ).

For th e  D n ep r p a leo -d e lta , m ig ratio n  o f gas in 

th e  u pp er 2 0 0  m is m a in ly  co n tro lled  by 

stra tig rap h ie  and s e d im en ta ry  fac tors, as 

revea led  by th e  b eh av io r o f th e  gas fro n t visible  

on h ig h -reso lu tion  seismic re flec tio n  d ata  (Figs.
3 .6 ., 3 .7 . and 3 .1 0 .-3 .1 2 .) . A lo ng -stra ta  and  

across-strata fre e  gas m ig ratio n  seem s to  be 

im p o rta n t in th e  cu t-an d -fill d e lta  deposits on 

th e  shelf and in stacked ch an n el-levees on th e  

co n tin en ta l slope. N e ar th e  seabed th e  

o ccurrence o f an o vera ll-p rese n t fin e -g ra in e d  

im p e rm e a b le  se d im en t cover, w ith  a th ickness  

up to  25 m, focuses flu ids upslope to  th e  

m argins o f e.g. canyons or su b m arine  landslides, 

w h e re  th e  co ver is th in n e r o r absent. These are  

th e  locations w h e re  fre e  gas is re leased  in th e  

w a te r  co lum n (Figs. 3 .6 . and 3 .1 0 -3 .1 2 .). On th e  

shelf, filled  paleo -ch an ne ls  and au th igen ic  

carb on ates  contro l and a lte r  flu id  m igration  

p ath w ays and lead to  w e ll-d e fin e d  seep  

d is tribu tions on m e te r  to  k ilo m e te r scales (Figs.

3 .6 ., 4 .4 . and 4 .1 1 .) . A t m orpholog ica l highs, 

such as se d im en t ridges, gas g en era lly  

accum ulates n ear th e  to p  o f th e  ridge, w h e re  

o verpressu re  o r den sity  inversion leads to  

breach ing  o f th e  overlying  s tra tig rap h ie  cover 

and to  b ub b le  re lease (Figs. 3 .1 0 . and 3 .1 2 .). The  

availab le  seism ic d ata  provides no ev idence fo r  

th e  ex istence o f fau lts  w hich  could act as 

conduits fo r  u p w ard  flu id  m ig ratio n  in th e  

shallow  subsurface o f th e  D n ep r p a leo -d e lta . 
H o w e v e r w h e re  fau lts  w e re  observed  th e y  w e re  

n ot re la ted  to  b ub b le -re leas in g  seeps. This does  

n ot ru le o u t th a t  d e e p e r structures m ay be  

presen t. S tructura l p ath w ays m ay be p rovided  

by: th e  large W est-C rim ea n  fa u lt, d iapiric  

structures on th e  slope, a n orm al fa u lt along th e  

shelf edge, and possible fau lts  buried  u nd er  

ch an n e l-le ve e  system s p erp en d icu la r to  th e  

slope a t 3 0 0  m to  6 0 0  m b e lo w  th e  seaflo or  

(L iid m an n  e t al., 2 0 0 4 ). O nly  fo r  th e  -6 0 0  m seep  

site, helium  isotopes ind icate  th a t  th e  re leased  

gasses are  possibly in fluenced  by flu id  ad vection  

fro m  d ep th , possibly along d e e p -ro o te d  fau lts  

(Fig. 3 .1 3 .) (H o lzn er e t al., 2 0 0 8 ). A t th is site, 

seism ic d a ta  h o w e v e r ind icates th a t  th e  focusing  

and re lease o f fre e  gas a t th e  seaflo or is 

p ro bab ly  re la ted  and co n tro lled  by th e  

u nderly ing  ch an n e l-le ve e  system s (Fig. 3 .7 .), in a 

sim ilar w a y  as w as observed  in th e  Congo Basin 

(G ay e t al., 20 0 7 ). A t th e  m argin  o f th e  gas- 
h yd ra te  s tab ility  zone, g as-h yd ra te  recycling  

caused by p a le o c lim a te -re la te d  te m p e ra tu re  

and pressure changes m ay also be a source fo r  

gas seeps a lthough  no d irec t ev idence fo r  th is  

w as observed  (P o o rt e t al., 2 0 0 5 ). G as-h ydrate  

destab iliza tion  could h o w e v e r have lead to  

sliding o f su b m arine  sed im ents, resu lting  in n ew  

re lease paths fo r  gas seepage (Fig. 3 .1 1 .).

As w as a lread y  ind icated  in section 7 .2 .3 ., th e  

contro ls  on seepage in th e  Posolsky Bank study  

area are  ve ry  s im ilar to  th e  ones in th e  D nepr  

p a leo -d e lta , i.e. s tra tig rap h ie  and sed im en ta ry  

contro ls (Figs. 6 .7 . and 6 .1 0 .). H o w e v e r across- 

stra ta  m ig ra tio n  seem s to  be a lm o st ab sen t a t 
th e  Posolsky Bank w h e re  m ain ly  focusing along  

th e  tilte d  s e d im en ta ry  stra ta  occurs. This 

focusing is p ro bab ly  a resu lt o f th e  ang le  and  

co n tin u ity  o f th e  layers and th e  presence o f an 

overlying  continuous fin e -g ra in e d  se d im en t  

layer th a t  acts a seal (Fig. 6 .1 0 .). Gas re lease in to  

th e  w a te r  co lum n occurs w h e re  th e  gas-bearing
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stra ta  g e t cut o ff by a large fa u lt, and n o t by 

erosional fe a tu re s  like canyons or su b m arine  

landslides as observed  in th e  D n ep r p a leo -d e lta  

(Figs. 3 .1 3 . and  6 .1 0 .). T h e  co -o ccurrence o f th e  

Posolsky Fault and th e  seeps could suggest th a t  

th e  fa u lt  acts as a co n du it fo r  flu id  f lo w  and  

seepage. H o w e v e r in te g ra tio n  o f th e  data  

counters  th is suggestion. R em arkab le  is th e  

sim ilarity  o f th e  contro ls on flu id  flo w  and seep  

d is trib u tio n  b e tw e e n  th e  D n ep r p a leo -d e lta  and  

th e  Posolsky Bank, n o tw ith s tan d in g  th e  

co m p le te  d iffe re n t geological setting  (p a leo - 
d e lta  vs. t ilte d  fa u lt block) and th e  d iffe ren ce  in 

te c to n ic  ac tiv ity  b e tw e e n  b o th  settings.
On th e  H ikurangi M arg in  flu id  m ig ratio n  b e lo w  

th e  GHSZ is m o stly  co n tro lled  by N W -d ip p in g  

layers a t LM -3 and by a p e rm e a b ility  co n tras t a t 
th e  BGHSZ a t Faure Site (C rutch ley e t al., 2 0 1 0 ). 

This im plies th a t  th e re  is a d iffe ren ce  in contro l 
o f flu id  m ig ratio n  fo r  both  seep sites, b e lo w  as 

w ell as ab o ve th e  BGHSZ (see section 7 .2 .3 .).

7.2.5. Faults versus sediments; which 
is the primary conduit/seal related to 
bubble-releasing seeps?

T h e  previous tw o  sections have show n th a t  

th e re  are  a lo t o f d iffe re n t contro ls on flu id  

m ig ra tio n  in th e  shallow  subsurface th a t  lead to  

b ub b le  re lease  a t th e  seafloor. H o w eve r, th ese  

d iffe re n t contro ls a re  o ften  n o t consistent w ith  

w h a t could be expected  fro m  th e  geological and  

te c to n ic  setting . O ften  it is a co m b in a tio n  o f 
se d im e n ta ry - and fa u lt-c o n tro lle d  flu id  flo w  

even  w ith in  a sam e area  o r a t d iffe re n t  

subsurface d ep ths  b e lo w  a certa in  seep site. For 

th e  Rock G arden  seep sites on th e  H ikurangi 

M arg in  (Faure Site and L M -3 ), C rutch ley e t al 
(2 0 1 0 ) show ed  th a t  flu id  m ig ra tio n  can d iffe r  

d ep en d in g  on th e  observed  subsurface in terva l 
a llow ing  sed im en ta ry  stra ta  and fau lts  to  act as 

conduits fo r  a sam e seep site (Fig. 5 .1 2 .). G ay e t  

a l.(2 0 0 7 ) cam e to  s im ilar conclusions fo r  th e  

Congo Fan. A t L M -3 , fo r  exam p le , flu id  flo w  

b e lo w  th e  GHSZ is s tra tig rap h ic -co n tro lled  by 

N W -d ip p in g  layers, w h e re as  in th e  GHSZ flu id  

f lo w  occurs a long fau lts  and by across-strata  

m ig ra tio n  n ear th e  seafloor. T he  fo rm a tio n  o f 

M DACs and th e  ac tiv ity  o f (seep) fau n a  n ear th e

seaflo or a t LM -3 act as an ad d itio n a l con tro l on  

flu id  f lo w  and seep d is trib u tio n  (see section  

7 .3 .1 . and 7 .3 .2 .). This change o f m ig ratio n  

m echanism  is n o t fixed  w ith  d ep th  o r re la te d  to  

a certa in  driving fo rce . C rutch ley e t al. (2 0 1 0 )  

show  th a t  th e  contro l o f flu id  flo w  b e lo w  Faure  

Site is m ain ly  s tra tig rap h ic -co n tro lled , in as w ell 
as b e lo w  th e  GHSZ. T he ty p e  o f flu id  flo w  

contro l is ra th e r d e p e n d e n t on th e  local 
stra tig rap h ie  and s truc tura l setting  b e lo w  a seep  

site, even  w ith in  a sam e study area . The  

exam p le  ab o ve ind icates th a t  it is ve ry  hard  to  

p red ic t w h e th e r  se d im en ta ry - o r fa u lt-  

co n tro lled  flu id  f lo w  occurs a t a certa in  

geological o r te c to n ic  setting , o r a t a certa in  

d ep th  in terva l 

For o u r study areas, an in te g ra tio n  w as m ade  

o f h ig h -reso lu tion  seism ic d ata  w ith  d e ta iled  and  

high am o u n ts  o f seep -location  d ata  and o th e r  

re le v a n t datasets  in o rd e r to  u nd erstan d  th e  

subsurface contro ls and th e  d is trib u tio n  o f  

seeps. V aria tion s in grain-size d is trib u tio n  and  

th e  co n sequ en t changes in p e rm e a b ility  o f th e  

sedim ents in th e  u p p er hundreds o f m eters , all 

or n o t in fluenced  by th e  presence o f gas 

hydrates, seem s to  be th e  m a jo r contro l on flu id  

m ig ratio n , on seep d is tribu tion  and on seep  

activ ity , and th is on m e te r  to  basin scale. This 

differs  strongly fro m  th e  g enera l v ie w  th a t  fau lts  

act as th e  p rim ary  co n du it a t m ost cold seep  

sites (Judd and Hovland , 20 07 ; and re ferences  

th e re in ). W e  c a n 't argue ab o u t th e  d eep  

subsurface contro ls in o ur study areas since w e  

d o n 't alw ays have th e  d eep  lo w -reso lu tio n  

seismic d ata . A t th e  seafloor, o ften  a lignm ents  

o f seeps w e re  observed  on d iffe re n t scales (Figs.
3 .6 ., 3 .1 0 ., 3 .1 1 ., 4 .1 . and 5 .9 .). W ith o u t th e  

in te g ra tio n  o f d iffe re n t h ig h -reso lu tio n  datasets  

th ese  a lign m ents  could have been  in te rp re te d  

as re la ted  to  u nderly ing  fau lts , a lth ou g h  th e y  are  

re la ted  to  s tra tig rap h ie  and s e d im en ta ry  

contro ls. It is c lear th a t  th e re  is n o t a 

stra ig h tfo rw ard  an sw er to  th e  q uestion  raised in 

th e  t it le  o f th is section; h o w e v e r o u r study  

ind icates th a t  s tra tig rap h ie  and sed im en ta ry  

fac tors  in th e  shallow  subsurface a re  p ro bab ly  

v e ry  im p o rta n t fo r  th e  d is trib u tio n  o f b ub b le - 
releasing seeps (Fig. 7 .3 .). This conclusion can be  

ex ten d e d  to  n u m ero u s o th e r seep areas, since it 
is based on th e  study o f seeps in th re e  

co m p le te ly  d iffe re n t geological settings.
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7.3. Seafloor manifestations 
associated with bubble-releasing 
seeps

B ubble-re leasing  seeps are  o fte n  associated  

w ith  a m u ltitu d e  o f sea flo or m an ifes ta tio ns  

w hich  can be recognized  even  w h e n  seeps are  

n ot ac tively  e m ittin g  bubbles in to  th e  w a te r  

co lum n. T he th re e  m ain  typ es are: 
ch em o syn th etic  co m m un ities , m e th a n e -d e riv e d  

au th ig en ic  ca rb on ates  and flu id -flo w  re la ted  

seaflo or m orpholog ies . T h e  presence o f th ese  

seep ind icators im plies focused flu id  f lo w  and  

seepage but th e re fo re  n o t alw ays seepage w ith  

b ub b le  re lease. O nly acoustic o r visual 

o bservations can d e te rm in e  w h e th e r  certa in  

seep ind icators are  indeed  associated w ith  

b u b b le -re leas in g  seeps. T he co m position  o f 
flu ids re leased  can a lte r  th e  biological and  

M D A C  m an ifes ta tio n s  a t a seeps site, seaflo or  

m o rp h o lo gy  is h o w e v e r in d e p e n d e n t o f th e  flu id  

com position .

7.3.1. Chemosynthetic communities

C h em osyn the tic  co m m u n ities  are  p ro bab ly  

th e  m ost strik ing and th us th e  m ost 

recogn izab le  seepage ind icators since th e y  occur 

ve ry  localized and o ften  strongly d iffe r fro m  

o th e r sea flo or co m m un ities . C h em osyn thetic  

co m m u n ities  th riv e  on d iffusive ly  re leased  

m e th a n e  and su lfide w hich  are  ava ilab le  a t seep  

sites and th us n o t d irec tly  on th e  m e th a n e  th a t  

is p resen t in bubbles. T hese co m m u n ities  are  

b elieved  to  be th e  base o f c o m p le te  

ch em o syn th etic  fo o d  w e b  w h e re  h igher non- 
ch em o syn th etic  organ ism  fe e d  on 

ch em o syn th etic  lo w e r organism s (Judd and  

Hovland, 2 0 0 7 ). M icro b es are  th e  fo u n d a tio n  fo r  

ch em o syn th etic  co m m un ities . T h e y  live in th e  

sedim ents o r are  p resen t as end osym bion ts  in 

seep m eg a fau n a . The m ain  m icrob ial groups  

involved are  su lfa te -red uc ing  b acteria  (SRB) and  

m e th a n o tro p h ic  archaea th a t  u tilize  m e th a n e  

and su lfa te  dissolved in th e  p ore  w a te rs . This 

process is kno w n  as th e  an aero b ic  o x ida tio n  o f 
m e th a n e  (A O M ) w hich  results in th e  re lease o f 

hydrogen  su lfide and b icarb o n a te  (Boetius e t al., 
2 0 0 0 ). A O M  and th e  associated ch em osyn th etic

co m m un ities  u tilize  m ost o f th e  m e th a n e  

availab le  a t seep sites and can th e re fo re  be seen  

as an e ffe c tiv e  b en th ic  f ilte r  (B oetius and Suess, 

20 04 ; S o m m er e t al., 2 0 0 6 ). It is on ly  w h e re  th is  

seabed u tiliza tio n  o f m e th a n e  c a n 't account fo r  

th e  e n tire  m e th a n e  flux  o r w h e re  flu id  m igration  

is h ighly focused th a t  b ub b le  re lease can occur.
In th e  D n ep r p a leo -d e lta , tw o  d iffe re n t  

ch em o syn th etic  co m m u n ities  w e re  observed: 
w h ite  b acteria l m ats a t th e  -1 0 0  m seep site and  

black-p ink b acteria l m ats covering  up to  4 -  

m e ter-h ig h  c a rb o n a te  buildups a t th e  -2 0 0  m 

seep site (Figs. 4 .7 . and 4 .8 .)  (M ich aelis  e t al., 

20 02 ; B lu m en b erg  e t al., 20 04 ; Kruger e t al., 
2 0 0 8 ). W h e re a s  th e  b acte ria l-co vered  buildups  

are  clearly  associated w ith  b ub b le  re lease, th e  

b acteria l m ats in th e  -1 0 0  m seep site show  an 

inverse p ro p o rtio n a l re la tion sh ip  b e tw e e n  th e  

e x te n t o f th e  b acteria l m ats and th e  d is tribu tion  

and ac tiv ity  o f th e  b u b b le -re leas in g  seeps (see  

ch ap te r 4 ). A t th e  -1 0 0  m seep sites, m e th a n e -  

d erived  au th ig en ic  carb on ates  block flu id  flo w  

and b ub b le  re lease  w h e re as  a t th e  -2 0 0  m seep  

site th e  buildups are  p ro longations o f th e  flu id -  

f lo w  path w ays . The occurrence o f th ese  tw o  

types o f ch em o syn th etic  co m m un ities  and th e  

ch im n ey -like  buildups is strongly re la ted  to  th e  

w a te r  d ep th  and presence o f anoxic w a te r  

masses b e lo w  -1 4 5  m in th e  Black Sea.

A t th e  H ikurangi M arg in , no b acteria l m ats  

w e re  fo u n d  a t Faure Site and L M -3 . T hey w e re , 
h o w ev er, fo u n d  a t o th e r  seep sites a t th e  

H ikurangi M arg in  (G re in e rt e t al., 2 0 1 0 a ). As 

discussed in ch ap te r 5, th e  d iffe re n c e  in seep  

fau n a  observed  a t Faure Site and LM -3 is re la ted  

to  th e  d iffe ren ce  in flu id  re lease  m o d e . A t Faure  

Site, m e th a n e  em ission occurs m a in ly  by 

b u b b le -re lea se  and only living a m p h e re tid  

p olychaetes w e re  fo u n d . A t L M -3 w h e re  

m e th a n e  is m a in ly  re leased  d iffusively , living  

B athym odio lus  sp mussels and L am ellib rach ia  

sp. tu b e w o rm s  w e re  observed  on to p  o f a 

ca rb o n a te  p la tfo rm . As fo r  Faure Site, living  

a m p h e re tid  p o lychaetes w e re  fo u n d  n ear th e  

b u b b le -re leas in g  seeps a t L M -3 . These  

p olychaetes are  regard ed  as ecosystem  

eng ineers th a t  fa c ilita te  th e  tra n s itio n  fro m  a 

soft se d im en t en v iro n m e n t w ith  m ain ly  bubble  

re lease to  a hard  su b stra te  seep e n v iro n m e n t  

w ith  associated fau n a  w h e re  A O M  and d iffusive  

m e th a n e  tra n s p o rt p revail (S o m m er e t al., 2010 ;
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T h u rb e r e t al., 2 0 1 0 ). A t both  sites, high 

abundances o f shells fro m  d ead  C alyp to g en a  sp. 
w e re  fo u n d . W e  exp la in ed  th e  d iffe ren ce  in 

m e th a n e  re lease  and seep en v iro n m e n t  

(ch em o syn th e tic  fau n a  and au th ig en ic  

carb on ates) by th e  d ep th  o f th e  underly ing  

h yd ra te  occurrence and  th e  d iffe re n t tec to n ic  

histories o f b oth  sites (ch ap te r 5).

A t th e  Posolsky Bank, large b acteria l m ats  

w h e re  fo u n d  n ear th e  h yd ra te  site on th e  

Posolsky Fault scarp during  subm ersib le  

o bservations (O leg Khlystov, personal 
co m m u n ica tio n ). Besides th is, ch em osyn th etic  

fau n a  in Lake Baikal is m a in ly  lim ite d  to  

m icrob ial co m m u n ities  w hich  can be fo u n d  at 
g as-h yd ra te -b ea rin g  m ud volcanoes, oil seeps 

and h yd ro th e rm a l vents  (S hubenkova e t al., 
20 05 ; N am saraev  e t al., 20 06 ; Pavlova e t al.,
2 0 0 8 ).

In th e  d iffe re n t study areas w e  observed  a 

v a rie ty  o f ch em o syn th etic  co m m u n ities  in 

co m p le te ly  d iffe re n t en v iro n m e n ts  (anoxic, 

fre s h w a te r  and sea w a te r )  and a t d iffe re n t  

w a te r  d ep ths ranging fro m  -8 4  m to  -9 0 8  m . For 

th e  D n ep r p a leo -d e lta  and H ikurangi m argin , 
seep fau n a 's  w e re  ind icative fo r  locating  th e  

b u b b le -re lea se  sites even  th o u g h  b u b b le -re lease  

w as m o re  im p o rta n t w h e re  seep fau n a  w as less 

ab u n d an t (see section 7 .3 .2 .) . For b o th  study  

areas th e  w a te r  d ep th  is an im p o rta n t fa c to r  

contro lling  flu id  flo w , b ub b le  re lease and th e  

ty p e  o f associated ch em o syn th etic  fau n a .

7.3.2. Methane-derived authigenic 
carbonates

M e th a n e -d e r iv e d  carb on ates  (M D A C s) are  in 

m ost cases a resu lt o f A O M  and are  o ften  

fo rm e d  by ce m e n te d  seaflo or sedim ents. 
C o m m on  ca rb o n a te  m inera ls  in th ese  cem ents  

are  h ig h -m agnesium  calcite, a rag o n ite  and  

d o lo m ite  fo rm e d  by Ca a n d /o r  M g  and th e  

b icarb o n a te  resu lting  fro m  A O M  p resen t in th e  

p ore  w a te rs  o r b o tto m  w ate rs . Since th e y  result 
fro m  A O M , th e  ca rb on ates  are  13C -d ep le ted  w ith  

6 13CCh4 values g en era lly  ranging fro m  -60 to  -20

% o (von Rad e t al., 1996 ; Peckm ann e t al., 2001 ;  

G re in e rt e t  a l., 2 0 02 a ; Luff e t  al., 20 05 ; Judd and  

H ovland, 2 0 0 7 ). O th e r w e ll-k n o w n  M DA Cs are  

b arites (Torres e t al., 19 96 ; G re in e rt e t al.,

2 0 0 2 b ). M DA Cs occur in several fo rm s  

(ch im neys, p lates, crusts, e tc .). T h e ir presence in 

th e  fossil record  ind icates th a t  seepage and  

A O M  w e re  a lread y  im p o rta n t in e a rlie r  

geological tim e s  (Luth e t al., 1999 ; D íaz-del-R ío  

e t al., 20 03 ; De B oever e t al., 20 06 a ; Judd and  

Hovland, 20 07 ; C am pbell e t  al., 20 0 8 ).
In th e  D n ep r-p a leo  d e lta  several M DA Cs are  

p resen t a t w a te r  d ep ths ranging fro m  -8 6  to  - 
7 0 0  m. T he ca rb on ates  occur o ften  in 

association w ith  b acteria l m ats and are  13C- 

d e p le te d  w ith  613CCh4 values g en era lly  ranging  

fro m  -2 5 .5  to  -4 1 .% o (Fig. 4 .7 .)  (Luth e t al., 1999; 
Peckm ann e t al., 20 01 ; M ichaelis  e t al., 2002 ; 

G ulin e t al., 20 03 ; R e itn er e t al., 20 05 ; CR IM EA  

P ro ject T eam , 2 0 0 6 ). A t th e  -1 0 0  m seep site, 

th e  M DACs are  p la te -lik e  o r fo rm  sm all buildups  

th a t  are  o ften  covered  by sed im ents (Fig. 4 .7 .). 
These M DACs contro l th e  locations o f b ub b le - 

releasing seeps by clogging up, and ev en tu a lly  

sealing, flu id  p ath w ays (ch ap te r 4 ). This self­
sealing process o f seeps w as previously  

suggested by H ovland (2 0 0 2 ) fo r  seeps in th e  

N o rth  Sea. A t th e  d e e p e r seep sites, M DA Cs are  

p resen t as ch im n ey -like  buildups w hich  focus  

bubb le  re lease. These c a rb o n a te  buildups are  

un ique in th e  w o rld  due to  anoxic w a te r  co lum n  

o f th e  Black Sea b e lo w  -1 4 5  m w a te r  d ep th . 
C a rb o n ate  chim neys are  n o rm ally  fo rm e d  w ith in  

th e  anoxic e n v iro n m e n t p resen t in th e  

sedim ents and n o t w ith in  th e  w a te r  co lum n  

(D íaz-del-R ío  e t al., 20 03 ; De B oever e t al., 

20 0 6 b ). Peckm ann e t al. (2 0 0 1 ) d a ted  th e  

carb on ates  fro m  th e  -2 0 0  m seep site and  

concluded th a t  th e  ch im neys are  m ad e  up fro m  

m e th a n e  w ith  an age o f 19 ka BP. T he real u pp er  

age lim it o f th e  m icrob ial to w e r-lik e  structures is 

given by th e  lim n ic -m arin e  tra n s itio n  o f th e  

Black Sea and th e  sub sequ en t d e v e lo p m e n t o f a 

p e rm a n e n t anoxic w a te r  body ab o u t 8  ka BP ago  

(Pape e t al., 2 0 0 8 ). T h e  presence o f th e  M DACs  

ind icates th a t  seepage is long-lived  a t th e  D nepr  

p a leo -d e lta .
A t th e  H ikurangi M arg in , M DACs are  p resent 

as a re la tive ly  large c a rb o n a te  p la tfo rm  

associated w ith  live seep m ega fau n a  a t LM -3  

and several sm aller p la tfo rm s w ith o u t live seep  

m egafau na n ear Faure Site. C arbonates fro m  

LM -3 had a 6 13CCh4 va lue  o f -3 6 .4 9  % o ind icating

th e  A O M -re la te d  fo rm a tio n  o f th e  M DACs  

(C am pbell e t  al., 2 0 1 0 ). As w as observed  in th e
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D n ep r p a leo -d e lta , th e  c a rb o n a te  p la tfo rm  at 

L M -3 focuses and re locates bub b le -re leas in g  

seeps to  an area  ju s t n ext to  th e  area a ffec ted  

by m assive ca rb o n a te  p rec ip ita tio n . N ear th e  

b u b b le -re leas in g  seeps o f Faure Site, h o w ev er, 
no M DACs w e re  o bserved . This is re m a rka b le  fo r  

th e  H ikurangi M arg in  w h e re  m ost seep sites are  

associated w ith  large c a rb o n a te  structures, 

suggesting a lon g tim e  seepage h istory a t th is  

accre tio n ary  prism  (G re in e rt e t  al., 2 0 1 0 a ). T he  

absence o f M DACs indicates th a t  seepage a t 

Faure Site is ra th e r recen t, p ro b ab ly  re la ted  to  

th e  presence o f a su b m arin e  landslide.

A t th e  Posolsky Bank, no sam pling o f 
carb on ates  w as u n d ertake n  or observed . 
H o w eve r, sm all M DACs do occur in Lake Baikal, 

n o tw ith s tan d in g  th e  su lfa te -p o o r fre s h w a te r  

e n v iro n m e n t. M DACs (siderites) have  been  

sam pled  a t several m ud vo lcanoes w h e re  th e y  

occur in association w ith  gas h ydrates and are  

fo rm e d  due to  acetic lastic  m ethanogenes is  

(Krylov e t al., 20 08 a ; Krylov e t al., 2 0 0 8 b ).

M DA Cs have b een  observed  in th e  sam e w a te r  

d ep th  range as th e  ch em osyn th etic  

co m m u n ities  (-8 4  m to  -9 0 8  m ). Besides th e  

visual observations, M DACs can be easily  

localized based on b ackscatter d ata  fro m  

m u ltib e a m  and side-scan sonar recordings  

m aking  th e m  strong seep ind icators (ch ap te r 4) 

(G re in e rt e t  al., 2 0 1 0 a ). M DACs contro l th e  

location  and ac tiv ity  o f b u b b le -re leas in g  seeps, 
and th e re fo re  th e ir  presence d o e sn 't alw ays  

ind icate  active seepage. Vast occurrences o f 
M DA Cs do, h o w ev er, ind icate  th a t  seepage  

is /w as active o ver longer periods. H ighly focused  

flu id  f lo w  can h o w e v e r also inh ib it A O M  and th e  

fo rm a tio n  o f M DACs and ch em o syn th etic  

co m m un ities .

7.3.3. Seafloor morphology

In som e cases b u b b le -re leas in g  seeps occur a t 

typ ica l sea flo or m orpholog ies . T he m ost 
co m m o n  are  seaflo or depressions kno w n  as 

pockm arks o r cone-shaped  seaflo or highs 

re la ted  to  m ud volcanism . Pockm arks are  

b elieved  to  be fo rm e d  by b lo w -o u ts  d ue to  

o verpressu re  g en era ted  by gas tra p p e d  

u n d ern e a th  an im p e rm e a b le  cohesive sealing  

layer. M u d  vo lcanoes are  fo rm e d  by

overpressured  flu id  and m ud rising fro m  g rea t  

d epths th a t  ex tru d e  a t th e  seafloor. (Judd and  

H ovland, 2 0 0 7 ). N o tw ith s ta n d in g  th a t  both  

m o rpholog ies are  ve ry  charac teris tic  th e y  are  

n ot alw ays associated w ith  b ubb le  re lease. 
Acoustic and visual o bservations are  n eed ed  to  

confirm  if th ese  fe a tu re s  are  ac tively  bubbling.
In th e  D n ep r p a le o -d e lta , b ub b le -re leas in g  seeps  

occur a t several sea flo or m orphologies: 
pockm arks, s e d im en ta ry  ridges, scarps o f  

su b m arine  landslides and canyons (Figs. 3 .5 .-3 .6 . 

and 3 .1 0 .-3 .1 2 .) . P robab ly  on ly  th e  pockm arks  

are  a d irec t resu lt o f flu id  f lo w  and seepage. 

W h e th e r  th e y  are  fo rm e d  by b lo w -o u ts  is ra th e r  

d o u b tfu l. Perhaps th e y  a re  fo rm e d  by th e  

e n tra in m e n t o f se d im en t grains by bubbles over  

long t im e  spans. T he presence o f M DACs in th e  

d eep  pockm arks indicates such a lon g tim e  

seepage. V isual o bservations a t Faure Site  

clearly  show  th a t  bubbles are  capab le  o f fo rm in g  

seaflo or depressions by e n tra in m e n t o f  

s e d im en t grains (Fig. 5 .1 0 .). The  su b m arine  

landslides p resen t in th e  D n ep r p a leo -d e lta  and  

n ear Faure Site a re  p ro bab ly  also re la ted  to  flu id  

f lo w  a n d /o r  seepage (Figs. 3 .1 1 . and 5 .2 .)  

(Pecher e t al., 20 05 ; C rutch ley e t al., in press). 
W h e th e r  in both  cases b ub b le  re lease w as th e  

cause o r is ra th e r th e  resu lt o f th e  mass 

m o v e m e n t is unclear. In th e  D n ep r p a leo -d e lta , 

canyons are  typ ica lly  associated w ith  bubble  

re lease. As fo r  th e  su b m arin e  landslides, erosion  

o f an im p e rm e a b le  cover exposes gas-bearing  

layers and leads to  seepage. The fo rm a tio n  and  

location  o f a canyon can be strongly co n tro lled  

by flu id  flo w  and seepage (Popescu e t al., 2 0 0 4 ). 
F u rth e rm o re , th e  a lig n m e n t o f seeps on th e  

crests o f s e d im en ta ry  ridges is ve ry  co m m on  in 

th e  D n ep r p a leo -d e lta , b u t such a lign m ents  are  

hard ly  observed  a n y w h e re  else (Figs. 3 .1 0 . and  

3 .1 2 .). This is m ayb e due to  o u r d e ta iled  

echo sou nd er coverage and resu lting  seeps 

d is tribu tion . The presence o f an im p e rm e a b le  

to p  layer and th e  te n d e n c y  o f flu ids to  m ig ra te  

to w a rd s  th e  h ighest location  in p erm e a b le  

reservoirs is p ro b ab ly  th e  cause o f this  

a lig n m en t. W h e th e r  o verpressu re  h elped  to  

breach th e  cover layer a t th e  crest o f th e  ridges  

or w h e th e r  th e  p resence o f M DACs have  

enh an ced  th e  ridge m o rp h o lo gy  is n o t clear.
As m e n tio n e d  in th e  previous p aragraph  th e  

seeps a t Faure Site a re  associated w ith  a
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VHBS

• active continental margin/accretionary prism
• seeps occur inside GHSZ
• seeps are fed by m ethane from underneath the GHSZ
• seep distribution and mode is controlled by the water depth and 

related subsurface depth of the BGHSZ
• authigenic carbonates and seep mega fauna

• tilted fault block in rift lake
• seeps occur outside GHSZ
• seeps are fed by m ethane from underneath theGHSZ 
■ seep distribution and mode is controlled by the

stratigraphy and geometry in relation to the GHSZ
• sampled hydrates and bacterial mats on the fault 

scarp in the GHSZ

Dnepr paleo-delta

• passive continental margin
• seepsoccuroutsideGHSZ
• seeps are fed by m ethane from outside the GHSZ
• seep distribution is controlled by sedimentary, 

morphological and stratigraphical factors
• authigenic carbonates and bacterial mats

B. LM-3
«» — —  u m  o to  (CHI

Hikurangi Margin

A. Faure Site

Posolsky Bank

Figure 7 .3 . O verv iew  o f th e  m odels explaining fluid  flow , th e  d istribution  o f seeps and th e  associated  

seaflo or/lake  floo r m anifestations fo r th e  d iffe re n t study areas.
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su b m arine  landslide and w ith  ve ry  small 

pockm arks fo rm e d  by b ubb le  re lease. A t L M -3 , 
no sm all-scale change in sea flo or m o rp h o lo g y  is 

p resen t a t th e  seep site except fo r  th e  presence  

o f th e  c a rb o n a te  p la tfo rm . On a larger scale, 
seepage a t Rock G arden  and a t th e  H ikurangi 

M arg in  is located  on th e  crests o f th ru s t-fa u lte d  

ridges on th e  m id slope o f th e  accre tio n ary  

prism  (Barnes e t al., 2 0 1 0 ).
A t th e  Posolsky Bank, seeps occur w h e re  a 

m a jo r fa u lt cuts o ff gas-bearing  s tra ta , w h e re as  

fo r  th e  D n ep r p a leo -d e lta  and Faure site  

erosional fe a tu re s  expose gas-bearing  layers. 

Fault scarps seem  to  be th e  m ain  seep location  

in th e  Posolsky Bank study area . O ne local 
pockm ark  w as also observed  a t a fa u lt scarp; 

h o w e v e r no b ub b le  re lease w as observed  (Fig.
6 .3 .).

The  previous has show n th a t  seeps te n d  to  

occur a t ce rta in  seaflo or m o rpholog ies , but 
th o s e  sea flo or m o rpholog ies are  n o t alw ays  

associated or caused by flu id  f lo w  or b ubb le  

re lease. Pockm arks are  p ro bab ly  th e  m ost 
ind icative  fo r  p resen t o r past seepage activ ity . 

H o w eve r, in o u r study areas, th e  a m o u n t o f 
pockm arks is ra th e r  sm all. W h e th e r  th is is due  

to  se d im en t ty p e  or flu id -flo w  ac tiv ity  is unclear. 

Locations w h e re  subsurface layers are  exposed  

d ue to  erosion  o r fa u lt  ac tiv ity  a re  p articu la rly  

in te res ting  to  be associated w ith  b ub b le - 
releasing seeps.

7.4. Fate of methane released at 
bubble-releasing seeps

A lthough  it w as n o t o ne o f th e  m ain  goals o f 

th is study, th e  fa te  o f th e  m e th a n e  re leased  a t 
b u b b le -re leas in g  seeps is one o f th e  key  

questions beh ind  th e  co nducted  seep research  

and can th e re fo re  n o t be o m itte d  fro m  th is  

discussion. W ith in  th e  CR IM EA p ro jec t (Black  

Sea), th e  m ain  goal w as to  study and  q u a n tify  

th e  tra n s fe r o f m e th a n e  to  th e  a tm o s p h e re  

e m itte d  fro m  b u b b le -re leas in g  seeps. Several 
publications resu lting  fro m  th is p ro ject 
expla ined  th e  m echanism  co n tro lling  th e  re lease  

o f m e th a n e  fro m  th e  seafloor, in to  th e  w a te r

co lum n and p o te n tia lly  in to  th e  a tm o s p h ere  

(Durisch-K aiser e t al., 20 05 ; Schm ale e t al., 20 05 ;  

G re in e rt e t al., 20 06 ; Kourtidis e t al., 2006 ; 

M cG innis e t al., 20 06 ; S chubert e t  al., 2006 ; 
G re in ert, 20 08 ; G re in e rt and M cG innis, 2009 ; 
G re in e rt e t al., 20 10 b ; Schm ale e t al., 2 0 1 0 ). The  

m ain  conclusion is th a t  b u b b le -re leas in g  seeps 

are  on ly  ac tive o ver short periods, e.g. Faure  

Site (see ta b le  5 .1 .), and are  only e ffe c tive  in 

tra n s fe rrin g  m e th a n e  in to  th e  a tm o s p h ere  in 

shallow  w a te r  d ep ths (< 10 0  m ). Even in th ese  

shallow  w a te r  d ep ths  th e  resu lting  flux  is ra th e r  

lim ited . It is on ly  w h e re  a w id es p rea d  m assive  

co nstan t re lease  o f gas bubbles occurs, e.g. fro m  

destabiliz ing  gas h ydrates o r fro m  m ud  

volcanoes, th a t  b ub b le  p lum es can fo rm  and  

e n ab le  th e  re lease o f s ignificant vo lum es o f  

m e th a n e  in to  th e  a tm o s p h ere  and in flu en ce  

regional a tm o sp h eric  m e th a n e  co n centra tion s. 
In case o f th e  m ud vo lcanoes th e  d u ra tio n  o f  

such o utb ursts  is ra th e r lim ited  in t im e  and thus  

less significant. O ur o bservations a t Faure Site  

also show ed th a t  b ub b le  re lease is very  

tra n s ie n t and is co n tro lled  by d iffe re n t factors  

on d iffe re n t t im e  scales (see section 5 .5 .2 .). It 
seem s th a t  only very  shallow  and ve ry  active  

seeps, e.g. Coil Oil Point seeps, s ignificantly  

c o n trib u te  to  a tm o sp h eric  m e th a n e  (Leifer e t  

al., 2 0 0 6 b ). Solom on e t al. (2 0 0 9 ) ind icated  

h o w e v e r th a t  d eep  oily seeps o r seeps releasing  

large bubbles can have an im p o rta n t in fluence  

on atm o sp h eric  m e th a n e  co n centra tion s. It is 

clear th a t  m uch m o re  research needs to  be 

co nducted  to  u nd erstan d  th e  re lease o f 

m e th a n e  fro m  b ub b le -re leas in g  seeps. O ne o f 
th e  m ain  ta rg e t study areas should be th e  

shallow  A rctic Shelf, w h e re  rap id ly  w arm in g  

b o tto m  w a te rs  are  p o te n tia lly  a ffec tin g  gas- 
h yd ra te  s tab ility  and cause th e  th a w in g  o f 
p erm afro s t. T he  re lease o f th e  possible vast 

am o u n ts  o f m e th a n e  sto red  in th e  sed im ents  

and th e  sh allow  w a te r  d ep th  could lead to  

en o rm o u s fluxes o f m e th a n e  in to  th e  

a tm o s p h e re  and could a ffe c t a tm osph eric  

m e th a n e  co n centra tion s and g lobal c lim a te  in 

th e  n ear fu tu re  (Shakhova and S em ile tov , 2007 ; 
G re in e rt e t al., 20 10 b ).
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