
CHAPTER 1

Introduction

This chapter gives a general overview  o f th e  background and im portance o f bubble-releasing 
m ethane seeps and thus the  relevance o f th is  thesis. Furtherm ore the  aim o f th is  thesis, the  
geological se tting o f the  th re e  study areas, the  used m ethods, th e  p ro ject fram ew ork  as w ell as the  
ou tline  o f the  thesis are b rie fly  discussed. M ore deta iled in fo rm a tion  about the  items dea lt w ith  in the  
in troduction  is provided in th e  'in tro d u c tio n ', 's tudy area', 'data and m ethods' sections o f the  
subsequent chapters. W hereas the  in troduction  is intended as a b rie f overview  m ore detailed 
background in fo rm a tion  is given and integrated w ith  the  results in the  'fina l discussion' chapter.

1.1. Background

Bubble-releasing seeps, o ften  refe rred  to  as 
gas seeps or cold seeps, are locations at the  sea 
or lake flo o r w here gas, m ainly m ethane (CH4), is 
transfe rred  as a free  gas phase (bubbles) from  
the  sediments in to  the  overlying w a te r column. 
Over the  last decades, m ethane release has 
become a very im portan t scientific, econom ic 
and even politica l issue. The release o f m ethane, 
a m ajor com ponent o f the  global carbon cycle, 
s trongly affects th e  atm osphere, th e  biosphere, 
the  hydrosphere and the  geosphere (Fig. 1.1.) 
(Judd, 2003; Judd and Flovland, 2007).

Furtherm ore m ethane is becoming an 
increasingly im p o rta n t energy resource.

M ethane is a very im portan t greenhouse gas 
w ith  21-23 tim es the  global w arm ing  potentia l 
as the  same mass o f carbon d ioxide and it 
accounts fo r  2 0 % o f the  greenhouse forcing 
since th e  m id 1700's (Lelieveld e t al., 1998; IPCC, 
2001b). Strong changes in a tm ospheric m ethane 
concentra tions and coupling w ith  changes in 
a tm ospheric tem pera tures are w e ll-know n from  
ice cores fo r  the  last 650 kyr (Petit e t al., 1999; 
Spahni e t al., 2005; IPCC, 2007b). Since pre
industria l tim es, a tm ospheric m ethane 
concentra tion  has m ore than  doubled to
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Figure 1.1. Schematic diagram indicating the role of methane and methane release in the carbon cycle (after 
Judd and Hovland, 2007).
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unprecedented high values, due to  increasing 
emissions from  anthropogenic sources 
(livestock, rice paddies, etc.) (Fig. 1.2.A.) 
(W uebbles and Hayhoe, 2002; IPCC, 2007b). The 
to ta l global m ethane budget is w e ll-know n but 
the  strength o f each source and sink and th e ir  
trends are no t (IPCC, 2007a). Therefore  a correct 
assessment o f natura l m ethane sources 
(wetlands, oceans, etc.) and sinks is essential to  
b e tte r evaluate the  human im pact on global 
a tm ospheric m ethane concentra tion  and 
consequently on global c lim ate change (Fig. 
1.2.A.)(IPCC, 2001a; IPCC, 2007a).

Until recently only gas hydrates were 
considered as a m ajor geological source fo r 
a tm ospheric m ethane. Destabilizing these ice
like com pounds o f gas and w a te r present in the  
ocean sediments could be one o f the  
explanations fo r  the  rapid w arm ing  episodes 
during the  Earth's h is tory (Dickens e t al., 1997; 
Dickens, 2001; IPCC, 2001b; Etiope, 2009). It is 
only very recently th a t o the r geological m ethane 
sources, m ainly o ffshore seeps, have been 
regarded as possible im p o rta n t con tribu to rs  to

a tm ospheric m ethane (IPCC, 2007b) (Fig. 1.2.B.). 
Before, these sources w ere  regarded negligible, 
as indicated by th e ir  absence in Fig. 1.2.A. (IPCC, 
2001b). Current estim ates o f global m ethane 
emissions in to  the  a tm osphere from  m arine 
bubble-releasing seeps vary betw een 0.4 and 48 
Tg yr"1, w ith  20 Tg yr"1 being a conservative 
estim ate (Judd, 2004; Judd and Flovland, 2007; 
Etiope, 2009). A com parison w ith  o ther 
geological m ethane sources shows th a t bubble- 
releasing m ethane seeps should be regarded as 
one o f th e  m ajor natural sources o f a tm ospheric 
m ethane (Figs. 1.2.A. and 1.2.B.). Flowever until 
now  th e  am ount o f m ethane released at seeps is 
still largely unknow n. There is a need to  obta in 
correct estim ates about th e  actual area o f active 
seepage and the  tem pora l va riab ility  o f the  
seepage in tensity  and activ ity. Until the  
d is tribu tion  and activ ity  o f m ethane seeps is 
be tte r understood, seeps should no t be 
neglected as an atm ospheric m ethane source. 
Judd and Flovland (2007) give a very good 
overview  o f and references to  th is top ic. They 
also indicate the  reluctance o f a tm ospheric
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Figure 1.2. A. Diagram showing the relative contributions from various sources of methane to the global 
atmospheric methane budget. The total atmospheric methane budget is estimated to be 600 Tg of CFhyr"1 of 
which 71.7% has an anthropogenic source and 28.3% a natural source Note the absence of methane seeps as 
a possible source (IPCC, 2001b; Kvenvolden and Rogers, 2005). B. Diagram showing the relative contributions 
from various geological methane sources (Etiope and Klusman, 2002; Etiope and Milkov, 2004; Judd and 
Flovland, 2007; Etiope, 2009).
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are present; they are indicated by red dots (after Judd and Hovland, 2007).
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Figure 1.5. A. An overview map of all locations on Earth with recovered gas hydrates (red circles) and inferred 
gas hydrates (yellow circles). B. Estimated thickness of the gas-hydrate stability zone in the world's oceans (Krey 
et al., 2009).

m odelers to  take in to  account the  existence o f 
these geological sources and processes. This 
alone is a lready an ind ication th a t th e re  is a 
strong need to  study and understand th is 
natural release o f m ethane and the  processes 
involved.

Recent lite ra tures shows th a t m ethane seeps 
and related features occur w o rldw ide  from  
coastal areas to  the  deep ocean trenches at all

possible oceanographic and plate tecton ic  
settings (Fig. 1.3.) (Judd, 2003; Judd and 
Hovland, 2007). However m ost seep sites occur 
at continen ta l margins w here organic-rich 
sediments accum ulate and m ethane is fo rm ed, 
m icrobia lly  from  m ethanogenesis o f organic 
m ateria l or therm ogen ica lly  resulting from  
catagenesis o f organic m ateria l at depth  and at 
higher tem pera tures (Figs. 1.1. and 1.4.)
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(W hiticar, 1999; Judd and Hovland, 2007). The 
m igration  o f m ethane and o the r flu ids th rough 
the  sedim ents tow ards the  seabed is related to  
th e  buoyancy o f m ethane a n d /o r to  
overpressure generated at depth. During the  
m igration  tow ards th e  seabed, dissolved and /o r 
free  m ethane gas can be stored in the  
sediments due to  structura l or stratigraphie 
traps (Fig. 1.4.). The largest m ethane reservoirs 
present in the  ocean's sediments are solid 
m ethane hydrates (Fig. 1.5.). These crystalline 
structures consisting o f gas and w a te r can only

fo rm  and be stable under high-pressure and 
low -tem pera tu re  conditions w ith  substantial 
am ounts o f gas and w ater. It is believed th a t 
the re  is m ore carbon stored in m ethane 
hydrates than  in all o the r fossil fuels combined 
(Fig. 1.5.) (Flenriet and M ienert, 1998; Pauli and 
Dillon, 2001; Max e t al., 2006; Sloan and Koh,
2007). If pressure and tem pera tu re  conditions 
change, gas hydrates can dissociate and hereby 
support gas seeps at the  seafloor and enhance 
sedim ent destabilization (Bouriak e t al., 2000; 
Bünz e t al., 2005). W hen m ethane and o ther
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Figure 1.6. A. An overview of the chemical reactions that take place at the seabed-water column transition zone 
as a result of the anaerobic oxidation of methane (AOM). Note that a difference in methane flux leads to 
different chemosynthetic fauna's and that AOM is strongly associated with authigenic carbonate formation 
(Suess, 2010). B. A schematic overview of the anaerobic oxidation of methane and its resulting chemical species 
and methane-related products (Judd and Hovland, 2007).
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flu ids are released at the  seabed a fte r m igration 
th rough  th e  sediments, th e ir  orig in  as well as 
th e ir  fo rm a tion  depth  and the  possible fo llow ed  
m igration  pathways can be deducted from  the  
carbon isotopes (6 13CCh4) and hydrogen isotopes 

(6D Ch4) o f the  released m ethane (W hiticar, 1999;

Judd and Hovland, 2007). O ther isotope ratios, 
e.g. from  Sr, B, Li, I, etc., o r geotherm om eters 
like th e  lith ium -m agnesium  ra tio  can also help 
to  indicate the  source depth  and th e  fo llow ed  
m igration pathw ay o f the  flu ids released at the  
seafloor (Aloisi e t al., 2004).

Generally, dissolved m ethane present in pore 
waters o f the  near-surface sediments gets 
com ple te ly  oxidized by consortia o f m ethane- 
oxidizing archaea and sulfate-reducing bacteria 
in anaerobic environm ents or by the  aerobic 
activ ity  o f bacteria (Figs. 1.4. and 1.6.) 
(Reeburgh e t al., 1993; Boetius e t al., 2000; 
Boetius and Suess, 2004; Sommer e t al., 2006). 
As a resu lt o f th e  bacterial activ ity, seeps can 
support unique endem ic ecosystems o f m arine 
organisms (bacteria, tubew orm s, clams, etc.) 
which are strongly related to  th e  flu x  o f 
dissolved m ethane, as shown in Fig. 1.6. (see 
chapters 4, 5 and 7) (Boetius, 2000; Suess, 
2010 ).

A nother strong seabed m anifesta tion o f high 
m ethane fluxes and th e  associated anaerobic 
oxidation o f m ethane (AOM) is the  p rec ip ita tion  
o f m ethane-derived auth igenic carbonates 
(MDACs) o r auth igenic barites (Boetius, 2000; 
G re inert e t al., 2001; M ichaelis e t al., 2002; 
G re inert e t al., 2002; Suess, 2010). As shown in 
Fig. 1.6., MDACs are fo rm ed  as the  p roduct o f Ca 
(and /o r Mg) and the  bicarbonate resulting from  
AOM present in the  pore w aters or bo ttom  
waters. Since these carbonates result from  
AOM, MDACs also have typ ical carbon isotopes 
(6 13CCh4) (see chapters 4, 5 and 7) (von Rad et

al., 1996; Judd and Hovland, 2007). Based on 
th e ir  typ ical geochem istry, fossil MDACs can 
even provide evidence o f flu id  flo w  and AOM in 
areas w here  flu id  flo w  only occurred in 
geological tim es and has ceased a long tim e  ago 
(Campbell e t al., 2008; De Boever e t al., 2009). 
By the  fo rm a tions  o f carbonate hardgrounds, 
seeps can also support non-chem osynthetic 
organisms.

It is on ly w here flu id  flo w  is focused, m ainly at 
bubble-releasing seeps, th a t m ethane can pass

the  benth ic AOM f ilte r  and can be released in to  
the  w a te r colum n (Figs. 1.4. and 1.6.) (Judd,
2003). Besides the  chem osynthetic fauna and 
the  auth igenic carbonates, focused flu id  flo w  
leads in some cases to  peculiar seabed features 
like mud volcanoes, pockmarks, etc. These 
features are all re lated to  seabed flu id  flo w  and 
possibly w ith  bubble release, nevertheless th e ir  
genesis can be com ple te ly  d iffe ren t (Judd and 
Hovland, 2007).

M ethane seepage and th e  associated features 
are clearly w idespread and diverse, bu t the  
activ ity  o f seepage is also very variable and 
transien t. Seepage activ ity  changes over short 
(m inutes to  days) related to  e.g. tides or 
currents or even over long tim e  scales (years to  
g lacia l/in terg lacia l) re lated to  e.g. eustatic 
sealevel changes (Leifer e t al., 2004; G reinert,
2008). The activ ity  and the  am oun t o f m ethane 
released at the  seafloor are also strongly related 
to  the  m ethane sources and the  flu id  flo w  
pathways and vice versa (see chapters 5 and 7).

Besides the  w ide  va rie ty  o f scientific interests, 
the  release o f m ethane at the  seafloor and the  
associated features can be econom ically 
valuable as potentia l indicators o f deeper 
hydrocarbon reservoirs. Furtherm ore the  
presence o f seeps and shallow  gas reservoirs 
pose a th re a t to  o ffshore constructions, 
a ffecting seafloor s tab ility  and possibly 
destroying d rilling  rigs, pipelines etc (Judd and 
Hovland, 2007).

It is clear th a t bubble-releasing seeps and 
seabed flu id  flo w  are very in teresting  in various 
ways and a ttracted  th e  a tten tion  o f a va rie ty  o f 
scientists and people from  industry. 
N otw ithstand ing  the  large am oun t o f studies 
focusing on gas seeps, th e ir  d is tribu tion , activ ity  
and contro ls are still largely unknown. A be tte r 
understanding o f these contro ls, activ ity  and the  
d is tribu tion  o f seeps, especially bubble-releasing 
seeps w hich are th e  pinnacle o f focused flu id  
flo w , w ou ld  a llow  m ore correct assessments o f 
a tm ospheric m ethane inpu t from  seeps, the  
fauna associated w ith  seeps and could help to  
find  new energy resources.
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1.2. Study objectives

The m ajor objective  o f th is  study is to  
de te rm ine  the  main geological contro ls on gas- 
bubble release to  be tte r evaluate the  
d is tribu tion  o f seeps and th e ir  associated 
features. This study should fo rm  a solid base fo r 
m ethane flu x  calculations and fo r  explora tion  o f 
new hydrocarbon resources. Therefore  several 
seep areas around th e  w orld , occurring in 
d iffe ren t geological settings, have been studied 
and are com pared based on th e  in tegra tion  o f 
hydro-acoustic investigations (single- and 
m ultibeam  echosounding, side scan sonar, 
seismics), seafloor observations (ROV, 
subm ersible, TV-sled) and grainsize-, 
geochem ical- and therm al analyses. Seeps w ere 
studied in the  NW Black Sea (a passive 
continenta l M argin), in th e  SW Pacific Ocean (an 
active continen ta l m argin) and in Lake Baikal (a 
r if t  lake) to  see if the re  are clear d ifferences in 
contro l on seepage related to  these d is tinct 
geological environm ents. Besides th e  overall 
geological and structura l se tting  the  main focus 
was on the  role gas hydrates, m ethane-derived 
auth igenic carbonates, fau lts  and sedim ent type  
play in con tro lling  seep d is tribu tion .

The main questions posed are:

1) W hat are th e  d iffe ren t geological 
contro ls on seep d is tribu tion , on a 
basin-w ide scale, on k ilom ete r scale and 
on m eter scale?

2) Do seeps occur at certa in seafloor 
m orphologies o r at certa in w a te r 
depths? W hich are these m orphologies 
and how  do they  re late  to  the  seep 
d is tribu tion , seep activ ity  and to  the  
associated fauna's?

3) Do gas hydrates act as a buffer, a source 
or a sink fo r  m ethane and how  do 
hydrates relate to  the  d is tribu tion  o f 
bubble-releasing seeps?

4) Can fau lts  be regarded as the  main 
geological features contro lling  seeps on 
a k ilom ete r to  m eter scale? Or is the  
type  o f sedim ent a nd /o r the  
stratigraphie build up and geom etry 
m ore im p o rta n t in focusing subsurface

flu id  m igration  and the  release o f gas 
bubbles at the  seafloor?

5) W hat is th e  spatial re la tion  between 
bubble release and o the r seep-related 
m anifesta tions at the  seafloor and 
shallow  subsurface, e.g. chem osynthetic 
fauna, auth igenic m ethane-derived 
carbonates, etc.)?

1.3. Geological setting

1.3.1. Black Sea -  Dnepr paleo-delta

The Black Sea is a large semi-enclosed marginal 
basin surrounded by alp ine m ounta in  chains 
(the G reater Caucasus, Pontides, Southern 
Crimea, and Balkanides) (Fig. 1.7.). The only 
connection it has w ith  the  w orld  oceans is via 
the  Bosporus S tra it th rough  the  M arm ara Sea, 
the  Dardanelles and the  M editerranean Sea. The 
Black Sea was fo rm ed via back-arc spreading 
during the  Early, Cretaceous-Early Paleogene 
associated w ith  the  subduction o f the  Neo- 
Tethys below  th e  Balcanides-Pontides volcanic 
Arc. (Robinson et al., 1996; Dinu e t al., 2005). 
The Black Sea consists o f tw o  large basins, the  
W estern Black Sea Basin and the  Eastern Black 
Sea Basinseparated by the  Andrusov Ridge. 
Sedim ent thickness in the  Black Sea varies from  
19 km in the  W estern Black Sea, 5-6 km on the  
Andrusov Ridge and 12 km in th e  Eastern Black 
Sea (Tugolesov e t al., 1985). Since th e  Eocene, 
the  Black Sea region has changed to  a 
dom inantly  compressional env ironm ent 
(Nishishin e t al., 2003). The study area, the  
Dnepr paleo-delta, is located on th e  continenta l 
m argin o f the  northw este rn  Black Sea, above 
the  Kalam it Ridge w here  the  to p  o f the  
Cretaceous lies at depths o f less than  1 km (Fig.
1.7.) (Robinson e t al., 1996).
There is no d irect evidence fo r  large petro leum  
reservoirs below  the  study area; however 
several oil and gas fie lds are being produced in 
the  v ic in ity  o f the  Dnepr paleo-delta (Fig. 2.1.) 
(Dinu e t al., 2005; Popescu e t al., 2007). In the  
Black Sea, the  M aykop fo rm a tion  o f M idd le  to  
Upper Eocene age is the  ch ie f hydrocarbon 
source th a t feeds num erous mud volcanoes in
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Figure 1.7. Tectonic map of the Black Sea region with indication of the Dnepr paleo-delta study area. 
(Abbreviations: NDO—North Dobrogea Orogen, SCO—South Crimea Orogen, PDD—Pre-Dobrogea Depression, 
NKD—North Kilia Depression, KaD—Karkinit Depression, KaR—Kalamit Ridge, HD—Histria Depression, SD— 
Sorokin Depresión, KTD—Kerci-Taman Depression, KD—Nijna-Kamciisk Depression, ATD—Adjaro-Trialet 
Depression, TB—Taupse Basin, SSR—Suvorov-Snake Island Ridge, KR—Kramski Ridge, AR—Azov Ridge, BR— 
Bubkin Ridge (after Dinu et al., 2005).

the  deeper basins (Fig. 1.8.) (Robinson e t al., 
1996; Bohrmann et al., 2003; Kruglyakova e t al., 
2004). In the  Dnepr paleo-delta however, the  
m ethane seeps are probably sourced by 
Holocene organic-rich sediments deposited 
during successive sea-level lowstands w hen the  
main in flow ing  rivers, Dnepr and Dnestr, 
deposited organic-rich m ateria l hundreds o f 
k ilom eters beyond th e ir  present m ouths 
fo rm ing  shelf-edge deltas at the  present-day 
shelf break. A fte r the  last sea-level lowstand 
w a te r level rose, leading to  fresh-w a te r o u tflo w  
from  and sa lt-w ater in flow  in to  th e  Black Sea 
th rough  the  Bosporus. As a result o f density 
d ifferences and the  absence o f com plete  w ater- 
column mixing, the  Black Sea became the  
biggest anoxic basin in th e  w orld , covering an 
area o f 423,000 km 2, w ith  favorab le  conditions 
fo r  preserving organic m ateria l and generating

hydrocarbons. M icrobia l degradation o f the  
organic-rich sediments present in the  paleo- 
deltas has led to  th e  fo rm a tion  o f shallow  gas 
associated w ith  p ro lific  gas seepage at the  
seabed at various shelf-break locations in the  
Black Sea (Fig. 1.8.). The seeps in the  Dnepr 
paleo-delta are associated w ith  a va rie ty o f 
auth igenic carbonate build-ups fo rm ed  by the  
anaerobic oxidation  o f m icrobial m ethane (Luth 
e t al., 1999; Peckmann et al., 2001; Thiel e t al., 
2001; Am ouroux e t al., 2002; M ichaelis e t al., 
2002). The presence o f gas hydrates in the  study 
area is indicated by bo ttom -s im u la ting  
reflections (BSRs) on seismic data from  -700 m 
w a te r depth (Liidm ann e t al., 2004; Z illm er et 
al., 2005).
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Figure 1.8. Overview map of the Black Sea with indications of seep locations, mud volcanoes and sampled gas 
hydrates (after Egorov et al., 1998; Naudts et al., 2006; Judd and Hovland, 2007; Popescu et al., 2007).

1.3.2. SW Pacific Ocean -  Hikurangi 
Margin

The Hikurangi M argin in th e  SW Pacific Ocean on 
the  eastside o f the  New Zealand's North Island is 
an active accre tionary margin fo rm ed by the  
w estw ard  oblique subduction o f th e  Pacific Plate 
underneath the  Australian Plate at a 
convergence rate o f about 40-50 m m /y r (Fig.
1.8.) (Barnes e t al., 2010). The 25 M yr old 
Hikurangi Margins fo rm s the  southern end o f 
the  Tonga-Kermadec-Hikurangi subduction 
zone. The Rock Garden study area is positioned 
above a 3 km high subducted seam ount which 
has strongly deform ed and up lifted  th is  part o f 
the  Hikurangi M argin (Pecher et al., 2005; 
Barnes e t al., 2010). This area can be regarded 
as the  trans ition  zone betw een the  classic 
fron ta l accretionary system in th e  south and the  
steeper m argin associated w ith  tec ton ic  erosion 
and subducting seam ounts in the  north  (Barnes 
e t al., 2010). Laterally the  Hikurangi M argin can 
be divided in a w estern  part w ith  an im bricated 
founda tion  o f pre-subduction accretionary

wedge o f m ainly scraped o ff Pliocene -  
Pleistocene trench -fill tu rb id ites . The boundary 
betw een these tw o  units may be sign ificant fo r 
the  d is tribu tion  o f the  d iffe ren t seeps sites at 
the  Hikurangi M argin (Fig. 1.10.) (Lewis and 
M arshall, 1996; Barnes e t al., 2010). The 
Hikurangi M argin comprises six seep areas w ith  
a to ta l o f 32 seep sites detected by visual or 
acoustic observations or by sampling o f seep 
fauna o r auth igenic carbonates (Fig. 1.10.) 
(Lewis and M arshall, 1996; G re inert et al., 2010). 
A lm ost all d iscovered seeps on the  Hikurangi 
Margins occur w ith in  o r on the  edge o f th e  gas- 
hydrate stab ility  zone. The presence o f gas 
hydrates on th e  Hikurangi M argin is ind icated by 
the  w idespread occurrence o f BSRs on seismic 
data from  -650 m w a te r depth  (Henrys e t al., 
2003; Pecher e t al., 2010). N otw ithstand ing  the  
w idespread occurrence, gas hydrates have only 
been sampled at th re e  seep sites (Fig. 1.10.) 
(G re inert e t al., 2010). Hydrates have no t ye t 
been re trieved in the  Rock Garden study area, 
a lthough BSRs occur at shallow  subsurface 
depth  and even pinch ou t near the  ridge crest. 
Some o f these sites, e.g. th e  studied Faure Site,
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Figure 1.9. Tectonic map of the Hikurangi Margin with indication of the Rock Garden study area. The white 
trusts represent the principle deformation front, the major active faults are shown in black and the thickness 
(km) of the trench-fill turbidites is also indicated (after Lewis et al., 1998; Barnes et al., 2010).

are associated w ith  seepage a nd /o r subm arine 
landslides (Pecher e t al., 2005; Faure e t al., 
2006). As fo r  o the r seep sites in the  Hikurangi 
Margin, deep reaching fractures play an 
im p o rta n t role in th e  d is tribu tion  o f seeps in the  
Rock Garden area (Crutchley e t al., th is issue).

1.3.3. Lake Baikal -  Posolsky Bank

Lake Baikal is a r if t  lake in Southern Siberia 
w hich occupies the  th re e  centra l depressions o f 
the  Baikal Rift Zone (BRZ); the  Southern, the  
Central and the  N orthern Baikal Basins (SBB, 
CBB & NBB) (Fig. 1.11.). The lake has a m axim um  
depth o f -1637 m and it holds 20% o f the  w orld 's

liquid surface fresh w a te r which makes it the  
deepest lake and the  largest lake w ith  regard to  
vo lum e in the  w orld . The rifting  o f the  BRZ 
started ca. 30-35 Ma ago as a result o f the  India- 
Eurasia collision and is still active at an extension 
rate o f about 4-5 m m /y r (Tapponnier and 
M olnar, 1979; Petit e t al., 1997; Calais e t al., 
1998; Petit e t al., 1998). The th ree  basins are 
separated by tw o  structura l highs; the  Selenga 
Delta Accom m odation Zone (SDAZ) between the  
SBB and the  CBB, and the  Academician Ridge 
Accom m odation Zone (ARAZ) between the  CBB 
and NBB. The th ree  Baikal Basins have a clear 
asym m etric geom etry w ith  large disp lacem ent 
fau lts  at th e ir  w estern borders and small normal 
fau lts  at th e ir  eastern borders (Fig. 1.1.)
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Figure 1.10. Overview map of the Hikurangi Margin with indications of seep locations (red dots), gas seepage 
indicators (yellow dots) and sampled gas hydrates (black triangles) (Greinert et al., 2010).

(Hutchinson e t al., 1992; Mats, 1993; Scholz et 
al., 1993). Sedim ent thickness in the  basins 
varies betw een 4.4 km in NBB, over 7 km in SBB 
to  7.5 km in the  CCB (Kontorovich et al., 2007). 
The study area, the  Posolsky Bank fa u lt block, is 
located near the  Posolsky Fault w hich is an 
eastern segment o f the  Obruchevsky Fault th a t 
marks the  w estern  margin o f the  SBB (Fig. 1.11.). 
The Posolsky Bank s tructu ra lly  belongs to  the  
SDAZ (Scholz and Hutchinson, 2000; Bezrukova 
e t al., 2005; Charlet e t al., 2005).

The presence o f seeps in Lake Baikal was 
a lready described in ancient records reporting  
on areas w ith  absent ice cover in w in te r ('ice 
stream throughs'), abundant fish deaths and 
observation o f bubbles at the  lake surface 
(Fig.1.12.) (Granin and Granina, 2002). Since the  
observation o f BSRs on seismic recordings and

the  subsequent sampling o f deep hydrates 
during th e  Baikal Drilling Project (BDP-97), 
m ethane seeps, oil seeps and gas-hydrate- 
bearing mud volcanoes have been discovered on 
many locations in the  SBB and the  CBB (Fig. 
1.12.) (e.g. Hutchinson e t al., 1991; Golm shtok 
e t al., 1997; Vanneste e t al., 2001; W illiam s et 
al., 2001; Klerkx e t al., 2003; M atveeva e t al., 
2003; Khlystov, 2006; Klerkx et al., 2006). Ali 
mud volcanoes occur at locations w ith  an 
anomalous shallow  BSR near m ajor faults. 
G eotherm al flu id  pulses along these large faults 
are believed to  have led to  hydrate 
destabilization and source th e  mud volcanoes 
(Vanneste e t al., 2001; De Batist et al., 2002; Van 
Rensbergen et al., 2002; Vanneste e t al., 2002; 
Klerkx e t al., 2006). N otw ithstand ing  the  
occurrence o f gas-bubble release at some o f the
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Figure 1.11. Tectonic map of Lake Baikal with indication of the Posolsky Bank study area (Klerkx et al., 2006). 
(Abbreviations: SDAZ—Selenga Delta Accommodation Zone; ARAZ—Academician Ridge Accommodation Zone).

mud volcanoes, a m a jo rity  o f the  m ethane seeps 
occur outside o f th e  gas-hydrate stab ility  zone 
near deltas or canyons (Granin and Granina, 
2002). The seeps on th e  Posolsky Bank are 
unique since they  occur on the  scarp o f a tilte d  
fa u lt block, outside o f the  GHSZ. Furtherm ore, 
the  released m ethane has a mixed m icrobia l- 
therm ogen ic origin w ith  a small e thane 
adm ixture  (Kalmychkov et al., 2006).

1.4. Methods

Since the  release o f gas bubbles and its 
associated features are o ften  associated w ith  
d isturbances o f the  natura l env ironm ent they 
cause d iffe ren t anomalies in a va rie ty  o f 
datasets. To b e tte r understand th e  d is tribu tion  
o f and th e  contro ls on gas-bubble releasing 
seeps d iffe re n t datasets have been integrated. 
This includes w ater-co lum n data, seafloor data
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Figure 1.12. Overview map of Lake Baikal with indications of seep locations (red dots), gas seepage indicators 
(black dots), mud volcanoes (yellow dots) and sampled gas hydrates (orange triangles) (Granin and Granina, 
2002; Klerkx et al., 2006; Schmid et al., 2007).

and subsurface data. This study m ainly used 
acoustic m ethods since they  are strongly 
a ffected by the  occurrence o f free  gas in 
d iffe ren t media.

1.4.1. Water-column data

The hydro-acoustic w ater-co lum n data is the  
essential dataset fo r  th is  study, since the  high

impedance contrast betw een free  gas and w a te r 
a llows the  detection  and position ing o f gas- 
bubble release from  the  seafloor in to  the  w a te r 
colum n over vast areas in a lim ited  tim e  span 
(G re inert e t al., 2006; A rtem ov e t al., 2007). 
Bubbles in the  w a te r colum n have been 
detected w ith  single-beam echosounders in all 
th ree  study areas (Fig. 1.13.). On such 
echosounder records the rising bubbles form
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acoustic anomalies that are commonly referred 
to  as "flares".

On th e  Black Sea a hu ll-m ounted  SIMRAD 
EK500 dual-frequency (38-120 kHz) split-beam  
echosounder was used w hich operates w ith  a 
to ta l beam w id th  o f 7°. Bubble detection  on the  
Hikurangi M argin was perform ed w ith  tw o  
echosounder systems a SIMRAD EK500 using 12 
and 27 kHz and a SIMRAD ES60 using 38 kHz. On 
Lake Baikal also tw o  d iffe ren t echosounder 
systems w ere  used; a FURUNO-IOOO and a 
FURUNO-1100, both operating at 28 kHz. All 
these systems are able to  de tect rising bubbles 
w ith  sizes ranging from  mm to  cm scale (see 
chapters 2 -6 ).

Flares w ere  even observed on h igh-resolution 
seismic data (5 kHz). Visual observation o f seeps 
in the  Black Sea was also perform ed w ith  a 
subm ersible and video sled (Fig. 1.13.). On the  
Hikurangi M argin gas bubbles w ere  detected 
w ith  the  fo rw ard -look ing  sonar (325-675 kHz) 
installed on th e  ROV and by visual ROV 
observations (Fig. 1.13.) (see chapters 2-6).

From all the  used m ethods, seep detection  by 
the  use o f echosounders is the  m ost e ffective  
since a large area can be covered even during 
dep loym ent o f o the r gear. Furtherm ore, very 
small bubbles can be detected, which are 
visually sometim es hard to  indentify . Visual 
observations have the  advantage o f being able 
to  p inpo in t th e  bubble-releasing location on the  
seafloor w ith  a higher accuracy than  w ha t can 
be achieved by echosounders. They also allow  
m on ito ring  o f the  seep activ ity, accurate flux 
dete rm ina tions and observations o f seep- 
related seafloor m anifestations. But 
dep loym ents o f ROVs or subm ersibles are much 
m ore cum bersom e and the  area covered on the  
seafloor is much smaller.

1.4.2. Seafloor data

Since active seep sites are o ften  associated 
w ith  typ ical seafloor m orphologies, w ith  
chem osynthetic faunal com m unities or w ith  
auth igenic m ethane-derived carbonates, they 
are re la tive ly  easy to  be observed by a w ide 
range o f seafloor observations, even at 
instances w ith o u t active release o f bubbles. For 
th is  study tw o  d iffe ren t types o f seafloor data 
were used: acoustic seafloor data from

m ultibeam  and side-scan sonar measurements 
and visual seafloor observations done w ith  a 
ROV, w ith  a subm ersible, w ith  a video sled or 
w ith  o the r TV-guided equ ipm en t (Fig. 1.13.).

On the  Black Sea and on Lake Baikal a 50 kHz 
SeaBeam 1050 swath system was used th a t was 
operated w ith  1 2 0 ° swath, transm itting  and 
receiving 108 beams o f 3° by 3° beam angle. A t 
the  Hikurangi M argin d iffe ren t, low er frequency 
systems w ere  used adapted to  the  larger w a te r 
depth. The used m ultibeam  systems w ere the  
SIMRAD EM120 w hich operates at 20 kHz w ith  
191 beams o f 2° by 2° beam angle and the  
SIMRAD EM 300 w hich operates at 30 kHz w ith  
135 beams o f 2° by 2° beam angle. Besides 
obta in ing the  w a te r depth, all used m ultibeam  
systems w ere  able to  record the  raw backscatter 
data w hich gave extra in fo rm a tion  about the  
nature  o f th e  seafloor near the  seep sites (e.g. 
presence o f MDACs, etc.). In the  Black Sea, 
backscatter seafloor data was also obta ined by 
side-scan sonar m easurem ent w ith  the  SONIC-3 
sonar system (30 kHz). In case o f th e  Black Sea, 
the  results from  th e  m ultibeam  system was 
m ore useful than the  data obta ined from  the  
side-scan sonar, since the  m ultibeam  
backscatter data is correctly  positioned at the  
seafloor, which is no t the  case fo r  th e  side-scan 
sonar data, even w ith  the  side-scan data having 
a larger th eo re tic  horizonta l reso lu tion than the  
m ultibeam  backscatter data (0.5 m by 0.5 m 
versus 5 m by 5 m) (see chapters 2-6).

The visual observation techniques discussed in 
section 1.4.1. have also been used fo r  seafloor 
observations. From all used visual observations 
techniques it is clear th a t the  ROV and 
subm ersible are m ost suited fo r  deta iled long
te rm  (m inutes to  hours) observation o f seeps 
and the  surrounding seafloor. Video sleds and 
o the r TV-guided equ ipm ent have th e  advantage 
o f being less com plicated and are ideal fo r  
making transects bu t th ey  norm ally d o n 't have 
the  capability  o f sampling gas o r rocks (see 
chapters 2 -6 ).

As fo r  th e  w ater-co lum n observations, large 
seafloor observations are best done w ith  
acoustic m ethods w hich are able to  cover a lo t 
o f ground in ra ther small tim e  spans. Possible 
in teresting areas indicated by the  acoustic 
observations can then  be inspected by visual
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Figure 1.13. Overview of the main datasets used in this study.
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1. Introduction

seafloor observations w hich a llow  very deta iled 
seafloor characterization.

1.4.3. Subsurface data

The presence o f seep sites on th e  seafloor is 
o ften  ind icated by shallow  gas in the  subsurface. 
D iffe ren t kinds o f seismic re flection  data has 
been used to  image the  presence, the  behavior 
and the  kind (i.e. free  gas versus hydrate) o f 
shallow  gas in the  subsurface (Fig. 1.13.). In the  
Black Sea, sedim ent coring was undertaken to  
investigate possible corre la tions betw een high- 
backscatter patches on m ultibeam  data, seep 
occurrences and shallow  gas. For the  Lake Baikal 
study, seismic re flection  data was used to  make 
calculations fo r  heat flo w  and hydrate stability .

Four types o f seismic re flection  data were 
acquired using fo u r d iffe ren t sources (5 kHz 
pinger, SIG-sparker, CENTIPEDE sparker and Gl- 
gun) each w ith in  a d iffe ren t frequency range 
showing d iffe ren t aspects o f th e  subsurface 
geology and shallow  gas d is tribu tion . The very 
shallow  was investigated using a deeptow  5 kHz 
pinger w ith  a theore tica l reso lu tion o f 30 cm, fo r 
a m axim um  penetra tion  o f 35 ms tw o -w ay 
trave l tim e  (TWTT). To achieve a b it m ore 
penetra tion , single-channel re flection  data w ere 
collected w ith  a SIG and w ith  a CENTIPEDE 
sparker source w ith  a passive surface stream er 
w ith  10 hydrophones. The SIG has a central 
frequency o f 500-700 Hz and a theore tica l 
reso lu tion o f 1 m, fo r  a m axim um  penetra tion  o f 
200-300 ms TWTT. W hereas the  CENTIPEDE has 
a central frequency o f 1100-1200 Hz and a 
theore tica l reso lu tion o f 70 cm, fo r  a maxim um  
penetra tion  o f 100 ms TWTT. Possible hydrate 
reservoirs in th e  Black Sea w ere visualized w ith  
m ulti-channel seismic data acquired w ith  a Gl- 
gun source (central frequency o f 150 Hz) and a 
passive surface stream er w ith  16 hydrophone 
groups. The theore tica l vertica l reso lu tion o f the  
Gl-gun data is 6 m and the  maxim um  
penetra tions is 600 ms TWTT.

As ind icated in the  previous paragraph each 
seismic source has its own characteristics, 
sources w ith  higher frequency have higher 
resolutions and are m ore affected by shallow  
gas, whereas sources w ith  a low er frequency 
have low er resolutions bu t are able to  visualize

the  deeper subsurface even w ith  th e  presence 
o f near surface shallow  gas. A nice comparison 
o f the  d iffe ren t seismic re flection  techniques 
and its app lica tion fo r  shallow  gas detection  is 
given in chapter 2, as w ell as in chapter 3, 4 and 
6.

1.5. Project framework

The datasets obta ined fo r  th is  study came 
from  the  EC-FP5 p ro ject CRIMEA (Black Sea), the  
New Vents S0191 cruise (New Zealand), several 
BELSPO and INTAS pro jects and an FWO "K redie t 
aan Navorsers" p ro ject (Lake Baikal).

Dnepr paleo-delta (Black Sea)
The EC-FP5 p ro ject CRIMEA ("C on tribu tion  o f 
h igh-in tensity  gas seeps in the  Black Sea to  
m ethane emission to  the  a tm osphere") (2003- 
2006) studied and quantified  th e  trans fe r o f 
m ethane em itted  at bubble-releasing seeps at 
the  seafloor th rough  the  w a te r column and in to  
the  atm osphere. This RCMG-UGENT coordinated 
p ro ject focused on th e  Dnepr paleo-delta area 
and the  Dvurechenskiy mud volcano area in the  
Ukrainian Part o f the  Black Sea. As RCMG- 
UGENT, w e w ere responsible fo r  the  geological 
characterization o f th e  seep areas; e.g. 
subsurface m ethane sources, th e  m igration 
pathways and contro ls on seep d is tribu tion . The 
results obta ined in the  Dnepr paleo-delta are 
described in CHAPTER 2-4 (Naudts e t al., 2006; 
Naudts e t al., 2008; Naudts et al., 2009)

Hikurangi M argin (SW Pacific Ocean)
The S0191 expedition  to  th e  Hikurangi M argin 

(2007) was funded by th e  Federal M in is try  o f 
Education and Research (Germany) in the  
fram ew ork  o f th e  COMET pro ject w ith in  the  
R&D program  GEOTECHNOLOGIEN (grant 
03G0600D and 03G0191A). The ROV w ork  
during the  S0191 cruise was co-funded by FWO 
Flanders. The purchase o f the  ROV was possible 
thanks to  an Im pulsfinanciering o f th e  Special 
Research Fund o f U niversite it Gent. The S0191 
expedition  focused on seeps and associated gas 
hydrates at th e  Hikurangi M argin to  be tte r 
understand the  role o f m ethane in the  global 
biogeochemical cycle. The results obta ined w ith  
the  ROV and o the r TV-guided gear in the  Rock
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Garden area o f the  Hikurangi M argin are 
described in CHAPTER 5 (Naudts e t al., 2010).

Posolsky Bank (Lake Baikal)
The data studied from  Lake Baikal were 
obta ined w ith in  the  fram ew ork  o f th e  BELSPO- 
p ro ject "Gas hydrates and gas seeps in Lake 
Baikal" (1998-2001), the  BELSPO-project "Gas 
hydrates and gas seeps in Lake Baikal (Phase 2)" 
(2001-2003), the  INTAS-project "Assessment and 
evaluation o f gas hydrates in Lake Baikal" (1998- 
2000), the  INTAS-project "A new bathym etric  
com pute r map o f Lake Baikal" (2000-2002), the 
INTAS-project "MULTISGAS - M u ltid isc ip linary 
study o f natura l gas seeps in Lake Baikal" (2002-
2004) and the  FWO pro ject Krediet aan 
Navorsers L. Naudts "D e ta ilka rte ring  van actieve 
m ethaanbronnen, m oddervulkanen en 
gashydraten in het Baikalmeer door m iddel van 
m ultibeam -ba thym e trie " (2009). All o f these 
projects had m ainly the  goal to  assess the  
d is tribu tion  o f gas hydrates, mud volcanoes and 
seeps in Lake Baikal. For th is  study all available 
data w ith in  th e  Posolsky Bank area was 
com bined to  understand the  present seep sites, 
as described in CHAPTER 7 (Naudts e t al., 
subm itted).

1.6. Thesis outline

The thesis consists o f a general in troduction  
chapter, fo llow ed  by a resu lt part consisting o f 
five  chapters w hich are fo llow ed  by a 
discussion/conclusion part consisting o f tw o  
chapters. The firs t fo u r chapters o f the  result 
part (CHAPTER 2 - CHAPTER 5) have been 
published in in te rna tiona l peer-reviewed 
journa ls; th e  rem aining CHAPTER 6 is subm itted. 
Since each o f these chapters has been published 
ind iv idua lly an overlap regarding in troductions 
and m ethodologies is unavoidable; th is  however 
a llows the  separate reading o f each chapter. A 
num ber o f o the r re levant papers published 
during th e  tim e  o f th is  study can be found  in the  
pub lica tion list added in appendix A. Since a 
large tim e  o f th is study has been spend on 
research expeditions, an overview  is given in 
appendix B.

CHAPTER 2 gives an overview  o f shallow  gas, 
gas-hydrate occurrence and bubble-releasing 
seeps and th e ir  detection  by geophysical 
m ethods. Taking in to  account the  used m ethods 
and datasets th is chapter can be seen as an 
in troduction  chapter to  CHAPTER 3-6. This 
chapter has been published as: Naudts, L., De 
Batist, M., Greinert, J., A rtem ov, Y., 2009. Gep
and hydro-acoustic m anifesta tions o f  shallow  
gas and gas seeps in the Dnepr paleo-delta, 
northw estern  Black Sea. The Leading Edge 28, 
1030-1040.

CHAPTER 3 reports on th e  large scale 
geological contro ls on seep d is tribu tion  in the  
Dnepr paleo-delta, northw este rn  Black Sea. This 
chapter gives also an overview  o f d iffe ren t 
seafloor m orphologies th a t are associated w ith  
bubble-releasing seeps in the  Black Sea and 
o the r seep areas. The a lm ost 3000 detected 
seeps in th is  area, makes the  Dnepr paleo-delta 
one o f th e  largest known seep areas in the  
w orld . This chapter is published as: Naudts, L., 
Greinert, J., A rtem ov, Y„ Staelens, P., Poort, J., 
Van Rensberqen, P., De Batist, M ., 2006. 
Geological and m orpholog ica l se tting  o f  2778  
m ethane seeps in the Dnepr paleo-delta, 
northw estern  Black Sea. M ar. Geo!. 227, 177- 
199.

CHAPTER 4 focuses on th e  shelf area o f the  
Dnepr paleo-delta seep area discussed in 
CHAPTER 3, m ore precisely on the  re la tion 
betw een high acoustic seafloor backscatter and 
the  associated local d is tribu tion  o f seeps. 
Analyses o f geophysical, geochemical and 
seafloor observations iden tified  m ethane- 
derived auth igenic carbonates as the  being the  
main cause fo r  the  enhanced backscatter and 
associated seeps d is tribu tion . This chapter is 
published as: Naudts, L., Greinert, J., Artem ov, 
Y., Beaubien, S.E., Borowski, C., De Batist, M., 
2008. Anom alous seafloor backscatter patterns  
in m ethane venting areas, Dnepr paleo-delta, 
N W  Black Sea. M ar. Geo!. 251, 253-267.

CHAPTER 5 looks at tw o  d iffe ren t seafloor 
m anifesta tions o f bubble-releasing seeps on the  
Hikurangi Accre tionary M argin, east o f New 
Zealand's North Island. Seafloor observations 
made by a ROV and o the r TV-guided gear
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integra ted w ith  seismic and geochemical data 
a llowed explaining th e  differences betw een the  
tw o  seeps sites in regard to  th e  depth  o f the  
gas-hydrate stab ility  zone and th e  tecton ic  
history. This chapter is published as: Naudts, L., 
Greinert, J., Poort, J., Belza, J., Vangampelaere, 
E., Boone, D., Linke, P., Henriet, J.P., De Batist, 
M., 2010. Active venting sites on the gas- 
hydrate -bearing  H ikurangi M argin, O ff New  
Zealand: D iffusive- versus bubble-released
m ethane. M ar. Geol.272, 233-250.

CHAPTER 6 deals w ith  bubble-releasing seeps 
in th e  rift-lake  env ironm ent o f Lake Baikal. The 
seeps on the  Posolsky Fault Scarp near the  crest 
o f the  Posolsky Fault Block are fed by gas 
coming from  below  th e  gas-hydrate s tab ility  
zone. The fa u lt associated w ith  th e  seepage 
ra ther cuts o ff th e  gas-bearing layers than  acts

as a flu id  conduit. This chapter is subm itted  as: 
Naudts. L.. Khlystov, P.. Granin. N.. Chensky, A.. 
Poort, J.. De Batist. M.. subm itted . Stra tigraph ie  
and s truc tu ra l controls on the loca tion  o f  active  
m ethane seep on Posolsky Bank, Lake Baikal. 
Mar. Pet. Geol.

CHAPTER 7 integrates all findings discussed in 
the  previous chapters w ith  published data from  
o the r bubble-releasing seep site in th e  w orld  to  
come up w ith  the  sim ilarities and differences in 
geological contro ls on th e  d is tribu tion  o f seeps. 
This chapter also discusses if these sim ilarities or 
differences are related to  the  specific geological 
setting.

CHAPTER 8  gives an overview  o f the  fina l 
conclusions and raises some questions which 
have orig inated from  th is  study.
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