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Stratigraphie and structural controls on the 
location of active methane seeps on Posolsky 
Bank, Lake Baikal

Lieven Naudts, Oleg Khlystov, Nick Granin, A lexander Chensky, Jeffrey Poort, Mare De Batist 

Abstract
The d is tribu tion  and origin o f shallow  gas seeps occurring at the  crest o f the  Posolsky Bank in Lake 

Baikal have been studied based on the  in tegra tion  o f deta iled seismic, m ultibeam  and hydro-acoustic 
w ater-co lum n investigations. In to ta l 65 acoustic flares, ind icating gas-bubble release at th e  lake flo o r 
(seepage), have been detected w ith in  the  630 km 2 area o f the  Posolsky Bank. All seeps are located on 
the  Posolsky Fault scarp near th e  crest o f the  Posolsky Bank or on sim ilar locations in w a te r depths o f 
-43 m to  -332 m. Lake Baikal is the  only fresh-w a te r basin in th e  w orld  w here  gas hydrates have been 
in ferred  from  BSRs on seismic data and have been sampled. Our seismic data also portray  BSRs 
occurring up to  w a te r depths o f -300 m, which is much shallow er than th e  previously reported  -500 m 
w a te r depth. Calculations fo r  hydrate stability , heat flo w  and topograph ic e ffect based on the  BSR 
occurrence and m ultibeam  ba thym etry  a llowed the  de te rm ina tion  o f a m ethane-ethane gas m ixture  
and hea t-flow  values w here fo re  gas hydrates could be stable in the  lake sediments at the  given 
am bien t conditions. None o f the  seeps associated w ith  the  Posolsky Bank have been detected w ith in  
th is  new ly established gas-hydrate stab ility  zone. Our observations and data in tegra tion  suggest th a t 
the  seeps at the  crest o f Posolsky Bank occur w here  gas-bearing strata are cut o ff by th e  Posolsky 
Fault. These gas-bearing layers could be traced dow n the  Posolsky Bank to  below  the  base o f th e  gas- 
hydrate stab ility  zone (BGHSZ), suggesting th a t the  detected seeps on the  crest o f the  Posolsky Bank 
are m ainly fed by gas com ing from  below  th e  BGHSZ.
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6. Baikal seeps

6.1. Introduction

Active m ethane seeps occur w o rldw ide  in the  
m arine env ironm ent especially at continenta l 
margins, and o ften  in association w ith  gas 
hydrates (Judd, 2003; Judd and Hovland, 2007). 
Scientific in te rest in the  re lationship  between 
gas hydrates and m ethane seeps is m ostly 
m otiva ted  by the  understanding th a t gas 
hydrates can act e ithe r as: i) buffers, sealing o ff 
the  upward m igration o f m ethane and 
preventing gas-bubble release in th e  w a te r 
column (Naudts e t al., 2006; Haacke e t al., 
2007); ii) sources fo r  m ethane flu id  flo w  w ith in  
th e  sedim ent and seepage in to  th e  w a te r 
colum n (Suess e t al., 1999; Reeburgh e t al., 
2006) and iii) sinks fo r  m ethane present in the  
gas-hydrate stab ility  zone (GHSZ) (Henrie t and 
M ienert, 1998). W h ile  gas hydrates are 
w idespread in the  m arine environm ent, th e ir  
presence has up to  now  been dem onstrated in 
only one fresh -w a te r lacustrine setting, i.e. Lake 
Baikal (Golm shtok e t al., 2000). In th is 
tecton ica lly  active r if t  lake, gas hydrates are 
present in th e  deeper subsurface and as near­
b o ttom  accum ulations in m ud-volcano-like 
structures (Klerkx e t al., 2006). The gas hydrates 
in th e  deeper subsurface have been proposed as 
the  main source o f the  m ethane th a t is being 
released at th e  mud volcano structures and th a t 
crosses the  GHSZ along active fau lts  (De Batist et 
al., 2002; Van Rensbergen e t al., 2002; Vanneste 
e t al., 2002). A part from  the  m ethane release at 
the  mud volcanoes in the  deep parts o f Lake 
Baikal (i.e. w ith in  the  GHSZ), seepage also occurs 
outside o f the  GHSZ (Granin and Granina, 2002; 
Granin e t al., in press). The sources and contro ls 
on these shallow  seeps are, however, still poorly 
understood. This study focuses on one o f these 
shallow  seepage areas outside the  GHSZ (i.e. on 
the  Posolsky Bank) and tries  to  explain the  
source and d is tribu tion  o f shallow  m ethane- 
bubble release.

6.2. Study area

Lake Baikal, located in South-Central Siberia, is 
the  deepest lake in the  w orld  (1637 m) (Galaziy, 
1993; Naudts e t al., subm itted) (Fig. 6.1.). It

contains 20% o f the  w orlds fresh liqu id surface 
w a te r (23000 km3) (Galaziy, 1993). The lake 
occupies 3 basins w ith in  the  Baikal Rift Zone 
(BRZ): the  North Baikal Basin (NBB), the  Central 
Baikal Basin (CBB) and th e  South Baikal Basin 
(SBB) (Fig. 6.1.). These th ree  basins are 
separated by tw o  structura l highs: the
Academician Ridge Accom m odation Zone 
(ARAZ), between the  NBB and the  CBB, and the  
Selenga Delta Accom m odation Zone (SDAZ) 
between the  CBB and the  SBB. Up to  now, Lake 
Baikal is the  only fresh -w a te r basin in the  w orld  
in w hich gas hydrates have been both  in ferred 
and sampled. Hydrates are present both as 
"deep hydrates" w hich occur in th e  subsurface 
at re la tive ly  large sediments depths, and as 
"shallow  hydrates", which occur near th e  lake 
floo r. The presence o f the  deep hydrates was 
in ferred  based on the  observation o f d is tinct 
bottom -s im u la ting  reflections (BSRs) on m u lti­
channel re flection  seismic recordings 
(Hutchinson et al., 1991; Golm shtok e t al., 1997) 
(Fig. 6.1.). BSRs have been observed in an area 
th a t exceeds 4000 km 2 covering the  slope o f the  
Selenga River Delta and adjacent CBB and SBB 
lake floors in w a te r depths exceeding -500 m 
(Fig. 6.1.) (Golm shtok e t al., 2000; Vanneste et 
al., 2001; De Batist e t al., 2002). In the  SBB, 
hydrates w ere  retrieved at -121 and -161 m 
subbottom  depth  during the  Baikal Drilling 
Project (BDP-97) (W illiam s et al., 2001) (Fig.
6.1.). Geochemical analyses showed th a t the  gas 
hydrates consist o f m icrobial m ethane ( 6 13C Ch4 

between -58 and -68 % o )  (Kuzmin e t al., 1998; 
Kuzmin e t al., 2000). Since 2000, shallow  gas 
hydrates have been retrieved from  several mud 
volcanoes in the  SBB and CBB (Klerkx e t al., 
2003; Matveeva e t al., 2003; Kalmychkov e t al., 
2006; Khlystov, 2006; Kida et al., 2006; Klerkx et 
al., 2006; Krylov et al., 2008a; Krylov e t al., 
2008b; Hachikubo e t al., 2009; Poort e t al., 
subm itted) (Fig. 6.1.). The discovery o f these 
gas-hydrate-bearing mud volcanoes was based 
on the  observations o f anomalous shallow  BSRs 
w hich dom e up tow ards th e  lake floo r, instead 
o f s im ulating the  lake bo ttom  (Vanneste e t al., 
2001; De Batist et al., 2002; Van Rensbergen et 
al., 2002; Vanneste e t al., 2002). The mud 
volcanoes and shallow  BSRs have been 
a ttr ib u ted  to  the  destabilization o f gas hydrates 
at the  base o f the  gas hydrate stab ility  zone
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6. Baikal Seeps

(BGHSZ) by tecton ica lly  driven geotherm al flu id  
pulses near large fau lts (De Batist e t al., 2002; 
Van Rensbergen e t al., 2002; Vanneste e t al., 
2002; Klerkx e t al., 2006). The shallow  seeps, 
outside the  GHSZ, occur typ ica lly  in coastal areas 
and in th e  v ic in ity  o f river deltas and canyons. 
These shallow  seeps w ere already described in

historical records reporting  on areas w ith  absent 
ice cover in w in te r ('ice stream throughs'), 
abundant dead fish and observation o f bubbles 
at the  lake surface (Granin and Granina, 2002). 
The tw o  m ost p ro lific  seep areas are o ffshore 
the  to w n  o f Babushkhin on the  southeastern 
shore o f the  SBB and around th e  crest o f the

Irkutsk

 fz L   =____ - _________

seeps
mud volcanoes 
ice streamthroughs

Kh a ma rp g e f l j

Figure 6.1. Location map of the study area in Lake Baikal with indications for regional faults, Baikal Basins, 
mountain ranges, rivers and area with observed bottom-simulating reflections (BSRs) (Golmshtok et al., 2000). 
The location of seeps (red stars), mud volcanoes (black triangles), ice streamthroughs (yellow dots) and the 
BDP-97 drill hole is also indicated (Granin and Granina, 2002; Klerkx et al., 2006; Schmid et al., 2007). The 
location on Planet Earth, the view directions for Figs. 6.2.A. & 6.2.B. and outline for Fig. 6.3. are also indicated. 
The map is constructed by compiling SRTM-derived topography data with bathymetry data from Lake Baikal 
(INTAS Project 99-1669 Team, 2002) and multibeam bathymetry data (Naudts et al., submitted).
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Figure 6.2. 3D views of Lake Baikal and Posolsky Bank with indication for the most prominent features. The view 
directions (A and B) are indicated on Fig. 6.1. The images are constructed by compiling SRTM-derived 
topography data with bathymetry data from Lake Baikal (INTAS Project 99-1669 Team, 2002) and multibeam 
bathymetry data (Naudts et al., submitted).

Posolsky Bank in th e  northeastern  part o f the  
SBB (Granin e t al., in press). The d is tribu tion  and 
source o f the  seeps on th e  crest o f the  Posolsky 
Bank are th e  focus o f th is  paper. The Posolsky 
Bank is a tilte d  fa u lt block w ith in  the  Selenga 
Delta w ith in  the  Selenga Delta Accom m odation 
Zone (Figs. 6.1. and 6.2.) (Scholz and 
Hutchinson, 2000; Bezrukova e t al., 2005; 
Charlet et al., 2005). The crest o f the  Posolsky 
Bank reaches w a te r depths o f less than -50 m

(Naudts e t al., subm itted). The southern slope is 
very steep and coincides w ith  the  Posolsky 
border fau lt, i.e. the  northe rn  boundary fa u lt o f 
the  SBB, w hile  the  northe rn  slope is m ore 
gradually d ipping (Figs. 6.2. and 6.3.). The 
sedim entary build-up o f the  Posolsky Bank 
m ainly consists o f fine  hem ipelagic sediments 
and spread sand lenses and lam inae as shown 
by BDP-99 (Bezrukova e t al., 2005).
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6. Baikal Seeps

6.3. Methods and data

6.3.1. Single-beam echosounding and 
seep detection

Due to  th e  high impedance contrast between 
w a te r and free  gas, gas bubbles rising in the  
w a te r colum n (seeps) can be acoustically 
detected by means o f single-beam echosounder 
recordings. Rising bubbles show up as "acoustic 
fla res" on echograms (Fig. 6.4.) (G re inert e t al., 
2006; Naudts e t al., 2006; A rtem ov e t al., 2007). 
Single-beam seep detection  was perform ed 
from  2004 to  2008 w ith  a FURUNO-1000 o r a 
FURUNO-1100 echosounders (28 kHz) installed

on R.V. Vereshchagin or R.V. T itov. The hydro ­
acoustic w ater-co lum n data was continuously 
d ig ita lly  recorded using a d ig itiz ing system 
developed in-house by the  Limnological Institu te  
in Irkutsk (LIN) (Granin e t al., in press). During 
theses cruises, a to ta l length o f 666 km o f 
echosounder tracks was recorded w ith in  the  630 
km 2 Posolsky Bank area, which resulted in the  
detection  o f 65 active fla re  locations (Figs. 6.3., 
6.4. and 6.5.). Since a fla re  can com prise one 
single bubble stream or can be a conjugation o f 
d iffe ren t bubble streams o r seeps w ith in  the  
fo o tp r in t o f the  echosounder, the  real am ount 
o f seeps, i.e. bubble-releasing locations on the  
lake flo o r is unknown.

'ockmark-

O0f<JTO31

/  sPa;|ier a  seeps /  profiles K

echosounder /  major 
profiles /  faults

☆ hydrates 

o well

Figure 6.3. Multibeam bathymetry map of the Posolsky Bank overlain by bathymetric contours, detected seep 
locations (red dots), acquired sparker and echosounder profiles (respectively red and yellow dashed lines) and 
main faults (black dashed lines) (see Fig. 6.1. for location). Location of BDP-99 drill hole is also indicated 
together with depth contour of -370 m which forms the theoretical boundary of the GHSZ for pure methane 
hydrate (blue area) (Sloan, 1998).
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6. Baikal seeps

time

Figure 6.4. Echogram from the central seep area on the scarp of the Posolsky Bank (for location see Fig. 6.8.) 
where rising bubbles are hydro-acoustically detected as „flares". The other backscatter signals in the water 
column probably correspond to fish.

6.3.2. Multibeam bathymetry

M ultibeam  swath ba thym etry  was acquired in 
the  sum m er o f 2009 w ith  RCMG's m obile  50 kHz 
SeaBeam 1050 m ultibeam  system during a tw o - 
m onth-long  survey w ith  R.V. T itov (Naudts e t al., 
subm itted). In to ta l 12600 km o f m ultibeam  
echosounder tracks w ere  sailed covering 15000 
km 2, including the  Posolsky Bank area (Figs. 6.1.-
6.3.). The system was operated w ith  120° swath, 
transm itting  and receiving 108 beams o f 3° by 3° 
beam angle and was m otion-com pensatend by 
an IXSEA OCTANS 3000 sensor from  IFM- 
GEOMAR. Sound-velocity profiles w ere  acquired 
via CTD casts and the  sound ve loc ity  at the  
transducers was continuously measured by an 
online sound-velocity probe. Data acquisition 
was managed w ith  Hydrostar Online and da ta ­
processing was carried ou t w ith  HDPEdit and 
HDPPost so ftw are  from  L-3 ELAC Nautik GMBH.

All grids shown in th is  paper have a cell size o f 
30 m.

6.3.3. Seismic subbottom data

The h igh-reso lu tion seismic data w ere 
collected w ith  RCMG's m u lti-e lectrode  
CENTIPEDE-sparker as a source (energy: 500 J) 
and a SIG single-channel stream er w ith  10 
hydrophones as a receiver. The analog signal 
was bandpass-filtered (200-2000 Hz) and 
recorded on a T riton  Elies Delph-2 system. The 
theore tica l vertica l reso lu tion is 1 m and the  
m axim um  penetra tion  is 200-300 ms tw o -w ay 
trave l tim e  (TWTT). Apart from  the  frequency 
filte rin g  no o the r processing was carried ou t on 
the  seismic data. In te rp re ta tion  o f th e  data was 
carried ou t w ith  the  Kingdom Suite softw are
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6. Baikal Seeps

Figure 6.5. Pictures of gas bubbles being trapped underneath and within the frozen lake surface above seep 
sites at Posolsky Bank (pictures courtesy of N. Granin). The lower-right picture shows gas bubbles reaching the 
lake surface at a seep site close to the Selenga Delta (picture courtesy of V. Kapitanov).

package from  SMT. During the  1997 (SELE- 
profiles) and 2000 (CONT-profiles) cruises, 175 
km o f sparker data w ere recorded in the  
Posolsky Bank area (Fig. 6.3.).

6.4. Observations and results

6.4.1. Lake-floor morphology

The Posolsky Bank, an up lifted  basem ent block 
th a t is covered by a reduced sedim entary cover, 
can m orphologica lly be seen as the  southern 
exten t o f the  Selenga Delta in to  the  SBB (Figs.
6.1. and 6.2.). The Posolsky Bank is bounded by 
tw o  m ajor faults, the  Peschanaya Fault in the  
north  and the  Posolsky Fault in the  south, which

strongly a ffect th e  lake-floor m orphology (Figs. 
6.2., 6.3. and 6.5.) (Scholz and Hutchinson, 
2000). The to p  o f the  Posolsky Bank is fla t and 
slopes gently to  the  NW (ca. 1° - 2°) from  a 
m in im um  w a te r depth  o f -36 m. A t ca. -370 m 
w a te r depth  the re  is a strong change in slope to  
ca. 5°-15°; be low  th is  depth  the  lake bed is 
strongly incised. The incised m orpho logy w ith  
ridges and gullies defin ing several canyon 
systems can also be seen on the  steep w estern 
and southern slopes to  w a te r depths o f -1100 to  
-1200 m (Figs. 6.3. and 6.5.). These incised flanks 
are o ften  associated w ith  scarps o f small 
sublacustrine landslides (Fig. 6.3.). The 
northeastern  side o f the  Posolsky Bank is not 
incised and form s, via a fa u lt scarp, the  
trans ition  to  the  Selenga Delta (Fig. 6.2. and
6.3.).
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gas hydrate 
\  zone

gas hydrate 
zone

water depth (m)

Figure 6.6. 3D view of multibeam bathymetry overlain by bathymetric contours and seep locations, plotted as 
red dots or shown as 3D flares in combination with sparker profile SELE029 (for location see Fig. 6.3.). Seeps 
occur at the crest of the Posolsky Bank upslope of the GHSZ, delineated by the -370 m blue contour line. No 
seeps have been detected near the Posolsky Bank within the GHSZ. On the seismic profile, strong acoustic 
attenuation in combination with dispersed enhanced reflections can be seen along one reflection. This 
reflection is interpreted as the TGBL. Seeps occur where the TGBL is cut o ff by the Posolsky Fault. The graph in 
the lower right corner shows the seep distribution versus depth with a clear seep cluster at -40 to -100 m water 
depth and no seeps in water depths greater than -340 m.

6.4.2. Stratigraphie framework

The sedim entary cover o f the  Posolsky Bank is 
w e ll-s tra tified  w ith  a bedding th a t is generally 
parallel to  the  lake-floor m orphology, except in 
the  v ic in ity  o f fau lts  (Figs. 6.6. and 6.7.) (Charlet 
e t al., 2005). Seismic profiles SELE029 and 
CONT031 clearly show the  presence o f a w e ll- 
s tra tified  sedim ent package th a t th ickens away 
from  the  crest o f the  Posolsky Bank tow ards the  
NW under the  influence o f the  activ ity  o f the  
Posolsky Fault System. This set o f continuous 
parallel h igh-am plitude reflections can be found  
th ro ug h ou t th e  Selenga area and represents the  
deposition o f fine-gra ined hem ipelagic muds

w hich reaches a m axim um  thickness o f ca. 100 
m and represents 650 ka (Fig. 6.6. and 6.7.) 
(Colman et al., 2003; Bezrukova e t al., 2005). 
Below th is  package w ith  h igh-am plitude 
reflections, a lm ost no reflections can be 
observed on SELE029 and CONT031. This sharp 
trans ition  corresponds to  a radical change in 
sed im entation  env ironm ent w ith  coarser 
sediments deposited during th e  glacial period 
preceding th e  qu ie t hem ipelagic sedim entation 
o f the  last 650 ka (Colman e t al., 2003; 
Bezrukova e t al., 2005). This boundary and 
change in sedim entation  env ironm ent 
corresponds to  th e  s ta rt o f increased subsidence 
in the  SBB and Selenga area (Scholz and 
Hutchinson, 2000; Colman e t al., 2003).

152



6. Baikal Seeps

multiple

Posolsky
Fault

enhanced
reflections

Posolsky
Fault

System

multiple-

enhanced.
reflections

750.0 ■ » ■ 1000.0 
1 . . . . I . ■

1250.0 
■ » ■ ■

1500.0
. i  ■ i

1750.0
' * i ■ ■

Figure 6.7. Seismic sparker profiles CONT031 (AB) and SELE023 (CD) where the TGBL can be traced from the 
seeps at the crest of the Posolsky Bank to below the BGHSZ. The BGHSZ shows up as a series o f enhanced 
reflections. The location of BDP-99 well is also indicated. For locations of both profiles see Fig. 6.3.
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6. Baikal seeps

6.4.3. Gas seep distribution

Up to  65 flares, each possibly consisting o f 
several ind ividual seeps, w ere  hydro-acoustica lly 
detected w ith in  the  630 km 2 area around the  
Posolsky Bank in the  NE part o f the  SBB. The 
seeps occur at -43 to  -332 m w a te r depth, w ith  
54 % at w a te r depths shallower than -100 m and 
97 % at w a te r depths shallow er than -265 m 
(Fig. 6.6.). In many cases flares, visible on 
echograms, reached the  lake surface; th is  was 
confirm ed by the  observations o f bubbles at the  
lake surface (Figs. 6.4. and 6.5.). In tegration  o f 
seep locations, m ultibeam  bathym etry  and 
seismic profiles shows th a t th e  m a jo rity  o f the  
seeps occur at the  fa u lt scarp in fro n t o f the  
crest o f the  Posolsky Bank w here  the  
sedim entary strata are cut o ff by the  Posolsky 
Fault (Figs. 6.3., 6.6. and 6.7.). The seeps in the  
northeastern  part o f the  study area are not 
d irectly  re lated to  the  Posolsky Bank; they  do, 
however, occur at s im ilar locations, i.e. near a 
crest and at a fa u lt scarp (Fig. 6.3.). A part from  
the  flares, an a lm ost perfect circu lar pockmark, 
w ith  a d iam ete r o f 160 m and a depth  o f 14 m 
can be observed in th is  area at -100 m w ate r 
depth (Fig. 6.3.). The pockmark, ind icative fo r 
flu id  release at th e  lake floo r, occurs at the  
conjunction o f tw o  fa u lt scarps.

6.4.4. Indications for shallow gas and 
gas-hydrate occurrence

A part from  th e  release o f free  gas in to  the  
w a te r colum n, as indicated by the  hydro- 
acoustically detected flares, the  presence o f 
shallow  gas and flu id -flo w  structures in the  
subsurface can also be in ferred  from  seismic 
re flection  data. Shallow gas strongly influences 
the  mechanical and acoustic properties o f the  
sedim ent (increased sound a ttenuation , acoustic 
energy scattering, a ffecting sound velocity, etc.). 
Therefore  geo-acoustic m ethods, like reflection 
pro filing, are s ign ificantly affected by the  
presence o f shallow  gas and are thus very well 
suited fo r  the  detection  o f free  gas in the  
sediments. Even small concentra tions o f free  gas 
present in th e  sedim ent pore space (0.5% gas by 
vo lum e) already generate a va rie ty o f shallow-

gas signatures (e.g. enhanced reflections, 
acoustic tu rb id ity  and acoustic blanking, etc) 
(Judd and Flovland, 2007; Naudts e t al., 2009). 
Our sparker data dem onstra te  several types o f 
enhanced and blanked reflections, which could 
or could no t be ind icative fo r  the  presence o f 
shallow  gas. D istinct a lterna tions o f high- and 
low -am plitude  reflections in th e  upper w ell- 
s tra tified  package are m anifested on all profiles 
(Fig. 6.6. and 6.7.). This seismic response is, 
however, m ost likely no t related to  shallow  gas 
bu t ra ther to  tem pora l changes in the  
sedim entation  env ironm ent and to  varia tions in 
the  physical properties o f the  associated 
sediments (Charlet e t al., 2005). Possible gas- 
enhanced h igh-am plitude reflections associated 
w ith  acoustic blanking occur near the  crest o f 
the  Posolsky Bank and at the  northw este rn  edge 
o f th e  Posolsky Bank (Figs. 6.6. and 6.7.). A t the  
crest o f the  Posolsky Bank, these enhanced 
reflections occur exclusively beneath the  seep 
locations, ind icating a clear re la tion w ith  shallow 
gas. The enhanced reflections at the  
northw este rn  part o f the  Posolsky Bank 
generally occur over a short distance and are 
overla in  by low -am plitude  (blanked) reflections 
(Fig. 6.7.). This kind o f seismic signature is w e ll- 
known from  a sim ilar sparker dataset acquired 
in the  deep part o f the  SBB. The trans ition  line 
between both acoustic responses cross-cuts the  
stratig raphy and mim ics th e  lake flo o r 
m orphology and th e re fo re  is in te rp re ted  as a 
BSR (Vanneste e t al., 2001; De Batist e t al., 2002; 
Vanneste e t al., 2002). This BSR is no t a local 
fea tu re  bu t is present on all seismic profiles 
recorded at northw este rn  edge o f the  Posolsky 
Bank in w a te r depths exceeding -290 m and at a 
subsurface depth  o f ca. 60 m (Fig. 6.7. and 6.8.). 
G enerally it is assumed th a t the  characteristic 
seismic signatures o f BSRs are the  result o f 
re la tive  dense hydrate-bearing layers w ith  
higher acoustic ve loc ity  overlying gassy 
sediments w ith  low  acoustic ve locity. The 
presence o f gas hydrates w ith in  th e  Posolsky 
Bank sediments is no t only ind irectly  indicated 
by the  geophysical data, hydrates have also 
been sampled at the  lake flo o r at -500 m w ater 
depth, during a dive w ith  the  MIR-2 subm ersible 
at the  Posolsky Fault scarp in the  sum m er o f 
2009 (Oleg Khlystov, personal com m unication). 
Gas hydrates w ere retrieved at a small slide
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scarp 250 m below  one o f th e  m ajor seep sites 
on the  crest o f the  Posolsky Bank (Fig. 6.3.). The 
location w ith  hydrates was also characterized by 
the  presence o f big bacterial mats indicating 
active flu id  flow .

6.5. Discussion

6.5.1. Gas-hydrate stability, heat 
flow and topographic effect

The occurrence o f BSRs from  -290 m w ate r 
depth  at a subsurface depth  o f 60 m discussed 
in previous section does no t correspond to  
earlie r BSR observations in Lake Baikal starting  
at w a te r depths o f -500 to  -580 m and at 50-100

m beneath the  lake flo o r (Golm shtok e t al., 
2000; Vanneste e t al., 2001).In m ost cases, the  
BSR corresponds to  the  lower, P-T contro lled  
boundary o f th e  GHSZ, also known as the  
BGHSZ. The stab ility  lim it fo r  pure m ethane 
hydrates in Lake Baikal occurs at -370 m w ater 
depth  (Sloan, 1998), w hen calculated using a 
present-day bo ttom  w a te r tem pera tu re  o f 3.5°C 
and a sa lin ity o f 0.76 % o  (G olm shtok e t al., 
2000). So the  new ly observed BSRs occur well 
outside o f the  GHSZ fo r  pure m ethane hydrate 
and occur in shallower w a te r than the  
previously observed BSRs. This indicates th a t the  
in ferred  hydrates, assuming th a t th e  observed 
BSRs are indeed associated w ith  hydrates, can 
only be stable if the  local hydrate gas 
com position consist o f a m ixture  o f m ethane

Figure 6.8. 3D view of multibeam bathymetry overlain with bathymetric contours and with seep locations 
plotted as red dots or shown on an echogram in combination with three sparker profiles. The top of the gas- 
bearing layer (TGBL) is shown as depth color-coded surface. This surface starts from or above the seeps 
positions at the scarp of the Posolsky Bank and can be traced down the Posolsky Bank to below the BSR or 
BGHSZ.
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and higher hydrocarbons. Furtherm ore, the  
large subsurface depth  o f th e  observed BSRs at 
the  lim it o f the  GHSZ indicates th a t the  local 
therm al conditions also strongly d iffe r from  the  
regional background values.

Based on hydrate stab ility  calculations, a gas 
m ix tu re  o f ca. 96 % m ethane and 4 % ethane 
w ou ld  a llow  to  sh ift the  lim it o f the  GHSZ to  a 
w a te r depth  o f -290 m (Sloan, 1998). There are 
several ind ications th a t such gas m ix tu re  indeed 
does occur at the  Posolsky Bank. First o f all, 
h igher ethane concentra tions have been 
measured in gas bubbles sampled from  the  
Posolsky Bank gas seeps and at o the r gas seeps 
in Lake Baikal (Kalmychkov e t al., 2006). 
Furtherm ore, the  sharp depth  lim it o f the  seep 
d is tribu tion  indicates th a t gas hydrates are 
probably present at th e  Posolsky Bank and th a t

these hydrates act as a bu ffe r preventing 
seepage in th e  GHSZ as was observed in o ther 
regions (Naudts e t al., 2006; W estbrook e t al., 
2009). The depth  lim it fo r  the  m a jo rity  o f the  
seeps (97%) is -265 m w ate r depth. W hen using 
the  -265 m w a te r depth  as the  lim it o f th e  GHSZ, 
a gas m ix tu re  o f 94-95% m ethane and 5-6% 
ethane is needed to  a llow  hydrates to  be stable 
fo r  the  given am bien t conditions. The la tte r is o f 
course only an ind irect ind ication th a t higher 
e thane concentra tions probably do occur at the  
Posolsky Bank.

BSRs have never been observed to  in tersect 
the  lake flo o r/se a flo o r at the  lim it o f the  GHSZ. 
This is partia lly  re lated to  the  local geotherm al 
g radient and associated heat flo w . This is also 
the  case fo r  the  BSRs observed at the  Posolsky 
Bank, w hich occur at a subsurface depth o f 60 m

105’ 45 ' 10551 ' 10554 '105 ’ 48 '

topographic correction (%)

Figure 6.9. Bathymetric contour map of the Posolsky Bank area, showing the modeled topographic correction 
on background regional heat flow caused by the relief of the Posolsky Bank.
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at the  lim it o f the  GHSZ (Figs. 6.7. and 6.8.). To 
obta in  such a subsurface depth  o f the  BSRs and 
thus the  BGHSZ at th e  lim it o f the  GHSZ, a local 
hea t-flow  value o f 32-34 m W /m 2 is required. 
H eat-flow  m easurem ents fo r  the  Posolsky Bank 
are absent, bu t measured hea t-flow  values in 
Lake Baikal vary between 40 ± 6 and 195 ± 25 
m W /m 2, w ith  a mean value o f 71 ± 21 m W /m 2 
(Golubev e t al., 1993; Vanneste e t al., 2002; 
Poort and Klerkx, 2004). These heat flo w  values 
are clearly to o  high to  a llow  a subsurface depth  
o f 60 m fo r  th e  observed BSRs at the  lim it o f the  
GHSZ. However, local topograph ic varia tions can 
lead to  changes in the  conductive background 
heat flo w  (Poort et al., 2007). Topographic re lie f 
w ill a ttenuate  heat flo w  in topograph ic highs 
and enhance it topograph ic lows. Therefore, the  
influence o f the  Posolsky Bank re lie f on the  
regional heat flo w  has been m odeled using the  
procedure and code fo r  topograph ic correction 
described in Balling e t al (1981) and adjusted fo r 
d ig ita l te rra in  models by F. Lucazeau (personal 
com m unication). The m odel uses a background 
therm al g rad ient o f 50 mKm"1 and a un ifo rm  
therm al conductiv ity  o f 1.11 W m ^K"1. For the  
upper m eters o f sediments, th is  m odel predicts 
a therm al g rad ient th a t d iffers up to  20 % in 
com parison w ith  the  background therm al 
g rad ient as a result o f th e  topography o f the  
Posolsky Bank (see Fig. 6.9.). W hen assuming a 
feasib le background therm al g rad ient o f 40 
mKm"1 and considering the  m odeling results, the  
pronounced topograph ic re lie f o f the  Posolsky 
Bank can lead to  a reduction o f the  local heat 
f lo w  to  the  needed heat flo w  values o f 32-34 
m W /m 2.

These results ind icate th a t the  observed BSR 
probably does correspond to  th e  BGHZS and 
th a t hydrates possibly do occur at the  observed 
60 m subbottom  depth at -290 m w a te r depth.

6.5.2. Fluid flow and seep 
distribution model

The observations and results discussed in the  
previous sections show th a t gas is being 
released at th e  Posolsky Fault scarp near the  
crest o f the  Posolsky Bank and th a t gas hydrates 
and shallow  free  gas are present in the  
subsurface o f the  NW edge o f the  Posolsky Bank

(Figs. 6.6., 6.7. and 6.8.). In add ition  gas 
hydrates have been sampled at the  fa u lt scarp 
at a depth  o f -500 m (Oleg Khlystov, personal 
com m unication). The occurrence o f seeps on 
the  Posolsky Fault scarp could ind icate th a t the  
fa u lt system acts as a flu id  conduit resulting in 
seepage. On the  o the r hand, seismic data show 
th a t the re  is a stratigraphie connection between 
the  seep locations and the  free  gas trapped 
underneath th e  BSRs ind icating th a t flu id  flo w  
occurs along the  tilte d  strata o f the  Posolsky 
Bank (Figs. 6.6. and 6.7.). A nother a lte rna tive  
could be th a t th e  released gas comes from  a 
shallow  and local source near th e  seep 
locations. But th is  op tion  is ra ther unlikely 
because o f the  presence o f higher hydrocarbons 
in the  released gas ind icating at least an 
adm ixture  o f flu ids from  a deep source 
(Kalmychkov e t al., 2006).

The firs t op tion  w ith  th e  fa u lt acting as a flu id  
conduit fo r  th e  seeps on the  Posolsky Bank is 
also ra ther unlikely. M ost com pelling evidence is 
provided by the  d is tribu tion  o f the  gas seeps. 
The seeps occur only at the  upper part o f the  
Posolsky Fault scarp; th e  deepest seep is 
observed at -332 m w a te r depth, whereas 97 % 
o f the  seeps occur in w a te r depths shallower 
than -265 m and even 54 % o f the  seeps occur in 
w a te r depths shallower than  -100 m (Fig. 6.6.). 
Since the  Posolsky Fault system is a com bination 
o f several fau lts  fo rm ing  a com bined fa u lt scarp 
o f over 600 m, it is ra ther unlike th a t such an 
open system is able to  act as a conduit fo r  flu ids 
th a t only a llows the  m a jo rity  o f the  m ethane to  
be released at less than -100 m w a te r depth 
(Figs. 6.6. and 6.7.). If the  Posolsky Fault did act 
as a conduit, the  seep d is tribu tion  w ou ld  have 
been com p le te ly  d iffe re n t w ith  seepage being 
m ore w idespread over th e  fa u lt scarp at all 
w a te r depths. One could argue th a t gas hydrates 
act as a bu ffe r and prevent gas release in the  
GHSZ as was already postu lated in th is study and 
by others (Naudts e t al., 2006; W estb rook et al., 
2009). But in th is  case, m ost o f the  m ethane 
m igrating along the  fa u lt w ou ld  be e ithe r 
trapped w ith in  the  present gas hydrates or 
w ou ld  be released jus t outside o f the  GHSZ, as 
was observed fo r  the  seeps in W est Spitsbergen 
(W estbrook et al., 2009). In th e  case o f the  
Posolsky Bank th is w ou ld  lead to  a seep 
d is tribu tion  w ith  m ainly seeps occurring at
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Figure 6.10. Proposed seep model for the Posolsky Bank gas seeps.

w a te r depths o f ca. 300-350 m, depending on 
the  present gas com position and am bien t 
cond itions affecting gas-hydrate stability . 
However th e  observed seep d is tribu tion  shown 
in figure  6.6. dem onstrates the  opposite  w ith  
m ainly seeps being released in w a te r depths 
shallow er than -100 m. So w e can safely 
postu late  th a t the  fa u lt system probably doesn't 
act as a flu id  conduit fo r  the  seeps detected 
w ith in  the  study area.

The second op tion  w here in  the  seeps on the  
Posolsky Fault scarp are fed by flu id  m igration 
along th e  tilte d  strata o f the  Posolsky Bank can 
only be valid if the  stratigraphie and 
sedim entary buildup o f the  Posolsky Bank allows 
such a m igration pathway. The seismic data 
does indeed indicate the  presence o f such a 
possible m igration  pathw ay which connects the  
seeps at the  scarp w ith  th e  free  gas present 
below  th e  BSRs (Figs. 6.6., 6.7. and 6.8.). On the  
seismic data the  to p  th is  possible gas-bearing 
layer (TGBL) shows up as the  trans ition  from  the  
upper seismic un it consisting o f continuous 
parallel h igh-am plitude reflections to  th e  low er

seismic u n it w ith  an a lm ost transparen t seismic 
facies (Figs. 6.6., 6.7. and 6.8.). Based on the  
e ight sparker profiles available on the  Posolsky 
Bank, the  TGBL could be mapped as an alm ost 
continuous surface th ro ug h ou t the  subsurface 
o f the  Posolsky Bank (Figs. 6.8.). The trans ition  
represented by th e  TGBL corresponds to  a 
change in sedim entary characteristics w ith  
hem ipelagic fine  grained sediments overlaying 
coarser sediments (Colman e t al., 2003; 
Bezrukova e t al., 2005). The core data from  the  
BDP-99 d rill core provides some extra ind ication 
th a t th e  sedim ent layer underneath th e  TGBL is 
indeed suitab le as a flu id  condu it (BDP-99 
locations is indicated on Figs. 6.3. and 6.7.) 
(Bezrukova e t al., 2005). The core data shows 
th a t below  the  TGBL at a depth  interva l between 
94-109 m the re  are much coarser sediments 
than in the  overlying and underlying sediments 
as indicated by th e  clay and s ilt percentages and 
the  gamma log (Bezrukova e t al., 2005). This 
interval is also characterized by the  w idespread 
occurrence o f granules and pebbles. The upper 
m eter o f th is  interval even consist o f m ore than

158



6. Baikal Seeps

50 % sand (Bezrukova e t al., 2005). The grain 
size d is tribu tion  in th e  sedim ent package below  
the  TGBL, toge the r w ith  its con finem ent in 
betw een much fine  fin e r sedim entary units, 
makes th e  sedim ent package below  the  TGBL 
extrem ely w ell-su ited as a flu id  m igration 
pathway. This is also the  firs t sedim entary un it 
in the  BDP-99 core, s tarting  from  top , w ith  p lant 
and w ood fragm ents ind icating th a t th is  layer 
possibly also contribu tes as a source fo r  the  
released m ethane (Bezrukova et al., 2005).

Based on the  seismic stra tig raphy and the  
BDP-99 well data we postu late  th a t th e  seeps on 
th e  Posolsky Fault scarp near the  crest o f the  
Posolsky Bank are supplied by gas th a t m igrated 
along re la tive ly  perm eable sedim entary strata 
w hich are cut o ff by the  Posolsky Fault system 
(Fig. 6.10.). This gas is partia lly  sourced by the  
free  gas present underneath the  BSRs/BGHSZ at 
th e  NW edge o f the  Posolsky Bank. The seismic 
data show th a t the  free  gas present below  the  
BGHSZ is no t com ple te ly  trapped by the  gas 
hydrates; th e  geom etry and perm eab ility  o f the  
sedim entary build up o f th e  Posolsky Bank 
enables th e  gas to  m igrate upwards along the  
sedim entary strata (Figs. 6.7., 6.8. and 6.10.). 
Even the  gas hydrates and seeps present at 
larger depths along the  Posolsky Fault scarp are 
probably supplied by gas m igration  th rough  the  
tilte d  sedim ent layers th a t make up th e  Posolsky 
Bank.

6.6. Conclusions

In tegration  o f the  seep d is tribu tion , the  
seismic stratigraphy, w ell data and gas-hydrate 
s tab ility  analysis suggest th a t the  shallow  gas 
seeps near th e  crest o f th e  Posolsky Bank are 
partia lly  supplied by gas from  below  th e  base o f 
the  gas-hydrate stab ility  zone. Gas-hydrate- 
cem ented strata act as a seal and toge the r w ith  
the  geom etry and stratig raphy o f the  Posolsky 
Bank, gas is focused upwards via permeable 
stratigraphie pathways. Gas is eventua lly 
released in the  w a te r colum n, w here  these 
pathways are cut o ff by faults. This setting 
d iffers from  th e  deep-w ater Baikal seeps and 
mud volcanoes, which are believed to  be related 
to  destabilizing gas hydrates under the  influence 
o f a tecton ica lly -con tro lled  geotherm al flu id

pulse along adjacent faults.
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