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THE SOIL PROPERTIES OF LAKE-BOTTOM SEDIMENTS
IN THE LAKE BAIKAL GAS HYDRATE PROVINCE
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ABSTRACT

The purpose of this study is to understand the soil properties of grounds which contain shallow type gas hydrates.
For this purpose, the surveys were conducted in Lake Baikal, Russia from 2005 to 2007, where shallow gas hydrates ex-
isted. For the lake-bottom sediments, physical and mechanical properties were tested (on-board and laboratory tests).
The tested samples were retrieved from the mud volcano ground which contains the shallow gas hydrates, and refer-
ence ground at the same area. From these results, it was found that the gas hydrates distribute in large amounts in the
lake-bottom sediments of Lake Baikal, and that form of the gas hydrates are varied. In addition, the reference samples
in Lake Baikal have no marked differences in the soil properties of the sediments obtained from other sea-bottom
grounds. On the other hands, the strengths of the mud volcano samples were lower than those of the reference sam-
ples. It would seem that these results are due to the effect of the disturbance of sedimentary layers by upwelling of gas
and water from underground and the pressure release during the sampling.

Key words: gas hydrate, physical property, Lake Baikal, shear modulus, site investigation, unconfined compression
strength (IGC: D2/D6)
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Natural gas hydrates are clathrate hydrates that form
when guest gas (the main component is ‘methane gas’) ,
comes into contact with water under low-temperature 4001
and high-pressure conditions. A pressure of at least 5
MPa (about 50 atm) is required for gas hydrate to be sta-
ble at a temperature of 280 K (about 7°C). Therefore,
natural gas hydrates occur worldwide in marine sedi-
ments (e.g., along continental margin), in sediments of
deep lakes (e.g., Lake Baikal), and in polar sediments as-
sociated with permafrost conditions (e.g., Chersky and
Makogan, 1970; Stoll et al., 1971). When gas hydrate- 1600
bearing zone exists in sea- and lake-bottom, free gas zone
exists below the gas hydrate zone because the ground tem-
perature increases with depths exceeding a certain level.
The boundary between the gas hydrate and free gas zones
is a marked acoustic reflector that is recognized as a bot- 2004) and the Mackenzie Delta in Canada (e.g., Dalli-
tom-simulating reflector (BSR, see in Fig. 1). The moreet al., 2002). Shallow gas hydrates are found in sedi-
presence of a BSR is confirmed by acoustic probe, which  ments of the surface layer or the exposed seafloor. They
is used effectively in estimating the distribution of gas hy- have been recovered off Sakhalin in the Okhotsk Sea
drates (Scholl and Creager, 1973). (e.g., Shoji et al., 2005) and in the Gulf of Mexico (e.g.,

Natural gas hydrates are classified by deposition depth ~ Francisca et al., 2005; Yun et al., 2006). The pattern of
as deep or shallow. Deep gas hydrates exist immediately  distribution of gas hydrate in a core sample depends on
above the BSR, which is approx. 250m below the the particle size of the source sediment (Clennell et al.,
seafloor. They have been recovered in regions including 1999). Deep gas hydrates, which occur in sandy soils, fill
the Nankai Trough off Japan (e.g., Matsumoto et al., in the pore spaces in the soil, whereas shallow gas hy-
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Fig. 1. Phase equilibrium diagram of gas hydrate
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drates, which occur in silty soils, exist in clumps and veins
(e.g., Bohrmann et al., 2002).

Gas hydrates are attracting attention as a next-genera-
tion energy source. Surveys and test drillings of gas hy-
drates for resource development have been conducted in
and around the Nankai Trough and the Mackenzie Delta.
Engineering studies have been under way as well. Clayton
et al. (2005) prepared sandy soil samples containing gas
hydrates and measured the damping and bulk modulus of
the samples to analyze the seismic exploration data of gas
hydrate-bearing seafloor. The sample containing gas hy-
drates showed higher damping than the sample without
gas hydrates with the same moisture content, and the per-
centage of gas hydrate in the pore space was found to
greatly influence the bulk modulus. Priest et al. (2005)
measured the shear wave velocity of sandy soil samples
with various percentages of gas hydrate in the pore space
for validating theoretical models relating seismic wave
propagation in marine sediments to hydrate pore satura-
tion. They clarified that the shear wave velocity increases
as the percentage of gas hydrate in the pore space in-
creases and that the shear wave velocity is dramatically
higher when the gas hydrate accounts for 3% to 5% of
the total pore space, because the gas hydrates bind the gas
and sand particles.

Deep gas hydrates have been studied for resource de-
velopment, as stated above, and shallow gas hydrates
have been attracting attention in relation to the global en-
vironment. Methane gas contained in the natural gas hy-
drates has approximately 20 times the greenhouse effect
of CO,. There are concerns that dissociation of methane
gas, from the gas hydrates distributed in submarine sur-
face layers, due to rising ocean temperatures or vaporiza-
tion at recovery of the hydrates for energy may contribute
to global warming, which in turn may raise the sea level
causing climatic instability. Figure 2 shows the distribu-
tion of gas hydrates in the seas around Japan, where
recovery of gas hydrate is under way, and the boundaries
of tectonic plates, which are seismically active. Many gas
hydrate-bearing areas are distributed near the boundaries
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Fig. 2. Distribution of gas hydrates in the sea around Japan. In this
figure, dashed lines show the plate boundary

of tectonic plates, as shown in the figure. Gas hydrates in
the surface layer of seafloor may dissociate when seismic
activities cause seafloor landslides that in turn cause gas
hydrate-bearing layers to fail.

There have been concerns over the environmental
effects of shallow gas hydrates, but surveys and samplings
for shallow hydrates have been fewer than those for deep
hydrates. Francisca et al. (2005) surveyed sediments on
the seafloor in the Gulf of Mexico and found shallow gas
hydrates on an oil-filled discontinuity plane. In addition,
it is found that the sediment strength markedly decreased
as a result of an increase in electrical repulsion between
sediment particles when gas hydrate dissociation reduced
the salinity of the pore water in the collected hydrate-
bearing sediment and as a result of pore water pressure
increase from vaporization of dissolved gas in the pore
water. Few studies on shallow gas hydrate-bearing
ground have been conducted, and the engineering studies
conducted by Francisca et al. (2005) are particularly rare.
To evaluate the soil properties of shallow gas hydrate-
bearing sediments, it is necessary to consider secondary
factors, including salinity, because salinity influences the
physical and mechanical behaviour of the sediments on
the seafloor such as those in the Gulf of Mexico.

In this study, we clarify the similarities and differences
in physical and mechanical properties of sediments with
and without gas hydrates by observation and by conduct-
ing various physical and mechanical tests on gas hydrate-
bearing sediments recovered from the surface layer of the
bottom of Lake Baikal in Russia, where gas hydrates exist
in freshwater. Changes in mechanical properties associ-
ated with the disturbance of the sediment sample reco-
vered from the gas hydrate-bearing ground will be clari-
fied.

STUDY SITE
Lake Baikal (see in Fig. 3) is 680 km north-south by 40
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Fig. 3. The surveys sites in Lake Baikal
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km to 50 km east-west (80 km maximum), and the maxi-
mum depth is 1643 m, making this lake the deepest in the
world (Inoue et al., 1998). As shown in Fig. 2, Lake Bai-
kal is on the border of Amur Plate, and there are many
faults in the lake bottom. The first recovery of gas hy-
drates in Lake Baikal was in 1997, when the Baikal Drill-
ing Project was conducted (Kuzmin et al., 2000), and sur-
veys have continued in the area since then. The main stu-
dies in the Lake Baikal area have been those intended to
clarify the formation and generation process of gas hy-
drates using water and gas in the sediments and analyzing
the isotopes and compositions of the gas (e.g., Matveeva
et al., 2003). No engineering studies on the mechanical
properties of the shallow sediments there have been con-
ducted.

SURVEY AND SAMPLING STRATEGY

This paper uses samples from a survey of Lake Baikal
conducted from 2005 to 2007 by the survey ship
“Vereshchagin’, owned by the Russian Limnological In-
stitute. Core samples were collected in eight areas at the
southern parts of the lake. For their proximity, the cur-
rent study combines the Kukuy KO and Kukuy Flare areas
into one, and the Malenky and Malyutka areas into one.
These and four other areas were surveyed, for a total of
six areas (see in Fig. 3: solid circles). The northernmost
area, at St. Petersburg, is about 160 km from the
southernmost area, at Malenky-Malyutka.

It is reported that in Lake Baikal gas hydrates exist in
the lake-bottom surface layer where mud volcanoes
formed from the eruption of cool spring water containing
gas and sediment (Matveeva et al., 2003). Acoustic probe
has confirmed that gas is ejected from the lake bottom
into the lake water in areas where mud volcanoes exist.
To collect core samples from the hydrate-bearing soil in
the present study, the lake-bottom was first explored us-
ing reflection seismology to determine the locations of
mud volcanoes and to obtain seismic profiles. At loca-
tions where mud volcanoes were confirmed, shallow gas
hydrate and surface sediment core samples were collected
using two types of gravity core samplers. The core sam-
plers have an outer diameter of 12.5 cm. The lengths of
the samplers are 5 m and 3.5 m. Both samplers were ad-
justed to 700 kg by attaching dead-weights on top. They
are double-pipe samplers with an inner cylindrical pipe
made of vinyl chloride and having an inner diameter of
10.4 cm. The locations of core collection were determined
from the echosounder images. The core sampler was lo-
wered into the lake bottom by winch to between 10 cm
and 20 cm after which it was let to freefall. After recover-
ing, on the board, the cores for on-board tests were cut
into 1 m to 2 m long sections, and each section was lon-
gitudinally halved for visual observation and testing. On-
board tests were performed on a section of a clump of gas
hydrate in the core. In addition, gas hydrates start on dis-
solving and vaporizing at water depths over about 400 m
(see in Fig. 1) and cores recovered from the lake-bottom
were left for about 2 hour in the room temperature condi-

Fig. 4. 3-D bathymetric image of the mud volcano ground shows in
the Kukuy K2 area (Kida et al., 2006) Symbols: open circles show
the sampling area retrieved with gas hydrate cores; filled circles
show the sampling area retrieved without gas hydrate cores

tion on the board. Hence all small gas hydrates in the test
section were almost changed to gas and water. The cores
for testing at institute laboratories were kept in a sampler
pipe that was stored vertically on the ship for several
days, and then cut into 50 cm-long sections. Both ends of
the cut pipe were sealed with paraffin for transportation.

Figure 4 shows the core sampling locations on the mud
volcano in the Kukuy K2 area (Kida et al., 2006). As
shown in the figure, the core samples were collected from
several locations of each mud volcano, including at the
top and on the slope. To compare the soil property, sedi-
ment including gas hydrates from Kukuy K2, Malenky-
Malyutka and Peschanka P2 areas were also retrieved
from the grounds for which gas hydrate has not been con-
firmed by acoustic exploration. In this paper, these sam-
ples are called ‘reference’. The reference ground in the
Kukuy K2 area is about 1.7 km from the mud volcano as
shown in Fig. 4.

In these surveys, the lake-bottom sediments cores
retrieved 135 samples from the mud volcano grounds, of
which 121 were used for observation of the sediments on
board and 14 were transported with whole cores to per-
form the laboratory tests. In the on-board tests per-
formed on the mud volcano samples, gas hydrates were
found in 34 samples. In addition, the reference cores
retrieved 12 samples, of which 8 were used for observa-
tion of the sediments on board and 4 were transported
with whole cores. Of the samples retrieved from lake-bot-
tom grounds, core locations (latitude, longitude, water
depth) and characteristics (the length of sampler and core
length, and presence and absence of gas hydrates) of 41
cores on which on-board and laboratory tests were per-
formed, are shown in Table 1.

TEST METHOD

On-board Tests

To measure the strength of the soil sediments immedi-
ately after recovery, the following tests were performed
on-board: vane shear strength test, cone penetration test

NI | -El ectronic Library Service



The Japanese Geotechnical Society
760 KATAOKA ET AL.
Table 1. Core locations and characteristics
Core number La;[i\tll)xde LOI](%T)’.UdB Wateén ()1epth Sampl(t:.; )length Coreirg:)ngth Gas hydrate
Kukuy K2
05 St.2GC.1 52°35.358’ 106°46.282" 930.0 35 1.35
05 St.2GC .4 52°35.384/ 106°46.229 938.0 3.5 2.98
05 St.2GC.6 52°35.385" 106°46.131/ 938.0 3.5 2.52
05 St.2GC.8 52°35.353" 106°46.120’ 934.0 3.5 1.40
06 St.2GC.5 52°35.4697 106°46.277" 908.4 5.0 2.72
06 St.2GC.22 52°35.461/ 106°46.245’ 908.4 5.0 3.00
06 St.2GC.12R 52°35.918" 106°46.513 986.9 5.0 3.15
Kukuy KO0, Kukuy Flare
06 St.6GC.1 52°30.154" 106°36.667" 427.2 5.0 4.00
06 St.1GC.1 52°30.342/ 106°35.275" 513.6 5.0 3.24
Malenky-Malyutka
05 St.3GC.1 51°55.219/ 105°38.104" 1370.0 5.0 1.26
05 St.3GC.2 51°55.217" 105°38.078 1375.0 5.0 1.80
06 St.7GC.1 51°54.437" 105°36.201’ 1346.3 5.0 2.17
07 St.1GC.4 51°55.218’ 105°38.112 1302.5 5.0 2.53
07 St.1GC.5 51°55.144’ 105°38.148 1289.2 5.0 0.84
07 St.1GC.7 51°55.161/ 105°38.148" 1289.2 5.0 2.65
06 St.5GC.1R 51°53.312/ 105°39.896’ 1374.8 5.0 2.80
07 St.10GC.2R 51°53.303" 105°39.786’ 1330.0 5.0 1.69
St. Petersburg
06 St.3GC.2 52°52.795" 107°09.352’ 1432.9 5.0 4.38
Peschanka
06 St.4GC.1 52°15.036" 105°46.519" 957.5 5.0 4.60
Peschanka P2
07 St.2GC.1 51°10.4327 105°48.566’ 807.5 5.0 4.40
07 St.2GC.2 51°10.455" 105°48.563 807.5 5.0 4.60
07 St.2GC.3 51°10.484¢ 105°48.400’ 817.0 5.0 4.95
07 St.2GC.4 51°10.408" 105°48.752" 807.5 5.0 3.56
07 St.2GC.5 51°10.458 105°48.532/ 807.5 5.0 4.34
07 St.2GC.7 51°10.402’ 105°48.477" 813.2 5.0 3.79
07 St.2GC.8 51°10.520" 105°48.535" 818.0 5.0 4.26
07 St.2GC.9W 51°10.500" 105°48.580" 818.0 5.0 4.40
07 St.2GC.10 51°10.495" 105°48.482° 813.2 5.0 4.29
07 St.2GC.11 51°10.473" 105°48.504" 807.5 5.0 4.20
07 St.2GC.12 51°10.437’ 105°48.506’ 807.5 5.0 4.20
07 St.2GC.13 51°10.520’ 105°48.556/ 840.8 5.0 3.62
07 St.2GC.14 51°10.483" 105°48.536’ 812.3 5.0 2.90
07 St.2GC.15 51°10.504" 105°48.549’ 821.8 5.0 3.42
07 St.2GC.16 51°10.475' 105°48.544" 812.3 5.0 3.39
07 St.2GC.17 51°10.489" 105°48.555" 812.3 5.0 2.74
07 St.2GC.20 51°10.478’ 105°48.534" 817.0 5.0 3.20
07 St.2GC.21 51°10.489" 105°48.533’ 812.3 5.0 3.25
07 St.2GC.122 51°10.476" 105°48.526’ 807.5 5.0 3.02
07 St.2GC.23 51°10.506’ 105°48.513’ 817.0 5.0 3.94
07 St.2GC.18R 51°10.829" 105°48.362’ 902.5 5.0 4.04
07 St.2GC.19RW 51°10.8497 105°48.357/ 902.5 5.0 3.81

R: Reference cores, W: Whole cores

using a compact soil hardness tester, unconfined com-
pression test, and measurement of shear wave velocity by
bender elements. Figure 5 shows the testing points on the
cut core surface.

Vane Shear Test

The test was done by using a shear vane of 10 mm in di-
ameter, D, and 20 mm in height, H, attached to a com-
pact torque driver. Measurements were conducted at in-
tervals of 10 cm in the depth direction on the core surface
that was longitudinally cut in half. The maximum torque,
M, was measured by rotating the torque driver while
penetrating the vane in the sample. The vane shear

strength, 7,, was calculated from the following equation:

D D’
T2 6

Ty = (kPa) @O

Cone Penetration Test using a Soil Hardness Tester
The tester used was a compact Yamanaka Soil Hard-
ness Tester (Yamanaka and Matsuo, 1962). The di-
ameter, length, and apex angle of the cone were 9 mm, 20
mm, and 25 degrees, and the spring strength was 1 N/10
mm. Penetration depth was measured by applying the tip
of the hardness tester to the cut core surface at intervals
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Fig. 6. On-board bender element test: (a) horizontal direction and (b)
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of 10 cm. The cone penetration resistance, g., was ob-
tained using the following equation and applying the
penetration strength, p, obtained from the spring
strength and the sectional area of the cone, A.
"y
q. A
Unconfined Compression Test
An unconfined compression test was done using
manual loading equipment. Core samples were sectioned
at 50 cm intervals in the depth direction. The resulting
samples were 35 mm in diameter and 60 mm in height.
Load was applied at 10 mm/min.

(kPa) @

Shear Wave Velocity Test using Bender Elements

The setup of the bender element (BE) test is shown in
Fig. 6. The BEs are inserted at 10 cm intervals on the lon-
gitudinally cut core surface and the shear wave velocity,
Vi1, is calculated from the time for the shear wave to
travel between the BEs and the distance between the BEs
(see in Fig. 6(a)). The shear wave velocity in the depth

direction, V.., was also determined for each unconfined -

compression test sample that had been cut at 50 cm inter-
vals (see in Fig. 6(b)). The onboard BE test was conduct-
ed only in the 2006 survey.

Laboratory Tests

The core samples transported to the institute laborato-
ry were subjected to unconfined compression tests done
using a procedure similar to that for the on-board tests,
and to incremental loading consolidation tests using test
equipment with BEs (OE test), in order to understand the
elastic modulus behaviour of the sample at the small
strain level. The samples used in the OF test were 60 mm
in diameter and 40 mm in height. Consolidation test was
performed in 7 incremental loadings of 4.9, 9.8, 19.6,
39.2, 78.5, 157 and 314 kPa, and one unloading from 314
kPa to 4.9 kPa was also done. The test equipment had a
pair of BEs: one at the top of the sample and the other at
the bottom. At the end of each increment the shear wave
velocity, V;, was calculated and the shear modulus, Ggg
(=p.V?), was obtained. In the equation, p, is the wet den-
sity. The transmitting element was driven by £10V am-
plitude waves from a generator with a single sinusoidal
wave of different frequency. The effective propagating
distance and the arrival time of the shear wave were de-
fined by the distance from tip-to-tip of the BEs and the
starting points of the input and received waves, respec-
tively (Yamashita and Suzuki, 2001). The shear wave ve-
locity used was the average of those measured using
sinusoidal waves of 10, 15 and 20 kHz.

CORE OBSERVATION AND ONBOARD TESTS

Core Observation

Figure 7 shows soil drilling log of some of the cores
retrieved in the Kukuy K2 area (see in Figs. 7(a) to (d))
and in the Malenky-Malyutka area (see in Fig. 7(e)), re-
spectively. Photos i to v of the observed gas hydrate are
for the sections shown as 1 to 3 in the stratigraphic
columns. The core from the mud volcano in the Kukuy
K2 area (see in Figs. 7(a) to (c)) consists mostly of cohe-
sive soil, regardless of depth. These results were almost
the same in the other mud volcano cores. The reference
core from the Kukuy K2 area (see in Fig. 7(d)) consists
mainly of clay layers, although clayey silt layers are
present at depths of 50-65 cm and 180-200 cm. In con-
trast, the reference cores from the Malenky-Malyutka
area (see in Fig. 7(e)) show alternating layers of turbidite
from the depths of 40-200 cm.

In the core, spherical gas hydrate grains 0.5-1.0 cm in
diameter were observed at depths of 115-126 cm (see in
Fig. 7(a)), and directly below that area clumps of gas hy-
drate 5-7 cm in diameter were observed (i). In the sec-
tions deeper than 190 cm, vertically distributed gas hy-
drate (hereinafter: ‘‘gas hydrate plates’’) with thicknesses
of 0.5-1.0 cm were observed (ii). Gas hydrates are ob-
served to distribute in different patterns at different
depths in the same core (see in Fig. 7(c)) (iv, v). In Fig.
7(b), unlike the gas hydrate observed in Figs. 7(a) and (¢),
gas hydrate was distributed in reticulate patterns (iii).
Here, the mud volcano sample retrieved from the Kukuy
KO0, Kukuy Flare arca also observed the vertical gas hy-
drate plates of more than 150 cm (see in Photo 1). The
distribution patterns of gas hydrate are diverse even in the
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Fig. 7. Soil drilling logs and observation on natural gas hydrates. (a), (b), (c) Mud volcano samples collected from Kukuy K2 area, (d) Reference

sample collected from Kukuy K2 area and (e) Reference sample collected from Malenky, Malyutka area

cores collected from a single mud volcano. The forma-
tion of various distribution patterns of gas hydrate may
be attributable to the difference in particle size of the sedi-
ment around the gas hydrate and in velocities of gas and
water supplied from the deeper parts of the ground
(Kataoka et al., 2005). The vertical gas hydrate plate in
the core, as seen in Fig. 7(a)-ii, were thought to have
formed along the gas migration route in the sediment.
The gas hydrate deposits in Lake Baikal were found in the
clay layers similar to those found in the Sea of Okhotsk

(Shoji et al., 2005), which were different in shape and
deposition from the deep gas hydrate in the Nankai
Trough, where gas hydrate fills the pore spaces in sandy
soil. Photo 2 shows the visual observation of the cut sur-
face of the reference sample (see in Photo 2(a)) and the
mud volcano sample (see in Photo 2(b)), respectively.
The depth is the same for the two cores. In Photo 2(b),
many voids (from 0.1 mm to 0.5 mm in diameter) were
observed in the cut surface of the mud volcano core.
Here, it is known that gas hydrate formation requires
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150cm
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Photo 2. Observations of cut surface of cores collected from (a) refer-
ence ground and (b) mud volcano ground

that water around the gas hydrate is saturated by gas
(e.g., Ohmura et al., 2004). In addition, the high pressure
and low temperature are required for higher saturation
ratio of gas. Therefore it would seem that the gas concen-
tration in pore water of the mud volcano ground is likely
high compared with the reference ground.

Physical Properties

Figure 8 shows grain size distribution curves for sedi-
ment samples collected in the Kukuy K2, Malenky-
Malyutka, and Peschanka P2 areas. Solid lines indicate
samples from mud volcanoes in each area; broken lines
indicate samples from reference areas. As shown in these
figures, the samples retrieved from the Malenky-Malyut-
ka and Peschanka P2 areas have wider ranges of grain
sizes than those from the Kukuy K2 area. However, the
difference in grain size distribution between mud volcano
and reference samples is relatively small in each area.
Here, in most of the samples, diatoms of the order of
0.05-0.1 mm in maximum diameter were observed by
electron microscopy (see in Photo 3). It is known that the
sediments of Lake Baikal contain many diatoms (refer to
Inoue et al., 1998). Therefore, it is considered that dia-

Core observation of sample retrieved from the Kukuy K0, Kukuy Flare area
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Fig. 8. Grain size distribution curves of mud volcano samples (solid
lines) and reference samples (broken lines)

toms were sensitive to the grain size distribution.
Figures 9, 10 and 11 show the results of the tests per-
formed on the samples for various depths below the lake
bottom using the mud volcano and reference samples
retrieved from the Kukuy K2 (see in Fig. 9), Malenky-
Malyutka (see in Fig. 10) and Peschanka P2 (see in Fig.
11) areas (a; water content, w, b; soil particle density, ps,
c; liquidity index, I;, d; fines content, e; vane shear
strength, 7., f; cone penetration resistance, gq., g; uncon-
fined compressive strength, ¢g,, and h; shear wave veloc-
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Photo 3. Diatoms observed by SEM. There were retrieved from the Kukuy K2 area (sedimentary depth; 245 cm)
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Fig. 10. Soil profiles collected from Malenky-Malyutka area. Symbols: filled Reference samples; open Mud volcano samples
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ity, Vi1). The profile of w below 150 cm of the samples in
the Kukuy K2 and Malenky-Malyutka areas (see in Figs.
9(a), 10(a)), and below 200 cm of the samples in the
Peschanka P2 area (see in Fig. 11(a)) are almost stable,
respectively. In addition, p, (see in Figs. 9(b), 10(b),

11(b)) except for shallow depths above 150 cm of the
reference samples retrieved from the Peschanka P2 area
covers a range between 2.6 g/cm® and 2.8 g/cm?. As the
shallow depths past above 150 cm of the reference sam-
ples retrieved from the Peschanka P2 area has a high
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Fig. 12. Plasticity chart

value of w (between 120% and 2409%) and a low value of
ps (between 2.5 g/cm?® and 2.6 g/cm?), it is considered that
the diatoms and organic matter contents in this ground
are possibly higher than those of other areas. I. (see in
Figs. 9(c), 10(c), 11(c)) except for the reference samples
retrieved from the Malenky-Malyutka area show about
1.0. For the reference samples in the Malenky-Malyutka
area, clay contents of depth between 0 cm and 200 ¢cm are
slightly lower than those of other areas as shown in Figs.
9(d), 10(d), and 11(d). From the soil description shown at
Fig. 7(e), the reference sample retrieved from the
Malenky-Malyutka area has alternate layers of clay, silt,
and sand, between 50 cm and 280 cm. Therefore, it is
considered that a scatter of the /. and a decrease of the
clay contents are reflected in the variation of layers.

To examine whether the sediment collected from Lake
Baikal has different physical properties from those of the
sediments from other aquatic gas hydrate areas, we com-
pared the plasticity curve for the sediment from Lake Bai-
kal with that for the sediment from the Gulf of Mexico
(300 m long core collected at the water depth of 1291 m),
where shallow hydrates exist (Yun et al., 2006), and with
that from Saguenay Fjord in Canada (3 m to 40 m long
cores collected at the water depths of 180-270 m)
(Levesque et al., 2007) (see in Fig. 12). From Fig. 12, it is
known from the mud volcano and reference samples that
the sediment of Lake Baikal has a high liquid limit and
that it differs little from the sediment of the Gulf of Mexi-
co or Saguenay Fjord.

To analyze the mineral components of the sediments
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from Lake Baikal, an X-ray diffraction test was conduct-
ed on sediment samples from the depths of 150 cm and
300 cm in the Peschanka P2 area. At the depth of 150 cm,
clay minerals such as Illite and Kaolinate were found, and
at the depth of 300 cm, Smectite group minerals were
found (see in Fig. 13), through a procedure using ethyl-
ene glycol. No clear difference was observed between the
samples from the mud volcano and reference ground at
any depths.

Onboard Test Results

The results of various on-board tests are also shown in
Figs. 9to 11. Here, two kinds of BE tests were performed
to measure the shear wave velocity: One is done by plac-
ing the BEs horizontally to the cut core, V5, (see in Figs.
6(a)), and the other is done by placing the BEs vertically,
at the top and bottom of the cut core, V;, (see in Fig.
6(b)). Compared with the results obtained from BE tests
(see in Fig. 14), two measurements showed approximate-
ly 1:1 relationship. Therefore, it seems that the effect of
the shear wave velocity on the direction of the BEs was
almost nothing.

In the Kukuy K2, Malenky-Malyutka, and Peschanka
P2 areas, the reference samples show higher values as the
depth increases. On the other hand, the mud volcano
samples retrieved from all three areas are uniformly lower
than those of the reference samples. Especially, the low
strengths of the mud volcano samples are remarkably ob-
served in the unconfined compression strength, g,. In the
Kukuy K2 and Malenky-Malyutka areas, g, of the mud
volcano samples is less than half for those of the refer-
ence sample at same depth. Here, the gas concentration in
pore water of the mud volcano ground is possibly higher
than the reference samples retrieved from the same areas,
because a gas hydrate formation requires that water
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around gas hydrates is saturated by gas (e.g., Ohmura et
al., 2004). Additionally, it is known that the strengths of
soil containing gas bubble tend to be low (e.g., Wheeler,
1988). On the basis of these reasons, it is considered that
the decrease of g, obtained from the mud volcano sam-
ples is reflected in the vaporizing of gas in pore water and
the dissolving of gas hydrates by the decrease of pressure
and the increase of temperature during the sampling. In
addition, it should be noted in Figs. 7(d) and 9(h) that the
V.. obtained from the reference sample in Kukuy K2 area
is slightly high at the silty clay layers. Therefore, it seems
that the difference in the strength between mud volcano
and reference samples is reflected in the grain size distri-
bution.

On evaluating the disturbance in sea-bottom sediment
by evaporation of dissolved gas during sampling, it is
known that the strength of the samples with gas dissolved
in the pore water to saturation was approximately 25%
lower than those of the samples without dissolved gas by
the results of the triaxial compression tests (Lunne et al.,
2001). However, the strengths of the mud volcano sam-
ples from Lake Baikal were less than half of those of the
reference samples at the same depth. This is because the
samples of the Lunne et al.’s test retrieved from the land
sediment layer at the depth of 20 m compared with our
samples were from several meters below the lake-bottom.
This resulted in greater stress release in our samples; in
addition, the evaporation of dissolved gas at sample
recovery formed voids that temporarily increased the
pore water pressure of the sample and lowered the effec-
tive stress, which in turn resulted in a strength decrease.
We used an unconfined compression test in which confin-
ing pressure does not act on the sample. Our assumption
for using such a test is that the disturbance at sampling
has greater influence on the strength of the test samples in
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our study than in the Lunne et al.’s study by used triaxial
compression tests.

Comparison between the g, of the mud volcano and
reference samples from the Peschanka P2 area shows no
difference in strength between the two samples from top
of the core down to the depth of 200 cm. The strength of
the reference sample from the Peschanka P2 area is less
than those of the reference samples from the Kukuy K2
and Malenky-Malyutka areas. As shown in Fig. 11, the
reference sample from the Peschanka P2 area has high w,
as shown in Figs. 9(a), 10(a) and 11(a), and a low p,, as
shown in Figs. 9(b), 10(b) and 11(b), in the upper layer,
which is attributed to the effect of diatoms and other or-
ganic matter on the strength of the reference sample. The
strength of the mud volcano sediment in the sections at
the depths of 200 cm or greater of the Peschanka P2 sam-
ple, similar to the samples from Kukuy K2 and Malenky-
Malyutka areas, is about 50% of the strength of the refer-
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ence samples, from which it is thought that the chief
causes of strength decrease are disturbance of the sample
by vaporization of dissolved gas, disturbance of the in-
situ ground by gas and water discharge, and decrease in
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effective stress caused by increase in pore water pressure.
Figure 15 shows the relationship between the shear
modulus, G, obtained from the V,, and the in-situ effec-
tive overburden pressure, o4, of the recovered sample.
From the figure, for both of the reference and mud volca-
no samples, the G increases with increasing o¢. From the
approximation equation obtained from the measured
values for the reference and mud volcano samples, it is
found that the G tends to be lower in the reference sample
(broken line: G=0.510."%) than in the mud volcano sam-
ple (solid line: G=0.91¢g,°7).

The relationship between the shear wave velocity and
unconfined compression strength of the sediments from
Lake Baikal and those of the shallow gas hydrate-bearing
ground in the Gulf of Mexico was examined, and our
results were compared with the values measured by Fan-
cisca et al. (2005). Figure 16 shows the relationship be-
tween the w and the V,, in Fig. 16(a), and the relation-
ship between the w and the undrained shear strength,
Suqu, obtained from the g, in Fig. 16(b). From the
relationship between the w and the V., for both of the
mud volcano and reference samples, when w decreases
V.1 increases, but there is no clear difference between the
values for the mud volcano and reference samples from
Lake Baikal. The mud volcano and reference samples
from Lake Baikal show higher shear wave velocities than
those for the samples from the Gulf of Mexico at the
same water content. On the other hand, in the relation-
ship between the w and the S, 4, the S, q of the mud vol-
cano samples are slightly lower than those of the refer-
ence samples. The undrained shear strengths of the Gulf
of Mexico samples and those of the mud volcano samples
from Lake Baikal are similar. Koumoto and Houlsby
(2001), based on the w and the liquid limit, wy, expressed
the undrained shear strength of the Ariake clay in the fol-
lowing equation:

Sa= 1.38wf-01/ gy 4611

(kPa) 3

Where, Ipn=In wy —In wp. By substituting the wy and the
wp obtained from the mud volcano and reference samples
from Lake Baikal into the Koumoto and Houlsby equa-
tion we obtained the S, .. The resulting approximation
lines are shown in Fig. 16(b). The Ipy of the mud volcano
sample is 0.78, and that of the reference sample is 0.96.
The measured values for the mud volcano samples are
farther from the mud volcano approximation line (solid
line) than the measured values for the reference samples
are from the reference approximation line (broken line),
which suggests that the mud volcano sample underwent
greater disturbance than the reference sample did.

Comparison of Onboard Test Results

Figure 17 shows comparisons of the undrained shear
strength between the vane shear tests, S,., and the un-
confined compression test, S,q, performed on the on-
board. From this figure, S, ~ and S, ., are approximately
the same. Therefore, it should be noted that the vane
shear test performed by a compact torque driver has no
marked differences in the normal in-situ test. In addition,
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Fig. 17. Relationships of undrained shear strength calculated from

vane shear test S, ,, and unconfined compression test S, 4

it is shown that the values obtained from the mud volca-
no samples are slightly lower than those of the reference
samples.

Figure 18 shows the relationship between the ¢, and g,
(see in Fig. 18(a)), and the 7, and the ¢. (see in Fig.
18(b)), respectively. The equations as shown in Fig. 18(a)
(g.=4.87q., q.=53+4.19q,) were calculated by the g.
and g, obtained from the terrestrial clay in Japan (refer to
Muromachi, 1957). In addition, the equations as shown
in Fig. 18(b) (g.=9.7471,, g.= 53 + 8.3871,) also calculated
the relationship between the equation demonstrated by
Muromachi (1957) (see in Fig. 18(a)) and ‘g,=271,” ob-
tained from the relation of the undrained shear strength
(see in Fig. 17). Comparing these equations and the
results obtained from on-board tests, the result obtained
from on-board tests are slightly lower than the equations,
respectively. Therefore, it should be noted from Fig. 17
and 18 that the g. obtained by on-board cone penetration
test is lower than the g. obtained by normal in-situ test. It
is considered that the causes for the decrease of g. are as
follows:

1) The g. obtained from Muromachi’s equations has
higher and wider ranges (from 50 kPa to 800 kPa)
than those of the on-board test results (from 0 kPa
to 150 kPa).

2) The soil hardness tester used for the on-board cone
penetration test is smaller than that of the normal
in-site test.

Core Recovery Rate

As mentioned above, it is considered that a decrease of
the strength and share wave velocity obtained from the
mud volcano samples are reflected in the vaporization of
gas contained in the pore water and the dissolution of
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small gas hydrates because of decrease in the pressure and
increase of the temperature during the sampling. In addi-
tion, they are also reflected in the grain size distribution
shown by the relationship between the soil description
(see in Fig. 7) and the results of the soil profiles (see in
Figs. 9 to 11). On the other hand, as shown in Fig. 7 and
Photo 2, the mud volcano samples lack of a clear sedi-
ment layer compared to the reference samples. There-
fore, it is considered that the strength and shear wave ve-
locity of the mud volcano ground are possibly lower than
those of the reference ground, because the mud volcano
ground is disturbed by the emission of water and gas.
Here, as a measure of the ground strength, Figs. 19(a)
and (b) show the core recovery rate calculated by dividing
the length of the core sample by the core length. In the
figures, only unoccupied gas hydrates in the mud volcano
cores are noted to compare with the reference cores. At
the Kukuy K2 area (see in Fig. 19(a)), the average of the
core recovery rate obtained from the mud volcano cores
(72.3%) is slightly higher than that of the reference cores
(66.7%). Therefore, it is supposed that the lake-bottom
condition in the mud volcano ground is possibly softer

Fig. 19.
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than the reference ground, because the mud volcano
ground is disturbed by the emission of water and gas. On
the other hand, the Peschanka P2 area (see in Fig. 19(b))
shows high values at both grounds. From this result, it is
considered that the strength of grounds in Peschanka P2
area is low throughout the area, and the decrease of the
mud volcano samples in this area are mainly reflected in
the disturbance of the samples by the vaporization of gas
contained in the pore water and the dissolution of small
gas hydrates.

Therefore, from these on-board tests results, it is sug-
gested that the strength of the sea- and lake-bottom
grounds above gas hydrate are remarkably low if the
decrease in the pressure and increase of the temperature
occur at the sea- and lake-bottom.

LABORATORY TEST RESULTS

For the mud volcano sample immediately after recov-
ery, the strength was lower than that of the reference
sample because the mud volcano sample was disturbed by
vaporization of dissolved gas at the sampling and by gas
that had been discharged from the deeper part of the
ground. To evaluate the mechanical properties of the
mud volcano and reference samples after gas venting and
recompression, we conducted unconfined compression
tests and OE tests on the transported samples, and com-
pared the unconfined compression strength and consoli-
dation characteristics of the samples. We conducted a BE
test after finishing the consolidation process of each OE
test, and clarified the relationship between the consolida-
tion pressure and the shear modulus obtained from each
sample.

Unconfined Compression Test
The g, of the mud volcano and reference samples trans-
ported from the Peschanka P2 area and that of the trans-
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ported samples after remolding, q.., are shown in Fig.
20(a). We compared the strength of samples at each depth
by using the figure showing the results of the onboard test
immediately after sample recovery and the results of the
laboratory tests after transportation. We recovered two
samples from each of the mud volcano and reference lo-
cations in each area, and prepared one sample for on-
board testing and one for laboratory testing.

The values for g, of the reference samples transported
and tested in the laboratory showed no marked difference
from those of the reference samples tested on board. For
the mud volcano samples, the g,, which is low in the on-
board test, shows values as high as those of the reference
sample in the laboratory test. The g, of the remolded
sample shows a uniform value of g, = 5.0 kPa for both
the mud volcano and reference samples in the onboard
and laboratory tests. The sensitivity ratio S; (= qu/qw) is
shown in Fig. 20(b). In the on-board test, the sensitivity
ratios of the mud volcano samples are uniformly lower
than those of the reference samples, which show that the
mud volcano samples immediately after recovery under-
went greater disturbance than the reference samples did.
Even though the S, of the mud volcano sample tested in
the laboratory shows low values from the top to the depth
of 150 cm, the S; of the mud volcano sample shows higher
values than that of the reference sample at the points past
150 cm and deeper. The strength of the mud volcano
sample at laboratory testing is different from that imme-
diately after recovery. From these results, it should be
noted that the strength of the mud volcano samples ob-
tained from the laboratory tests after transportation is
higher than those of the on-board tests. Therefore, it is
considered that the effective stress of the mud volcano
samples after transportation increased compared to the
on-board samples. Due to this reason, the pore water
pressure, which temporarily rose because of vaporization
of dissolved gas in the stress release at sampling,
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decreased during the time when sample was kept vertical
for some time on board. In addition, the samples are
compressed by self-weight of sediments while these were
stored vertically on bored for several days, because of
water drains from between the pipe and the samples. For
the mud volcano samples, vaporization of dissolved gas
creates voids in the core, which contribute to the greater
compression in the mud volcano sample than that in the
reference sample. The greater compression is thought to
be one of the factors contributing to the strength increase
in the transported samples.

Consolidation Test

Figure 21 shows the consolidation curves obtained
from the OE test for the reference samples (see in Fig.
21(a)) and for the mud volcano samples (see in Fig.
21(b)) from the Peschanka P2 area. For the reference
samples, the initial void ratio, e, varies from 1.8 to 2.0,
and the sample recovered at the depth of 145 cm shows a
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I (a) = 1 145cmH - (b) —— : 145¢m A
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Fig. 21. Consolidation curve measured at OE test of (a) reference

samples and (b) mud volcano samples collected from Peschanka P2
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high initial void ratio of e;=2.8. The mud volcano sam-
ples show a uniform initial void ratio of e;~1.9 at all
depths. There is no depth-wise difference in the mud vol-
cano samples. Figure 22 shows the physical properties of
the samples measured in the OE tests. The w, w;, and w,
are shown in Fig. 22(a); the p, is shown in Fig. 22(b). The
consolidation yield stress, p., obtained from Fig. 21 is
shown in Fig. 22(c), compression index, C., is shown in
Fig. 22(d), swelling index, Ci, is shown in Fig. 22(e), and
coefficient of permeability, k, when the average consoli-
dation pressures are 13.9 kPa and 111 kPa is shown in
Fig. 22(f). The values are plotted depth-wise. It is found
from these values that the mud volcano samples have less
depth-wise variation than the reference samples have.
The relationship between the p. of the mud volcano and
reference samples and the in-situ effective overburden
pressure, oy, shows that all of the p. values are greater
than the g/ values. On the basis of these reasons, it is con-
sidered that the disturbance in sedimentary layer by the
emission of gas and water, and the vaporization of dis-
solved gas by the stress release of the mud volcano
ground are reflected in the difference of the consolidation
characteristics between the mud volcano and reference
samples.

Bender Element Test

Comparison between measured g, for the mud volcano
and that for the reference samples at the large-strain
region shows that the transported mud volcano and refer-
ence samples have nearly equal g,. In this section, defor-
mation behaviour of the transported samples at small
strain region was examined from the relationship between
the p at completion of consolidation process in each of
the incremented OE tests and the Gy, obtained from the
BE test. Figure 23 shows the relationship between the p
and the Gvy,. The o at five depths are shown in the same
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Fig. 22. Soil profiles of OE test samples collected from Peschanka P2 area
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figure. Consolidation pressure is classified in three cate-
gories: over consolidation (OC), normal consolidation
(NC), and unloading. The influence of consolidation
pressure on the shear modulus in each range was exam-
ined. In the OC region, the Gy, of the mud volcano sam-
ple is slightly smaller than that of the reference sample. It
is possible that vaporization of the dissolved gas at sam-
pling of the mud volcano sample disturbed the sample
and lowered the shear modulus, and that the sediment in
the mud volcano area is disturbed by the water and gas
discharge and the sedimentary structure is less developed
than that of the reference ground, all of which contribute
to the decrease in the shear modulus in the mud volcano
samples. In the NC region, except for the reference sam-
ple at the depth of 145 cm, the difference between the
shear modulus of the mud volcano and that of the refer-
ence samples decreases as the consolidation pressure in-
creases. This is thought to be because the sedimentary
structure of all samples developed uniformly with in-
creases in the consolidation pressure. Once the sample is
loaded to the NC region, the sedimentary structure does
not change even if the sample is unloaded to lower than
the overburden pressure, which is thought to be the rea-
son for the approximately uniform shear modulus in the
mud volcano and reference samples (see in Fig. 23). As
for the reference sample retrieved from the depth of 145
cm, the shear modulus in the NC region is lower than
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Fig. 23. Relationships between consolidation pressure p and shear modulus Gy, in the Peschanka P2 area

those of the mud volcano sample at the same depth, be-
cause the physical properties of this sample are markedly
different compared with the samples retrieved from the
same area (see in Figs. 22(a) and (b)).

Comparison of Soil Properties between Lake Baikal and
Other Sites

Compressibility of a soil is often characterized using
the C.. Logically if a soil experiences great deformations
for a small change in pressure, the soil is considered to be
very compressible. In natural soils, C, can vary for differ-
ent void ratios, even for sediments deposited within a sin-
gle sedimentary basin (refer to Leroueil et al., 1983).
Figure 24 shows the relationship between C. and ey ob-
tained from OE test, and those of the test results in
Saguenay Fjord presented by Levesque et al. (2007).
From this figure, there is no clear difference between the
sediments of the Lake Baikal and Saguenay Fjord.
Leroueil et al. (1983) demonstrated that C. depends on
the S; and ey. The relationship between C. and S, is shown
by a series of lines in Fig. 24. As can be seen in Fig. 24, S;
obtained from the Lake Baikal sediments are between 1
and 4. S, obtained from unconfined compression test tend
to between 2 and 4, indicating that it is approximately
possible to estimate the S, for the OE test. The relation-
ship between the C. and wy is shown in Fig. 25. In the
figure, the lines obtained from equations proposed by
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Cc

Skempton (1970) and Ogawa et al. (1987) were added to
examine the relationship between the values for the Lake
Baikal samples and the values obtained by the equations.
It is found that the values for the Lake Baikal samples
distribute near the line proposed by Skempton.

C.=0.009(w.— 10) (Skempton, 1970) @)
C.=0.015(w.—19) (Ogawa et al., 1987) )

For shear modulus, estimation equations that express the
shear modulus, Gu.x, of two different types of cohesive
soil as functions of the void ratio, e, have been proposed
(e.g., Hardin and Black, 1969; Shibuya and Tanaka,

1996).
2.973—¢)®
G =3270 2B 79 L0 (py)
1+e
(Hardin and Black, 1969) (6)

Grax=5000e"2g%°  (kPa)
(Shibuya and Tanaka, 1996) (7)

Zen et al. (1987) did not use the e, and proposed the
following equation that expresses the shear modulus in
relation to the plasticity index, .

Guaox=(285—21,)5 (kPa) (Zen et al., 1987)  (8)

Figure 26 shows the measured shear modulus, Gy,™e*wed,
in the OE test at the compressive pressure of p=9.8 kPa,
which is below the in-situ overburden pressure; at p=
78.5 kPa, which is above the in-situ overburden pressure;
and at 314 kPa. The figure also shows the calculated
shear modulus, Gn."*"# obtained from the estimation
Egs. (6), (7), and (8). The Guma'** in the figure were
obtained by assuming a value of 0.5 for the coefficient of
earth pressure at rest, Ky, in the OF test. For the low con-
solidation pressure in the over consolidation region (p =
9.8 kPa), the values for three equations slightly differ;
however, for all three consolidation regions, the calculat-
ed values tend to be 0.5-2.0 times the measured values.
Almost no difference is found between the shear modulus
of the mud volcano and reference samples.

In light of the above, we conclude that the compression
properties and shear modulus of the shallow layer sedi-
ment of Lake Baikal do not differ very much from the soil
properties of sediments from the other marine areas, and
it is possible to estimate the ground strength by using the
conventional estimation equations.

CONCLUSIONS

The surveys were conducted in the Lake Baikal, Russia
from 2005 to 2007, and several kinds of tests were con-
ducted for the lake-bottom sediments. Based on the com-
parison with the core observation and various tests results
on the mud volcano and reference samples, the following
conclusions were obtained;

(1) Cores with gas hydrates were retrieved from the mud
volcano grounds. Gas hydrates observed in the cores
appear in massive, grains or veins, and their distribu-
tion patterns differed from the distribution patterns
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of deep gas hydrates, which mostly form in sandy
soil.

In the cores in which gas hydrates were found, many
voids of 0.1-0.5 cm were observed. The voids are
thought to have formed from the vaporization of dis-
solved gas and the dissociation of minute grains of
gas hydrate associated with the temperature rise and
pressure decrease during sampling.

In the mud volcano samples, the clearly layered
sedimentary structure that was observed in the refer-
ence sample was not observed. It is considered that
the ground had been disturbed by gas discharge in the
mud volcano area.

Physical properties of the sediments retrieved from
the mud volcano and reference grounds at the same
areas were almost similar, regardless of depth.
Mechanical tests conducted immediately after the
sample recovery showed that the strength of the mud
volcano samples was lower than that of the reference
samples. From this result, it is considered that the
decrease of the strength obtained from the mud vol-
cano samples is reflected in the vaporizing of gas in
pore water and the dissolving of gas hydrates by the
decrease of pressure and the increase of temperature
during the sampling. In addition, it also seems that
the difference in the strength between the mud volca-
no and reference samples is reflected in the grain size
distribution.

When sample recovery that involves stress release is
done in hydrate-bearing ground, the strength of sam-
ples immediately after recovery tends to be underesti-
mated because of the disturbance that occurs at sam-
pling. It is suggested that when hydrates are recovered
using methods that involve temperature rise or pres-
sure decrease, which result in dissociation of hydrates
in shallow gas hydrate-bearing ground, the sea- or

lake-bottom may experience reduction in stability,
because of the decreased ground strength.

In the sediments retrieved from the mud volcano
grounds, the strengths obtained from the laboratory
test were higher than those of the on-board test.
Therefore, it seems like the samples were compressed
by the self-weight of sediments while these were
stored vertically on board for several days. On the
other hand, the consolidation characteristics of the
mud volcano and reference samples showed no
marked differences. At small strain region, however,
a moderate decrease in shear modulus was confirmed
in the mud volcano samples whose consolidation
pressure was lower than the in-situ overburden pres-
sure.

From these results, it is suggested that when methane
hydrates are recovered using methods that involve tem-
perature rise or pressure decrease, which result in dissoci-
ation of methane hydrates in shallow gas hydrate-bearing
ground, the sea- or lake-bottom may experience reduc-
tion in stability, because of the decreased ground
strength.
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