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Methane hydrates are widely spread in the perma-
frost regions and bottom sediment rocks of the ocean.
The total reserves of carbon in the form of hydrates are
estimated at 10* Gt C [1], which is one order of magni-
tude greater than its content in the atmosphere [2].
Large reserves of methane are also concentrated in the
bottom deposits of hydrates in the largest inland reser-
voirs such as Lake Baikal and the Caspian Sea. In this
paper we make assessments of the modern reserves of
hydrates in the bottom sediments of Lake Baikal, their
stability, and emissions of methane during dissociation
of methane hydrates resulting from global warming.

The temperature increase during global warming
facilitates destabilization and dissociation of aggre-
gates of subaquatic hydrates and emissions of poten-
tially large amounts of methane into the atmosphere.
Such emissions can result in significant global and
regional climatic consequences with accelerated dis-
sociation of hydrates. Dissociation of methane
hydrates could have been the cause of the rapid cli-
matic changes in the past [3—5]. It is likely that signif-
icant temperature jumps during the last glacial period
can be attributed to the sharp emissions of methane
from methane hydrates [6].

The stability of hydrates in the bottom sediments of
inland reservoirs depends on temperature and pres-
sure. Hydrostatic pressure at the bottom in the loca-
tions of methane hydrates exceeds the pressure needed
for the stability of hydrates at the temperature of the
bottom water. Hydrates are usually not formed over the
bottom owing to the insufficient concentration of
methane. As the depth below the bottom increases,
hydrostatic pressure and temperature increase linearly
(in the equilibrium conditions), while the pressure
needed for the stability of methane hydrates exponen-
tially depends on temperature. Owing to this fact, the
lower boundary of the stability zone exists. An increase
in the bottom water temperature leads to a change in
the temperature profile in the bottom sediments and to
the corresponding displacement of the stability zone
boundaries.
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The bottom water temperature in Lake Baikal is
currently approximately 3.5°C at depths exceeding
200 m [7]. The geothermal gradient is equal to
0.08°C/m (which is within the limits 0.06—0.1°C/m
characteristic of Lake Baikal [8]; hence a hydrate sta-
bility zone (HSZ) should exist at present in the bottom
sediments if the depth is greater than ~380 m). The
thickness of the HSZ increases from ~20 m at a depth
of 400 m to 180 m at a depth of 1600 m. If we assume
that the porosity of the bottom sediments is 0.4 [8], we
can use the data of the area of isobaths in Lake Baikal
[9] and estimate similarly to [10] the modern volume
of reserves of hydrates at approximately 52 km? of
methane under standard conditions: 7 x 102 m3
4 Gt O).

If the bottom temperature increases by 1°C, one
can expect that the thickness of the HSZ would
decrease at all depths on average by approximately 15 m,
and the area of its spreading would decrease by
approximately 5%. This would lead to a decrease in the
reserves of methane in the hydrates by 14% up to
6 x 10" m? (3.5 Gt C). The estimate of the amount of
released methane (~0.5 Gt C) corresponds to a total
methane emission into the atmosphere by all anthro-
pogenic and natural sources over one year [11]. How-
ever, dissociation of hydrates corresponds to the
spreading of the thermal wave in the bottom sediments
and occurs quite slowly.

We carried out numerical experiments using the
method for calculation of methane reserves in the bot-
tom deposits of gas hydrates similarly to [10] to esti-
mate the time intervals needed for the dissociation of
hydrates. We specified the temperature gradient that
corresponds to the equilibrium state at the geothermal
flux equal to 0.09 W/m? characteristic of the deep
water part of Lake Baikal as the initial condition for
the model of bottom sediments [12]. We specified the
thermal conductivity of bottom sediments according
to [12], and the modern bottom water temperature was
based on profile [7]. We calculated the thicknesses of
HSZ for a period of 15 000 years at a temperature
increase by 1°C (numerical experiment E1) and 3°C
(experiment E2) relative to the modern bottom tem-
perature as the upper boundary condition. The con-
ductive thermal flux in the Baikal Depression varies in
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Fig. 1. Calculated thickness of the stability zone of hydrates in Lake Baikal under modern conditions (a) and its possible decrease

if the bottom temperature increases by 1°C (b) and by 3°C (c).

wide limits from 0.05 to 0.12 W/m? [12]. Therefore, in
order to estimate the sensitivity of the model, we car-
ried out calculations with the geothermal flux equal to
0.07 W/m? (experiments E1_C and E_C) characteris-
tic of the central part of the Baikal Depression [13].

According to the model calculations, the methane
reserves in the deposits of gas hydrates in Lake Baikal
based on experiments E1 and E2 are on the order of
60 km? of hydrates or more than 8000 km? of methane
under standard conditions (approximately 5 Gt C).
The difference between these estimates and those
obtained earlier is related to accounting for the tem-
perature gradient in the water column in the model
and the small difference between the calculated and
specified values of the geothermal gradient and spatial
resolution (the model calculations were made using
the latitudinal and longitudinal resolutions of 0.25° X
0.125°). In the modern conditions, the thickness of
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the HSZ based on the calculations is between 20 and
180 m depending on the depth of the lake (Fig. 1).

The HSZ thickness in numerical experiment El
decreases by the end of the calculation period by 6—
17 m depending on the depth, while in experiment E2
it decreases by 17—46 m. In this case, the reserves of
gas hydrates decrease by 8% (up to 55 km?) and by 32%
(up to 40 km?), respectively, with methane emissions
in the approximate amounts of 0.4 and 1.6 Gt C,
respectively.

Figure 2 characterizes the dynamics of HSZ
shrinking based on the model calculations. More than
half of the methane emissions in both experiments
occur during the first thousand years. The average flux
of methane during the first thousand years of calcula-
tion for the entire lake system of Lake Baikal is
approximately 0.35 Mt CH, per year and 1.1 Mt CH,
per year for experiments E1 and E2, respectively. The
corresponding mean fluxes per unit area of the surface
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Fig. 2. Variations in the methane hydrate reserves in the
system of Lake Baikal based on calculations for the condi-
tion of bottom temperature increase by 1°C (7, I') and by
3°C (2, 2) in experiments E1 and E2 (1, 2) and in experi-
ments E1_Cand E2_C (/', 2).

of Lake Baikal are approximately 10 and 32 g CH, per
year, which is comparable with the methane fluxes
from the swamps in Western Siberia [14, 15] and
exceeds by more than one order of magnitude the
methane fluxes caused by dissociation of hydrates
owing to the sedimentation in Lake Baikal (0.2—0.9 g
CH, per year [8]). Later, the rate of HSZ degradation
gradually decreases, and after 1.7—6 thousand years,
experiments E1 and E2 reach a new equilibrium state.

The modern methane reserves based on experi-
ments E1_C and E2_C are on the order of 78 km? of
hydrates (greater by 30% than in experiments E1 and
E2) or more than 10000 km? of methane under stan-
dard conditions (approximately 6 Gt C). By the end of
the calculation period, the methane reserves decrease
in experiments E1_C and E2 C (similarly to El
and E2) by 8% (up to 72 km?®) and by 33% (up to
52 km?), respectively. In these experiments, the mean
methane flux for the first thousand years of calculation
compared to experiments E1 and E2 is greater; it is
equal to 0.42 and 1.26 Mt CH, per year in experiments
E1 _C and E2_C, respectively. The new equilibrium
state is reached later: after 2000 and 7500 model years.
The obtained changes correspond to the sensitivity of
the volume of gas hydrate reserves in Lake Baikal to
the  geothermal heat  flux: approximately
1 km3/(mW/m?) (1.5% of reserves decrease per 1% of
the geothermal flux increase).

It is noteworthy that when the stability zone
decreases mainly from below, a significant part of meth-
ane cannot reach the bottom because it has to pass the
stability zone of hydrates. In addition, the major part of
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methane that reached the surface dissolves in the water
and does not spread into the atmosphere. However,
many regions of methane emissions have been found in
Lake Baikal including its deep-water parts with the
height of the plume up to 950 m over the bottom [§],
which indicates that there is a large methane flux from
the bottom layers of the bottom sediments and its con-
centration near the bottom is high.
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