
 

985

 

ISSN 0016-7029, Geochemistry International, 2008, Vol. 46, No. 10, pp. 985–995. © Pleiades Publishing, Ltd., 2008.
Original Russian Text © A.A. Krylov, O.M. Khlystov, T.I. Zemskaya, H. Minami, A. Hachikubo, H. Shoji, M. Kida, T.P. Pogodaeva, L. Naudts, J. Poort, 2008, published in
Geokhimiya, 2008, No. 10, pp. 1051–1062.

 

INTRODUCTION

Lake Baikal is the world’s largest natural reservoir
of fresh water. It is located in Central Asia and was
formed by continental rifting. The lake is up to 1642 m
deep, lies in the central part of a tectonically active
zone, and contains a 7.5-km sequence of sediments (the
oldest of which were provisionally dated at the Oli-
gocene [1]). Morphologically, the lake is subdivided
into three deep basins (Southern, Central, and North-
ern) separated by submarine highs: the Bugulda–
Selenga Wall and the Akademicheskii Ridge (Fig. 1).

The occurrence of gas hydrates (GH) is a unique
feature of Baikal; it is the only freshwater reservoir in
which gas hydrates were discovered. The possibility of
GH occurrence in Baikal sediments was suggested as
early as 1980 [2]; later, a BSR seismic reflector was dis-
covered in the course of multichannel seismic survey
[3]. The first GH samples were lifted in 1997 from
depths of 121 and 161 m with the core of Hole BDP-97,
which was drilled in the Southern Basin of Baikal [4].

Acoustic and sonar measurements conducted in the
Southern Basin in 1999 resulted in the discovery of a
number of equant structures characterized by the dis-
tortion of the acoustic signal [5, 6]. The sonar imagery
provided no evidence of the ejection of mud material,
and the craters were poorly pronounced. Because of
this, the structures (which were then named 

 

Bol’shoi

 

,

 

Malen’kii

 

, 

 

Malyutka

 

, and 

 

Staryi

 

) were classed as seeps
[6]. In March of 2000, the first bottom methane
hydrates were separated from the surface sediments of
seep Malen’kii [6–9]. The occurrence of Pliocene dia-

toms in Holocene sediments from this structure sug-
gests that they were brought to the surface together with
methane fluid from depths of >300 m [8]. Later, frag-
ments of poorly rounded solid platy rocks and lumps of
dense Pleistocene clay were lifted from the same area,
and this suggested the presence of mud-volcano breccia
and provided grounds to class seep Malen’kii as a mud
volcano [10]. Later expeditions detected GH in struc-
tures K-2 (Kukui Canyon in the Central Basin) and
Bol’shoi (Southern Basin), which also are (judging
from the presence of mud-volcano breccia) mud volca-
noes [11].

GH accumulations at submarine fluid discharge
sites are usually marked by authigenic carbonates. The
genesis of the latter is usually explained by the anaero-
bic bacterial oxidation of methane [12–14 and others].
It has long been thought that the bottom sediments of
Baikal are practically carbonate-free [15] because of
the low alkalinity of the water (which contains

66 mg/l

 

 

 

on average [16]) and the one to two
orders of magnitude undersaturation of the pore solu-
tions in Ca [17, 18]. Nevertheless, the occurrence of
minor Mn amounts in the sediments is thought to facil-
itate the crystallization of rhodochrosite [18]. Minute
granules of this mineral were found in the vicinity of a
thermal seep in Frolikha Bay at the northern tip of the
lake [17]. Carbonates of siderite and rhodochrosite
composition were also found in the core of Hole
BDP-98 drilled at the Akademicheskii Ridge. The min-
erals occurred in the depth interval of 100–600 m in the
form of minor nodules (<1 mm in diameter) or the
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Abstract

 

—This paper presents data on authigenic siderite first found in surface sediments from mud volcanoes
in the Central (K-2) and Southern (Malen’kii) basins of Lake Baikal. Ca is the predominant cation, which sub-
stitutes Fe in the crystalline lattice of siderite. The enrichment of the carbonates in the 

 

13

 

ë

 

 isotope (from +3.3
to +6.8‰ for the Malen’kii volcano and from +17.7 to +21.9‰ for K-2) results from the crystallization of the
carbonates during methane generation via the bacterial destruction of organic matter (acetate). The overall
depletion of the carbonates in 

 

18

 

O is mainly inherited from the isotopic composition of Baikal water.

 

DOI: 

 

10.1134/S0016702908100030

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Open Marine Archive

https://core.ac.uk/display/35115525?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


 

986

 

GEOCHEMISTRY INTERNATIONAL

 

      

 

Vol. 46

 

      

 

No. 10

 

     

 

2008

 

KRYLOV et al.

 

cement of the sediments [19]. The isotopic composition
of siderite from a depth of 600 m indicates that the min-
eral was formed as a consequence of methane genera-
tion [20].

This paper reports the first data on authigenic car-
bonate found at gas hydrate-bearing mud volcanoes of
Lake Baikal and presents a model for their genesis.

MATERIALS AND METHODS

Our carbonate samples were taken from two gas
hydrate-bearing mud volcanoes (Fig. 1): Malen’kii in
the Southern Basin (ice expedition and cruises of the
R/V 

 

G.Yu. Vereshchagin

 

 in 2000 and 2003–2005) and

K-2 (Kukui Canyon, Central Basin, cruise of the R/V

 

G.Yu. Vereshchagin

 

 in 2005). The samples were col-
lected with a bottom grab (sites 2003G2 and 2000D at
Malen’kii), a 1.5-m benthos tube (Site 2003BGC7,
Malen’kii), and a 5-m gravity corer (sites 2005St2GC1
at K-2; 2005St3GC1 and 2004StGC3 at Malen’kii).
The analytical operations were conducted at laborato-
ries of the Kitami Institute of Technology, Kitami,
Japan, and the Institute of Limnology, Siberian Divi-
sion, Russian Academy of Sciences, Irkutsk, Russia.

Pore waters were expelled from the samples by a
specialized press aboard the vessel, and the samples
were analyzed for Mn and Fe by atomic absorption on
a Hitachi Z-2700 spectrometer. The concentrations of
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Fig. 1.

 

 Location map of the mud volcanoes.
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sulfates and bicarbonates were measured by liquid
chromatography on a Milichrom-2A chromatograph.

Hydrate gas samples were collected by spontaneous
degassing through saturated salt solution. Gas was
extracted from the sediments by the head space tech-
nique. The molecular composition of the samples thus
obtained was analyzed on a SHIMADZU GC-14B
chromatograph (equipped with FID and TCD detec-
tors).

The X-ray diffraction crystal analysis of the carbon-
ates was conducted on a Rigaku RINT 1200 diffracto-
meter with Cu radiation at 

 

2

 

Θ

 

 of 

 

20–50°

 

 (

 

3–60°

 

 for a
few selected samples), counting time at 2 s, with a step
of 

 

0.01°

 

; the standard was quartz.
Ca, Mg, Fe, and Mn concentrations in carbonates

were determined by ICP-AES on a Hitachi 306. The
concentrations of these elements were also measured at
spots in siderite crystals on a JEOL scanning electron
microscope equipped with an EDS analytical system
(JEOL, JSM-7400F, EDS EX-23000BU).

The 

 

δ

 

13

 

ë

 

 and 

 

δ

 

18

 

é

 

 values of carbonates and the 

 

δ

 

13

 

ë

 

and 

 

δ

 

D of the hydrate gas and gas from sediments were
analyzed on a Finnigan Delta plus XP mass spectrome-
ter. Carbonate samples (1–3 mg) were completely dis-
solved in 100% phosphoric acid for 14 h at a tempera-
ture of 

 

70°ë. ëé

 

2

 

 released during the first five minutes
was removed to preclude contamination with the possi-
ble presence of minor amounts of calcite, and 

 

ëé

 

2

 

 for
the measurements was automatically brought to the
mass spectrometer with a Gas-Bench device. The stan-
dard was NBS-19 certified limestone standard. The
results were brought to the VPDB scale. The obtained

 

δ

 

18

 

é

 

 values were corrected for 

 

–1

 

‰ in order to account
for fractionation between siderite and phosphoric acid
at 

 

70°ë

 

 [21, 22]. However, the actual fractionation
value was somewhat smaller due to the substitution of
Fe

 

2+ 

 

for Ca and Mn.

RESULTS

 

Lithology of the Bottom Sediments 

 

Central Basin (K-2).

 

 Carbonates from K-2 mud
volcano were collected from the 135-cm-long core
2005St2GC1 (Fig. 2). The sediments were gas-rich
dark gray silt-pelite with diatoms. Soft carbonate nod-
ules occur at depth intervals of 34–35 and 60–63 cm.
These nodules are slightly denser and paler than the
surrounding sediment and are approximately 1 cm
across. Two GH intervals occur at depths of 97–105 and
115–135 cm. The upper one contains aggregates of
granules 1–7 mm in diameter, and the lower one con-
tains massive GH with occasional inclusions of large
granules.

 

Southern Basin (Malen’kii)

 

 Carbonates in depos-
its of the Malen’kii mud volcano morphologically dif-
fer from those described above. These are solid semir-
ounded platy aggregates from 1 to 5 cm across and
approximately 0.5 cm thick.

Olive-brown “Platelets” were collected with a bot-
tom grab and a benthos tube at Sites 2000D, 2003G2,
and 2003BSG-7 from the uppermost layer of the sedi-
ment (8–10 cm).

In core 2005St3GC1, a grayish green carbonate
platelet 

 

3 

 

× 

 

1.5

 

 cm and approximately 0.4 cm thick was
found at a depth of 102–105 cm (Fig. 2). The carbonate
was surrounded by a zone of strongly reduced black sed-
iment. The deposits are gas-rich diatom-bearing dark
olive-gray sandy silt-pelite with a few sand lamina.

At Site 2004St3GC3, a platy carbonate nodule was
contained in gas-rich silt-pelite from a depth of 130 cm.

 

Composition of Carbonates 

 

Dr. E.P. Solotchina (United Institute of Geology,
Geophysics, and Mineralogy, Siberian Branch, Russian
Academy of Sciences) was the first to determine that
platelets (2003G2 and 2003BGC-7) from the Malen’kii
mud volcano have a rhodochrosite–siderite composi-
tion.

Our X-ray diffraction analysis of carbonates from
K-2 and Malen’kii mud volcanoes has demonstrated
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Fig. 2.

 

 Stratigraphy of the carbonate-bearing sediments.
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their practically identical mineralogy. The position of
the peak (104) varies between those of typical siderite
(

 

2.80 

 

Å) and rhodochrosite (

 

2.85 

 

Å) (Fig. 1). However,
the shift of the reflection (104) could also be accounted
for by the incorporation of bivalent cations (such as Ca
and Mg) in the crystal lattice. The terrigenous admix-
ture consists mainly of quartz, plagioclase, potassic
feldspar, and clay minerals (Fig. 3). Trace amounts of
magnesian calcite were identified by the reflection
(104) approximately equal to 

 

3.00 

 

Å (these values
slightly vary from sample to sample).

Results of the ICP-AES analysis of the nodules
show that they bear high concentrations of Fe [varying
from 17.3% (K-2) to 38.2% (Malen’kii)] and low Mn con-
tents [from 0.4% (K-2) to 3.2% (Malen’kii)] (Table 1). In
addition to a carbonate phase, these cations can also be
accommodated in the terrigenous admixture. Spot anal-
yses of carbonate crystals on a scanning electron micro-
scope confirm that Fe is the predominant element of the
carbonates (77–90 mol %). This element can be iso-
morphically substituted for Ca (7–20 mol %) and, to a
lesser degree, Mn (0–4 mol %) and Mg (0–4 mol %).
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 Diffraction patterns of carbonate nodules.
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Hence, all of our carbonate nodules from both mud vol-
canoes are made up of siderite.

Mass spectrometric measurements reveal insignifi-
cant enrichment of the carbonate in the 

 

13

 

C isotope and
their depletion in the 

 

18

 

O isotope (Table 2). The platy
nodules from Malen’kii volcano show 

 

δ

 

13

 

ë

 

 from +3.3
to +

 

6.8 

 

‰ and 

 

δ

 

18

 

O from –10.6 to 

 

–11.6 

 

‰, and the soft
carbonate segregations from the K-2 mud volcano have

 

δ

 

13

 

ë

 

 from +17.7 to 

 

+21.9

 

‰ and 

 

δ

 

18

 

O from –12.7 to

 

−

 

13.9

 

‰.

 

Composition of Gases 

 

In terms of its molecular composition, GH from the
Malen’kii mud volcano consists of methane (~99%). In
addition to methane (85.1–98.5%), GH from the K-2
volcano also contains ethane (from 1.5 to 14.9%) and
minor propane (from 0.006 to 0.14%) [23]. The molec-
ular composition of gas extracted from the sediments
by the head-space technique is generally analogous to
the composition of the hydrates, except for the ethane
concentration in gas from K-2, which does not exceed
3% [24].

 

Table 1.

 

  Chemical composition of authigenic carbonates from Lake Baikal

Site Sampling depth, cm

 

d

 

(104)

 

, Å Siderite concentration 
(wt %)

Concentration (wt %, ICP data)

Ca Mg Fe Mn

Malen'kii

2003G2 8–10 2.816; 2.843 51 4.1 1.3 31.3 1.1

2003BGC–7 8–10 2.845 37 n.a. n.a. n.a. n.a.

2005St3GC1 104–105 2.823 71 2.1 1.0 28.2 1.5

2000D 10 2.842 60 n.a. n.a. n.a. n.a.

2004St3GC3, 
outer zone
inner zone

130

2.839 63 5.3 1.4 30.4 0.8

2.842 76 5.6 1.2 38.2 3.2

K-2

2005St2GC1 34 2.817 35 2.1 2.2 24.3 0.6

2005St2GC1 64 2.822 14 4.5 2.6 17.3 0.4

Note: n.a. means not analyzed.

Table 2.  Isotopic composition of carbonate nodules from Lake Baikal

Site

Measured Theoretical**

δ13C δ18O δ18Owater, ‰ 
SMOW*** T °C****

PDB

Malen'kii
2003G2 3.3 –11.3 34.39 –15.7 5.6
2003BGC7 6.1 –11.4 34.29 –15.8 6.0
2005St3GC1 4.8 –10.6 35.10 –15.1 3.0
2000D 6.4 –10.9 34.80 –15.3 4.1
2004St3GC3 (outer zone) 6.8 –10.8 34.90 –15.2 3.7
2004St3GC3 (inner zone) 5.9 –11.6 34.09 –16.0 6.7

K-2
2005St2GC1 – 34 cm 21.9 –12.7 33.08 –17.1 10.6
2005St2GC1 – 64 cm 17.7 –13.9 31.86 –18.3 15.6

Notes:      * δ18O fractionation between siderite and water, where α = (δ18Osiderite PDB + 1000)/(δ18Owater PDB + 1000), and δ18O are
measured values; 

              ** theoretical values calculated by the formula 103 lnαsiderite–water = 2.89 × 106 × T–2 – 2.81 [4]; 
            *** theoretical value for pore water form which siderite could crystallize in equilibrium at 3.5°C; 
          **** theoretical crystallization temperature of siderite at measured δ18O of the pore water (–15.2‰ SMOW for Malen'kii and –

15.3‰ SMOW for K-2).

103 αsiderite–waterln *
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The isotopic composition of methane contained in
the GH and dissolved in the pore water varies as fol-
lows: δ13ë from –61.0 to –66.0%, δD from –294 to
−314‰ for the Malen’kii mud volcano, and δ13ë from
–55.0 to –58.3‰ and δD from –295 to –305‰ for the
K-2 mud volcano [23, 25]. This isotopic composition
testifies that this methane was produced via the bacte-
rial destruction of acetate [26].

The isotopic composition (δ13ë) of C2H6 in hydrates
from K-2 varies from –24.9 to –26.6‰.

Pore Water Chemistry 

Mn concentrations vary from 0.4643 to
1.6207 µmol/l, and those of Fe vary from 0.4211 to
17.7145 µmol/l (measured only in core 2005St2GC1).
These values are much higher than in the bottom water
sampled at a depth of 50 cm from the lake floor:
0.0004136 µmol/l Mn and 0.04082 µmol/l Fe.

The distributions of the  and  anions in
the vertical sections generally show opposite trends: the
bicarbonate content increases after the reduction of sul-
fates. This scheme is most likely complicated because
of sporadic inflows of discrete portions of fluid satu-
rated with sulfates and bicarbonate [27] and/or due to
the stirring of the mud-volcano breccia. At Sites
2005St3GC1 and 2005St2GC1, sulfate is greatly
reduced at depths greater than 30 cm (Fig. 4).

We calculated the saturation coefficients of the pore
waters in core 2005St2GC1 with respect to carbonates
(aragonite, dolomite, calcite, rhodochrosite, and sider-
ite) by the formula

(1)

where [Me2+] and  are the activities of the ions,

which are functions of their concentrations in the pore
water and the ionic strength of the solution at the in-situ
measured temperature (4°ë); åÂ2+ denotes the cations
contained in the crystal structures of the carbonates;
and Ksp is the solubility product of the carbonates. The
crystallization of carbonates is possible at Ω > 0. The
calculations presented above were carried out by the
PHREEQC computer program for Windows [28].

Figure 5 shows that, depending on the activities of
ions, siderite can crystallize at certain levels in core
2005St2GC1 at pH > 7.6. Our simulation results also
imply that no other carbonates can be produced in this
core at pH from 7 to 8.

DISCUSSION

Diagenesis of the Bottom Sediments 

As has been established previously, the concentra-
tion of the Ca2+ ion in the pore waters of bottom sedi-
ments in Lake Baikal is insufficient for authigenic cal-

HCO3
– SO4

2–

Ω
Me2+[ ] CO3

2–[ ]•
Ksp

-----------------------------------------,log=

CO3
2–[ ]

cite to crystallize, whereas foreign Ca carbonates that
are brought to the lake rapidly dissolve [18]. At the
same time, the Fe and Mn concentrations in the sedi-
ments are sufficient for the development of layers
enriched in Fe and Mn oxides, as well as Fe–Mn and
Mn–Fe crusts and nodules [29, 30].

Authigenic siderite and rhodochrosite are com-
monly formed in lacustrine deposits; this process is
controlled by diagenesis [31, 32]. The geochemical
behavior of Fe and Mn is known to be controlled by the
position of the boundary between the aerobic and
anaerobic zones. Fe3+ and Mn4+ oxides are character-
ized by low mobility, and they readily precipitate and
form ferromanganese crusts and nodules in upper lay-
ers of sediments [29]. Reduced under anaerobic condi-
tions, Fe2+ and Mn2+ easily migrate, but these cations
can form rhodochrosite and siderite if the pore waters
are oversaturated in these cations and contain sufficient
concentrations of hydrocarbonate [31].

In cores 2005St3GC1 and 2005St2GC1, aerobic
environments give way to anaerobic ones at a depth of
approximately 30 cm (Fig. 4). Soft carbonates from the
K-2 mud volcano occur immediately beneath this
boundary (34 and 64 cm). Solid carbonate platelets in
cores 2004St3GC3 and 2005St3GC1 from the
Malen’kii mud volcano occur at much more significant
depths (130 and 102–105 cm, respectively), whereas
the carbonate platelets lifted with a core grab from Sites
2000D, 2003G2, and 2003BGC7 occurred at levels of
8–10 cm (and their oxidized layer was a few millime-
ters thick).

All siderite samples found in surface sediments of
Lake Baikal were spatially restricted only to the dis-
charge zone of fluids. Hence, only these domains con-

tain enough  to form carbonates; otherwise
authigenic carbonates should have occurred every-
where, considering the fact that Baikal waters are satu-
rated with Fe and Mn. Since the deposits of the
Malen’kii and K-2 mud volcanoes are rich in methane
and contain GH, we concluded that this bicarbonate is
genetically related to hydrocarbon discharge. At the
same time, carbonates and hydrocarbons (methane and
ethane) are characterized by a principally different car-
bon isotopic composition, which likely makes relations
between them not as self-evident.

Carbon Isotopic Composition 

Authigenic carbonates formed at fluid discharge sites
in the surface layers of bottom sediments were previ-
ously found only in marine environments. Their genesis
is related mostly to the anaerobic oxidation of methane,
therefore the nodules have negative δ13ë [12, 14].

Our samples of newly formed carbonates are char-
acterized by very high concentrations of 13C (Table 2).
We are aware of only a few finds of authigenic carbon-
ates at areas with GH having positive δ13ë values, and
practically all of them occurred at significantly far

HCO3
–
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below the surface of the seafloor (at depths from tens to
a few hundred meters). Examples are siderite from the
Blake Outer Ridge (δ13ë from +8.6 to +12.5‰ PDB
[33]), the cement of carbonate nodules from deposits in
the Cascadia continental margin (δ13ë up to +24.32‰

[34, 35]), and the carbonate cement of authigenic
aggregates from the Peru Trench (δ13ë up +19.0‰
[36]). Such an isotopically heavy composition of car-
bon is explained by the synthesis of CO2 when CH4 is
generated via the destruction of organic matter. In con-
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Fig. 4. Distribution of sulfates and carbonates in the pore waters.
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trast to these examples, our siderite samples were taken
from fresh-water sediments near the bottom surface.

Obviously, the mechanisms of methane oxidation
cannot be invoked in this instance to account for the
genesis of authigenic carbonates in Lake Baikal. Such
a significant 13C concentration in these carbonates can
be produced only if methane was generated by the bac-
terial destruction of organic matter [26, 37]. It is known
that much organic matter contained in the sediments is
brought to the lake by the Selenga River and by the high
sedimentation flux of phytoplankton (90% of which is
diatoms) [38]. The highest concentrations of organic
matter (1.5–2.5%) are contained in the central zone of
the Southern and Central basins in Lake Baikal [39].

There are only a limited number of compounds that
can be utilized by bacteria to synthesize methane. The
most widely spread reactions are the destruction of ace-
tate and reduction of carbon dioxide [40]. It was dem-
onstrated above that the isotopic composition of meth-
ane of the volcanoes indicates that it was generated by
the destruction of acetate. The acetoclastic genesis of
methane, the predominant mechanism of methane syn-
thesis in freshwater reduced environments, is described
by the reaction [26]

CH3COOH  CH4 + CO2. (2)

As a consequence of this process, the light and
heavy C isotopes are preferably concentrated in CH4
and CO2, respectively. Inasmuch as pH varies in sedi-
ments in Lake Baikal from 7 to 8, dissolved inorganic
carbon occurs predominantly in the form of bicarbon-
ate

CO2 + H2O   + H+. (3)

As was demonstrated above, pore waters in the
structures in question may be oversaturated with
respect to siderite, which should then precipitate
according to the reaction

Fe2+ + 2   FeCO3 + CO2 + H2O. (4)

It is known that the difference between the C isoto-
pic composition of CH4 and CO2 in freshwater reduced
environments with the predominance of acetoclastic
CH4 genesis amounts to 40−55‰ [26]. Carbon isotopic
fractionation between ëé2 and crystallizing siderite
may be as high as approximately 19‰ at 4°ë, and the
solid phase is thereby enriched in the heavy isotope
[41]. Thus, the difference in the carbon isotopic compo-
sition of methane and siderite from the mud volcanoes
in question should be 59–74‰, which is consistent with
the actual measured values.

Acetate was not determined in samples from the
mud volcanoes in Baikal, but it is known that its con-
centration in surface sediments from other parts of the
lake is 0.1–2.36 mg C/l [42]. These values are insuffi-
cient to produce the bicarbonate concentrations
required for siderite to crystallize from the solution.
Hence, the processes described by reactions (2) and (3)
most probably occur at depths of a few hundred meters,
after which the newly generated hydrocarbon gases and
bicarbonate ascent together with the mud-volcano fluid.
This idea finds support in the results of earlier studies
[43] which suggested that acetate is most actively gen-
erated at temperatures of 10–60°ë. The example of the
Blake Ridge, where hydrates were found, demonstrates
that acetate concentrations significantly increase with
depth [43].

The carbon isotopic composition of siderite from
the K-2 mud volcano is > 10‰ heavier than that of
Malen’kii volcano (Table 2). This can be explained by dif-
ferences in the isotopic composition of the source material
and/or by other factors and processes, such as the compli-
cation of acetoclastic methane genesis by methane oxida-
tion near the surface or the activation of methane synthesis
due to the reduction of carbon dioxide.

OXYGEN ISOTOPIC COMPOSITION

The oxygen isotopic composition of carbonates is
controlled by (1) the δ18O of the water from which they
crystallize and (2) the temperature of the crystallization
process. Since we know all of these parameters (the
temperature of the sediment is 3.5°ë, and the average
δ18O values of the pore water is –15.3‰ SMOW for
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K-2 and –15.2‰ SMOW for Malen’kii), we can deter-
mine whether the carbonates were formed in equilib-
rium. Many equations were developed to calculate the
equilibrium parameters of siderite crystallization
[44−47], but none of them is suitable for calculating the
crystallization of “impure” siderite in the nodules. The
experimental equations [45, 46] were derived at rela-
tively high temperatures (> 33°C), therefore their appli-
cation to low temperatures near the bottom (3.5°C) may
lead to errors. In our calculations we borrowed the the-
oretical equation from [44]. It should be mentioned that
a Ca isomorphic admixture in siderite decreases the
equilibrium crystallization temperature, which cannot
be taken into account in equations for “pure” carbon-
ates. If Ca substitutes 10% Fe in siderite, the crystal-
lization temperature of the latter decreases by approx-
imately 1°ë.

According to our results, the calculated and mea-
sured values are satisfactorily consistent only for carbon-
ate platelets from the Malen’kii mud volcano (Table 2,
Fig. 6). The theoretical temperature of siderite crystal-
lization at the K-2 mud volcano is much higher than the
temperature measured in situ (Table 2, Fig. 6). These
data are shown in Fig. 6, which illustrates the depen-

dence between the measured values of oxygen fraction-
ation in the siderite–water system (103 lnαsiderite–water,
Table 2) and the corresponding calculated theoretical
temperatures of siderite crystallization. For compari-
son, Fig. 6 presents a dashed line based on the experi-
mentally derived equation [45]. It is clear that the equi-
librium temperatures of siderite crystallization deter-
mined using this line are much higher and do not
correspond to those measured at both mud volcanoes.

At the same time, assuming that the carbonates crys-
tallized at the ambient temperature of +3.5°C, we arrive
at the conclusion that the oxygen isotopic composition
of the pore water (δ18O) should vary from –15.1 to
−16‰ SMOW for the Malen’kii mud volcano and from
–17.1 to –18.3‰ SMOW for the K-2 mud volcano
(Table 2). These values are generally consistent with
the isotopic composition of pore water from the
Malen’kii mud volcano but are much “lighter” than that
at K-2. Hence, the soft siderite nodules at K-2 either
were formed from pore water of lighter oxygen isotopic
composition than that of the modern water or crystal-
lized at higher temperatures (Table 2).

However, siderite at K-2 could not grow at tempera-
tures higher than 13.4°ë, because the nearby GH would
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have decomposed. This also follows from the calculated
equilibrium temperatures of GH stability, which are
13.4°ë for methane hydrates with crystalline structure I
and 14.4°ë for hydrates with crystalline structure II. The
calculations were conducted by method [48] using data
on the composition of GH from [23] and the hydrostatic
pressure corresponding to a water depth of 980 m. This
implies that siderite at K-2 most likely crystallized
from water depleted in 18O. It is known that the residual
water of light oxygen isotopic composition is formed
during the generation of GH, because the latter gener-
ally concentrate 18O. The conclusion that the soft sider-
ite nodules crystallized from residual water is reached
because of their occurrence near GH. Hard siderite
platelets of Malen’kii mud volcano were, according to
calculations, formed from water analogous to the mod-
ern pore water.

CONCLUSIONS

Siderite carbonates crystallize in surface sediment
near discharge sites of fluids in Lake Baikal in the form
of either soft nodules (at the K-2 mud volcano) or dense
semirounded platelets (at the Malen’kii mud volcano)
and are significantly enriched in the heavy oxygen iso-
tope.

The definite spatial restriction of the surface carbon-
ates to gas-hydrate mud volcanoes testifies to a genetic
relation between carbon in the methane and siderite.
The most plausible explanation of the principal differ-
ence between their isotopic compositions is the mecha-
nism of methane generation from carbon dioxide via
the bacterial destruction of organic matter (acetate), a
process widespread in fresh-water environments.

Theoretical calculations of the equilibrium temper-
atures of carbonate crystallization indicate that the soft
carbonate nodules of the K-2 mud volcano (Kukui Can-
yon, Central Basin) were most probably produced with
the participation of residual water released after GH
synthesis. The dense carbonate platelets of the
Malen’kii mud volcano (Southern Basin) were formed
from water of isotopic composition analogous to that of
the modern pore water.
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