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Abstract—Mercury distribution was examined in the sediments of Lake Baikal that were sampled within the
scope of the Baikal Drilling International Project in 1996-1999. The Hg concentrations in the ancient sediments
are close to those in the modern sediments with the exception of a few peak values, whose ages coincide with
those of active volcanism in adjacent areas. Mercury was demonstrated to be contained in the sediments in the

adsorbed Hg” mode, predominantly in relation with organic matter. When the organic matter of the bottom sed-
iments is decomposed in the course of lithification, Hg is retained in the sediments adsorbed on the residual
organic matter, and the concentration of this element corresponds to its initial content in the bottom sediments
during their accumulation. Mercury concentrations in lithologically distinct bottom sediments of Lake Baikal
and its sediments as a whole depend on the climate. Sediments that were formed during warm periods of time
contain more Hg than those produced during cold periods or glaciation. Periodical variations in the Hg concen-
trations in the bottom sediments of Lake Baikal reflect the variations in the contents of this element in the
Earth’s atmosphere in the Late Cenozoic, which were, in turn, controlled by the climatic variations on the planet
and, thus, can be used for detailed reconstructions of variations in the average global temperature near the

planet’s surface.
DOI: 10.1134/S001670290702005X

INTRODUCTION

The international program of deep drilling at Lake
Baikal (the Baikal Drilling Project, BDP) involved the
drilling of five borehole clusters in 1993-1999 (Fig. 1),
which provided core material, from 100 to 600 m long,
on the sediments of the lake. The results obtained on
these cores indicate that the sediments of Lake Baikal
are very suitable for studying environmental and cli-
matic variations in Central Asia in the Late Cenozoic
[1-3 and others]. The materials obtained on sedimen-
tary deposits of the lake younger than 8 Ma made it pos-
sible to accomplish detailed regional paleoclimatic
reconstructions in correlations with variations in the
regional tectonic activity and geological conditions.
The Hg distribution in these sedimentary deposits pro-
vides insight into tendencies of its behavior during the
accumulation of the sedimentary sequences of Lake
Baikal. The interpretation of these data from the actual-
istic viewpoint is underlain by the known features of
Hg behavior in the modern bottom sediments of Lake
Baikal [4]. The Hg concentrations in Baikal sediments
are related to the contents of this element in the atmo-
sphere, and hence, the distribution of Hg in sedimen-
tary sequences and the constant of the dynamic equilib-
rium between Hg in bottom sediments and in the atmo-
sphere [4] make it possible to calculate the variations in
the content of this metal in the Earth’s atmosphere dur-
ing the last 5 m.y. These data could significantly bridge
the gap in the information of Hg behavior in surface

processes obtained from the Hgr distribution in Antarc-
tic ice during the past 420 t.y. [5].

MATERIALS AND METHODS

Borehole BDP-96 was drilled with the use of the
Nedra-Baikal-600 drilling complex (GNPP Nedra,
Russia), which was mounted on a barge 400 t in cargo
capacity [1]. The further drilling operations at the bore-
hole in 1997, 1998, and 1999 were conducted with the
Nedra-Baikal-2000 drilling complex mounted on a
1300-t barge [2, 3]. Continuous core receiving was con-
ducted with piston-type, hydraulic-percussion, and
rotor-type core receivers with plastic inserts. After the
lifting of the core receivers aboard, the plastic pipe con-
tainers with sediments were transferred to the labora-
tory at the drilling complex.

Samples were taken from the lower end of the con-
tainer within a few minutes after core lifting and placed
into glass KIMBLE containers or analogous containers
with massive polyethylene lids, and the containers were
hermetically sealed. The sediment samples were simul-
taneously placed into two containers: the material from
one of them was analyzed for Hg concentrations and,
after this, for concentrations of other elements; and the
sediment from the other container was used to deter-
mine its moisture and density in compliance with con-
ventional techniques [1, 6, 7, and others]. The bottom
sediments were dried at temperatures of 50-60°C, and
the dry material from the second container and the
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Fig. 1. Map of Lake Baikal with 1993-1999 drilling sites (Baikal Drilling Project BDP).

remaining material from the first one were used to
determine the composition of the bottom deposits.
Since as much as approximately 2 m of the core were
recovered during each cruise, the sampling step of the
sedimentary succession was also equal to 2 m.
Mercury concentrations in sediments were deter-
mined by the cold vapor technique on an RAF-1M
modernized analyzer (analyst L.D. Andrulaitis). The
reader can find a description of the analytical tech-
niques, their characteristics, and a list of the standards
in [8]. The modes of Hg occurrence were determined

GEOCHEMISTRY INTERNATIONAL  Vol. 45 No. 2

by a combined scheme of thermal and atomic absorp-
tion analyses in combination with the experimental
analytical approach with the use of synthetic Hg-bear-
ing minerals as the calibration standards. This scheme
was previously successfully applied to determining the
modes of Hg occurrence in the bottom sediments in
reservoirs at the Angara River [9] and in modern sur-
face deposits of Lake Baikal [4]. The overall concentra-
tions of organic carbon and sulfur were determined in
the samples in compliance with the recommendations
in [10]. Biogenic silicon was analyzed in the bottom
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Fig. 2. Data of thermal and atomic absorption analysis on
the modes of Hg occurrence in the bottom sediments of
Lake Baikal. The lower plot demonstrates the presence of
two modes of Hg occurrence: adsorbed Hg" and an insignif-
icant amount of sulfides. This combination was identified
only in a few samples of the surface sediments of Lake
Baikal [4]. The overwhelming majority of our samples of
the surface sediments and all samples recovered by drilling
contain only adsorbed Hg0 (upper plot).

sediments by a specialized method, which was
designed for the analysis of this component in the sed-
iments of Lake Baikal (analyst M.I. Arsenyuk) [1-3].
The elemental composition of the bottom sediments
from Baikal was studied by XRF, atomic absorption,
emission spectroscopy, and classical chemistry meth-
ods with the use of techniques developed at the Vino-
gradov Institute of Geochemistry, Siberian Division,
Russian Academy of Sciences [1, 2, 11, and others].
The samples were described and used to prepared
smear-slides (according to conventional methods).

RESULTS

The modes of Hg occurrence identified in the
ancient sediments of Lake Baikal, recovered by deep
drilling, indicate that all samples contain this element
only in the form of physically adsorbed Hg° (Fig. 2,
upper plot), with a release temperature of about 230°C
[4, 9]. These ancient bottom sediments differ from the
modern deposits of Lake Baikal, which occasionally

GEOCHEMISTRY INTERNATIONAL  Vol. 45

contain (along with a physically adsorbed mode of Hg
occurrence) Hg in another mode, whose maximum
release temperature is 460-520°C (Fig. 2, lower plot).
Judging from experimental data, the latter mode is
related to sulfide minerals with Hg in the sediments, for
example, cinnabar or other minerals containing a Hg
admixture [5]. This also follows from the results of
mineralogical studies of the surface sediments of
Baikal [6]. No other modes of Hg occurrence in the bot-
tom deposits were identified [12]. Below, when dis-
cussing Hg concentrations in the deep sediments recov-
ered by deep drilling, we will mean their Hg concentra-
tions in the physically adsorbed form.

Deep drilling in 1996 (BDP-96). Boreholes up to
300 m deep were drilled at the top of the Akademicheskii
submarine ridge at a water depth of 321 m (Fig. 1). The
core yield was close to 95% [1]. The sediments are ter-
rigenous oozes no older than 5 Ma. The average Hg con-
centration in the sediments recovered in 1996 was equal
to 16 ppb (31 analyses). These were the first data on Hg
concentrations in the sedimentary deposits of Baikal.

Deep drilling in 1998 (BDP-98). A borehole >600 m
deep was also drilled at the Akademicheskii Ridge of Lake
Baikal at a water depth at the drilling site of 333 m (Fig. 1).
The core was systematically taken during drilling to a
depth of 600 m, and the yield of the core was no less
than 95%. As in the core recovered in 1996, the sedi-
ments were biogenic—terrigenous oozes. The alterna-
tion of layers of clayey material and those with higher
contents of diatom shells was controlled by alternating
cold and warm climate periods [2, 13, and others]. The
histogram in Fig. 3 shows the Hg distribution in the
core. The average Hg concentration for the whole
600-m vertical section is 63 ppb (325 analyses), which
is close to the average value for the modern sediments
of Lake Baikal [4].

Deep drilling in 1999 (BDP-99). The borehole pen-
etrated a 350-m sedimentary succession in the
Posol’skaya Bank in the Southern Basin of Lake
Baikal. Core was systematically recovered from depths
of up to 250 m (core yield was 95%). The water depth
at the drilling site was 201 m. The sediments consisted
of alternating biogenic—terrigenous oozes and glacial—
lacustrine clays. A detailed description of the stratigra-
phy can be found in [3]. The Hg distribution through
the upper 129 m of the vertical section corresponds to
the normal law, the average value is 50 ppb.

For all ancient sediments of Baikal in which Hg con-
centrations were determined, we also determined the
lithological and chemical composition of the sediments
by the methods listed above. According to all of their
characteristics, these sediments are principally similar
to other sediments of this lake recovered by deep drill-
ing. Our data confirmed the chemical differences
between sediments produced in distinct paleoclimatic
conditions, with the sediments corresponding to a cold
period containing more clay minerals [1-3].

No.2 2007
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Fig. 3. Histograms of Hg distribution in (/) the Late Ceno-
zoic and (2) modern sediments of Lake Baikal (our data).

DISCUSSION

It is interesting to consider data on the Hg distribu-
tion in the 600-m vertical section of the sedimentary
succession penetrated by Borehole BDP-98. These data
reflect Hg behavior during the accumulation of the sed-
imentary succession of Lake Baikal during the last sev-
eral million years. A histogram characterizing the Hg
distribution is shown in Fig. 3 and demonstrates that the
concentrations of this metal in the Holocene—Pliocene
sediments of the lake are generally close to those in the
modern sediments, except only a few anomalously high
values that are absent from the surface sediments (Fig. 3,
Table 1). Since the variations in the age of the sedi-
ments in the vertical section of Borehole BDP-98 were
examined fairly thoroughly by the isotopic (Be) and
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paleomagnetic techniques [14-16], the ages of these
extremely high Hg concentrations in the sediments can
be readily determined (Table 1). The table also presents
the dates of pulses of volcanic activity in the western
Baikal area [17, 18]. It can be seen that the values dis-
play a good agreement. The highest Hg concentrations
are restricted to a time span of approximately 4 m.y. corre-
sponding to one of the most significant pulses of regional
volcanic activity [17, 18]. The minimum age of volcanic
manifestations in the area reflected in the Hg distribution in
the Baikal sediments is close to 1.7 Ma (Table 1). There
are, however, data on other, younger pulses of regional
volcanic activity at up to 50 ka [17, 18], but they are not
reflected in the Hg concentrations in the sediments. This
is most probably explained by the fact that the sampling
step of the sedimentary sequence of Lake Baikal during
drilling was 2 m (see above). The average rate of sedi-
mentation at the Akademicheskii Ridge of Lake Baikal is
known to be approximately 4.5 cm/t.y. [1, 2], so that the
time span corresponding to the sampling of the 600-m
core column corresponds to approximately 50 t.y..
These data demonstrate that some maxima of Hg con-
centrations (related to regional volcanic activity) in the
Baikal sediments cold be overlooked. Below we will
consider the Hg distribution in the continuous vertical
sections of Baikal sediments and will provisionally
ignore the maximum values.

It is expedient to consider all available data on the
Hg distribution in the bottom deposits of Lake Baikal.
It was determined that the modern bottom sediments of
Baikal show a positive correlation between the total
concentrations of organic carbon and mercury. The Hg
concentrations in these sediments show no correlations
with any other parameters of the modern sediments of
the lake [4]. Baikal sediments younger than 5 Ma and
recovered by Borehole BDP-98 tend to become richer
in Hg with increasing concentration of organic matter,
but, in contrast to modern sediments, this correlation is
not as significant statistically. This is explained by the
fact that, in contrast to the modern sediments, this ten-
dency in their older analogues was affected not only by
the concentration of organic matter but also by the
degree of preservation of the latter during the processes
of oxidation and diagenesis. As was pointed out by

Table 1. Age of sediments with anomalously high Hg concentrations in Borehole BDP-98 and volcanic events in the Baikal

area during the last 6 m.y.

Peak position in the | Hg concentration, | Age, Ma, average |Oka volcanic field
no. vertic%l section, cm g ppb g of [16-18] g [19] Tunka valley [19] | Eastern Tuva [20]
1 7181 280 1.75+£0.01 1.58+0.14 1.73+£0.15
1.75+£0.1
2 7791 265 1.92 £0.02 1.90 £0.07 1.91+0.3 2.07 £0.03
3 11392 260 3.00 £0.02 29+0.2
2.8%£0.5
4 16676.5 420 4.1%£0.02 34+0.8
5 18581 340 4.57+£0.01 475+04
6 23718.5 210 5.71+£0.22 54+£04
GEOCHEMISTRY INTERNATIONAL  Vol. 45 No.2 2007
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Ernst [19], it is sometimes principally important to
know both the initial content of organic matter and the
variations in the degree of its reservation in the sedi-
ments with time.

There is definitely a general dependence between
the concentrations of Hg and C,, in the ancient sedi-
ments. For example, data on the same types of sediments
recovered by Borehole BDP-98 show quite obvious linear
correlations. For example, Cy, =2.3 C,, + 1.7, R* = 0.4
for the clays; Cy, =0.7 C,, + 3.6, R* = 0.3 for the
diatomaceous oozes; etc. Here and below, Hg concen-
trations in sediments are in ppb and C,, is in wt %.
Upon processing data on the chemical composition of
Baikal sediments (recovered by Boreholes BDP-96 and
BDP-98), we distinguished three clusters that differ in
composition and characteristic concentrations of bio-
genic silicon: <11, 11-23, and >25 wt % [20]. The three
types of Baikal sediments show clearly pronounced lin-
ear correlations between the concentrations of mercury
and organic carbon: Cy, = 0.72 C,,, +3.2 (R?=0.98). All
of these facts imply that both the ancient and the mod-
ern sediments of Baikal contain mercury in the form of
Hg? adsorbed on organic matter in sediments.

The average concentrations of organic matter in the
modern sediments of Lake Baikal are much higher than
in the ancient sediments recovered during deep drilling
(1.9 and 0.82 wt %, respectively; our data, which are in
good agreement with the data [21] on the Upper Pleis-
tocene—Holocene sediments of Baikal). At the same
time, the average calculated Hg concentration in the
organic matter of modern sediments is much lower than
in their ancient analogues: 3340 and 7070 ppb, respec-
tively. This suggests that the destruction of organic mat-
ter results in an increase in the Hg content in the
remaining organic matter. The partial destruction and
transformations of organic mater in the bottom sedi-
ments of Baikal can proceed in two ways. First, it
results in the formation secondary carbonates, which
were found in the core of Borehole BDP-98 at a depth
of 400 m and below [22]. Since we examined the depth
interval of 0-200 m, this process can be rejected from
consideration. Second, the decomposition of organic
matter in the sediments generates methane [1, 2]. This

can be associated with the formation of mobile methyl
complexes of this metal. It is known that methyl-Hg
compounds are produced in natural aquatic ecosystems
under certain conditions and at the active participation
of living microorganisms (see the reviews [23, 24]).
Methyl-Hg compounds were previously found in a
diversity of components related to the ecosystem of
Baikal, but none of these compounds have ever been
found in its bottom sediments [25]. The Eh and pH of
the bottom deposits of Lake Baikal [26] and physico-
chemical data [27, 28] indicate that Hg is contained in
the sediments in the form of Hg’. Considered together
with the fact that the ancient bottom deposits contain no
living organisms [29], this rules out the possibility of
the formation of methylated Hg species in the sedi-
ments. Hence, the diagenetic transformations of Baikal
sediments were not associated with conditions favorable
for the removal of this metal in the form of methyl-Hg
compounds from the uppermost 200 m of these deposits.

The Hg concentration in the organic matter of the
sediments penetrated by the boreholes increases with
decreasing contents of organic matter, with this depen-
dence having a nearly inversed exponential (Fig. 4).
For all individual measurements generalized in Table 2
(the principles underlying the construction of this table
will be described below), the dependence between these

parameters has the form Cy, = 4.33 C;igm (R?=0.79). The
dimension of this exponential dependence also testifies
that the sediments retain Hg adsorbed on organic matter
(the dimension of the surface is square) during the
decomposition of organic matter, whose mass has a
cubic dimension (via density). The high sorption
capacity of the organic matter (predominantly humic
and fulvic acids [30]) of the sediments with respect to
certain elements [31] is also favorable for Hg reten-
tion in these sediments during early diagenetic phases.
All data presented above led us to conclude that the
variations in the Hg concentration in the organic con-
stituents of the sediments generally reflects the initial
permanent Hg concentration in the sedimentary sequence
during its accumulation in near-surface environments.
This offers the possibility of studying the behavior of Hg
during the accumulation of the sedimentary sequence of
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Fig. 4. Correlation of the organic matter content in the bottom sediment and its Hg concentration. The bottom sediments were recov-

ered by deep drilling at Lake Baikal. The dependence is described by the equation Cyy, = 4790C
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Lake Baikal on the basis of the Hg distribution in the
stratigraphic sequence.

It is widely known that the continuous sections of
the bottom sediments of Lake Baikal provide a unique
record of the environmental and climatic variations in
Central Asia [1-3 and others], and this, in turn, makes
it possible to analyze, in detail, the behavior of Hg dur-
ing the accumulation of the sedimentary sequence of
the lake in correlation with the climatic variations in
Central Asia in the Late Cenozoic. As was established
earlier, an effective parameter recording paleoclimatic
variations in Central Asia in the sedimentary record of
Lake Baikal is the contents of amorphous (biogenic)
silicon in these sediments [1, 2, 32, 33]. Sediments with
2-8 wt % biogenic silicon were obviously formed in a
cold climate, during cooling and glaciation periods, and
bottom sediments with >30% amorphous silicon were
definitely formed in a warm climate, during interglacial
and warming periods. Inasmuch as the borehole core
was sampled in the course of drilling with approxi-
mately 2-m intervals, before the material was examined
for the contents of diatom shells and amorphous silica,
these samples should correspond to both “warm” and
“cold” layers of sediments, as well as those formed dur-
ing transitional periods, when the regional climate vari-
ations were more complicated. Because of this, to elu-
cidate the climatic impact in the Hg global cycle during
the last 5 m .y., we selected only sediments that were
formed during either warm or cold periods (according
to the aforementioned criterion). These data (Table 2)
convincingly demonstrate the effect of climate on the
Hg distribution in the sedimentary sequences. Although
the overall organic carbon contents in the sediments
corresponding to warm periods are lower than in those
of the “cold” sediments, their Hg concentrations show
the opposite tendency, at least during the last 5 m.y.
This is at variance with the idea that the Hg concentra-
tion increased in the Antarctic ice formed during the
last glaciation and that the Hg concentrations in the
Holocene was low [34] but receives support from the
linear dependence between the Hg content in the
Earth’s atmosphere and the average global air tempera-
ture near the Earth’s surface, described by the equation

Cpye = 0,65 T°C + 17.6 ( R = 0.76). (1)

This dependence was established to be valid for the
whole Phanerozoic based on the proportions of CO,
and Hg in volcanic gases [34], i.e., by virtue of indepen-
dent evidence.

The most significant Hg flux comes to Baikal from
the atmosphere [25], so that the Hg concentration in a
sediment of certain age should have been directly cor-
related with the Hg concentration in the atmosphere at
that time and, according to the aforesaid, with the
Earth’s climate. This means that Hg in Baikal sedi-
ments is an indicator of variations in the planet’s pale-
oclimate, which is characterized by the average global
air temperature near the planet’s surface. At the same
time, the variations in the contents of biogenic silicon
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Table 2. Average Hg concentrations in sediment and organ-
ic matter for warm and cold climatic periods in Central Asia
during the last 5 m.y.

Component

For cold climate
(numerals in paren-
theses are number

For warm climate
(numerals in paren-
theses are number

of measurements) | of measurements)
Hg in sediment, 27 £12 (9) 46 £ 11 (11)
ppb
Corg in sediment, 0.98+£0.6 (9) 0.68+0.2 (11)
wt %
Hg in organic mat- | 4100 =3000 (9) | 7200 £ 2400 (11)

ter from sediment,
ppb

in the sedimentary sequences of the lake were eventu-
ally controlled by variations in the biological produc-
tivity of Baikal, which also depended on the regional
climate, i.e., on relatively locally operating factors.

This provides a unique possibility of using the dis-
tribution of Hg and biogenic Si in a single stratigraphic
section to reproduce the paleoclimatic variations in the
region in correlation with climatic variations on the
planet as a whole.

The constant characterizing the dynamic equilib-
rium between Hg in a bottom sediment of Lake Baikal
and in the atmosphere is equal to 0.033 ng/m?/ppb, and
the analogous constant for pelagic sediments is
0.037 ng/m3/ppb [4]. This makes it possible to use data
on the Hg distribution in Baikal sediments to recon-
struct the variations in the Hg content in the Earth’s
atmosphere in the Late Cenozoic. Our data are graphi-
cally represented in Fig. 5. Note that they are in good
agreement with the data [34] in both the absolute values

Hg, ng/l
4 —
1
.2
3 -
o
2 -
1 -
| | | 1 | II |
0 1 2 3 4 5 20

Time, Ma ago

Fig. 5. Variations in the Hg concentration in the Earth’s
atmosphere with time. (/) Our data on Borehole BDP-98;
(2) data form [33] on the Late Cenozoic.
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of Hg concentrations in the atmosphere and the general
trend of these variations with time. This validates our
approach proposed to determining the Hg concentra-
tions in the planet’s atmosphere. The variations in Hg
concentrations in the atmosphere (Fig. 5) can be repre-
sented in the form of periodical variations superim-
posed onto a generalized linear trend of decreasing Hg
concentration in the atmosphere during the last 5 m.y.
It can be seen that the variations in the Hg concentra-
tions in the sediment relative to the general trend are of
periodic character and were controlled, in compliance
with the theory [35], by periodical climatic variations.
Deviations from the trend can be used, according to
Eq. (1), for detailed (with a “resolution” of 50 t.y.) recon-
struction of the average global air temperature near the
Earth’s surface in the Late Cenozoic.

CONCLUSIONS

1. The Hg distribution revealed in the sedimentary
sequence of Lake Baikal that was formed during the
last 5 m.y. is similar to the Hg distribution in the mod-
ern sediments of Lake Baikal. Elevated Hg concentra-
tions were related to volcanic events in the western
Baikal area.

2. The bulk of Hg contained in the ancient sediments
of Lake Baikal occurs in them in the form of Hg°
adsorbed on organic matter. During the destruction of
this matter in the bottom sediments early in the course
of diagenesis, Hg is retained in the sediment, and
hence, its concentration in this sediment reflects the ini-
tial Hg contents in the bottom deposits during their
accumulation.

3. The Hg concentrations in the bottom sediments of
Lake Baikal in the Late Cenozoic depended on the cli-
matic conditions on the planet. The sediments accumu-
lated during warm periods are much richer in the metal
than the sediments corresponding to cold periods and
glaciations.

4. The periodical variations in Hg concentrations in
the vertical section of the bottom sediments of Lake
Baikal reflect periodical variations in the Hg concentra-
tion in the Earth’s atmosphere in the Late Cenozoic and
can be used for the detailed reconstruction of variations
in the average global air temperature near the Earth’s
surface.
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