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Abstract

An 8-m continuous sediment core, approximately 250-ky-old at the bottom, from Academician Ridge in Lake Baikal, has

been analyzed for the stable isotopes of carbon, nitrogen and sulfur, in order to study the paleoclimatic and paleobiological

changes that occurred in the Eurasian continental interior. These isotopic changes are closely related to changes in vertical lake-

water circulation between glacial and interglacial periods. Sedimentary organic carbon in cool periods is more enriched in 13C

(� 23.8xon average) than that in warm periods (� 27.0xon average). The 13C-enrichment of organic carbon suggests a

decrease of land-derived organic matter influx to the lake, less precipitation, and loss of terrestrial vegetation around Lake

Baikal in cool periods. Pyrite in high total sulfur/total organic carbon (TS/TOC) layers shows strong depletion in 34S (� 20.8x
to � 32.4x) during climate transitions from glacial to interglacial periods at the beginning of oxygen isotope stages (OIS) 1, 5

and 7. The 34S-depleted pyrite indicates augmentation of dissimilatory sulfate reduction by sulfate reducing bacteria (SRB) at

the sediment–water interface. Enhancement of aqueous sulfate concentrations and limitation of oxygen circulation to the

surface sediments might also occur in the climate transition periods. The d15N values of total nitrogen increase abruptly by

f 2xjust after the d34S negative peaks, which may result from low nutrient concentrations in the euphotic zone associated

with water circulation changes in Lake Baikal.
D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Lake Baikal is one of the oldest and largest lakes

in the world. Over the age span of the lake, more
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than 2000 species of organisms have evolved and

currently live in the lake with two-thirds of them

endemic. The limnological conditions of Lake Bai-

kal must have been affected by both its tectonic

history and the changes in the east Eurasian conti-

nental climate [1]. Paleoclimatic changes in the

Eurasian continental interior have been well docu-

mented in the previous studies of sediment cores

from Lake Baikal, which have been closely linked

to changes in global paleoclimate [2,3]. These
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results have indicated that Milankovitch forcing

equally affected climate in the east Siberia region

over the past 12 My [4]. However, details of

environmental changes in the lake, including past

water circulation, geochemical cycles and ecosystem

structure, are still largely unknown. For example, in

the deepest part of modern Lake Baikal, the con-

centration of dissolved oxygen is approximately 9

mg/l, which suggests a large-scale vertical convec-

tion in the lake in spite of its great depth (1634 m in

maximum) [5]. While the high dissolved oxygen

concentration of the bottom waters in Lake Baikal

must have contributed to the evolution of a diverse

biota, the exact mechanism of this large-scale water

ventilation remains unclear [6].

Most paleoclimate and paleoenvironmental inves-

tigations have centered on several proxies including

stable isotopic compositions (e.g. carbon, oxygen,

nitrogen and sulfur) in marine sediments [7,8]. In

particular, the sulfur isotope record of marine sedi-

mentary pyrite has proven to be a useful means for

deducing the role of bacterial sulfate reduction in

anoxic environments with the evaluation of the global

sulfur cycle, type and availability of organic matter,

and availability of sulfate [9]. In general, however, the

marine isotope records do not necessarily reflect

environmental variations related to the climates of

continental interiors. Very few studies have been

carried out on paleoredox conditions and sulfur cycles

using the sulfur isotope signatures of both sulfate and

sulfide in sediments from lakes, largely because of

their low sulfate concentrations ([SO4
2 �]) in most

freshwater systems. The normal range of [SO4
2�] in

freshwater lakes is about 50–300 AM, with an average

of about 110 AM [10]. The [SO4
2�] in modern Lake

Baikal (57.4F 1.3 AM, [11]) is relatively low com-

pared to the reported values from other freshwater

lakes around the world.

Earlier, Watanabe et al. [12] analyzed total organic

carbon (TOC), total nitrogen (TN) and total sulfur

(TS) concentrations as well as gamma ray density

(GRD) in a sediment core, VER98-1 St.5, from Lake

Baikal. The distributions of GRD (distinguishing

between highly compacted glacial sediment and bio-

genic opal content), TOC and TN show similar

variations, indicating that the core contains a contin-

uous record from oxygen isotope stages (OIS) 1 to 7,

over the past 250 ky [13]. In contrast, the TS distri-
bution does not correlate with the changes in GRD,

TOC and TN. Most of the layers containing high

concentrations of sulfur (up to 9 mg/g dry sed.) were

observed in transition periods from cool to warm, or

warm to cool. Fifteen thin layers with high TS/TOC

ratios (0.2 to 0.5 atomic ratio) were observed, these

ratios being much larger than the average TS/TOC

ratios found in other freshwater (0.051) or normal

oxic marine sediment (0.13) [14].

Rabinovich and Grinenko [15] reported concentra-

tions of sulfate and sulfur isotopic compositions in

lake water from several Eurasian lakes. The d34S for

sulfate in Lake Baikal were + 7.1xto 7.8x. The

mean d34S value for sulfates in 22 large Eurasian

rivers is + 8.2x, which is a commonly observed

value for sulfates in the upper part of the earth’s crust.

The water in the Selenga River, the largest river

flowing into Lake Baikal (50% of total river flow

into the lake), has [SO4
2�] of 60 AM with d34S value

of + 5.7xto + 6.9x[15]. The d13C and d15N
values of phytoplankton have been studied in the

present food webs in Lake Baikal [16]. Seasonal

variations in the d13C for phytoplankton are small

(� 28.0F 1.1x, Aulacoseira baicalensis) presum-

ably because of the large concentration of HCO3
� in

the system (66.5 mg/l). Similarly, no significant

variation was found in d15N values for phytoplankton

between April and August ( + 4.2F 0.6x).

In this paper, we describe 250-ky stable isotope

records of TOC, TN, TS and reduced sulfur for a

sediment core from Lake Baikal. The purpose of this

study is to attempt to unravel the history of this

lacustrine environment through its stable isotopic

changes, particularly with respect to the biological

activity related to paleoclimatic changes in the late

Quaternary. Sulfur and nitrogen isotopic compositions

of Lake Baikal sediments have not been reported

before. These measurements will provide the means

to further elucidate the influence of climate fluctua-

tions upon important biogeochemical processes in the

lake, past redox changes and large-scale vertical deep

water circulation mechanisms.
2. Samples and analytical methods

A f 10-m piston core (VER98-1 St.5 PC) was

taken in August 1998 from the Academician Ridge
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(53j44V33UN; 108j24V35UW, water depth: 325 m), a

relatively shallow area between the north and central

basins of Lake Baikal. The sediment core was sliced

every 1 cm. About 400 samples taken at every other 1

cm were freeze-dried and powdered. Subsequently,

these samples were treated with 6 M HCl to remove

carbonate [12]. Stable carbon isotopic compositions of

total organic carbon (d13CTOC) for the carbonate-free

samples and bulk nitrogen isotopic compositions

(d15NTN) were measured using an elemental analyzer

(EA; FISON NA-1500) interfaced to an isotope ratio

mass spectrometer (IRMS; Finnigan MAT delta-S) via

a Finnigan MAT Conflo II split interface. Carbon and

nitrogen isotopic compositions were calibrated using

an acetanilide (d13C =� 25.9xand d15N= + 0.8x)

and expressed in per mil (x) relative to Vienna–

Peedee belemnite (VPDB) and atmospheric nitrogen

(AIR). Standard deviations of the d13C and d15N
measurements for sediment samples were generally

less than F 0.1xand F 0.3x, respectively.

For sulfur-rich layers, sediment samples were

further treated with 12 M HCl/10 M HF (1:1 by

volume) followed by organic solvent (methanol,

dichloromethane and hexane) to provide a pyrite-

and kerogen (solvent-insoluble and high-molecular

organic matter)-enriched fraction to determine sulfur

isotopic compositions of reduced sulfur (pyrite) [17].

The resulting residue was analyzed by X-ray diffrac-

tion (XRD). The 89 bulk sediments and 30 pyrite-

enriched samples were combusted using an EA. The

resultant SO2 was collected from the effluent of the

EA under liquid-nitrogen temperature, and purified

in a vacuum line. Sulfur isotopic analysis was carried

out using a Finnigan MAT delta-S mass spectrometer

by a conventional dual inlet. Sulfur isotopic compo-

sitions of bulk sediment (d34STS) and pyrite in the

HCl/HF-treated samples (d34Spy) were calibrated

using an IAEA standard (silver sulfide, d34S=
+ 0.3x) and expressed relative to Vienna–Cañon

Diablo troilite (VCDT). Standard deviations of the

d34S measurements were generally less than F
0.5x. Samples of pyrite were analyzed for semi-

quantitative elemental composition with SEM–EDS

(Scanning electron microscope–energy dispersive

spectrometer, JEOL, 8900R/RL). The bulk sediment

samples were coated with Au. The microprobe

measurements were made at 15 kV and 2� 10� 8

A probe current.
3. Results

Vertical distributions of concentrations of total

organic carbon (TOC) and total nitrogen (TN),

d13CTOC and d15NTN are shown in Fig. 1 along with

the time scale from the oxygen isotope stages (OIS)

described by Imbrie et al. [13]. The concentrations of

TOC and TN, and the OIS estimation were reported in

the previous study [12].

3.1. d13C of total organic carbon (d13CTOC)

The d13CTOC values vary widely from � 29.3x
to � 21.1x. During the past 250 ky, TOC was

relatively higher in concentration and more depleted

in 13C during warm periods than in cool periods when

the reverse was true. (Fig. 1). The mean d13CTOC

values for warm and cool periods are � 27.0xand

� 23.6x, respectively. The depth profile of d13CTOC

is very similar to that of TOC (Fig. 1). However, the

fluctuation of d13CTOC between � 27.4xand

� 21.8xduring OIS 6.3 is larger relative to the

fluctuation of TOC concentration (Fig. 1) than those

observed in the last glacial. The d13CTOC fluctuations

from 0 to 50 cm in depth are similar to those found in

another 1.2-m sediment core from Academician Ridge

as measured by Horiuchi et al. [18], whose radiocar-

bon ages are used to date the present core. The abrupt

d13CTOC shift from � 28.4xto � 26.1xat 30 cm

in depth corresponds to the Younger Dryas (YD)

event, which is a millennial scale rapid cooling at

the early stage of the Holocene (ca. 12 ky BP). The

record of the YD event in sediment cores from Lake

Baikal has been reported earlier in terms of photo-

synthetic pigments [19].

3.2. d15N of total nitrogen (d15NTN)

d15NTN values fluctuate between + 3.9xand

+ 7.9x. Generally, TN is higher in concentration

and more 15N-depleted during warm periods, and

lower in concentration and more 15N-enriched during

cool periods (Fig. 1). In particular, sediment layers in

OIS 5.5 and early stage of OIS 1 are the most 15N-

depleted (minimum of + 3.9x). The depth profile of

d15NTN is similar to that of TN and TOC concen-

trations and d13CTOC except the early stages of OIS 1,

OIS 5.5 and 7.5. The mean d15NTN values of warm



Fig. 1. Vertical distributions for d15NTN, and d13CTOC in the VER98-1 St.5 piston core from Academician Ridge, Lake Baikal. Profiles of total

organic carbon (TOC) and total nitrogen (TN) are from the same core [13], and the stacked, smoothed foraminiferal d18O record from open

ocean sites as a function of age in the SPECMAP time scale are also shown for comparison [14]. Oxygen isotopic stages and substages are

represented on the d18O profile. The shaded areas indicate layers of interglacial period.
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and cool periods except during these three layers are

+ 5.5xand + 6.7x, respectively. The d15NTN shifts

in these three anomalous layers at warm periods are

distinctive from the shifts in the other parameters.

These three layers have a similar d15NTN-fluctuation

pattern, where d15NTN value decreases at the begin-

ning of warming and then abruptly increases by

f 2x.

3.3. d34S of total sulfur (d34STS) and pyrite sulfur

(d34Spy)

The distribution of sulfur (TS) in the core, the

d34STS values and TS/TOC atomic ratios are shown in
Fig. 2. This distribution of TS relative to TOC and TN

appears to be more complicated. When these data are

compared with the TS/TOC ratio, it is clear that there

are many depths at which there appears to be a

considerable excess of TS by a factor of 2 to 4

(labelled 1–15 in Fig. 2). The d34STS values vary

markedly between � 24.5xand + 32.4x, with

major excursions below 0xoccurring coincident

with a few of the TS/TOC excursions in peaks 1, 6,

7 and 15. Most of the values of d34STS were closely

constrained between + 15xand � 5x. Values of

d34STS > + 15xoccur when the value of TOC

increases to a maximum during interglacials (300–

340 and 520–600 cm in depth) The largest enrich-



Fig. 2. Vertical distributions for d34STS and d34Spy in the VER98-1 St.5 piston core from Academician Ridge, Lake Baikal. The records from

d34STS and d34Spy are shown as filled and open symbols, respectively. The horizontal dashed line in the d34S profile indicates the mean sulfur

isotopic composition of aqueous sulfate in modern Lake Baikal [18]. The profiles of TOC, TS/TOC atomic ratio and total sulfur (TS) from the

same core reported by Watanabe et al. [13] are also shown for comparison. The vertical dashed lines indicate layers with high TS/TOC atomic

ratio (>0.2; peaks 1–15 [13]). Oxygen isotopic stages (OIS) are represented on the top of d34S profile.
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ment (d34STS= + 32.4x) is observed in the late stage

of OIS 5.5 around 327 cm in depth. Sulfur isotopic

compositions at the sediment water interface (10 to 18

cm in depth) are similar to those of modern sulfate in

Lake Baikal water ( + 7.8x, [15]). On the other hand,

d34STS values in the YD event (f 30 cm in depth) are
Fig. 3. Scanning electron micrographs of pyrite framboids from (A) 348-c
dramatically lower (� 19xto � 24x). The 34S-

depleted total sulfur are found not only in the YD

event but also in the layers at 348 and 780 cm in depth

(� 18.2xand � 13.3x, respectively).

X-ray diffraction analysis indicates that pyrite is

common in the HCl/HF-treated residues throughout
m depth (peak 6 in Fig. 2) and (B) 547-cm depth (peak 9 in Fig. 2).
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the sediment core. Sulfur-bearing minerals other than

pyrite are seldom observed. Mass balance calculation

of sulfur determined by EA indicates that sulfur in the

HCl/HF-treated fractions is present as pyrite in the

proportion of 39–90% of total sulfur. In addition,

according to SEM–EDS analysis, the pyrite in 348

(peak 6) and 527 cm (peak 9) core depths is present as

a framboid form (Fig. 3). The pyrite sulfur is generally

similar or more isotopically depleted relative to total

sulfur throughout the core. The difference between

d34STS and d34Spy (DTS–py) is very small (� 0.4xto

+ 2.6x, average + 0.7x) except in those layers

having high S/C peaks 1, 6, 7 and 15. The DTS–py

values in these four layers range between + 6.3x
and + 9.6x, indicating that pyrite sulfur is extremely
34S-depleted compared to bulk samples. The largest
34S-depletion is observed in the layer corresponding

to the Younger Dryas event (d34Spy =� 32.4x).
4. Discussion

4.1. Paleoclimate and biological changes inferred

from d13CTOC and d15NTN

Differences in d13CTOC values have been used to

provide clues to the nature of the sources of sedimen-

tary organic matter in lakes, because the two end-

member values (autochthonous vs. allochthonous)

differ significantly in their isotopic compositions

[20,21]. The major sources of organic matter in sedi-

ments include planktonic algae (autochthonous) and

terrestrially derived remnants of vegetation (allochth-

onous). The d13CTOC value for modern dominant

phytoplankton (diatoms) in Lake Baikal varies from

� 25xto � 30x[16,22]. This range of d13CTOC

values is similar to that of typical d13CTOC from C3

plants. Terrestrial organic matter exhibits a wide d13C
variation, depending on the photosynthetic pathways

used by plants around watershed. C3 plants generally

have d13C values ranging from � 32xto � 20x
(f� 27xon average), whereas C4 plants have

values ranging between � 17xand � 9x
(f� 14xon average) [23]. Most C4 plants are

uncommon at temperature below 10 jC, because of

their adaptation to dry climate and high temperature

[24]. Although some C4 plants such as Muhlenbergia

sp. or Spartina sp. are found between 60 jN and 65
jN latitude in modern environments [23], compound

specific isotope analysis suggests that the presence of

C4-type vegetation has been negligible around Lake

Baikal during the past 25 ky [25]. In contrast, the

difference in d13CTOC between cool and warm periods

is up to f 6x(f 3xon average) in this study

(Fig. 1) confirming either the dominance of C3 plants

in the region or autochthonous phytoplankton in the

lake.

The relationship between d13CTOC value and TOC

concentration gives a logarithmic regression line

(r = 0.88; Fig. 4a). The d13CTOC value of this study

is negatively correlated with TOC/TN ratio (r= 0.80;

Fig. 4b). TOC/TN atomic ratios in cool periods are

relativity low, ranging from 4.2 to 9.2 (6.7 on average;

[12]). The low TOC/TN ratio suggests little supply of

land-derived organic materials into lake, probably due

to a decline in precipitation resulting in much less

inputs of carbon from terrestrial vegetation. Therefore,

variations in d13CTOC are mainly controlled by input

of terrestrial organic materials to Lake Baikal. The

linear negative correlation between d13CTOC and

TOC/TN ratio confirms that 13C-depleted organic

matter in warm periods (� 27.0xon average) is

contributed by large amounts of terrestrial C3 plants,

and that dominant source of 13C-enriched organic

matter in cool periods (� 23.6xon average) is

planktonic algae.

The 13C-enriched organic matter in cool periods

could be caused by small isotopic fractionation char-

acteristic of cyanobacteria during carbon fixation.

The rubisco purified from cyanobacteria has been

found to discriminate against 13C by as little as

17.8x, and that from higher plants can range up to

29x[26,27]. A putative d13CTOC of cyanobacteria

(f� 24x) is similar to d13CTOC values of sedi-

mentary organic carbon during cool periods for Lake

Baikal (� 23.6xon average). Cyanobacteria blooms

of up to 2� 106 cells/ml are observed at the stratified

water column in modern summer Lake Baikal [28].

The availability of CO2 (aq) should be one of the

major factors controlling carbon isotopic composi-

tions of phytoplankton [29]. Diatom frustule (biogen-

ic opal) abundance is negligible during glacial periods

in Lake Baikal in the Quaternary [30]. The inorganic

carbon-rich condition in Lake Baikal is due to chem-

ical weathering of soils and rocks by runoff [11]. Low

river inflow in cool period would result in decrease of



Fig. 4. Correlation plots of (a) TOC and d13CTOC, (b) TOC/TN and d13CTOC, (c) TN and d15NTN, (d) TOC/TN and d15NTN for the VER98-1 St.5

piston core. The records from warm and cool periods are shown as filled and open diamonds, respectively. The open circles indicate anomalous

d15NTN layers in warm periods (see text).
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bicarbonate supply from rivers. Therefore, growth of

the 13C-enriched phytoplankton might be associated

with low CO2 diffusion rates in comparison with

photosynthetic CO2 fixation in aquatic environments,

which suppress carbon isotopic discrimination. Be-

cause of increase in CO2 solubility by low tempera-

ture in surface water (approximately 2 jC in summer,

[31]) and low primary productivity (TOC < 5 mg/g

dry sed.) in the cool periods, CO2 limitation is not

likely in Lake Baikal. Hence, the d13CTOC value of

f� 24xis likely derived from cyanobacteria.

In OIS 6.3, the d13CTOC change from � 27.4xto

� 21.8xis coincident with a change of TOC/TN

atomic ratio from 5.5 to 9.3 [12]. TOC and TN

concentrations in the OIS 6.3 (up to 4 and 0.7 mg/g

dry sed., respectively) are similar to those in the OIS 3

warm period (Fig. 1). Additionally, pollen and bio-
genic silica concentration (diatom abundance) in OIS

6.3 slightly increased in the Academician Ridge

sediment core [3,32]. Therefore, 13C-depleted organic

matter in OIS 6.3 could be derived from terrestrial

organic matter attributable to the increase of humidity

and slight amelioration of climate conditions around

Lake Baikal.

Generally, d15NTN has negative correlations with

TN (Fig. 4c) and TOC/TN (Fig. 4d). However, the

variation in the d15NTN values tend to have a larger

fine-structure than seen in the TN values. Excluding

the data from three unusual layers in warm periods

(early stages of OIS1, 5.5 and 7.5, see above, Figs. 1

and 4c), correlation coefficients between TN and

d15NTN, TOC/TN and d15NTN are 0.77 and 0.65,

respectively. The more random nature of the d15NTN

values, particularly during the warm periods, suggests
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that environmental factors controlling d15NTN are

more complex than those controlling d13CTOC. Many

processes can influence the isotopic composition of

bulk sedimentary nitrogen [21,33]. The dominant

factors controlling d15N are: (1) the source of organic

matter (allochthonous or autochthonous); (2) the d15N
of nitrate assimilated by phytoplankton from lake

water; (3) the extent of the kinetic isotope effect in

nutrient uptake by phytoplankton; (4) denitrification;

(5) nitrogen fixation; and (6) diagenesis. Nevertheless,

as shown in Fig. 5, a weak positive correlation is

observed between d13CTOC and d15NTN (r = 0.64).

This relationship has been usually interpreted as

mixing between terrestrial and lacustrine sources of

organic matter, providing that terrestrial and lacustrine

organic matter are depleted and enriched in both 13C

and 15N, respectively [21].

Typically, the source of nitrogen for terrestrial

plants is by nitrogen fixation in root nodules of

legumes, and from direct deposition in rain. Hence,

land-derived organic matter is less depleted in 15N

(� 7xto + 2x, [34,35]) than organic matter of

phytoplankton in Lake Baikal ( + 4.2F 0.6x,), a

value very close to the d15N value of nitrate in

Selenga River [16]. Post-depositional degradation of

sedimentary organic matter is characterized by an

enrichment in 15N due to preferential release of

isotopically lighter N2 [36]. However, this diagenetic

effect is likely to be similar through the core, because

most of d15NTN variations in general parallel the other
Fig. 5. A correlation plot of d15NTN and d13CTOC for the VER98-1

St.5 piston core. The records from warm and cool periods are shown

as filled and open diamonds, respectively. The open circles indicate

anomalous d15NTN layers in warm periods (see text).
chemical and isotopic parameters (Fig. 1). The con-

clusion from the variations in d13CTOC and d15NTN is

that the dominant source of relatively 15N-depleted

organic matter in warm periods ( + 3.9xto + 6.2x)

is terrestrial plants, while that of more 15N-enriched

organic matter in cool periods ( + 5.5xto + 7.9x) is

due to phytoplankton growth in the lake. The impor-

tance of the three unusual layers of d15NTN in warm

periods will be discussed later in Section 4.3.

4.2. Redox depositional changes inferred from d34STS
and d34Spy

Near the sediment surface of Lake Baikal, the

d34STS value ( + 5.7xto + 11.9xfrom 10 to 16

cm) is close to modern sulfate d34S values in the lake

water ( + 7.1xto + 7.8x, [15]). For most samples,

no significant difference between d34STS and d34Spy is
observed (Table 1). This observation is explained by

diagenetic pyrite formation in a ‘closed’ or ‘semi-

closed’ system under low sulfate concentrations. The

sulfate concentration in modern Lake Baikal water is

low (ca. 50 AM, see above), so the depth of effective

sulfate diffusion into sediments is much lower com-

pared to marine sediments. Consequently, sulfate

reduction by sulfate reducing bacteria (SRB) in fresh-

water sediments is sulfate-limited. Although anaero-

bic decomposition of organic matter may be promoted

by methanogenesis, high rates of bacterial sulfate

reduction have been observed in surface sediments

of freshwater lakes [37]. As a result, the d34S value of

resultant sulfide is close to that of initial sulfate due to

rapid dissimilatory sulfate reduction under sulfate-

limiting conditions. In this case, the sedimentary

d34STS record indicates not only temporal changes in

d34S of sulfate, but also variations in sulfate concen-

tration in the lake over time.

Extreme 34S-depletion (down to � 32.4x) is

observed at high TS/TOC peaks in OIS layers 1, 5,

6 and 15 (Fig. 2). A large difference between d34STS
and d34Spy is also observed in these four layers (Table

1). As shown in Fig. 6a, two sulfur isotopic behaviors

are distinguished using a plot of d34STS vs. d34Spy. In
the 34S-enriched group (open circles in Fig. 6), d34STS
is equal to d34Spy. In contrast, d34Spy is lower by 7.7%

relative to d34STS in the 34S-depleted group (filled

circles in Fig. 6). This result indicates that 34S-

enriched components coexist in these four layers.



Table 1

Chemical characteristics and isotopic compositions in sulfur-rich layers in the Lake Baikal sediment core

δ δ δ

−
−

−
−
−

−
−
−

−
−

−
−

−
−
−

−
−

−
−

−

−

−

−

The shaded areas indicate layers with extremely 34S-depleted sulfur compound.
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The d34S value of sulfur components soluble in HCl/

HF-organic solvent (d34Ssol) is calculated using the

simple mass balance equations as follows:

d34STS ¼ d34Spyfpy þ d34Ssolfsol ð1Þ

fpy þ fsol ¼ 1 ð2Þ

Dsol�py ¼ d34Ssol � d34Spy ð3Þ

where fpy and fsol are the fraction of pyrite sulfur

(including kerogen-bound sulfur) and sulfur soluble in

HCl/HF-organic solvent, respectively. Sulfur compo-

nents soluble in HCl/HF-organic solvent include sul-

fates, iron monosulfide, elemental sulfur and organic

sulfur except kerogen-bound sulfur.
The Dsol –py value in the four layers ranges from

24.6xto 59.8x, being larger than that of other

layers (Table 1). The four layers probably contain

sulfate and organic sulfur compounds produced by

assimilatory sulfate reduction. It is reported that the

isotopic fractionation associated with sulfate assimi-

lation is small (d34Ssulfate–d34Sorganic-S = 0.9–2.8x)

[38]. However, original organic sulfur compounds

would decompose during early diagenesis. The ex-

tremely low d34S layers in Lake Baikal have relatively

low TOC concentrations ( < 10 mg/g dry sed. in Fig.

6b), indicating that incorporation of organic sulfur

compounds is not important. On the other hand, it is

likely that abundant sulfates have been supplied to the

four layers. The Dsol –py values decrease abruptly in

the 34S-depleted layers, even though d34Spy still holds



Fig. 6. Correlation plots of (a) d34STS and d34Spy, (b) TOC and d34STS, (c) TS and d34STS, (d) TS/TOC and d34STS for the VER98-1 St.5 piston

core. The isotopically heavy and light groups are shown as filled and open circles, respectively (see text).

T. Watanabe et al. / Earth and Planetary Science Letters 222 (2004) 285–299294
smaller values (Table 1). For example, pyrite at 30-cm

depth shows large 34S-depletion (� 32.4x). The

Dsol –py value decreases by 25xat 32–30-cm depth,

indicating that loss of 34S-enriched sulfate occurred

and d34S of iron monosulfide and elemental sulfur

have an effect on d34Ssol values. Probably the sulfate

enhancement occurred very rapidly. In contrast,

d34Ssol values of other layers are very close to

d34Spy (Dsol –py =� 0.6xto + 8.0x, + 2.5xon

average), indicating that no sulfate remained.

In the modern watershed of Lake Baikal, a litho-

genic sulfur contribution by surface runoff and

groundwater input is the main source of sulfate in

the lake water. An increase in sulfate concentrations in

the lake is possibly due to enhancements of tectonic

activity. For example, the sulfate concentrations of

Lake Tanganyika have risen because of tectonic

activity [39]. However, large-scale tectonic activity

in the transition periods from glacial to interglacial

around the Lake Baikal is not likely. Rather, an abrupt
increase in precipitation followed by weathering of

soils could occur within less than 300 years at the

beginning of the Bølling–Allerød warm phase [40].

Therefore, sulfate concentrations in the transition

periods from glacial to interglacial could increase

rapidly by wetter climate with warming. As shown

in Fig. 2, enhancements of TS concentration and

Dsol –py values occurred within a few centimeters in

sediment depth (ca. 1000 years).

The extreme 34S-enrichment in OIS 5.5 ( + 19.4x
to + 31.9xat 307 to 339 cm) is of particular interest.

One interpretation is that d34S of lakewater sulfate in

OIS 5.5 was isotopically heavier. Half of modern Lake

Baikal water comes from surface runoff of the Selenga

River [41]. Sulfate of the modern Selenga River

( + 5.7xto + 6.9x) is a little depleted in 34S relative

to sulfate in Lake Baikal ( + 7.1xto + 7.8x).

However, d34S values of sulfate in the Lena River

vary widely from + 2.8xto + 32.0x. [15]. High

d34S (up to + 32.0x) values are typical for Cambrian
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evaporites in the Siberian platform [15]. This suggests

a substantial contribution of sulfate to the Lena River

from groundwater. The sulfur isotopic composition of

lake water sulfate is unlikely to remain constant over

lake history, because of drastic changes of paleoenvir-

onment and tectonic changes of lake watersheds [42].

In particular, the lake water level rose 120 to 150 m

above the present level in ca. 200 ky ago, because the

lake became a closed reservoir as a result of uplifting

in the Pre-Baikalye area [42]. The age of modern

Angara River is approximately 50 to 60 ky based on

geomorphological data and molecular biology studies

of gammarid population around its mouth [43]. There-

fore, 34S-enriched sulfate could gradually accumulate

with increasing erosion of the Cambrian evaporates,

and with increasing of underground water input dur-

ing expansion of lake surface area.

Another possible interpretation involves sulfate or

sulfide diffusion, advection and reaction in a semi-

closed system after burial, as seen in sapropel at

Mediterranean [44]. The 34S-enrichment of sulfide

in 307–339 cm involves a high TOC concentration

(up to 17.4 mg/g dry sed.). Assuming that diagenetic

formation of pyrite in the organic-rich layers is Fe-

limited, excess HS� is able to migrate downwards as

sulfides. This results in the formation of pyrite below

organic-rich layers by reaction of this HS� with solid-

phase Fe3 +, and Fe2 + diffusing upwards. Conse-

quently, pyrite with 34S-depleted and high TS/TOC

ratio can occur in and below the organic-rich layers

under sulfate-rich conditions [44]. In this study, the
34S-enrichment (up to + 31.9x) with organic-rich

layers occurs just above the high TS/TOC layer (peak

6 in Fig. 2). Therefore, downward migration of

sulfidization is not likely, indicating that sulfates in

the Lake Baikal became 34S-enrichment in the early

OIS 5.5.

Only four layers (peaks 1, 5, 6 and 15 in Fig. 2)

show obvious 34S-depletion among 15 S-rich layers

with high TS/TOC ratios. There is no correlation

between d34STS and TS, and d34STS and TS/TOC

ratio through the core (Fig. 6c and d). This obser-

vation suggests that factors controlling pyrite forma-

tion are different in each high TS/TOC layer. Pyrite

formation is ultimately limited by: (1) sulfate con-

centration; (2) concentration and availability of or-

ganic matter to SRB; (3) concentration and reactivity

of iron; (4) the oxygen concentration in bottom
water; and (5) availability and type of oxidants

[9,45]. In the 34S-enriched group shown as open

circles in Fig. 6, sulfate is likely limited. In contrast,

TOC concentration of the 34S-depleted group (filled

circles in Fig. 6) is relatively low (less than 10 mg/g

dry sed.). The amount of organic matter could limit

dissimilatory sulfate reduction in the 34S-depleted

group.

The 34S-depletion during the climate transition

suggests early pyrite formation in an ‘open’ system.

Therefore, most of the pyrites in these sediments were

formed at the sediment–water interface. The occur-

rence of anoxic SRB activity near the sediment

surface indicates restriction of oxygen supply to the

deeper parts of the lake. Large-scale water circulation

in the lake could weaken in the climate transition

periods. Sulfate concentrations in the lake water may

also increase by seasonal redox changes near the

sediment surface. SRB activity and pyrite formation

could be promoted by arrest of deep water circulation,

and increase of primary productivity in summer.

Although oxygen and sulfate transport into deep water

and pyrite oxidation are promoted by weak water

circulation with ice melting in spring, repetition of

these events may limit oxygen invasion into the

deeper part of Lake Baikal. As a result, gradual

accumulation of sulfate followed by high TS with

the large 34S-depletion of sulfide by SRB could occur

in the climate transitions.

4.3. Environmental changes in the transitions from

glacial to interglacial periods

Expanded plots of d15NTN, TOC/TN ratio, d13CTOC,

d34Spy and d34STS for 0–50, 280–400 and 730–820

cm, corresponding to the three climate transition

periods from glacial to interglacial, are shown in

Fig. 7. As the TOC/TN values start to increase and

d13CTOC decrease, the d15NTN changes occur. First,
15N becomes more depleted followed immediately by

an abrupt shift to 15N-emichment, almost coincident

with strong 34S-depleted sulfide. The d15NTN de-

crease could be result from N2 fixation by cyanobac-

teria or a larger kinetic isotope effect during nitrate

uptake of phytoplankton under high nutrient supply

conditions in the lake.

In contrast, low nutrient conditions in euphotic

zone lead to the d15NTN increase. As discussed



Fig. 7. Vertical distributions for d34S, d15N, d13C and TOC/TN atomic ratio from the VER98-1 St.5 piston core plotted on an expanded scale

from Figs. 1 and 2. The dashed lines indicate the layers with high TS/TOC atomic ratio (peaks 1, 6, 7, and 15). Peak 1 corresponds to the

Younger Dryas event (YD). Oxygen isotopic stages (OIS) are shown on the TOC/TN atomic ratio profiles. The arrows on the d34S and d15N
profiles indicate anomalous changes during climate transition periods (see text).
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before, the extremely 34S-depleted pyrite could be

formed under less oxic conditions at sediment–water

interface in the climate transition, while the oxic/

anoxic changes depend on large scale deep-water

circulation characteristics of Lake Baikal [46]. Hence,

these three unusual d15NTN shifts in the climate

transitions could be caused by the following mecha-

nisms: (1) weakness of deep-water circulation fol-

lowed by the decrease of oxygen transport into deeper

water resulting in less oxic conditions near the

surface sediment; (2) enhancement of sulfate reduc-
tion by SRB in an open system at the water–sediment

interface (34S-depleted pyrite); (3) suppression of

nitrate transport from deep water to the euphotic

zone; and (4) shift to 15N-enrichment of particulate

organic nitrogen. Gradual changes in 15N-depletion

by 0.8–3.5xare observed just after an abrupt

increase of d15NTN. Because TS still maintains its

high concentration in these layers (up to 7.3 mg/g dry

sed., Fig. 2), the d15NTN values most likely reflect

relatively low ventilation in Lake Baikal deep-water

after d34S negative peaks.
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Deep-water circulation and redox changes in the

lake could occur at least three times in the climate

transition periods (high TS/TOC of peaks 1, 6 and 15

in Figs. 2 and 7). The large scale deep-water circula-

tion may have been initiated by higher salinity water

inflow from the Selenga River [46]. The layers of peak

1 (Younger Dryas) and 6 show large TOC/TN

decreases though peak 15 has a small TOC/TN de-

crease. The TOC/TN decrease indicates low influx

with high salinity from the Selenga River resulting in

probable deep water circulation. The TOC/TN de-

crease in the peak 15 is small and short-lived, but a

larger change might be observed by much higher

resolution analysis. The approximate ages of peaks

1, 6 and 15 are 12, 128 and 245 ky, respectively

[12,47]. Change of the drainage system in Lake Baikal

by impacts of tectonic activity and consequent effect

on deep-water circulation is unlikely, because approx-

imate ages for the formation of the Angara River

mouth and formation of the closed system associated

with tectonic activity are estimated to be 60 and 200

ky, respectively [42]. Instead, the systematic variations

of d34S and d15N indicate climate-related formation of

less oxic conditions in Lake Baikal.
5. Conclusions

Variations in stable isotopic compositions of TOC,

TN, TS and pyrite sulfur in the Lake Baikal sediment

core are interpreted as proxies for climatic and envi-

ronmental changes that can be of local, regional, and

even global significance. d13CTOC fluctuations sug-

gest that the predominant source of organic matter

into the sediment changed from allochthonous to

autochthonous in response to global climate changes

over the past 250 ky. Terrestrial C3 higher plants and

phytoplankton such as cyanobacteria were the domi-

nant organic source in warm and cool periods, respec-

tively. Rapid d34Spy decreases at climate transition

periods suggest that active sulfate reduction by SRB

occurred at the water–sediment interface in the tran-

sition from cool to warm periods. This result implies

that the [SO4
2�] increase and less oxic conditions took

place in the climate transition periods. The rapid

increase of precipitation with warming could give rise

to the [SO4
2�] increase in the lake. The decrease of

dissolved oxygen concentrations at sediment surface
could be caused by the weakening of deep water

ventilation. Also, d15NTN excursions suggest low

vertical mixing and low nutrient condition in these

periods. Fluctuations of lake water circulation and

depositional conditions correspond to global climatic

and environmental changes.
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