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Abstract

Measurement of magnetic susceptibility (MS) and diffuse reflectance spectra (DRS) were used to construct environmental
proxies in a 6.5 m section of the sediment core VER98-1-13 from the Academician Ridge, Lake Baikal. The interpretation of MS
and DRS was supported by X-ray diffraction and microparticle voltammetry to identify the main Fe-bearing minerals. The record
of the relative paleointensity of the Earth’s magnetic field was used to construct an age model showing the core interval covers
the last 160 ky. The time resolution of the record was ~1 ky. The main environmental changes were recognized by a combination
of DRS and MS records and compared to marine isotopic stages in addition to the diatom record from 120 to 60 ky BP so as to
demonstrate the importance of these inorganic proxies as paleoenvironmental records. A dramatic climatic deterioration between
66 and 60 ky BP was probably preceded by a dry intermediate stage between 77 and 66 ky BP. The DRS-based proxies of
Fe(Il)/Fe(IIl) ratios in the mineral assemblage, MS and/or diatom records clearly reveal 1-2 ky long environmental extremes at
110, 103, 90, 85, 77, 61, 54, 36, 27, 23, and 19 ky BP. The majority of these extremes were contemporaneous with discharges of
North Atlantic and Arctic Ocean icebergs (Heinrich events) documenting a teleconnection between the North Atlantic Ocean and
East Central Siberia. These sharp changes coincided with a major transition to the colder climatic stages of the last 100 ky.
© 2006 Published by Elsevier B.V.
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1. Introduction Barguzin rivers, erosional and reworking events can
be recognized in the influx of river-transported material

Lake Baikal’s sediments are one of the most valu- (Prokopenko et al., 2001a). Contrarily on ridges rela-

able terrestrial climatic archives covering the last 20 My
(Kashiwaya, 2003). In certain Baikal localities, partic-
ularly those close to the deltas of the Selenga and
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tively remote from the large river deltas (Academician
Ridge, Continent Ridge) very fine and uniform material
is deposited and sedimentation proceeded continuously,
mostly without hiatuses, during the last hundred ky to
several My with low and surprisingly stable sedimen-
tation rate (Grachev et al., 1998; Bangs et al., 2000;
Prokopenko et al., 2001b; Kravchinsky et al., 2003;
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Demory et al., 2005a). In previous studies, the Baikal
climatic record was mostly interpreted using explicit
functions of the lake paleoproductivity such as diatom
analysis (Edlund and Stoermer, 2000; Mackay et al.,
2003; Roiual and Mackay, 2005; Swann et al., 2005),
total content of biogenic SiO, (Bradbury et al., 1994;
Prokopenko et al., 2001b; Ryves et al., 2003; Chebykin
et al., 2004), pollen (Granoszewski et al., 2005) and the
total organic carbon or C- and N-isotopic signatures
(Prokopenko and Williams, 2003; Watanabe et al.,
2003). Climatic variations, though, also affect sediment
magnetic susceptibility (Peck et al., 1994; Demory et al.,
2005a), which is implicitly related to the lake’s biopro-
ductivity by the dilution and/or reductive dissolution of
ferrimagnetic particles. As such, this connection docu-
ments that a composition of Fe minerals in the sediment
bears a paleoclimatic record.

Diffuse Reflectance Spectroscopy (DRS) is a conve-
nient method allowing the identification of Fe-bearing
minerals in marine or terrestrial sedimentary series,
soils, and loess. DRS has been used to analyze climati-
cally forced changes in the source areas of Quaternary
marine sediments (Balsam et al., 1995; Cortijo et al.,
1995; Helmke et al., 2002; Balsam and Beeson, 2003).
The straightforward interpretation of the spectra is
based on the evaluation of the reflectivity (darkness
or lightness) which is related to the total content of
white component strongly scattering light such as
CaCOj; (Cortijo et al., 1995; Helmke et al., 2002).
Further quantitative information can be obtained by the
recognition of the main coloring components using
color indices (Helmke et al., 2002) or the first deriva-
tive of the reflectance spectra (Deaton and Balsam,
1991; Balsam et al., 1995; Balsam and Beeson,
2003). These approaches are very efficient if a white
matrix contains one or several well-defined coloring
agents with the compounds of fixed spectral properties
directly related to sediment source area (Balsam and
Beeson, 2003). A different approach is based on the
deconvolution of the absorption spectra to distinct ab-
sorption bands (Grygar et al., 2003; Hradil et al., 2004)
which are assigned to individual electron transitions of
Fe ions in a specific structural environment. This ap-
proach is ideal if the number and kind of coloring
agents are not known, as occurs in Lake Baikal’s sedi-
ments which contains numerous colored minerals such
as amphiboles, Fe-bearing micas, chlorites, and ex-
pandable clay minerals (Grachev et al., 1998; Horiuchi
et al.,, 2000; Fagel et al., 2003; Grygar et al., 2005).

The most important recent achievements in the
study of the Upper Pleistocene and Holocene sediments
in Lake Baikal are the development of age models

independent of the marine §'%0 record. These involve
stacking numerous sedimentary series from different
parts of the lake (Academician Ridge, Continent
Ridge, Buguldeika Saddle and the Selenga delta), and
systematically comparing the biogenic, chemical, mag-
netic and mineralogical proxies. In a series of recent
studies independent age models were also developed
based on radiocarbon dating (Prokopenko et al.,
2001a,b), U/Th dating (Chebykin et al., 2004; Goldberg
et al., 2005), and the relative paleointensity of magnetic
fields (Pruner et al., 2004; Demory et al., 2005a,b). This
offers a chance to search for possible discrepancies
(lags and leads) in the timing of climatic changes in
marine and terrestrial environments which was not pos-
sible in previous studies where secondary age models
were derived from Milankovitch cycles or through
correlation to SPECMAP.

The aim of this study is to identify the main envi-
ronmental stages in the Lake Baikal watershed using
mineralogical proxies based on Fe speciation by DRS,
MS, and voltammetry of microparticles. These methods
provide information about Fe oxidation state and the
composition of Fe-bearing minerals. Further rock-mag-
netic methods and powder X-ray diffraction were also
used in the study with diatom analysis between 120 and
60 ky BP done to aid comparison and paleoenviron-
mental interpretation of the inorganic proxies. The sed-
iment series was obtained from the gravity and
Kullenberg cores VER98-1-13 from the western part
of the Academician Ridge, Lake Baikal, in 1998. Pre-
vious clay mineral analysis has indicated an environ-
mentally controlled change in the sediment source area
during the last glacial cycle (Grygar et al., 2005). In this
study we focus on a period corresponding approximate-
ly to Marine Isotopic Stages (MIS) 5, 4, 3, and 2 which
has previously only been rarely addressed in this area.
Sediments from the Academician Ridge have previous-
ly been described in several studies Grachev et al.,
1998; Horiuchi et al., 2000; Prokopenko et al., 2001b;
Kravchinsky et al., 2003; Chebykin et al., 2004; Grygar
et al., 2005) but none have focused on Fe speciation nor
used DRS. The age model in this study was constructed
from variation in the paleointensity of the Earth’s mag-
netic field following the approach previously used else-
where by Demory et al. (2005a).

2. Materials and methods

Samples were obtained from pilot and piston cores
VERO98-1-13 with a composite length of about 12 m
from the Academician Ridge (Latitude 53.561°N, Lon-
gitude 108.011°E) at a water depth of 335 m (Fig. 1).
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Fig. 1. Map of Lake Baikal with the most frequently studied localities. VER98-1-13 core is indicated by a circle.

The core was stored in a sealed Al tube at 4 °C. After
opening the core the sediment appearance was exam-
ined and the material was sampled for magnetic mea-
surements. The pilot and piston cores, which partially
overlapped, were combined by matching their magnetic
susceptibility records. Only the upper section of the
resulting series was studied with, according to the age
model, the composite length of 6.5 m covering the last
160 ky. Clay minerals have previously been analyzed
on this core (Grygar et al., 2005).

2.1. Magnetic measurements and age model

Magnetic susceptibility was obtained after sampling
the core using plastic cubes with an inner volume of 7
cm® and a mean vertical distance of 2.2 cm. Low field
magnetic volume susceptibility (MS) was measured with
a Kappabridge KLY-3S (sensitivity of 1.2 - 10~ ® SI). The
samples were measured in a wet state as they were
removed from the cores. Remanent magnetization
(RM) was obtained with JR-6A or JR-5A spinner mag-

netometers. All samples were demagnetized in alternat-

ing fields with an amplitude 20 mT by an LDA-3A
device to remove viscous overprints; the value so
obtained was denoted RM20. Anhysteretic remanent
magnetization (ARM), a measure of a total concentration
of magnetic minerals, was generated along the sample
positive z-axis with 0.05 mT static field parallel to the AF
demagnetizing field on an AMU-1A device; the value of
ARM20 was obtained after 20 mT alternating field de-
magnetization. The relative paleointensity of the mag-
netic field was estimated as quotient RM20/ARM?20.

2.2. Analytical methods

Diffuse reflectance spectra were obtained using a
Perkin Elmer Lambda 35 spectrometer equipped with
an integrating sphere (Labsphere). For this, subsamples
from the magnetic measurements were dried at 50 °C
and ground in an agate mortar. The spectra of these
powders was measured in 10 mm quartz cells between
250—1100 nm (40000-9090 cm ™) with a 0.5 nm step.
The reflectance was converted to the Kubelka—Munk
scale, and processed using OriginPro7.0 software (Ori-
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ginLab Co., USA). The spectral deconvolution was
performed after smoothing the spectra by a 25-point
Fourier filter and fitted by a set of Gaussian curves as
described in Grygar et al. (2003) and Hradil et al.
(2004). The deconvolution was performed with seven
Gaussian bands, denoted hereafter by capital letters A—
G, with the bandwidths refined with certain restrictions
(sharing and/or upper limit setting to 3000 cm™ ). The
bands were assigned according to Sherman (1985,
1987), Barrén and Torrent (1986), Deaton and Balsam
(1991), and Hradil et al. (2004). The spectra of goethite
pigment Bayferrox 3920 (Bayer, Germany) diluted to
3% by kaolinite white was used for comparison.

Voltammetry of microparticles was performed with a
conventional paraffin impregnated graphite electrode in
a 1:1 acetate buffer with a total acetate concentration of
0.2 M (Grygar et al., 2002, 2003; Grygar and van
Oorschot, 2002). The peak potentials Ep were related
to a saturated calomel reference electrode (SCE). The
voltammograms were obtained by linear scans from
open-circuit potentials toward —1.05 V vs. SCE to
identify Mn"™!V and Fe" oxides or to +1.0 V vs.
SCE to identify Fe sulfides. The electrochemically
active species were assigned by comparing their Ep
with those of the reference compounds: Fe™ oxides
(Grygar et al., 2002, 2003; Grygar and van Oorschot,
2002), Mn"™"Y oxides (Bakardjieva et al., 2000) and Fe
sulfides (Almeida and Giannetti, 2003).

Powder X-ray diffraction (XRD) of the dried samples
was performed with a diffractometer PANalytical X Pert
PRO (CoKa radiation, linear detector X’Celerator) to ob-
tain a common identification of the mineral constituents.

Samples for diatom taxonomy were prepared using a
protocol that omits any chemical treatments or centri-
fugation in order to minimise further diatom dissolution
and valve breakage (Mackay et al. 1998. Diatom con-
centrations were calculated by adding a well-defined
amount of divinylbenzene microspheres, a method de-
tailed by Battarbee and Kneen (1982). Diatom valves
were counted under light microscope using phase con-
trast with an oil immersion lens at X 1000 magnifica-
tion. Where possible 300 diatom valves were counted
and classified per slide. In some samples the scarcity of
preserved diatoms within the sedimentary record pre-
vented this. Similar problems during periods of lower
productivity in Lake Baikal have previously been ex-
perienced by Edlund and Stoermer (2000) and Swann et
al. (2005). In such instances a minimum of 100 diatom
valves or four transects were counted per slide.

3. Results
3.1. Core description and the age model

Sediment lithology (Fig. 2) indicated that the upper
part of the core with its diatomaceous layer included the
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Fig. 2. Description of the VER98-1-13 core. Left: lithology, right: MS record.
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Holocene. The second main diatom zone between 5.0
and 5.6 m corresponds to the Kazantsevo interglacial, the
warmest interval of MIS 5 in Eurasia (Grachev et al.,
1998). The main boundaries between major climatic
stages can be easily revealed from the magnetic suscep-
tibility (MS) record (Fig. 2). MS decreases in warmer
periods (Peck et al., 1994) that is explained by a reduc-
tive diagenesis with a possible contribution from the
dilution of detrital magnetite by diatom frustules (Peck
et al., 1994; Demory et al., 2005b). Termination II (the
transition between MIS 6 and MIS 5) was recognized by
a change from clayey material to diatomaceous mud at
5.6 m. Between 5.6 and 2.8 m the MS pattern has several
minima, corresponding to the warmer substages of the
last interglacial, and a well-defined maximum correspon-
ding to the cold period MIS 5d between 5.0 and 4.4 m.

The preliminary age model for the core was based
on the comparison of the magnetic susceptibility re-
cord with a benthic foraminifera oxygen isotope curve
from a North Atlantic reference core (Grygar et al.,
2005). To obtain a more precise age model we used the
method of Nowaczyk and Antonow (1997) based on
the variations of the relative paleointensity in the Earth
magnetic field (Fig. 3). Good correlation between such
paleointensity records obtained in Baikal sediments
and reference records from ODP984 and Sint-800
has recently been confirmed by Oda et al. (2002). As
a reference we selected the record from ODP Site 984
(Channell, 1999). In the upper 5.5 m of the sediment
37 tie points were chosen by comparing local paleoin-
tensity minima and maxima from the two cores. For
clarity, only the local minima are connected by lines,
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Fig. 3. The age model based on the comparison of the relative paleointensity of the Earth’s magnetic field. Top: the relative paleointensity of the
reference core (top left, ODP984, Channell, 1999) and in VER98-1-13 (top, right). Half of the tie points (the lines connecting paleointensity
minima) are shown. Bottom: The age versus depth model for VER98-1-13, all tie points are shown.
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Fig. 4. Voltammograms of the brownish bands in the redox front (top), FEOOH rich sediments from Karginskiy interstadial (middle) and Fe
sulfides in sediments corresponding to MIS 5a (bottom). The assignment of the reduction (negative) peaks: C1 Mn"™"V oxides, C2 ferrihydrite, C3
well crystalline Fe oxide (goethite), C4 Fe sulfide and the oxidation (positive) peak: Al Fe sulfide. Arrows indicate the beginning and direction of

the polarization.

however the corresponding local maxima were also
used for obtaining the primary date points (Fig. 3).
The remaining samples were dated by a linear inter-
polation between the tie points. The resulting mean
sedimentation rate in core VER98-1-13 is 4.2 cm/ky,
which is in good agreement with previously published
data (Peck et al., 1994; Oda et al., 2002; Kravchinsky
et al., 2003; Demory et al., 2005a).

3.2. Voltammetry of microparticles (VMP)

VMP is specific to Fe-oxides and sulfides with a
detection limit of about ~0.1%. The sensitivity is an
order of magnitude better than that for XRD (Grygar
and van Oorschot, 2002). The method is not commonly
used for sediment analysis but has been verified by an
inter-laboratory trial (Grygar et al., 2002) and through

Table 1

comparisons with other techniques (Grygar et al.,
2003). VMP is not a quantitative analytical method
but is suitable for identification (Fig. 4).

In the top part of the sediment, namely at depths of
8—13 cm (up to 2 ky BP), Mn"""Y oxides (reduction at
Ep+0.45 V vs. SCE) and ferrihydrite (reduction peak
potential Ep between —0.15 to —0.22 V vs. SCE) are
common. Both these oxides are responsible for striking
reddish brown color at the core top (Fig. 2). The minor
voltammetric peak of ferrihydrite were obvious down to
a depth of 45 cm (16 ky BP), i.e. below the diatoma-
ceous layers of the Holocene. In samples from greater
depths VMP peaks of Mn""!"Y oxides and ferrihydrite
were not found.

In all samples from the last glacial maximum (MIS 2)
and from MIS 3 well crystalline goethite was identified
according to its reduction peak at Ep —0.75 V vs. SCE

Mean position (standard deviations in parentheses), mean widths (FWHM) and assignment of the Gaussian absorption bands in the diffuse
reflectance spectra of the entire series (133 spectra, 0-5.7 m, 0-132 ky BP)

Band Center [em™ '] FWHM [ecm ™ '] Band assignment Possible minerals

A 10985 (54) 1930 Octahedral Fe™ All Fe'" oxides and silicates
B 13929 (100) 2613 Fe'-Fe'! Biotite, chlorite

C 15984 (177) 2613 Octahedral Fe'! All Fe' oxides and silicates
D 18499 (233) 2648 Magnetically coupled octahedral Fe"'—Fe' Hematite

E 20473 (220) 2650 Magnetically coupled octahedral Fe'—Fe'™ FeOOH

F 23635 (318) 2676 Octahedral Fe' Goethite

G 29000 (fixed) 11876 Octahedral Fe'! All Fe" oxides

The bands were assigned according to Sherman (1985, 1987), Barron and Torrent (1986), Deaton and Balsam (1991), and Hradil et al. (2004).
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(Grygar et al., 2002; Grygar and van Oorschot, 2002).
After heating to 320 °C goethite was converted to pro-
tohematite with Ep shifting to a more positive value of
—0.45 V vs. SCE while the peak of the minor hematite
component remained at Ep —0.75 V vs. SCE. This test is
suitable to distinguish between these two phases (Grygar
and van Oorschot, 2002). According to this test goethite
was approximately ten times more abundant than hema-
tite. The goethite concentration was substantially lower
in samples from greater depths and traces of goethite
were only found in the interval corresponding to MIS 5d.

In some samples voltammetry revealed Fe sulfide
admixtures (oxidation peak at +0.75 V vs. SCE and a
well-defined reduction peak at —0.85 V vs. SCE, the
latter is not shown in Fig. 4). A smaller amount of Fe
sulfides were found in two samples from the middle of
MIS 5a and in many samples from the climatic transi-
tion from MIS 6 to MIS Se while the largest Fe-sulfide
accumulation was found in sediments from the middle
of the last interglacial (samples with an absolute min-
imum in the MS record). This highlights that reductive
transformation of ferric oxides occurs as result of high
bioproductivity in the lake.

3.3. Diffuse reflectance spectroscopy (DRS)

According to powder XRD analyses and findings
from mineralogical studies (Grachev et al., 1998; Hor-
iuchi et al., 2000; Fagel et al., 2003; Grygar et al.,
2005), the main coloring agents of Lake Baikal’s sedi-
ments are amphiboles, dark micas (biotite), chlorite or
chloritized biotite, and FeOOH. This mineral assem-
blage matches well with the absorbing groups included
in Table 1. Diffuse reflectance spectra, their 2nd deri-
vatives with their minima corresponding to the absorp-
tion maxima and an example of spectral deconvolution
are shown in Fig. 5.

The absorption bands A, B, and C are common to
several Fe-bearing silicates (Hradil et al., 2004). Band B
is due to a Fe"-Fe'" pair e.g. as may occur in dark
micas. Hypothetically, it could also be due to other
ferrous compounds such as Fe-phosphate (vivianite)
but the latter phase was not detected by XRD (detection
limit is ~1 wt.%) and in X-ray fluorescence analysis the
total P content in samples is <0.1% (except for the redox
front at the top of the profile where ~0.2% P is bonded to
Fe oxides). The bands D and E can be attributed to
relatively intense d—d electron-pair transitions (EPT)
of hematite and FeOOH (Sherman, 1985). Although
the term FeOOH could include both common poly-
morphs of FEOOH (a- and y-FeOOH) and ferrihydrite
according to the EPT-band position, VMP identified
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Fig. 5. Diffuse reflectance spectra. Smoothed diffuse reflectance
spectra of two samples with their depths and corresponding ages
(A), their second derivative (B) and the spectral deconvolution (C,
circles: data points, thick line: fitted spectra, thin lines: Gaussian
components). The band denotation (A—G) is the same as in Table 1.

goethite as a major Fe'" oxide and a ferrihydrite admix-
ture only at the top of the profile. Importantly, Fe'™
oxides also contribute to the bands A and C. This
overlap means that one cannot interpret the DRS data
in terms of percentages of the mineral composition. In
the deconvolution the band G was fixed at 29000 cm ™ ;
its ascending part represents the “background” in the
Vis-region due to a much stronger absorption of Fe''
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oxides and oxidic species in near UV. Hence, the result-
ing color of the sediment is attributable to several col-
oring agents: goethite a-FeOOH (yellowish or brownish
hues), ferrihydrite (reddish hue), Mn"™" oxides (dark
hues), and Fe'"'"" silicates (greenish hues). The resulting
color is in line with the lithological description in Fig. 2.
The poorly pronounced color of the sediments indicates
a considerable overlap of the absorption bands. It is
worthwhile mentioning that not all Fe-bearing minerals
can be visualized by DRS. For example the Fe sulfide
revealed in some samples by VMP has no definite
absorption bands in the visible-near IR region.

Fe-bearing minerals are probably the main mineral
coloring agent in the sediment. Organic matter and Fe
sulfide(s) can only increase the absorption background
(greyness) of the reflectance spectra and hence cannot
affect the spectral deconvolution. The mean Ti (~0.5%)
and Mn (<0.1%) contents are one and two orders of
magnitude, respectively lower than that for Fe (3—6%)
except for the redox front where the Mn content is
higher (~1%). In that brown layer Mn"™!" oxides
identified by VMP contribute to the color. The color
of the fresh sediments documented by the lithological
description (Fig. 2) was the same as the color of the
dry powders used for DRS, hence there was no reason
to assume the presence of air-sensitive pigments in the
original sediments.

3.4. DRS-based proxies

The area of band B is proportional to the amount
of Fe''-Fe'" pairs in Fe-bearing alumosilicates. Band

C is composed of Fe' in silicates and oxides and

hence the ratio of the arecas of bands B and C,
denoted further as B/C, is a proxy of Fe"/Fe™
ratio in the mineral assemblage. In sediments with
low Fe oxides content B/C mostly reflects Fe''/Fe™
ratio in alumosilicates (Fig. 6). In sediments with
substantially increased FeOOH (band E) the B/C
ratio is systematically decreased. We processed DRS
of synthetic goethite diluted to 5% by calcite and
found that the ratio of the areas of bands C and E
is 0.11. In Fig. 7 we hence plotted ratio B/(C-0.11-E)
to permit independent data interpretation of the highly
varying FeOOH content in sediments younger than 75
ky BP.

3.5. Diatom analysis

Diatom counts were made on sediments from 120 to
60 ky BP to characterize the cooling during the last
interglacial (MIS 5). Total diatom concentrations pro-
vide an overall indicator of productivity within Lake
Baikal while species/genera concentrations can provide
more season specific information. In the analyzed sam-
ples three dominant taxonomic groups were identified;
Aulacoseira sp., almost entirely comprised of Aulaco-
seira baicalensis (Meyer) Simonsen and Aulacoseira
skvortzowii (Edlund, Stoermer and Taylor), Cyclotella
sp. dominated by Cyclotella baicalensis (Meyer) Skv.,
Cyclotella minuta (Skv.) Antipova, and Cyclotella
ornata (Skv.) Flower and Stephanodiscus sp., dominat-
ed by the large Stephanodiscus grandis (Khursevich
and Loginova).
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Fig. 6. Thirteen zones distinguished by MS and DRS-based proxies between 180 and 7 ky BP. The Holocene (the uppermost part) cannot be
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A. baicalensis blooms under the ice in spring with a
temperature optima of c¢. 3 °C with higher concentra-
tions often related to extended ice-free periods and/or
clear ice conditions or ice with a snow depth of less
than 10 cm (Bradbury et al., 1994; Jewson and Granin,
2000; Richardson et al., 2000). Similarly, 4. skvortzo-
wii blooms in spring also being a colder water taxa with
a temperature optima of less than 5 °C (Morley, 2005).
C. baicalensis, C. minuta, and C. ornata all have
similar ecologies but occupy different temporal distri-
butions within the lake (Morley, 2005). While C. bai-
calensis and C. ornata generally peak during the spring
diatom bloom and C. minuta in the autumn bloom, all

three species are often present in the surface waters
throughout the year particularly during the autumn
months following the end of summer stratification
(Morley, 2005). Compared to the aforementioned Aula-
coseira sp., all three Cyclotella taxa have a much higher
tolerance and optima to warmer water conditions (Brad-
bury et al., 1994; Morley, 2005). As such, overall
increased concentrations of Cyclotella sp. can here be
related to year round warmer, more favorable, condi-
tions and a reduced annual ice cover duration.

The correlation between the inorganic and diatom-
based proxies is displayed in Fig. 8. Prior to 109 ky BP
few diatom frustules are present in the sediment indi-
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Fig. 8. MS, B/C ratio from DRS, total diatom concentration, concentration of Aulacoseira and Cyclotella sp. and cation exchange capacity (Grygar

et al., 2005) during the climatic deterioration after the last interglacial.
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cating a colder climate. This is in agreement with
higher values of MS and B/C. After 109 kyr MS and
B/C both decrease while total diatom concentrations
and in particular Aulacoseira concentrations increase,
reflecting a shift to warmer climatic conditions more
favorable to large diatom blooms. Aulacoseira concen-
trations shows three maxima between 120-60 ky BP at
c. 109 ky BP, c. 102 ky BP (MIS5c¢) and 84-77 ky BP
which indicate warmer spring conditions, reduced sea-
sonal ice cover and significant spring lake productivity.
Conversely, the Cyclotella record is marked by high
concentrations from 100-96 ky and from 80-66 ky BP
with the latter peak marking the transition from MIS 5
to the full glacial state of MIS 4. An overall increase in
Cyclotella concentrations from 80-66 ky BP together
with higher Aulacoseira concentrations from 84 to 77
ky BP therefore indicates an interval of warmer condi-
tions and reduced annual ice cover towards the end of
MIS 5. The dominance of Cyclotella taxa after the
decline in Aulacoseira species reflects an increase in
autumnal productivity relative to the spring bloom. A
similar “replacement” of A. baicalensis by Cyclotella
taxa at the end of MIS 5 is also found by Edlund and
Stoermer (2000) in the south Basin of Lake Baikal
indicating that this feature does not reflect local paleo-
conditions at site VER98-1-13. At c. 80 ky BP the
pronounced Northern Hemisphere differences between
summer and winter insolation, which characterized the
last interglacial (MIS 5e), are replaced by a 10 ky
period of warmer winters and colder summers relative
to the present time (Berger, 1978). Such changes may
have initiated changes in the water column leading to
the increased relative importance of the autumn bloom
over the spring bloom by preventing large populations
of Aulacoseira sp. The end of the Cyclotella maximum
is followed at 65 ky BP by a substantial decrease in all
diatom concentrations which coincides with changes in
B/C and MS to indicate a period of dramatic cooling.
Following this few diatom valves remain in the sedi-
ment with the establishment of full glacial conditions
and extended ice cover over the lake preventing signif-
icant diatom blooms while B/C and MS both remain
high.

4. Discussion

The general pattern of the MS record (Figs. 2, 6, and
7) agrees with the general pattern of low MS during
warm/humid climates found by Peck et al. (1994) and
Demory et al. (2005a). The MS minima at 126-119,
109-97, 76—66 ky BP and above 11 ky BP correspond
roughly to MIS Se, 5c, 5a and the Holocene, respec-

tively. These periods also corresponds to the largest
concentration of biogenic silica according to Edlund
and Stoermer (2000), Prokopenko et al. (2001b), Pro-
kopenko and Williams (2003), and Chebykin et al.
(2004). The most probable reason for the decreased
MS in warmer periods is the increased influx of organic
matter to the sediment, causing the reductive dissolu-
tion of magnetite or its conversion to sulfides. Hence,
the MS record is sensitive to the main climatic stages.
The relationship between MS and diatom concentration
was verified in the time interval between 120 and 60 ky
BP (Fig. 8). MS is therefore a very good climatic proxy
that can be obtained at high temporal resolution with
much less time-consuming work than, for example,
diatom analysis.

4.1. Clay mineral record

Analysis of expandable clay minerals in core
VER98-1-13 (Grygar et al., 2005) revealed one unex-
pected feature: the total amount of these minerals,
expressed as the total cation-exchange capacity
(CEC), was least in the warmest periods between 130
and 60 ky BP (MIS 5e, MIS 5c, and MIS 5a) and
increased in the cold stages (MIS5 d, MIS 4) and
particularly between 60 and 24 ky BP (moderate
stage MIS 3). This pattern means that the expandable
clay minerals (smectite or vermiculite and illite—smec-
tite) were more abundant in the periods limiting or even
excluding their neoformation. Chebykin et al. (2004)
also found an increased absolute influx of clay material
in cold periods and related this to the erosion of river
valley Quaternary deposits by local glaciers. Another
explanation could be a change in transport mechanisms
from fluvial in more humid periods to eolian in drier
periods (Grygar et al., 2005).

The diatom record was obtained to answer two
principal questions; whether the CEC record is inde-
pendent of diatom abundance and what could cause the
different timings in the changes of inorganic proxies
between 76 and 60 ky BP (cooling MIS 5/MIS 4, Fig.
7). As follows from Fig. 8, the diatom record revealed
two principal changes. The first is a “replacement” of
the cold-water diatoms Aulacoseira sp. by the warmer-
water Cyclotella sp. at 77 ky BP. A similar change in
the diatom genera at the end of the warm period (MIS
5) was also reported by Edlund and Stoermer (2000)
and Chebykin et al. (2004). This change coincides with
an increase in the content of expandable clay minerals,
expressed as CEC of the sediment, at 77 ky BP (Fig. 8,
Grygar et al., 2005). The total concentration of diatoms
remained relatively high until the second major change
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at 66 ky BP when diatoms vanished from the sediment
at the onset of a very cold stage. This coincides with the
sharp increase in MS. The environmental conditions
between 77 and 66 ky BP were therefore different
with respect to both the warm/humid interglacial
(MIS 5e¢) and cold/dry (MIS 4) periods.

In the period of small MS variations between 66 and
18 ky BP there are several striking features in the DRS
derived proxies. One of them is the substantially in-
creased content of FeOOH in the sediments from 59 to
23 ky BP, corresponding roughly to MIS 3. There are
two well-defined maxima in B/C or B/(C-0.11-E)
corresponding to the coldest stages of MIS 5d, MIS
4, and MIS 2 and lasting 11, 6, and 6 ky, respectively.
The B/C ratio is a proxy of the redox state of Fe in
silicates and oxides and it is known that the redox state
of Fe is a measure of the weathering of primary miner-
als during pedogenesis (Adamova et al., 2002). We can
hence attribute the high B/C values to an enhanced
detrital input of less intensively chemically weathered
material, i.e. with a lower mean Fe valence. The species
with neighboring Fe"-Fe'™ ions responsible for band B
is most probably present in Fe-bearing chlorites and
black micas, which are unstable under humid and
oxic conditions.

4.2. Climatic evolution during the past 160 ky

Based on MS and DRS records, diatom analysis and
clay mineral abundance (the last taken from Grygar et
al., 2005) we have identified 13 Zones characterising
different environmental conditions between 180 and 7
ky BP (Roman numerals in Figs. 6 and 7). Zone
boundaries are mostly based on changes recorded in
more than one proxy. Repeatedly the total Fe oxidic
species (band G) increased at the zone boundaries (Fig.
6). During cooler intervals Fe''/Fe™ in silicates (B/C
or B/(C-0.11-E)) show significant peaks. We hence
explain increasing B/C or B/(C-0.11-E) as higher
fluxes of less weathered mineral detritus into Lake
Baikal. Part of this physically weathered material was
probably transported by ephemeral local glaciers accu-
mulating on mountains adjacent to the lake.

MS and B/C values indicate cold conditions before
157 ky BP (Zone XIII; lower MIS 6) and during the
lower part of Zone XI (151-127 ky BP), both
corresponding to the Taz glacial (MIS 6). From 157—
151 ky BP (Zone XII) a slight warming, representing an
interstadial of MIS 6, is recorded at a time when
insolation increased in the high latitudes of the North-
ern Hemisphere (Berger, 1978). This is evidenced by
lowered MS values and B/C ratios.

Termination II is expressed in three distinct MS
oscillations approximately dated to 133, 130, and 128
ky BP (at the top of Zone XI) which can be related to
fine laminae with abundant diatoms starting approxi-
mately at 138 ky BP. (Fig. 2). Moreover around 137 ky
BP, superimposed on generally decreasing MS values,
the B/C ratio decreased and concentration of Fe'
oxides increased to values similar to those observed
in the Kazantsevo Interglacial. Altogether this points to
a stepwise increase in chemical weathering in the wa-
tershed and a temporarily enhanced lacustrine biopro-
ductivity. Voltammetry data reveals the highest Fe
sulfide accumulations at this time. Watanabe et al.
(2003) observed sharp peaks of S concentration at
each important climatic transition including Termina-
tion II (MIS6/MIS5e) which were explained by strongly
fluctuating sedimentation rates and the freezing of the
paleoredox front (Demory et al. (2005b). The warming
during Termination II, from approximately 135 to 128
ky BP, was therefore accompanied not only by dramatic
environmental fluctuations in the watershed but also by
fluctuations in the water body.

During the Kazantsevo interglacial (Zone X, 127-
118 ky BP) chemical weathering was at a maximum in
the watershed (lowest B/C) and lake bioproductivity
was highest (lowest MS). Ferrimagnetic minerals are in
very low concentrations whereas the content of total
Fe'" oxides is slightly elevated. Part of this Fe is present
in sulfides indicating increased reducing conditions in
the sediments. The dating of Zone X is in perfect
agreement with another dated from Continent Ridge
(Demory et al., 2005a) where Roiual and Mackay
(2005) and Granoszewski et al. (2005) dated diatom
and pollen optimum conditions to 128-117 ky BP.

Between 118-109 ky BP (Zone IX) the pronounced
local maxima of MS and B/C ratios again indicate an
increased influx of less weathered primary minerals to
the sediment. This interval (MIS 5d) together with the
last glacial maximum (Zone 2; MIS 2) clearly docu-
ments a period containing the least intensive chemical
weathering during the last 150 ky. However, several
fluctuations with local maxima of B/C and MS (rusty
layer at 116115 ky BP; probably an accumulation of
Fe' oxides) might correspond to periods of short cli-
matic warming. At the top of Zone IX a MS oscillation
with a maximum at 110 ky BP resembles the oscilla-
tions at the top of Zone XI at the MIS 6/MIS 5e
transition. The fluctuations might be time equivalent
to the Dansgaard—Oeschger events 25 and 26 recorded
in the North Greenland ice core record (North Green-
land Ice Core Project members, 2004). Only shortly
later a subsequent amelioration occurred at the top of
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the Zone when Stephanodiscus grandis together with
Aulacoseira sp. and Cyclotella sp. become abundant.

Between 109-98 ky BP (Zone VIII), MS is almost
as low as in Zone X (the Kazantsevo Interglacial). Total
contents of Fe oxides are elevated and the B/C ratio is
at a local minimum in the lower part of the Zone,
indicating an elevated discharge of organic matter and
chemically weathered detritus into the lake. Bioproduc-
tivity is also increased as shown by high diatom con-
centrations. The MS variation and a CEC maximum at
103 ky BP (Grygar et al., 2005) were attributed to a
middle MIS 5c cooling described earlier by Proko-
penko et al. (2001a). The distinct maximum of the
cold-water diatom Aulacoseira sp. may help to delin-
eate that this cooling might only have been seasonal
and thus only have affected the late winter and spring
lake conditions (Fig. 8).

MS and B/C values in Zone VII (98-76 ky BP) are
between values typical of the warmest and coldest
periods of MIS 5. Steadily decreasing diatom concen-
trations between 93 and 84 ky BP correspond to in-
creased MS values as also reported earlier by Chebykin
et al. (2004). In the VER98-1-13 record two cold
minima at about 90 ky BP (diatom concentration min-
imum and a distinct MS maximum) and at 85-83 ky BP
(weak B/C maximum, MS maximum and diatom con-
centration minimum) are probably related to abrupt
climatic changes which are also observed in the North
Greenland ice core (North Greenland Ice Core Project
members, 2004). An interesting feature of the DRS-
based proxies in Zone VII is their continuous shift
towards values that will prevail in Zone III,
corresponding to MIS3. Before the end of Zone VII
the cold-water Aulacoseira sp. shows a maximum
abundance indicating reduced snow/ice covering on
the ice on the lake and hence relatively warmer condi-
tions in Central Siberia. Zone VII ends with a sharp
B/C maximum and a diatom minimum at about 76 ky
BP (Fig. 8). This date matches closely to North Atlantic
Heinrich event 7, dated to ~75 ky BP, and possibly
coincides with the top of the diatomaceous layers ob-
served elsewhere at the Academician Ridge (Proko-
penko et al., 2001b; Chebykin et al., 2004) and at the
Selenga Delta (Prokopenko et al., 2001a).

Zone VI (76—66 ky BP) represents an intermediate
stage between late MIS 5a and MIS 4. Both low B/C
and MS records are very similar to the values recorded
during the warmest part of the Kazantsevo interglacial
reflecting an increased discharge of highly weathered
detrital minerals and organic matter to the lake. Inter-
estingly, the concentration of diatom frustules remained
rather high in VER98-1-13 though the diatom assem-

blages shows a characteristic change between 76 and 75
ky BP with Aulacoseira sp. replaced by the warmer-
water genera Cyclotella sp. MS values remain low, as if
lake bioproductivity was maintained during this period
and/or the influx of terrigenous organic materials con-
tinued uninterrupted. According to Watanabe et al.
(2003) the anoxic conditions in the sediment and the
terrestrial origin of organic matter was even more im-
portant than the lake’s primary bioproductivity. This is
corroborated by the observation that fluvial input in-
creased in this period. Prokopenko et al. (2001a) ob-
served more terrigenous material in the Selenga Delta
sediments at ~70 ky BP. Its peak was attributed to
changes related to Heinrich Event 6. Between 76 and
72 ky BP the total amount of expandable clay minerals
in the sediment also increased significantly (Fig. 8),
indicating that it could be related to a change in the
sediment source area or transport mechanism (Chebykin
et al., 2004; Grygar et al., 2005). Goldberg et al. (2005)
proposed that a dramatic decrease in water inflow to the
lake occurred approximately at 80 ky BP as a result of
decreased and fluctuating level of rainfalls between 80
and 67 ky BP. Zone VI may hence be considered a
transient period embedded between two colder periods
with substantial environmental changes in the water-
shed but still relatively high lake bioproductivity.

A dramatic fall in total diatom concentration starts in
Zone V (66—60 ky BP) and a simultaneous increase
occurs in MS and B/C indicating that organic matter
input ceased and the contribution of unweathered
minerals increased. The significant accumulation of
Fe'' oxides occurs at the boundaries of Zones VI/V
(DRS band G, Fig. 6). Again a prominent MS peak and
a B/C maximum is observed at 61 ky BP. The cold/arid
climatic condition in Zone V corresponds to the ex-
tremely cold conditions reported elsewhere from 67.4—
61.2 ky BP, for example from a terrestrial record in
South France (Genty et al., 2003). Unlike the MIS 4
signals in SPECMAP, this period was very cold in
Central Siberia.

In the last glacial cycle FEOOH peaks between 60—
51 ky BP (Zone 1V) and, surprisingly, the FeOOH
content remains high through Zone II which corre-
sponds to MIS3. In this interval, which was supposed
to be cold and dry in this part of Siberia, the Baikal
watershed was probably covered with permafrost
(Chlachula, 2001). FeOOH, especially highly crystal-
line goethite as observed by voltammetry, can only
form under humid conditions by chemical weathering
in the watershed. We propose that the sediment source
changed rather than the neoformation FeOOH. This
matches well with a high influx of expandable clay
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minerals during this period (Grygar et al., 2005, Fig. 8).
The presence of FeOOH requires that the B/C ratio be
corrected to serve as an estimate of Fe"'/Fe'"! in silicates
since FeOOH contributes to band C. The value of B/
(C-0.11-E) was hence plotted in Fig. 7.

An environmental oscillation is obvious between a
local maximum of B/(C-0.11-E) at 54 ky BP and a
local minimum in MS at 52 ky BP (Fig. 7). The distinct
maximum of B/(C-0.11-E) is very similar to the max-
ima observed in Zones V, III, and II, which can likely
be attributed to Heinrich events. However, the dating of
HS5 is uncertain (Cortijo et al., 1995); meaning the
signal may instead represent a series of local cooling
events that occurred between 60 and 40 ky BP. How-
ever, the short-lasting MS minimum at 51 ky BP coin-
cides with a sudden, short lived, increase in diatom
concentrations found by Swann et al. (2005) at Conti-
nent Ridge.

Zone IIT (51-24 ky BP), corresponding to the Kar-
ginskiy interstadial (MIS 3), is characterised by a high
FeOOH content with MS almost increasingly to values
previously reached during the extremely cold stage of
Zone IX (MIS 5d). This is in agreement with Swann et
al. (2005) who assumed that the short diatom boom at
51 ky BP was ended by a sudden climatic deterioration
at ~50 ky BP. A further MS minimum at 42 ky BP is
probably related to an increase in lake productivity
during the Karginskiy Interstadial climatic optimum,
which has previously been recorded in diatom concen-
tration by Prokopenko et al. (2001a), Chebykin et al.
(2004), and Swann et al. (2005) between approximately
50 and 35 ky BP, i.e. between Heinrich events 5 and 4,
respectively. Fe''/Fe in silicates has a rather stable
value in Zone III except for two maxima in the upper
part of the Zone: a less pronounced one at 36 ky BP and
a sharp one at 27 ky BP. Both maxima are simultaneous
(within about 1 ky) with a slight MS variations at 35
and 27 ky BP. These can be attributed to Heinrich
events 4 and 3, respectively.

From 24-18 ky BP (Zone 1I), representing the last
glacial maximum (Sartan glaciation, early part of MIS
2), maximal values of B/(C-0.11-E) and a drop in
FeOOH content occur. Furthermore, there are two dis-
tinct peaks in B/(C-0.11-E) (23 and 19 ky BP) coin-
ciding with clearly visible MS spikes. The earlier one
(23 ky BP) can possibly be related to Heinrich event 2.
Termination I is well expressed: the MS values of Zone
I (after 18 ky BP) remain in a range comparable to the
end of Zone II up to about 15 ky BP, although after 17
ky BP the MS value systematically decrease. At the top
of the core DRS applicability is severely limited due to
the proximity of the redox front, a brown layer in the

upper part of the sediments. Both ferrihydrite and
Mn"™" oxides present here makes the spectra almost
featureless with blurred absorption bands in the Vis part
of the spectra.

5. Conclusions

MS and DRS-based sediment proxies from core
VER98-1-13 enabled the reconstruction of the main
climatic stages and permitted the comparison of them
to the marine oxygen isotope stages. The climate-inde-
pendent age model permitted us to identify several
differences between the marine isotope and Baikal cli-
matic stages. The cooling that finished the last intergla-
cial proceeded to a stage between 76 and 66 ky BP with
an environment that probably was drier than the preced-
ing period but still much warmer than the subsequent
cold extreme between 66 and 60 ky BP. The MS record
indicates sub-Milankovitch warming events related to a
temporary increase in lake bioproductivity while DRS
records revealed numerous sub-Milankovitch events in
the last glacial cycle, lasting about 1-2 ky, typified by an
influx of chemically less weathered minerals. The ob-
served events coincided with Heinrich events, Green-
land stadials and/or Dansgard—Oeschger events, i.e.
changes in the North Atlantic region. Some of these
sharp changes coincided with the “switching” between
climatic stages during the last 100 ky. From the mineral
records it is obvious that that switching was rather fast,
lasting 1-2 ky in the case of coolings, and 1-5 ky in the
case of warmings. Substantial warming transitions, pre-
ceded by environmental oscillations (at 133—128 ky BP,
about 110 ky BP and about 13 ky BP), were revealed by
MS maxima and by accumulations of Fe sulfides and/or
Fe' oxides. Substantially increased concentrations of
FeOOH, most likely goethite, were also found in sedi-
ments deposited between 60 and 24 ky BP. The reasons
for this are not clear but one possible explanation is an
enhancement in eolian input of Tertiary weathering
crusts to the lake. This probably also relates to the
input of expandable clay minerals in periods of low
intensity chemical weathering.
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