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Abstract

We investigated the mineralogical composition of tvores recovered on the Academician Ridge (Cebh#ied
Baikal, Siberia). Sedimentological features showt tine cores are unaffected by turbidity currehiswever,
hemipelagic deposition is not continuous, but imitently disturbed by syn- or post-sediment revimgk(e.g.,
bioturbation, slumps, faulting). Such modes of d&jan are consistent with the complex uplift histof the
ridge. Bulk mineralogy suggests that terrigenoudirsent supplies are constant through glacial/iriéeigl
stages, and diluted by diatom-rich intervals relate warmer interglacial stages. The core strapigyas based
on the correlation of the diatom zonation and ggaindance with the marine oxygen isotope referencee
SPECMAP. The ~ 8-m cores partly recover the last foterglacial/glacial cycles, i.e., since oxygsotope
stage 8. We test the use of clay minerals as aypfoix paleoclimatic reconstruction. The clays areren
weathered during the diatom-rich intervals in agreet with warmer climate conditions. However, theam
clay composition does not change significantly tigio glacial/interglacial stages. This observatioplies that,
in the Academician Ridge sediments, a simple sheditlite ratio (S/I) does not alone provide a ablie
indicator of climatic variation. It reflects theoplex clay assemblages, especially the smectitepgmdelivered
to Central Lake Baikal. Smectites include primariliitesmectite mixed layers, made of a mixture of
montmorillonite and beidellite. According to thdiehavior after cation saturation, the illite-smiectmixed
layers are primarily transformed smectites, witmemeoformed smectites intermittently observedaddition,
Al-smectites occur in minor proportions. We conduthat the S/l ratio has a climatic significancdyah it
evolves in parallel with the weathering stage ef ¢tays and is confirmed by a change in the contipasdf the
smectites.
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1. Introduction

When reconstructing climate evolution, the respoakehe continental system to climate changes dsd i
interaction with oceanic and atmospheric circula@atterns must be taken into account. The studgcoistrine
sediments as an accurate climate archive has bmaogped and improved recently by internationalgpams
like PAGES (e.g., PEPII, Dodson and Lui, 1995). Agohe lakes, the Lake Baikal sedimentary recoodiges

a good climate archive (e.g. Minoura, 2000). The lis the deepest and one of the oldest on Eaitth,~%.5 km

of sediments dating back to the Middle Eocene (hiaton et al., 1992). It is located within the As@ontinent
and is far from any direct influence from oceansl &e sheets. Paleoclimate studies on Baikal haenb
intensified through the Baikal Drilling Program (BIp (e.g., Kuzmin et al., 1993; BDP-Members, 199his
project has focused on uplifted areas, such asAt@slemician Ridge, which is not influenced by tditss
(Kuzmin et al., 2000; Nelson et al., 1995). Seditaefnrom this site are composed of diatom-rich veds
alternating with clay-rich intervals, and previocigmatic reconstructions have been mainly basediotic
proxies, such as diatoms (e.g., Granina et al.21@9achev et al., 1998; Mackay et al., 1998; Karaly et al.,
2000; Bangs et al.,, 2000), pollen and spores (Bmdlet al., 1994; Demske et al., 2000), chrysophyte
(Karabanov et al., 2000), 6°C in organic carbon (Prokopenko et al., 1999).

Abiotic parameters, clay minerals in particularyddbeen used only in a few studies on Baikal sedisne
(Melles et al., 1995; Williams et al., 1997; Yuo#tiet al., 1998; Horiuchi et al., 2000; Solotch@taal., 2002).
However, detrital clays can be a powerful tool éimatic reconstruction, as emphasized in manyistudn
marine sediments (e.g. Chamley, 1989; Fagel etl8P4). Our aim is to investigate the evolutionctdy
assemblages in the Baikal lacustrine record ofldbeca. 250 ky. Previously reported clay mineraadfrom
BDP cores from the Southern Central Basin (Bugkkl&addle, Yuretich et al., 1998, see Fig. 1) ewidd a
systematic increase of smectites during diatomibgantervals, indicating that a climate signatwan be
recorded within the clay-size fraction. The chanbase been explained by warmer conditions. Assuralhg
smectite is derived from soils, such a mineraldgtcand would reflect an increased hydrolysis witlihe
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watershed during interstadial and interglacialsrétich et al., 1998). It is more likely that onlyart of the clay
assemblage reflects weathering conditions in thienshed (the remainder of the clays deriving frasicanic
material or being reworked from sedimentary roclks)d thus correlates with climate variability. Testt this
hypothesis, we have conducted a detailed X-rayadifion (XRD) study of the clay assemblages wittvio

cores from the Academician Ridge, Lake Baikal, vptrticular emphasis on the investigation of thedtite

fraction. Cation (Li, K) saturation techniques hden used in order to provide a more accuratdifabation of

smectite and allow the differentiation of speciesnfed through either weathering or neoformationof€h,
2000).

Fig. 1. Geological map of the Lake Baikal area (modifieahf Galazii, 1993). Also plotted are the locatiafs
the investigated cores, VER98-1-3 and VER98-1-i4he Academician Ridge in the central part of Idiee;

the location of Core BDP-93 (Yuretich et al., 1998¢overed on the Buguldeika Saddle (Central Bash®

main rivers, and the volcanic fields (in italicsagskazov, 1994).
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2. Materialsand methods
2.1. Core location and sampling

Two piston cores were collected in the central pailtake Baikal on the Academician Ridge (Fig. lyidg a

joint Russian-German-Japanese expedition in Seed®98 with theRV VereshaginCore VER98-1-3 was
drilled on the northern part of the ridge (108°291®), 53°44'56"N) at a water depth of 373 m. Thalttength of

the core was 1092 cm, but its lower part (835-1692 was mechanically disturbed during the coringrapon

and therefore not investigated further.

Core VER98-1-14 was recovered from the southerh gfathe Academician Ridge (107°58'10"E, 53°31'28"N
at a water depth of 412 m. The total length of @lmee was 980 cm, but we have restricted our ingastin to
the first four core sections (0-773 cm) in ordecéwer approximately the same time interval intthe cores.

Core sub-sampling has been done for water con2etin(resolution, GFZ, Potsdam, Germany), diatontyara
(5 cm resolution, GFZ, Potsdam, Germany), bulk elag mineralogy (10 cm resolution, University ofebe,
Belgium), and direct opal measurements (2 cm réisoluGFZ, Potsdam, Germany).

2.2. Core lithology

For both cores, the sedimentological analysis flevtba internal organization of the clayey siltydas and their
interspersing by diatom-rich intervals (Fig. 2).l8ast 3-dm-thick diatom-rich layers are evidenwsthin Core
VER98-1-3, at core intervals 313.5-370 cm, 628-6) and 729-764 cm. Their lower limit is sharp, emicied
by an erosive scar, marked usually by a color cagfrgm gray to greenish gray, to brownish). Thetalin-rich
layers are generally massive or faintly laminat@dhe upper boundaries of the diatom-rich layers are
characterized by a gradual change of texture afal.cbhe clay-rich intervals are either massivearsely to
finely laminated or bioturbated. Tiny concretionscor as dispersed grains, scattered streaks amealignd
forming millimetric-scale layers. The concretiornor in many detrital intervals; their compositioleduced by
EDAX, is vivianite, a Fe-phosphate. The concretimh- intervals often underlie coarsely laminatedisents.
Several clay-rich intervals are affected by synpost-sedimentary microslumps, and some parts efcthe
exhibit gently inclined bedding affecting groupslafers.

The sedimentological features in Core VER98-1-taarite similar to those in Core VER98-1-3 (Fig. Rive-

dm-thick diatom-rich layers are evidenced at caottervals ~ 245-260, 270-340 cm, 395-450 cm, 570-GW0
and ~ 755-773 cm. Sediment reworking or disturbamairs intermittently (e.g., microfaults, biotutioa). A

decimetric-scale escape feature with associatedphg and cross-stratification suggests that thgeupart of
the core (~ 80-110 cm) shows post-depositionaudisince. Overall, the core is less disturbed bgngkithan
Core VER98-1-3.

2.3. Mineralogical analyses

Bulk and clay minerals were identified by XRD aratréed out on unoriented powder mounts or on ogiént
aggregates respectively. Qualitative and semi-giaéine estimation were based on peak intensitysueaments
on X-ray patterns (Philips PW1390 diffractometethwCuKa radiation).

2.3.1. Bulk fraction

The powder mounts were obtained by grinding ~1 budk dried sediment in a mortar. The powder was@d
in an Al sample holder, using gentle pressurertit lany clay mineral orientation. Semi-quantitate&imation
was obtained by applying to the measured intertdithe reflections the correction factors deterrdiby Cook
et al. (1975) and modified by Boski et al. (199B)g( 3). For quartz the intensity of the 4.26 A lpawas
multiplied by 100/35; the relative contribution feldspars was calculated from the intensity of3tE8 A peak
multiplied by 2, and the total clay contributiorxcepted chlorite, by the intensity of the commo# A. peak
multiplied by 20. In addition, any unusual increa$e¢he background around 4.04 A has been assigmegal.
The usual background level has been averaged by saimples from adjacent diatom-barren intervatsgé&hic
opal abundance has been determined by multiplyjn@® the height of the 4.04 A reflection above the
reconstructed background (Boski et al., 1998). a¢muracy of the XRD opal content estimation hasliested
by comparing those values with direct opal measergnby spectrophotometry after ), leachings (see
Section 3).
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Fig. 2. Lithology of sediment cores VER98-1-3 (108°19'0B¥44'56"N, at 373 m water depth), and VER98-1-
14 (107°58'10"E, 53°31'23"N at 412 m water deptAfademician Ridge, Lake Baikal. Modified from F.
Hauregard, unpublished data.
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Fig. 3. Method for semi-quantitative determination of bulkeralogy from XRD pattern on unoriented powder
mounts. Example from a VER98-1-3 clay-rich (atdr sample and a diatom-bearing sample (at 324.B cm
The x-axis scale is in degre€ @uKe radiation, 2 =1.7890 A, scanning speed of 29/iin). AMP, amphibole;
C, chlorite; C+K, chlorite+kaolinite; F, feldsparl, illite; KF, K-feldspar; PLAG, plagioclase; Q, @qutz; Sm,
smectite. See text for explanation.
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2.3.2. Clay size fraction

2.3.2.1. Sample preparatioRor clay minerals, oriented aggregates on gladesi{Moore and Reynolds, 1989)
were prepared from the less than 2-um fractioninbthby suspension in distilled water of 1-2 g loé dried
bulk sediment. This was followed by decantatiorttiigg time from Stoke's law) and centrifugation 3000
rpm. Routine XRD clay analyses included the suéeesaeasurement of an X-ray pattern in air-driechatural
condition (N), after solvation with ethylene glydolr 24 h (EG), and after heating to 500°C for 4500). In
addition, Li saturation and some K saturation wawae on the less than 2-um fraction in order t@ lantify
the chemical composition and the genetic conditiminsmectites, and to improve the quantificatiorchlorite,
illite chlorite and illite-smectite mixed layersofFLi saturation (modified from Lim and Jackson86&Y, the clay
suspension was washed with 2 N aqueous LiCl ovetnigamples were then rinsed with demineralizederyat
and prepared as oriented aggregates. XRD analyses aonducted in sequence on the air-dried slidiéNYL
heated at 300°C (Li-300, 2 h), and finally overnigtycerol solvated (Li-300Gl). K-saturated clay umbs with

2 N aqueous KCI were X-rayed successively as add(K-N), heated to 110°C (K-110), and solvatedhwi
ethylene glycol (K-110EG).
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2.3.2.2. Clay identificationSemi-quantitative estimations (+ 5-10%; Biscaye65)9of the main clay species
(illite, chlorite, smectite, kaolinite, random mikdayers) were based on the height of specificectifbns,
generally measured on EG runs or corrected byalatined, in parallel, after Li saturation. Theeimgity of the
7 A peak is taken as an internal reference. Thensgities were divided by a weight factor (1 foitelland
smectites; 2.5 for chlorite and illite chlorite ratk layers (10-14c); 1.4 for kaolinite; 5 for the-ghectite
fraction) and values were summed up to 100% (Besch965).

(@) The illite content was determined by the pauknsity at 10 A on EG. The width at half-heiglittbis
reflection (crystallinity index) was used as anidador for the weathering intensity.

(b) The illite-chlorite or (10-14c) mixed layer svaentified by the height of the diffraction bacehtered on 12
A on the EG pattern.

(c) The smectite group was divided into three congmts: (1) a fraction expandable at 17 A afterdg®ation,
coded (10-14Smy; (2) a fraction which collapsed partly to 12 Alir300, and identified as (10-14Sgm)and
(3) a fraction already expanded at 17 A in thedaied sample Al or Al-smectite.

(1) (10-14Sm), - This smectite fraction was deduced from therisiy of the 10 A peak on the N and 500
patterns, as follows: (10-14Sm¥ Isorln. On the EG pattern, the shape of the 17 A peaks(oéctite classes,
Thorez, 1976) and thép ratio (Biscaye, 1965) indicated that this is a @ndllite-smectite mixed layer (10-
14Sm),rather than pure smectite (Retke, 1981).

(2) (10-14Sm), - The occurrence of Al-hydrox-ylized interlayersillite-smectite mixed layers hampered a
total collapse to 12 A upon heating to 300°C inltheest or to 10 A upon heating to 500°C in thé@%6st. This
fraction is evidenced from the intensity of theApeak on the Li-300 and EG patterns, as follows:{4Sm)

= liso0-leg The contribution of the (10-14Sm)was not taken into account; it is partly includedthe (10-
14Smy), estimation.

(3) Al;; - Some expansion was already observed at 17 Aeait-dried sample. This reflects the occurrerice o
Al pillars within the interlayers of a fraction sfmectite. The relative contribution of Al-smectitas based on
the intensity of the residual 17 A in the Li-300ry scan, which was then reported on the EG.

(d) The contribution of chlorite was determinedtbg height of the 14 A peak on the Li-300 pattdiime value
is then reported on the EG pattern using the 7 @& es an internal reference. In Core VER98-1-3 ctilerite
comprised a fresh fraction and a partially vermimd one. The occurrence of random chlorite-verfkite({l4c-
14v) mixed layer was evidenced by comparing thenisities of the diffraction band centered 12 A athbLi-

300 and 500 tests.

(e) The occurrence of kaolinite was deduced feomoublet peak around 3.5 A, resulting from thetiglar
overlapping of the (004) chlorite reflection at84 and the (002) kaolinite reflection at 3.57 Agither the air-
dried or glycolated state. Because the (001) ofikig® and (002) of chlorite were superimposed ak,7the
estimation of kaolinite content was based on thensity measured at a break or shoulder affectiagZtA peak
on the low angle side in the EG pattern. In somsesde.g. break not obvious), the kaolinite conteas
deduced from the chlorite content by using the ritaltkaolinite peak intensity ratio measured a¥43ahd 3.57

A.

2.3.2.3. Smectite composition and genetic origfifithin the expandable smectite fraction, the abuodaof
montmorillonite and beidellite was estimated by paning the intensities of the 10 A peak on the ghre
saturated X-ray patterns, as follows (Thorez, 1968)-14Sm)Al = I 300l iy ; Montmorillonite = Jizo0er -1 ;
beidellite = I_iSOO'ILiSOOGl-

Similarly, nontronite or stevensite could be diffietiated through a comparison of the intensitieshef14 A
peak on the K-saturated samples (Thorez, 2000)thmge species were not detected in Core VER98-1-3.
Saponite could not be identified on the basis diooasaturation, because its (060) reflection isskea by
reflections belonging to non-clay minerals suclyaartz (Moore and Reynolds, 1989).

The genetic origin of smectites (transformed orfoened) was identified by K saturation (Thorez, @D0
Transformation refers to a smectite component gdedr by moderate or weak weathering (opening of
interlayers) of a parent illite or mica. Neoforneatiimplies a neosynthesis of a structurally simgarectite
component. The occurrence and relative contributibneoformed smectites were estimated by compatiag
intensities of the 10 A peak on the the K-saturaeday patterns (K-N, K-110, K-110EG), as follows:
neoformed (10-14Sr1;])= lk110-1k110EC transformed (10-14Sm)|f lk110= lk110EG
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3. Results
3.1. Bulk mineralogy

The relative abundance of the main mineral compn@uartz, feldspars, clays and opal) is plotteéig. 4.
Amphibole though ubiquitous is only present in &raguantities. In Core VER98-1-3, the opal contemt a
deduced from bulk XRD (see Section 2) starts toease at 98 cm. It remains high, comprised betw&eand
48%, down to 255 cm. It drops at 265 cm and remelinse to zero between 265 and 305 cm. It increases
316.5 cm and reaches a maximum (74%) at 341.5 bm.opal content remains constant at low value@4)2
from 371 to 606 cm, and is thereafter charactertzgdwo maxima at 655 cm (68%) and 743 cm (65%) Th
ranges of variation of the other minerals are 1%5b6r feldspars, ~ 5-35% for quartz, and ~ 5-40%tédal
clays (except chlorite). The fluctuations of opatddced from bulk XRD match well with chemical
measurements of opal (Fig. 4). The indirect XRDnaste usually overestimates the opal content bY% 2n
the diatom-rich intervals. In contrast, in the dratbarren interval, the chemical measurement giyet® 5% of
opal content. This could be explained by the inflee of the NgCO; leaching on other silicate components. If
the opal contribution is not taken into accoung telative contributions of quartz (mean 30%), $plars (mean
46%) and clays (mean 24%) do not significantly geamith depth. Such a trend supports a uniform lsupp
through time.

In Core VER98-1-14, the bulk mineralogy is dominktey the clay component (38-73%, mean: 60%). The
relative abundances of quartz and feldspars asverage half as much as in Core VER98-1-3 (quafiZ21%,
mean 15%; feldspars: 13-30%, mean 20%). The op#kobreaches a maximum value (36%) at 420.2 @n. It
mean contribution for the whole core is quite I@#). The indirect estimate of opal from bulk XRDclsse to
the direct opal measurements (Fig. 4).

3.2. Stratigraphy and age model

In both cores, the opal profile has a pattern siniid the standard marine oxygen isotope curve C3RAP). In
sediments from Lake Baikal, the correlation betwdenopal content and SPECMAP, the latter caliloratith
AMS™C dates for the latest Quaternary and Holoceneb&es used as a stratigraphic tool (Colman e1885;
Grachev et al., 1998) to extrapolate further backime (i.e., before 35 kyr). Fifteen diatom conxge (I-XV)
have been identified in several cores from Lakek@aBradbury et al., 1994; Likhoshway, 1998). histstudy,
the age model (Fig. 4) is based on the correldietveen the depths at which diatom Complexes VIIv@&fe
found in Core station 18 (i.e., the reference secfrom Academician Ridge; Likhoshway, 1998) andeCo
VER98-1-3. Assuming a constant sediment accumulatbe, the biostratigraphic correlation suggesis the
last ~ 54 kyr (i.e., the uppermost 2.8 m of theirsedts) are missing. The 8 m of Core VER 98-1-3bphiy
record a time interval from OIS 4 down to OIS &nfr~ 55 to 250 kyr. This is based on the followiimglings.
(1) Holocene assemblages are absent. (2) Core VERPStarts with a diatom-barren clay interval retated to
interval B. (3) The first identified diatom eco-zois Complex VIII. (4) The abundance peak of Compid,
corresponding to OIS 5e and having an age of 12QG&giman et al., 1995), occurs in Core VER98-1-3 840
cm.

For Core VER98-1-14, our proposed age model (Rigs é#ased on the correlation between the fluotnatiof
opal and water content of Core VER98-1-3 and CAE®RY8-1-14. Core VER-98-1-14 spans at least fromDIS
to 7e. The total length of interglacial OIS 5 igstly shorter in Core VER98-1-14 (from 245 to 4&0) than in
Core VER98-1-3 (from 98 to 366 cm). The glacial @l$ only half as thick in Core VER98-1-14 as iar€
VER98-1-3.

L All bulk mineralogical data will be available oretiveb in the CONTINENT database (http://contindntpptsdam.de) or upon request
from the first author.
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Fig. 4. Age model reconstruction based on diatom asserablatgntified in several Lake Baikal cores (Bradbet al., 1994; Likhoshway, 1998) and some AftSdates
(Colman et al., 1995). The numbers refer to theodinassemblages, the letters to the diatom-baméesrvals. For cores VER98-1-3 and VER98-1-14, théation with

depth of the relative abundance (%) of the mainemihcomponents estimated from bulk XRD diffracttonunoriented mounts is reported. Where availatile, opal
content measured by spectrophotometry aftei0O0g leaching is also plotted (dotted line). The mastbable correlation between the diatom abundancd SRECMAP is

reported in regard to the lithology; the numbersregpond to the equivalent oxygen isotope stag&)Ol
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Fig. 5. Variation with depth in Core VER98-1-3 (a) and EMER98-1-14 (b) of some clay mineral XRD pararseidiite crystallinity (Thorez, 1976), weatherirsage of
chlorite, Biscaye's (1965) v/p. The reported waintent curve is obtained by comparing the wetdnydafter 3 days at 85°C) weights of a 10-ml atitjof sediments. This
supports identification of the glacial and intergial intervals (the numbers correspond to OIS,ghadowed intervals underline the interglacials).
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Fig. 5 (Continued).
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Fig. 6. Variation with depth in Core VER98-1-3 (a) and EMER98-1-14 (b) of the smectite/illite ratio (17 EG) with regard to changes in the smectite coritipos Key
as in Fig. 5. The numbers in the right margin regenet the mean cumulated contribution (in % of titaltclay fraction) of beidellite and Al-smectitéhin the interglacials.
The mean contribution within the total clay fractiof montmorillonite and beidellite+Al-smectiteaiso reported.
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Fig. 6 (Continued).
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3.3. Clay mineralogy

In both cores, the Late Quaternary clay assembigemplex. It includes kaolinite, fresh to slightleathered
(or open) illite, mixed layers (10-14c), fresh awddegraded chlorite accompanied by (14c-14vieibimectite
mixed layers (10-14Smy)and Al-smectites. For the two cores, we will idBnthe assemblage composition,
describe the weathering stages of clay mineratsfatow its fluctuations with increasing depth.

3.3.1. Core VER98-1-3

In Core VER98-1-3, the illite crystallinity varidsom ~ 0.4 to 1.2° 2 (Fig. 5a). Values ~ 0.4°@2correspond to
a fresh mica whereas those above &°stand for a highly weathered mineral (open illitdtorez, 1976). A
moderately weathered illite generally characterites diatom-poor intervals, except at the basehef dore
(below 700 cm) where the index remains high (1-2.2). Open illite occurs within the diatom-rich intervais
just after the transition (~ 30-40 cm, e.g. indealp at 312 cm and 616 cm, diatom peak at 340 aBdcB§
respectively). Chlorite is a Mg variety. Fresh chi®is primarily observed in diatom-poor intervélisg. 5a). In
contrast, degraded chlorite, including a vermieufitiction, occurs within diatom-rich intervals.elrBiscayev/p
ratio ranges from 0 to 0.45 (number without unit)e higher value indicates a maximum of 70% swgllin
interlayers within the random illite-smectite mixkegyer, whereas a zero value corresponds to aiagaelf less
than 35% (Retke, 1981). All/p ratios > 0.15 (i.e. > 50% of swelling interlayeRetke, 1981) primarily
correlate with diatom-poor intervals (Fig. 5a),igating a less intensified clay weathering in thizsels.

For the whole core, the mean clay mineral compmsitiomprises 40% illite, 25% smectites, ~ 3% Al-stite,

16% kaolinite, 11% chlorite, and 5% illite chlori{@0-14c). The composition of the diatom-poor imgds is

quite similar to the composition of diatom-richa@ntals, except for a slight decrease in chloritenterbalanced
by an increase in smectite.

The total smectite content usually varies betwe@mnid 35% (50% as an exception at 736 cm). Thet#mec
group is composed of three components (Fig. 6d):14Sm), (10-14Smy, and Al-smectites (A}). Li
saturation evidences a mixing of montmorillonited dreidellite. K saturation confirms the lack of tromite
(and stevensite), and demonstrates that smectiéesekated to transformation and/or neoformatioocpsses.
Transformation smectite dominates in the wholeese@xcept in two montmorillonitic-rich samples 129 cm
and 812.6 cm). Among the smectite fraction, Al-stitecnly represents a few percent, but its ocaueeis
genetically important. It is more common in diatoich intervals than in adjacent clayey intervals.
Montmorillonite dominates, except in two sample243Im and 317 cm, proximal to the top of OIS 5e). O
average, montmorillonite is more abundant in ciaf-rintervals (~ 30%) than in diatom-rich ones G%4).
Beidellite is not always present (e.g., at 736 @moagh the smectite content is highest at thidlefts content
systematically increases up to 10% within diatoahrintervals, and reaches exceptionally 15% (at &hy
proximal to the top of OIS 5e). The highest beitkeltontent is observed at the base of the cor8Zatcm)
where this component accounts for 70% of smectitbgs beidellite was formed by transformation. Ttbeal
smectite/illite ratio (S/1), i.e., 17 A/10 A heighitio measured in EG by grouping (10-14$m()10-14Sm), and
Al is shown in Fig. 6a together with variationshe smectite composition.

3.3.2. Core VER98-1-14

Variations in different weathering indices in C&fER98-1-14 are shown in Fig. 5b. As in Core VER98;
high v/ip Biscaye index of smectite and fresh chlorite usualaracterizes the clay-rich intervals. The genera
evolution of the illite crystallinity is not reguldrom diatom-rich to diatom-poor intervals, and tbontrasts
between the two lithologies are consequently ldsdonis than in core VER98-1-3. For instance, oped a
moderately weathered illites are reported in diapmar intervals OIS 2 and 6. We note that the fesslilites
(crystallinity < 0.6° 2) systematically appear in the diatom-rich inter{adgher than in the diatom-rich ones for
core VER98-1-3).

The mean clay assemblage is close to the clay csitippoof Core VER98-1-3 for illite (40%) and tothectite
(28%), but it is characterized by a higher contnthlorite (15%) and 10-14c (8.5%) and a lowerteah of
kaolinite (8.5%). The smectite group is composed@¥o montmorillonite, 20% Al-smectite and 10% bditke
Within the whole clay assemblage, the montmoritieniaries around a mean value of 19%, with the fhwe
values observed during the diatom-rich intervalg.(Bb). By contrast, both Al-smectite and beidelincrease,
in parallel, especially during the diatom-rich mv&s. Their mean cumulative contribution increafesn a
mean value of 8.5% in clay-rich intervals, up te2l®% in diatom-rich intervals.

2 Al clay mineralogical data will be available oretlveb in the CONTINENT database (http://contindntpptsdam.de) or upon request
from the first author.



Published in: Palaeogeography Palaeoclimatologyaalecology (2003), vol. 193, iss. 1, pp. 159-179.
Status: Postprint (Author’s version)

4. Discussion

We organize the discussion in three parts. Firstcamment on the origin and composition of the niaker
delivered to the lake, especially on the Academidtidge. Second we focus on the origin of the chéyerals.
Third we follow the evolution of the clay assemidatiprough the glacial/ interglacial intervals inder to
identify a climate proxy.

4.1. Origin of the material delivered to the lake
4.1.1. Main sediment tributaries

Principal sediment sources for Lake Baikal are fitsreastern side, with subsidiary sources to théhnAlong
the eastern flank, significant sediment transptwh@ the Barguzin and Selenga river systems (Fjghds
created large delta complexes (Moore et al., 188k et al., 1998, 1999), although the present reagiment
source is the Selenga River, which is characteriged large sublacustrine mud fan which progragesous5
km into the Central Basin (Nelson et al., 1999)rd8ain is a paleodelta, comprising Late MiocenehEar
Pliocene sediments (Kaz'min et al., 1995). At thethrern end of the lake, the Angara River (see Ejgs the
other major source of sediment. Some mineraloglisarepancies between the two cores could be exquldiy
their location relative to these main tributaries.

In Core VER98-1-3, the higher feldspar and quadatent could reflect more proximal supplies frone th
Barguzin area. Also the supplies from Barguzin mayeven reach the location of Core VER98-1-14 tua
north-south active fault located between the twalistd cores (see line 8, fig. 1 in Hutchinson gt892).

4.1.2. Geology of the Lake Baikal area

The northwest margin of Lake Baikal is mainly com@d of Cambrian sandstones and limestones of the
Siberian platform (Fig. 1; Galazii, 1993). They a&wrounded to the SE (i.e., along the northernkflaf the
lake) by a belt of Proterozoic metamorphic schéstd quartzites. The southeast margin consists aeRizoic

and Archean granites and granitoids. Metamorphakgancluding schists, gneisses, or amphibolitesupc
locally. Sedimentary rocks are represented by tadielurassic and Cretaceous sandstones and calagstath

coal outcropping within the Selenga River watershed

Volcanic activity is related to the late Cretace®adeocene evolution of the eastern Siberia riitay
(Rasskazov, 1994). Lake Baikal is surrounded taS¥Atand the NE by three volcanic fields, the Turtawith
Baikal and Eravna basins (see Fig. 1). Sixty metérsasalts interbedded with sediments were formetthe
Tunka Basin. In the South Baikal Basin, basalticatadid not outcrop in the Selenga delta but haaenb
mapped 100-200 km south of Lake Baikal. In the BaaBasin, ~ 250 m of late Cretaceous and Paleocene-
Eocene sediments and volcanogenie deposits hauenatated. They also outcropped on the Vitim plateau
the northeast of the Eravna Basin.

4.1.3. Sedimentation conditions on the AcademiBigge

Paleoclimate reconstructions require a continucedingentary record, with no lacune or post-depasitio
reworking. Most cores until now were recovered @ké Baikal on intra-basin highs, like the Acadeanici
Ridge, where hemipelagic sedimentation occurreddistirbed by turbidite processes. The observed
sedimentological features, in the two cores, wldoh separated by a distance of ~ 50 km, emphasatette
sediment accumulation rate on the Academician Riglge not uniform during the last 250 kyr. For imsia,
sharp erosive contacts at the base of diatom-ntdnials show periods of non-deposition, the o@noe of
early diagenetic vivianite concretions suggestsoplerof low sedimentation rates, and the biotudratiestroys
the lamination in clayey layers. Furthermore, inr€C¥ER-98-1-3, repeated small centimetric-scalengisl or
gently inclined stratification may indicate intensediment reworking by for example bottom currefisre
VER98-1-14 seems to be less affected by such sedinegvorkings, except in its upper part. Accordiog
seismic profiles, sediment deposition on the Acadim Ridge must have been highly variable from site to
another due to complex morphological features (Mstsl., 2000): several pronounced unconformitiesew
recognized in seismic profiles on top of the rig8§eholz et al., 1993); the structural scheme ofithge displays
a complicated fault pattern, with evidence of @etivation in the Late Pleistocene (Kaz'min et 8095); the
variable thickness of sediment units was intergrdig a winnowing of the crests by bottom curremd a
subsequent redeposition of sediments in adjacgmedsions (De Batist, 1999).

4.2. Origin of the clay minerals in the AcademicRidge sediments

To identify a climate proxy in the clay mineral eswtlage, we must determine the formation procestése
clays and make the point between the detrital &ardneoformed clays. For paleoclimate reconstruciooty
detrital clays are an indicator of weathering ctinds, namely the hydrolysis conditions, within tatershed.
However, clays (even detrital) reworked from oldedimentary rocks have no significance for recéintate
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reconstruction.
4.2.1. Detrital clays

In recent lacustrine sediments, clay minerals teptgdominantly from detrital input which expresdbs
weathering conditions at the source as well asffexts of dispersion processes (Chamley, 1989)ogrthe
detrital clay minerals, illite and chlorite are stdered primary minerals (Weaver, 1989). Accordiagthe
geology of the Lake Baikal area, they could beaatifrom physical erosion of metamorphic parenksodn
addition, illite could also be formed by weatheriofynon-layer silicates like feldspars from grasitender
moderate hydrolysis conditions or it could be dedifrom degradation of micas. In Cores VER98-1-8 an
VER98-1-14, opening of the illite interlayers andrgal vermiculitization of chlorite document a navdte
weathering of parent minerals within the watersii€dorez, 1985). In both cores, (10-14c) most probab
reflects a partial chloritization (by insertion Af-hydroxyls) affecting distended interlayers dftéd or biotite
(Thorez, 1985).

Pedogenic smectite and kaolinite are considerednsiacy minerals, derived through chemical weatlgedh
parent alumino-silicates (e.g., feldspar, mica)faro-magnesian silicates (e.g., pyroxene, amphjbahder
warm and humid conditions (Pédro, 1976; Weaver9198mectite is formed in confined environments, by
recombination of released cations. Kaolinite igrfed after a rapid leaching of cations, for instannesteep
slopes. Soil-derived smectites display a compasitamging from between montmorillonite and beide|liwith

a high content of octahedral boundFe 20%, Wilson, 1987). Such smectites originaterfra transformation
process (Robert and Barshad, 1972), and can béifidérby the collapse of interlayers after K sation.
Moreover, Al-smectite testifies to the onset of arenintense secondary pedogenic chloritizationctifig the
distended interlayers of a former smectite.

4.2.2. Neoformed clays

In Lake Baikal sediments, clays and smectites itiqudar could be a product of neoformation by dasolution
of diatoms or (b) weathering of volcanic ashes.

(a) Baikal sedimentary conditions may be favordbieneoformation of smectite due to diatom dissolutt the
sediment/water interface (e.g., Mackay et al., 19%¥eleased silica may contribute to the formatafn
nontronite (e.g., Lake Malawi, Millier and Forstné®73; Lake Washington, Jones and Browser, 19731@)
or stevensite (e.g., saline lakes in Bolivia, Bad#al., 1983; Lake Chad, Carmouze et al., 19HM@vever, in
Core VER98-1-3, no nontronite or stevensite has les#denced, suggesting that such neoformatiomefctite
has not taken place.

(b) Basalts and volcanogenic deposits outcrop atbadgSE margin of Lake Baikal (see Fig. 1). Theuoance
of volcanogenic-derived smectite in sediments bdélimarked by a change in the mineralogical, physicel/or
geochemical properties. In Core VER98-1-3, K sdiomaevidences a fraction of neoformed smectite.,(ia
smectite fraction not affected by K saturation @neserving its expandability upon glycolation/glsaation).
For instance, the highest smectite content (> 58#) a pure montmorillonitic composition at 736 enay be
compatible with a volcanic origin. In addition, twather levels (at 129 cm and 812.3 cm) dominatedaby
neoformed montmorillonite, almost pure in compasit{with 0-5% beidellite), may also reflect weathgrof
volcanic material. However, volcanic glass in therenthan 20-um fraction has not been recognizeh avitght
microscopic (E. Juvigné, pers. commun.).

4.3. Last climate cycle variability: a climate psogupplied by clays?

The smectite abundance or smectite/illite (S/ljora usually taken as a proxy for chemical weadttgerate in
the watershed. Smectites are usually considerédtlystas a product of pedogenetic weathering, viftair
abundance being indicative of warm and wet clincateditions (Chamley, 1989; Weaver, 1989). In castfrtne
abundance of a well-crystallized illite should ease during colder or drier conditions.

In the case of Late Quaternary Lake Baikal sedimethie S/I ratio includes several components ofctitee
such as pedogenically derived material, reworkedinsentary rocks and, possibly, volcanogenic mirgeral
Within the smectite group, only transformation stites and neoformed beidellite result from soilnfiation in
the watershed and are therefore relevant for cimatonstruction. Reworked smectite fraction irtedrifrom
older sedimentary rocks, or neoformed montmoritenierived from volcanic ashes will have no climate
significance. In the next sections, we will exam{ag the evolution of the clay mineral weatherindices, (b)
the evolution of the smectite content and, (c) ékelution of the S/I ratio with depth. Our aim @ define a
proxy for climate changes within the Baikal watedh
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4.3.1. Evolution of the weathering indices of ataiperals

In Core VER98-1-3, the mineralogical parameterssuesd on the X-ray scans, such as illite crystaflirihe

v/p Biscaye index of smectite and the weathering stdgehlorite (Fig. 5a) emphasize that the clays ramre

degraded during diatom-rich intervals than in a€éij@clayey intervals. For instance, except at dwelof Core
VER98-1-3, the illite crystallinity roughly followSPECMAP although there are some places whereoitti®f

phase. Note that the time interval between theopest weathering and that of sedimentation hasttaken into
account for climate reconstructions based on clayerals (Thiry, 2000): weathered material can aadate

during a period characterized by a less aggresdimeate, although it was produced during previousren
aggressive conditions.

In Core VER98-1-14, the/p index of smectites and the weathering stage ofritefoalso record a more
pronounced weathering of the clay minerals durirggwarmer, diatom-rich intervals (Fig. 5b).

Significant differences in the structures of clainenals between glacial and interglacial intervzdse already
been reported in two samples from BDP cores froradémician Ridge (Solotchina et al., 2002). In agest
with our data, the content of smectite layers mgstudied interglacial sample is slightly highearthin the glacial
one. Moreover, they observed that the chlorite il contain smectite layers in glacial samples weagrit
included 15% of smectite layers in interglacial @nAccording to Solotchina et al. (2002), 'this ervation
might be indicative of more active weathering psses in Lake Baikal watershed during warm periods'.

4.3.2. Evolution of the smectite content

During the colder, clayey intervals, the formatioh smectites by pedogenesis should be less actisea
consequence, the detrital material delivered toldkes should be characterized by relatively lowadues for
smectite content and S/l ratios. However, in botineS VER98-1-3 and VER98-1-14 on the AcademiciaigRij
there is no obvious or systematic decrease indta¢ $mectite content within the glacial intervdier instance

in Core VER98-1-3, the lower smectite contents @%1at 324 cm and 349 cm) are observed withinitest
diatom interval (related to OIS 5e). In Core BDP-@3g. 1), on the Buguldeika Saddle, most intervals
containing the highest smectite content have beemtified as interglacial periods; converselytaliand chlorite
exhibit a relative increase during glacial perigifsiretich et al., 1998). Although the smectite atbamce is
highly variable, it correlates with SPECMAP for tlast 250 kyr, with maxima of smectite around 2G0-Xyr,
100-150 kyr and during the Holocene.

The absence of any obvious evolution of the claseadblage with core depth in Academician Ridge Gores
unlike for Core BDP-93, may not be due to a différelay quantification method (see comparison betwe
German and US estimates for Core BDP-93 matemalyuretich et al., 1998). These differences in clay
assemblage may rather reflect the different cocations relative to the main sediment source, the.,Selenga
River. On the Buguldeika Saddle, the sedimentasomore affected by overflows generated from thiei8g
River. The enrichment of smectite in the finestimpsize fraction, through transport and settlinguld
overprint, by dilution, the primary climatic signaé¢ within the detrital clay assemblage finallyideded at the
Academician Ridge (i.e., located ~ 200 km from 8®enga River system) although the weatheringaigach
clay species is preserved.

4.3.3. Evolution of the smectitelillite ratio

In Core VER98-1-3, the S/l ratio fluctuates by atés of 4 throughout the core. On average, ther&ib
displays the highest values during or near theitetion of the diatom-rich intervals or just shprdfter, except
for OIS 6. In detail, the S/l curve does not pdifematch the glacial/interglacial cycles: for iaste, the lowest
ratio (< 0.5) characterizes the diatom-richestrirgbequivalent to OIS 5e. During glacial OIS 6e ttelatively
high smectite content and S/I ratios record a bighply of montmorillonite to the ridge. This coudd explained
by active erosion of inherited clays from reworlsatdliments. The greater sediment thickness of GisGore
VER98-1-3, as compared with Core VER98-1-14, catsravith similar thicknesses for OIS 5 in both sore
This discrepancy could be explained by enhancesi@raluring glacial OIS 6 of the Barguzin paleoaelthe
interpretation of the S/l ratio in terms of paléowte changes has then to be treated with caution.

In Core VER98-1-14, the S/I ratio varies by a faab6 (0.5-3, Fig. 6b). A rough correspondenceneein the
S/l ratio and SPECMAP may be observed. The higtegiis usually occur during the interglacial diataoh
intervals. In those intervals, the compositiontaf smectite group changes, characterized by lowmributions
from montmorillonite and higher contributions frofttsmectite and beidellite. Within Core VER98-1-1he
high S/I ratios measured during OIS 6 are not astemt with high weathering indices of illite, chter or
smectite (Fig. 5b). The increase is only due tohéigsupply of montmorillonite. We propose that ®#
evolution has only a climate significance if itsolution is related to changes in the weatheringcies of the
clays.
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5. Conclusion

(1) The composition of the hemipelagic Late Quadgyrsediments varies along the Academician Ridgétsl
northern part (Core VER98-1-3), the mean compasitib the sediments is 34% feldspar, 23% quartz, 26%
biogenic opal (diatom) and only 17% clay mineradguthwards (Core VER98-1-14), the sediments are
dominated by clays (59%) with 20% feldspar, 15% rtguand 6%, on average, of opal. The increased
proportions of feldspars and quartz at Core VER@Bray be due to the proximity of the Barguzin Rive

(2) On average, the clay assemblage of Core VER98s made up of 40% illite, 28% illite— smectitéxed
layers (3% of Al-smectites included), 16% of frestd/or degraded chlorite accompanied by (14c-1Ad)(&0-
14c) and 16% kaolinite. In Core VER98-1-14, theycéssemblage is characterized by a higher conioitut
(24%) of chlorite and (10-14c) counterbalanced byglatively lower amount of kaolinite (9%) and byigher
contribution of Al-smectite (7%).

(3) Since ~ 250 kyr, the weathering indices of ¢they minerals record the influence of glaciallenglacials
stages: open illites, weathered chlorites, illileestite mixed layers with a low contribution of stite layers
are more common in interglacial stages (due to mbemical weathering under warm climate) than acigll
intervals.

(4) The evolution of the smectite/illite rationst systematically correlated with the glacial/mtacial stages:
the correlation is good in Core VER98-1-14 but pooCore VER98-1-3. This probably reflects the céewp
composition of the smectite group (montmorillonitbeidellite, Al-smectite) and its different origins
(transformed or neoformed). In both cores, the s$ibeegroup is dominated by montmorillonite (mear¥d)9a
mineral of multiple origins (pedogenetic volcans, reworked). The climate significance of the Htio is
probably partly erased by the broad fluctuationthefmontmorillonites in Core VER98-1-3. In Core R®B-1-
14, the montmorillonite is more stable. In eacleiiglacial interval in Core VER98-1-14, the S/I oaiticreases
in parallel with a systematic and significant higleentribution of both beidellite and Al-smectiteg., two
minerals formed by pedogenesis. In Lake Baikalrsedts, the S/I ratio could be interpreted as aaténproxy
only if its fluctuation is related to changes iaxweathering indices and changes in the smediteosition.
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