
 
 
 

 
 

 
 

A late glacial – Holocene record of hydrological variability in 
Lake Baikal inferred from oxygen isotope analysis of diatom 

silica 
 
 

Journal: Journal of Quaternary Science 

Manuscript ID: JQS-10-0094 

Wiley - Manuscript type: Research Article 

Date Submitted by the 
Author: 

22-Jun-2010 

Complete List of Authors: Mackay, Anson; UCL, Geography 

Swann, George; NERC Isotope Geosciences Laboratory 
Brewer, Tim; University of Leicester, Department of Geology 
Leng, Melanie; NERC Isotope Geosciences Laboratory 
Morley, David; UCL, Department of Geography 
Piotrowska, Natalia; Silesian University of Technology, Department 
of Radioisotopes 
Rioual, Patrick; Chinese Academy of Science, Geology and 
Geophysics Institute 
White, Dustin; University of Oxford, Institute of Archaeology 

Keywords: Lake Baikal, δ18Odiatom, late glacial, Holocene, IRD events 

  
 
 

 

http://mc.manuscriptcentral.com/jqs

Journal of Quaternary Science



 

 

1 

1  

 1 
A late glacial – Holocene record of hydrological variability in Lake Baikal inferred 2 
from oxygen isotope analysis of diatom silica. 3 
  4 
Anson W. Mackay

a,1 5 
aEnvironmental Change Research Centre, Department of Geography, UCL, Gower Street 6 
London. United Kingdom. WC1E 6BT.  7 
Email: a.mackay@ucl.ac.uk 8 
1Corresponding author 9 
 10 
George E.A. Swannb  11 
bNERC Isotope Geosciences Laboratory, British Geological Survey, Keyworth, 12 
Nottingham, NG12 5GG, UK 13 
 14 
Tim S. Brewerc,2 15 
cDepartment of Geology, University of Leicester, Leicester, United Kingdom. LE1 7RH. 16 
2Deceased 17 
 18 
Melanie J. Lengb,d 19 
bNERC Isotope Geosciences Laboratory, British Geological Survey, Keyworth, 20 
Nottingham, NG12 5GG, UK 21 
cSchool of Geography, University of Nottingham, Nottingham, United Kingdom. NG7 22 
2RD 23 
 24 
David W. Morleya,e  25 
aEnvironmental Change Research Centre, Department of Geography, UCL, Gower Street 26 
London. WC1E 6BT 27 
e Spatial Ecology and Epidemiology Group, Department of Zoology, South Parks Road, 28 
University of Oxford, Oxford, United Kingdom. OX1 3PS 29 
 30 
Natalia Piotrowskaf 31 
fSilesian University of Technology, Institute of Physics, Department of Radioisotopes, 32 
GADAM Centre of Excellence, Krzywoustego 2, 44-100 Gliwice, Poland 33 
 34 
Patrick Rioualg 35 
gGeology and Geophysics Institute, Chinese Academy of Science, P.O. Box 9825, Beijing 36 
100029, China 37 
 38 
Dustin Whiteh 39 
hInstitute of Archaeology, University of Oxford, 36 Beaumont Street, Oxford, United 40 
Kingdom. OX1 2PG. 41 
 42 

Page 1 of 31

http://mc.manuscriptcentral.com/jqs

Journal of Quaternary Science

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 

2 

2  

 1 
Abstract 2 
Here we present a new palaeoenvironmental record of hydrological variability in Lake 3 

Baikal since c. 14 100 cal yrs BP, based on re-modelled δ18Odiatom values of diatom silica 4 

(δ18Omodelled), where the residual contaminants are identified and compensated for using 5 

electron optical imaging and whole sample geochemistry. δ18Omodelled interpretations are 6 
based on the balance between isotopically higher rivers, which have catchments to the 7 
south of Lake Baikal, and isotopically lower rivers with catchments to the north. Isotopic 8 
differences are due to varying proportions of precipitation and snow-melt which feed 9 
these rivers. The balance between northern and southern rivers flowing into Lake Baikal 10 

is mediated by the strength of the Siberian High. Overall, episodic declines in δ18Omodelled 11 
values show good agreement with increases in %HSG grains in the North Atlantic 12 
(indicative of ice-rafted debris events). Periods when the contribution of isotopically 13 
lower rivers with northern catchments increases are coincident with increases with IRD 14 
events at e.g. c. 11 300 cal yr BP (IRD8), c. 10 200 cal yr BP (IRD7), c. 8 400 cal yrs BP 15 
(IRD5), c. 7 000 cal yrs BP, c. 5 900 cal yrs BP (IRD4) and 3 330 cal yrs BP (IRD2). 16 
Isotopically higher input from rivers to the south Lake Baikal is especially dominant 17 
between c. 3 300 – 2 000 cal yrs BP, concurrent with high precipitation amounts in the 18 
Lake Baikal region and northern Mongolia. This study highlights the potential for oxygen 19 
isotope analysis of diatom silica to reconstruct the past hydrology of Lake Baikal, and its 20 
possible relationship with distant events such as changes in the North Atlantic 21 
thermohaline circulation.  22 
 23 

Keywords: Lake Baikal; δ18Odiatom; late glacial; Holocene; IRD events 24 
 25 
1. Introduction 26 
 27 
Lake Baikal (51°28' - 55°47' N and 103°43' - 109°58' E) in central Asia is situated in one 28 
of the most continental regions of Earth, where climate is strongly influenced the Siberian 29 
High, a high pressure cell which starts to build in strength in August, and remains strong 30 
until the following April. Precipitation to the Lake Baikal region mainly originates from 31 
the North Atlantic and is transported via the Westerlies (Lydolph 1977; Numaguti 1999; 32 
Kurita et al. 2004), with very little contribution from tropical sources (Sato et al. 2007). 33 
Precipitation throughout the Lake Baikal region is greatest during June, July and August 34 
(JJA) (Kozhova & Izmest’eva 1998). Winters on the other hand are dominated by the 35 
Siberian High, which ensures that winters are cold, dry and long (Lydolph 1977). Lake 36 
Baikal contains approximately one fifth of the world’s global resources of surface 37 
freshwater, and species living in the lake exhibit high levels of endemicity (Kozhova & 38 
Izmest’eva 1998). Given recent debates on threats to freshwater resources and 39 
biodiversity, understanding the functioning of such a complex ecosystem remains an 40 
important research priority. Climate is a major driver of ecosystem change, and studies 41 
have demonstrated the impacts of recent warming on both the ice cover of Lake Baikal 42 
(e.g. Livingstone 1999; Todd & Mackay 2003) and on its biology (Mackay et al. 2005; 43 
Hampton et al. 2008). To gain a wider perspective on these changes, it is important to 44 
study hydrological trends in Lake Baikal over longer timescales.  45 
 46 
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For example, during the late glacial, one of the most distinctive shifts in climate was the 1 
period commonly known as the Younger Dryas (GS-1), c. 12 900 cal yrs BP. This abrupt 2 
cold reversal in the North Atlantic region is linked to an enormous pulse of freshwater 3 
being released from the Laurentide ice sheet into the Arctic Ocean (Tarasov and Peltier 4 
2005; Murton et al., 2010), causing a decline in global temperatures (as inferred from 5 

δ
18O records from the Greenland ice cores). During the Holocene, centennial-scale cool 6 

events (Bond events (Bond et al. 1997)) have been identified in natural archives from 7 
around the world (e.g. Campbell et al. 1998; deMenocal et al. 2000; Heiri et al. 2004; 8 
Mayewski et al. 2004; Nesje et al. 2005; Wanner et al. 2008). These events are associated 9 
with pulses of freshwater discharge from the Laurentide ice sheet weakening North 10 
Atlantic thermohaline circulation (THC), resulting in the southwards extension of polar 11 
waters (Bond et al. 1997). Changes in solar insolation are also implicated (e.g. Bond et al. 12 
2001), whilst after c. 8 000 cal yrs BP these events are likely due to a combination of 13 
other factors (Wanner et al. 2008). 14 
 15 
In dilute, lacustrine systems where preservation of carbonates is poor (such as Lake 16 

Baikal), oxygen isotope analysis of diatom silica (δ18Odiatom) is potentially an important 17 

palaeoclimatic technique that can be used as a direct replacement for δ18O from 18 
carbonates. For example, during the last glacial – interglacial transition in southwest 19 

Alaska, a decline in δ18Odiatom values at the start of the Younger Dryas was interpreted as 20 
being caused by a drop in temperature of over 3.5 ºC (Hu & Shemesh 2003). In Lake 850, 21 

close to Abisko in the Swedish Arctic, δ18Odiatom values are thought to reflect varying 22 

sources of precipitation to the region, such that a persistent decline in δ18Odiatom during 23 
the Holocene is linked to increasing influence of the polar Arctic continental air mass 24 

(Shemesh et al. 2001). Through δ18Odiatom analyses of lake sediments from the Kola 25 
Peninsula, polar Arctic air masses were also shown to dominate this region of northwest 26 
Russia during the early and late Holocene, while during the mid Holocene maritime 27 
Atlantic air masses were important (Jones et al. 2004). In a further study of a proglacial 28 
lake in the Swedish Arctic, Rosqvist et al. (2004) demonstrate a clear correlation between 29 

periods of glacier advancement and δ18Odiatom minima during the late Holocene linked to 30 
increased influence of polar air masses. These minima occur at approximately the same 31 
time as Bond events, confirming the increased influence of N-NE winds in this region of 32 
the north Atlantic (Rosqvist et al. 2004).  33 
 34 

δ
18Odiatom analyses have previously been used to reconstruct environmental change in 35 

Lake Baikal during the late glacial (Morley et al. 2005), MIS 3-1 (Kalmychkov et al., 36 

2007) and during MIS 11 (Mackay et al. 2008). In Lake Baikal, changes in δ18Odiatom 37 
values have been linked to variation in fluvial input, most notably between rivers with 38 
catchments which extend to the south of Lake Baikal into Mongolia, with rivers with 39 
more northerly catchments (Fig 1). Changes in air temperature have been considered, but 40 
given that rainfall water–temperature fractionation is +0.36‰/°C (the Dansgaard 41 
temperature dependence in precipitation at Irkutsk), shifts in isotopic values observed in 42 
Lake Baikal records are too great to have been caused by temperature alone (Seal and 43 
Shanks 1998; Morley et al. 2005). Over 330 rivers flow into Lake Baikal, the most 44 
significant being the Selenga, Upper Angara and Barguzin Rivers contributing c. 50%, 45 
14% and 7% of total annual river inflow respectively (Shimaraev et al. 1994) (Fig. 1). 46 
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The Selenga River therefore is by far the most important river in terms of hydrological 1 
input into Lake Baikal. Just under half of Lake Baikal’s catchment belongs to the Selenga 2 
River basin, c. 280,000 km2, which drains much of northern Mongolia between 46-52° N 3 
and 96-109° E  (Fig. 1) (Ma et al. 2003). Any changes in its flow therefore will result in 4 
hydrological changes in the lake itself.  5 
 6 
Lake Baikal contains three large basins (north, central, south) and the form of moisture 7 
contributing to river flow to these basins varies considerably. For example, snow-derived 8 
water accounts for just under one third of total fluvial input into the north basin. The 9 
Selenga River on the other hand, which drains into the south and central basins, consists 10 
of only c. 15% snow-derived water (Afanasjev 1976). Conversely, the proportion of water 11 
derived from rainfall is highest in the Selenga River (almost 40%), whereas for rivers that 12 
flow into the north basin, this proportion drops to only c. 20%. These contribute to the 13 
variation in isotope values of modern waters which show that rivers with catchments to 14 

the south of Lake Baikal are characterized by higher δ18O values (e.g. –13.5‰ for the 15 
Selenga River), in comparison to rivers with more northern catchments (e.g. the Barguzin 16 

and Upper Angara Rivers) with lower δ18O values (–17.3‰ and –19.8‰ respectively; 17 
Seal and Shanks 1998). During periods of cooler temperatures and prolonged winters, 18 
instrumental and remotely sensed data show that increased Eurasian spring snow cover 19 
extent results in a reduction in summer precipitation (especially over the Selenga 20 
catchment) through increased anticyclonic activity and strength of the Siberian High (Lui 21 

& Yanai 2002). Thus rivers with higher δ18O values to the south of Lake Baikal decline in 22 
volume, while northern rivers fed by a higher proportion of snowmelt increase (Morley et 23 
al. 2005). Previous work investigating trends in ice cover on Lake Baikal has shown 24 
significant links with northern annular modes (especially the North Atlantic Oscillation 25 
and Arctic Oscillation; Livingstone 1999; Todd & Mackay 2003). It is possible that these 26 
modes are also having an impact on transport of moisture to the Lake Baikal region via 27 
the Westerlies.  28 
 29 
Demske et al. (2005) suggested that there is distinct pollen evidence for climatic impact 30 
in the Lake Baikal region related to Holocene cool events in the North Atlantic (Bond et 31 
al. 1997). A major aim of this paper therefore, is to assess any potential impact of such 32 
cool events on hydrological inflow into Lake Baikal. In order to do this, we present a new 33 

δ
18Odiatom record derived from the recalculation of data first published by Morley et al. 34 

(2005). This recalculation is necessary due to recent advances in the application of whole 35 
sample geochemistry coupled with electron-optical imaging in providing a method for the 36 
identification, estimation and subsequent removal of the effects of clay and silt 37 

contamination on δ18Odiatom data (Brewer et al. 2008). Due to issues of contamination on 38 

the δ18Odiatom record by silts and clays, palaeo-environmental interpretations of the 39 
Holocene were barely made by Morley et al. (2005). We also take advantage of IntCal04 40 
calibration curve over IntCal98, which provides much improved calibrated dates for 41 
samples deposited prior to 11 400 cal yrs BP, a key timeframe in our analyses (Blackwell 42 
et al. 2006).  43 
 44 
3. Materials and methods 45 
  46 
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3.1 Site location and coring 1 
The Vydrino Shoulder (51.58°N, 104.85°E) is located off the southeastern coast of Lake 2 
Baikal (c. 5 km) between 500 – 800 m water depth (Fig. 1). Given its proximity to the 3 
shore, Vydrino is also likely influenced by fluvial input from nearby rivers, including the 4 
Snezhnaya and Vydrinaya. The Shoulder forms an upper- to mid-slope terrace dissected 5 
by several canyons (Charlet et al. 2005) and is in the vicinity of several underwater 6 
channels. In the summer of 2001, different core types of varying length were extracted 7 
from a ridge location (>600 m water depth) on the Vydrino Shoulder. Of relevance to this 8 
study, these include a long piston core over 10 m in length and a separate box core of c. 9 
2.5 m in length  (Table 1). This ridge was selected because seismic profiling and side-10 
scan sonar analyses revealed a stable area of fine-grained sedimentation relatively 11 
undisturbed by tectonic activity and reworking (Fig. 3 in Charlet et al. 2005).  12 
  13 
3.2 Chronology 14 
Plant macrofossils are rarely preserved in the pelagic sediments of Lake Baikal, so AMS 15 
14C dates were obtained from pollen and spore concentrates (Piotrowska et al. 2004; 16 
Demske et al. 2005). The late glacial – Holocene age model for Vydrino Shoulder is 17 
based upon twelve AMS 14C pollen dates from the box core (CON01-605-5) (Piotrowska 18 
et al. 2004) and an additional five AMS 14C pollen dates from the piston core (CON01-19 
605-3) (Demske et al. 2005). Pollen purity was excellent (80% – 95%) in each box-core 20 
sample due to the presence of very high concentrations of large bisaccate pollen grains 21 
(Table 2); unfortunately purity data for the pollen extracts obtained from the piston cores 22 
are not available, which indirectly adds to uncertainty of dates obtained for pre-Holocene 23 
sediments. Dates from the box core were transferred to the piston core based on easily 24 
identified peaks in relative abundances of specific diatom species common to both cores, 25 
including a well defined peak of Hannaea baicalensis Genkal, Popovskaya, Kulikovskiy 26 
during the early Holocene, and a mid Holocene switch between Crateriportula 27 
inconspicua and Synedra acus (Kützing) (data not shown - see Morley 2005 and Morley 28 
et al. 2005). All radiocarbon dates were calibrated using OxCal 4.1 program (Bronk 29 
Ramsey 2009) and IntCal04 radiocarbon calibration curve (Reimer et al. 2004) (Table 2). 30 
To estimate a relationship between age and depth we used a generalised mixed-effect 31 
regression based on a generalised additive model (GAM) with constant variance 32 
(Heegaard et al. 2005). 33 
 34 

3.3 δδδδ
18

Odiatom analysis 35 

Samples for δ18Odiatom came from the piston core (CON01-605-3). Sediments were 36 

originally analysed for δ18Odiatom at contiguous 2 cm intervals by Morley et al. (2005), 37 
although a reduced dataset is presented here. The methodology for cleaning samples for 38 

δ
18Odiatom analysis has previously been reported by Morley et al. (2004), and involves the 39 

step-wise removal of contaminants using chemical and physical separation techniques. 40 
Cleaned, dried samples were first subjected to a prefluorination process to remove the 41 
unstable hydrous silica layer from the diatom valves, before full reaction with BrF5 (Leng 42 
and Sloane, 2008). Liberated oxygen was converted to CO2 and measured alongside 43 

BFCmod the NIGL diatom standard with δ18O analysis performed using an Optima dual 44 
inlet mass spectrometer. The data are presented as per mil (‰) deviations from SMOW 45 
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with replicate analysis of sample material indicating an analytical reproducibility of 1 

±0.34‰ (1 σ).  2 
 3 
Subsequent SEM analyses of these cleaned samples demonstrated that a small but 4 
significant proportion of contaminants remained after sample preparation. These 5 
contaminants were comprised of clay and silt material trapped, for example, within the 6 
cylindrical frustules of Aulacoseira species or as clay particles coated with sub-micron 7 
scale diatom fragments (Brewer et al. 2008). Morley et al. (2005) tried to compensate for 8 

these remaining contaminants by calculating the δ18O value of the non-diatom particles as 9 
an average of clay and silt sized mineral/rock grains (called ‘silt’) remaining in the 10 
sample following the removal of diatoms with sodium hydroxide (12.3 ± 1.8‰, 2 S.D., 11 

n=3). A mass balanced δ18O value for pure diatoms (δ18Omodelled) was therefore calculated 12 
using the estimated percentage content of diatoms and silt identified using light 13 
microscopy for individual samples. This methodology however underestimates the effect 14 

of silt δ18O because volumes of diatoms and silt particles are not taken into account (Leng 15 

and Barker 2006), resulting in a significant uncertainty in the original δ18Omodelled data. 16 

Due to this, an interpretation of the Holocene δ18Odiatom and δ18Omodelled record was barely 17 
made (Morley et al. 2005). 18 
 19 
This study differs significantly from Morley et al. (2005) because we use a mass-balance 20 
approach where the residual contaminants are identified and compensated for, using 21 
electron optical imaging and whole sample geochemistry (see Brewer et al. 2008 for full 22 
methodological details). Note however, that only 55 of the 130 samples analysed by 23 
Morley et al., (2005) contained sufficient quantities of diatoms for XRF analysis, 24 
resulting in a substantial reduction in sample resolution. Under the geochemical mass 25 
balancing approach, the relative amount of silt contamination can be calculated from the 26 
amount of Al2O3 in individual samples. Brewer et al., (2008) achieved this by: 27 
 28 
%silt = (sampleAl/siltAl) x 100 (1) 
 29 
where sampleAl is the measured Al2O3 concentration in each sample analysed for 30 

δ
18Odiatom and siltAl the average %Al2O3 in the Baikal silt sample, calculated in Brewer et 31 

al (2008) as 16.8%. 32 
 33 
A key assumption of this is that concentrations of Al within diatoms are negligible. A 34 
number of studies, however, have shown that fossilised diatoms can contain up to 1 wt.% 35 
Al (see Koning et al. (2007) and references within). Recent work on fully purified MIS 5e 36 

diatom samples from Lake Baikal shows Al concentrations of 0.08% [1σ = 0.02]) (Swann 37 

in press). Although this level of diatom bound Al typically only alters modelled δ18Odiatom 38 
within the limits of analytical reproducibility (0.34‰) it nevertheless remains important 39 
to account for this contribution. By assuming that Al concentrations in MIS 5e diatoms 40 
from Lake Baikal are representative of the late glacial – Holocene aged diatoms analysed 41 
here, a separate initial mass balance calculation can be performed to distinguish between 42 
diatom Al/silt Al and so calculate %diatom and %silt: 43 
 44 
sampleAl = (%diatom • diatomAl) + (%silt • siltAl) = (%diatom • 0.15) + (%silt • 17.2%) (2) 
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 1 
where diatomAl is the %Al in diatom converted into %Al2O3, %diatom and %silt the 2 
percent diatom and silt within the analysed sample and siltAl is the corresponding value 3 
from Brewer et al (2008) re-normalised following the removal of LOI data which 4 
constitutes water and other organic matter that will be removed during the pre-5 

fluorination stage of the δ18Odiatom analysis. A further mass balance correction is then 6 

employed to account for the effects of silt contamination on the measured δ18O values: 7 
 8 
δ

18Omodelled = (δ18Odiatom − %siltO/100 x δ18Osilt)/(%diatomO/100) (3) 

 9 

where δ18Omodelled is the mass balance corrected value of δ18Odiatom, δ18Odiatom is the 10 

original isotope value of the “cleaned” diatom sample, δ18Osilt is the average isotope value 11 
of silt from Lake Baikal, measured at 11.7 ± 0.3‰ (n=6) in Brewer et al. (2008), and 12 
%diatomO/%siltO is the percentage of diatom and silt with respect to oxygen. %siltO is 13 
calculated by assuming that 48.6 wt.% of the contaminant silt is comprised of oxygen 14 
(c.f., Brewer et al., 2008) whilst for %diatomO we assume that diatoms are comprised of 15 
SiO2 with oxygen making up 53.3% of the diatom frustule. An estimate of the error 16 
associated with this mass balance correction can be obtained for each sample by factoring 17 
in an analytical reproducibility of 0.34‰ for both the diatom and Baikal silt isotope 18 
measurements into equation 3. 19 
 20 
4. Results and Discussion 21 
  22 
The calibrated ages for our profile span approximately the last 15 700 cal yrs BP (range 23 
15 275 – 16 090 cal yrs BP) (Fig 2). The age-depth curve was determined using mixed-24 
effect regression (Heegaard et al. 2005). The calculations of model confidence intervals 25 
take into consideration not only the width of probability distribution of calibrated ages, 26 
but also the representativity of individual dates for the sequence. The average 95% 27 
confidence intervals for most of the profile (13 000 – 2 000 cal yrs BP) range from ±120 28 
to  ±200 years. For the younger part, the confidence intervals increase from ±35 to ±150 29 
years, while for the ages older than 13 000 cal yrs BP they continuously rise from ±200 to 30 
almost ±400 years. As the thickness of the sediment samples used for dating is taken into 31 
account, this results in the wider confidence intervals observed during the late glacial, 32 
early Holocene period (see Table 2). The model also reveals that the top-most 33 
radiocarbon date is not close to the expected value, and therefore probably poorly 34 
represents the real age of this layer (Heegaard et al. 2005). Given this chronology, the 35 

resolution of the δ18Omodelled profile varies between c. 375 – 400 years. Using the IntCal04 36 

calibration curve, the timing of δ18Omodelled changes during the early part of our record 37 
have changed substantially from that first presented by Morley et al. (2005) by c. 1000 38 

years. For example, the low δ18Odiatom value reported by Morley et al. (2005) at c. 11 300 39 
cal yrs BP is estimated now to occur at c. 10 300 cal yrs BP, which is a direct result of the 40 
improved calibration curve during this key period (Blackwell et al 2006). 41 
 42 

Robust interpretations of δ18Odiatom data from lake sediments are reliant on intensive 43 
cleaning and mass balance modelling procedures for removing effects of contaminants. 44 
Brewer  et al. (2008) showed that Baikal silt is enriched in Al2O3, Fe2O3, Na2O and K2O, 45 

Page 7 of 31

http://mc.manuscriptcentral.com/jqs

Journal of Quaternary Science

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 

8 

8  

such that the incorporation of silt within diatom samples should be clearly identifiable 1 
through their trace element geochemistry. Using sample Al2O3 concentrations as an 2 
estimator of contamination, the amount of non-diatom material within the Vydrino 3 
samples ranges from <10% to c. 90%. This highlights that the purification method 4 
described by Morley et al. (2004) can be inefficient. The presence of non-diatom 5 

contaminants in samples analysed for δ18Odiatom or other diatom isotopes/geochemical 6 
analyses is not restricted to Lake Baikal. Regardless of the adopted procedure, the 7 
majority of lacustrine and marine samples will contain a proportion of clays, silts, or 8 
other siliceous material such as sponges or phytoliths after sample cleaning (Leng and 9 
Barker, 2006; Lamb et al., 2007; Swann and Leng, 2009). Indeed some samples are 10 
impossible to fully purify due to contaminants becoming electro-statically charged to 11 
frustules (Brewer et al, 2008). Despite this, in the majority of cases issues of 12 
contamination are not considered despite their potential to distort the isotope record. 13 
Increasing awareness of these issues and the development of more sophisticated methods 14 
for assessing levels of contamination are however beginning to resolve this issue (Swann 15 

and Leng, 2009). The mass balanced δ18Omodelled data presented here therefore are a re-16 
analysis of a subset of data previously presented by Morley et al. (2005), but with 17 
significant and important modifications. First, we are able to attribute error estimates to 18 

each modelled δ18O value. Second, modelled δ18O values have some of the high-19 
frequency noise and some of the large low-frequency excursions removed (Fig 3). For 20 

example, mean δ18Omodelled values are c. 5‰ higher using the mass-balance approach, 21 
with considerably smaller standard deviation (Table 3). Most striking is the influence of 22 
silt contamination on the records. The original record by Morley et al. (2005) is strongly 23 

influenced by the proportion of silt in the sample, such that as %silt increases, δ18Odiatom 24 

values decline, in line with lower δ18O value for silt. However, our δ18Omodelled values 25 
exhibit a very different response with the contamination record; during the early 26 

Holocene, δ18Omodelled values increase as silt contamination increases, and again to a 27 
lesser extent during the mid Holocene (Fig 3). Other potential confounding factors such 28 
as dissolution and vital effects for Lake Baikal diatoms are considered in detail in 29 
Mackay et al. (2008). 30 
 31 
4.1 Palaeo-environmental interpretations 32 
 33 
4.1.1 The late glacial period  34 
 35 
The Bølling interstadial was the first period of warming after the last glacial, and is dated 36 

to approximately 14 600 – 14 100 cal yrs BP. δ18Omodelled values are relatively high (c. 37 
+28‰) at this time, indicative of rivers such as the Selenga, with catchments to the south 38 
of Lake Baikal, dominating fluvial input. This is in line with a two-fold increase in 39 
precipitation, which resulted in increased catchment weathering around Lake Baikal, 40 
through increased river inflow and reduced aeolian transport (Chebykin et al. 2002). In 41 
the catchment, warming is associated with a marked expansion in shrub landscape, 42 
especially Salix species and Alnus fruticosa (Demske et al. 2005). Thus, although 43 
prevailing humidity and precipitation had increased, temperatures were still relatively 44 
cool, because A. fruticosa is characteristic of the sub-alpine mountain zone around Lake 45 
Baikal today. Two other diatom records from Lake Baikal also show moderate increases 46 
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in diatom concentration during the Bølling period (Prokopenko et al. 2007). During the 1 

Allerød, the δ18Omodelled record exhibits a low value of +25.3‰ at c. 13 450 cal yrs BP 2 
(Fig. 4), coincident with a decline in diatom concentration reported by Prokopenko et al. 3 
(2007) at c. 13 500 cal yrs BP. However, this decline in the isotope record is characterised 4 
by one point only, and future higher resolution work is needed to determine if this is a 5 
real shift in balance from rivers flowing into Lake Baikal from the south, to isotopically 6 
lower rivers flowing in from the north, associated with the timing of the onset of the 7 
intra-Allerød cold period (IACP) (e.g. Rasmussen et al. 2006). 8 
 9 
The transition from the Allerød into the Younger Dryas is generally placed at c. 12 900 10 
cal yrs BP. Proxy records in Lake Baikal are indicative of a decline in primary 11 
productivity with the onset of the Younger Dryas, although moisture records appear to be 12 
more complex. For example, a coarsely resolved biogenic silica record from BDP93 13 
(Buguldeika Saddle) demonstrated a decline in diatom productivity linked to the Younger 14 
Dryas (Colman et al. 1999) while pigments such as total chlorophyll a from BDP93 also 15 
declined (Soma et al. 2007). Corresponding diatom concentrations from BDP93 also 16 
show a small reduction at this time, followed by a small increase at c. 12 000 cal yrs BP 17 
(Prokopenko et al. 2007). More recently, Watanabe et al. (2009) showed that between 12 18 
800 – 11 600 cal yrs BP, mass accumulation rates of total organic carbon (MARTOC) on 19 
the Academician Ridge rapidly declined, indicative of falling productivity in the lake 20 
together with a decline in terrestrial organic material. At the start of the Younger Dryas 21 

δ
18Omodelled values initially decline to c. +26.9‰ indicative of only a small decline in river 22 

inflow into the south basin of Lake Baikal which persisted til c. 12 180 cal yrs BP. Pollen 23 
reconstructions show that by c. 12 500 cal yrs BP although temperatures dropped, low 24 
levels of evaporation maintained a rather humid climate (Tarasov et al. 2007). Pollen 25 
evidence elsewhere suggests that regions of peat formation around Lake Baikal started at 26 
the Allerød - Younger Dryas transition, again indicative that any decline in precipitation 27 
during the Younger Dryas was not enough to halt peat accumulation (Bezrukova et al. 28 
2005). Further afield, detailed investigations on the palaeohydrology of Lake Hovsgol, 29 
which lies in the catchment of Lake Baikal, demonstrate that lake levels there started to 30 
increase irreversibly by about 15 400 cal yrs BP, which Prokopenko et al. (2005, 2009) 31 
suggest is due to increased precipitation in the southern catchment of Lake Baikal, before 32 
the start of the Holocene period. Further evidence for complex climate patterns during the 33 
Younger Dryas in this region of central Asia comes from Quaternary lake-level 34 
fluctuations of two northern Mongolian lakes (Bayan Nuur and Uvs Nuur) which exhibit 35 
high lake level stands from the Allerød through to the early Holocene, linked to melting 36 

glaciers and increased precipitation (Grunert et al. 2000). Increasing δ18Omodelled values 37 
from c. 12 180 cal yrs BP suggest increased Westerly transport of precipitation to rivers to 38 
the south Lake Baikal, which must have been accompanied by a decline in intensity of 39 
the Siberian High. These findings are line with increasing pollen-inferred precipitation by 40 
c. 12 000 cal yrs BP elsewhere in the Lake Baikal region (Tarasov et al. 2009), and 41 
increasing global temperatures by c. 12 000 cal yrs BP (Stuiver et al. 1995). Overall, 42 
evidence from different proxies in the Lake Baikal region point to a period of reduced 43 
productivity but sustained effective moisture during the early stages of the Younger 44 
Dryas. By about 12 000 cal yrs BP however, hydrological inflow from isotopically higher 45 
rivers to the south of the lake increased again.   46 

Page 9 of 31

http://mc.manuscriptcentral.com/jqs

Journal of Quaternary Science

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 

10 

10  

 1 
4.1.2 Early - mid Holocene (11 700 – 7 000 cal yrs BP) 2 
 3 
We define the early Holocene as being the period when ice sheets were still a significant 4 
feature of northern hemisphere landscapes, modulating a climate which was principally 5 
being driven by orbital parameters. Relative summer insolation values at temperate 6 
latitudes (e.g. 53° N) were at their highest during the early Holocene, c. 10 000 cal yrs BP 7 
before gradually declining to the present day (Prokopenko et al. 2007). Average annual 8 
temperatures during the early Holocene were progressively getting warmer, although in 9 
central Asia, the difference between seasonal temperatures at temperate latitudes was very 10 
pronounced because of high obliquity resulting in relatively warm summers but very cold 11 

winters (Bush 2005). Here we show alongside the δ18Omodelled values a stacked record of 12 
relative abundance of hematite stained grains (%HSG) which are a tracer of Holocene 13 
drift ice in the North Atlantic (Bond et al. 2001) (peaks are numbered according to Bond 14 
et al. 1997) (Fig 4). During this period, there are five distinct increases in %HSG in the 15 
North Atlantic.  16 
 17 

At the start of this period, δ18Omodelled values decline to +27.3‰ at c. 11 300 cal yrs BP, 18 
concomitant with a small decline in silt contamination (Fig 4). The decline in the 19 

δ
18Omodelled record is coincident with IRD8, commonly known as the Preboreal Oscillation 20 

(PBO), a cool event associated with freshwater discharge (possibly from Lake Agassiz) 21 
into the North Atlantic (Fisher et al. 2002). Through intensification of the Siberian High, 22 
this cool event is likely to have resulted in the relative decline in proportion of rain-fed 23 
rivers flowing into Lake Baikal and relative increase in isotopically-lower rivers flowing 24 
into the lake from the north. As above, we acknowledge that further work is needed to 25 

improve the resolution of the δ18Omodelled signal at this time. However, pollen data from 26 
Vydrino also suggests a short period of cooling (Demske et al. 2005), which may be 27 
responsible for very low numbers of diatom valves counted from the Buguldeika Saddle 28 
(Prokopenko et al. 2007). Quantitative climate reconstructions indicate that pollen-29 
inferred annual precipitation declined until almost 11 000 cal yrs BP, together with a 30 
significant decline in temperature of the coldest month (but little change in temperature of 31 
the warmest month) (Tarasov et al. 2007; 2009). In the catchment of Lake Baikal taiga 32 
forest was still present, although steppe and tundra biomes were widespread (Tarasov et 33 
al. 2007).  34 
  35 

δ
18Omodelled record subsequently rises to its highest values (+35.6‰) at 10 750 cal yrs BP 36 

and remain above +30‰ until c. 10 305 cal yrs BP. These high values are coincident with 37 
both low %HSG (Fig 4)  (Bond et al. 1997) and highest July insolation values 38 
(Prokopenko et al. 2007). Errors in the isotopic data however are also very high, most 39 
likely due to the very high levels of detected silt contamination (Fig 3). These data 40 
suggest that there must have been significant hydrological input into Lake Baikal during 41 
the early Holocene from rivers with southerly catchments. Independent evidence suggests 42 
that this is quite likely; pollen-inferred annual precipitation is very high at this time in 43 
southern Lake Baikal (between 500 – 600 mm/yr) (Tarasov et al. 2009), as are GCM 44 
modelled annual mean freshwater fluxes (cm/day) and JJA relative humidity (%) (Bush 45 
2005). It is not clear if the high levels of contamination are a direct result of increased 46 
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catchment in-wash, but diatom concentrations in several sites in the south basin of Lake 1 
Baikal are also very low at this time (e.g. Bradbury et al. 1994; Prokopenko et al. 2007) 2 
including the Vydrino shoulder (Morley 2005). Bradbury et al. (1994) suggest that 3 
periods of low diatom concentration may be related to a decline in water transparency 4 
caused by rivers bringing in terrigenous material, including fine clays and silts, 5 
depressing photosynthetic activity. While we are not yet in a position to confirm that this 6 
is the case, high levels of contamination (Fig 3) do not refute this hypothesis. 7 
 8 

The greatest decline in the δ18Omodelled record of +8‰ can be observed c. 10 275 – 10 030 9 
cal yrs BP. This decline is synchronous with increased %HSG (IRD event no. 7) (Fig 4). 10 
This cool event is seen in several archives from the e.g. North Atlantic sediments and 11 
Greenland ice cores (c. 10 350 – 10 l50 cal yr BP: see Björck et al. 2001 for a synthesis). 12 
At this time, GCM modelled winter (DJF) temperatures showed a significant decline 13 
(data from Bush 2005 and Prokopenko et al. 2007), while a decline in an index of warm 14 
vegetation derived from Vydrino pollen confirms prevailing cooler conditions (Demske et 15 
al. 2005).  16 
 17 

δ
18Omodelled shows an overall rise to relatively high values between c. 10 000 – 8 560 cal 18 

yrs BP. This isotopic increase occurs at the same time as a decline in %HSG (Fig 4), and 19 
an increase in abundances of vegetation in the catchment indicative of warm, moist 20 
climate (Demske et al. 2005; Tarasov et al. 2009). Thus, rivers such as the Selenga likely 21 
increased in importance at this time. Several North Atlantic regions show a cool event 22 
between c. 9 500 – 9 200 ka BP (IRD6), e.g. in Greenland ice cores (Rasmussen et al. 23 
2007) and various European locations (e.g. von Grafenstein et al. 1999; McDermott et al. 24 
2001), which Yu et al. (2010) attribute to freshwater outburst from Lake Superior in 25 
North America. There are minor fluctuations in the isotope data (e.g. at c. 9 645 cal yrs 26 
BP), which coincides with the start of increasing %HSG, but the decline at c. 9 200 cal 27 
yrs BP is not significant and well within variation of the isotope data themselves. Any 28 
impact of changes in the North Atlantic THC at this time on the composition of rivers 29 
flowing into Lake Baikal does not therefore appear to be as great as previous events, e.g. 30 
IRD 7 and 8).  31 
 32 

There is a major decline in δ18Omodelled record that starts c. 8 560 cal yrs BP, and reaches a 33 
minimum c. 8 400 cal yrs BP. This decline once again coincides with a peak in %HSG 34 

(Fig 4), IRD 5 (Bond et al. 2001). δ18Omodelled values increase slightly again til c. 7 700 35 
cal yrs BP, coinciding with a small decline in %HSG, before declining to a low value of 36 
26.4‰ at c. 7 040 cal yrs BP, as %HSG increases to high abundances once more. 37 
Therefore, isotopic evidence suggests an increase in input into Lake Baikal from 38 
isotopically lower rivers with northern catchments, and a decline in rivers flowing in 39 
from the south between c. 8 560 – 7 040 cal yrs BP. Work on a Selenga River Holocene 40 
floodplain sequence at Burdukovo, which lies c. 30 km north of Ulan Ude, has revealed a 41 
switch from alluvial to aeolian sedimentation processes sometime between c. 8 180 – 7 42 
725 cal yrs BP (White & Bush 2010). This also implies that Selenga River levels were 43 
low. Close inspection of other proxy records in the Lake Baikal region between c. 8 200 – 44 
7 000 cal yrs BP show distinct low, modelled GCM summer temperatures (Bush 2005) 45 
together with marked drops in diatom abundances and biogenic silica (Prokopenko et al. 46 
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2007). Moreover, vegetation indicative of humid conditions also decline (ibid.) as does 1 
quantitative reconstruction of pollen-inferred annual precipitation (Tarasov et al.  2007), 2 
although these records are in contrast of GCM modeled summer humidity which 3 
increases at this time (Bush 2005).   4 
 5 
Since 2001 a major international interdisciplinary programme (Baikal Archaeology 6 
Project) has sought to characterise cultural dynamics among hunter-gatherer populations 7 
around the Lake Baikal region during the mid Holocene (e.g. see Weber et al. 2002; 8 
2010a). Results from this on-going research have redefined our understanding of hunter-9 
gatherer adaptive strategies during the Neolithic–Bronze Age, including aspects of culture 10 
history, subsistence and diet, mobility patterns, genetic structure, and social and political 11 
relations. Most of these new archaeological data have been derived from numerous well-12 
preserved formal cemetery contexts, which has allowed detailed analyses of human 13 
skeletal remains. Focus has especially centered around a distinct biocultural discontinuity 14 
between the early Neolithic Kitoi culture and the Serovo-Glazkovo cultures which 15 
inhabited the area during the late Neolithic – early Bronze Age (Weber et al. 2002). Thus 16 
by at least 7 000 cal yrs BP (i.e. middle Neolithic) there is a near absence of dated 17 
archaeological cemetery evidence in the cis-Baikal region (Weber et al. 2005, 2010b). In 18 
addition, clear shifts in subsistence adaptations (Katzenberg et al. 2010) and genetic 19 
affiliation (Mooder et al. 2006; 2010) are also identified between these pre- and post-20 
hiatus groups. Reasons for this biological and cultural discontinuity are as yet uncertain, 21 
although several hypotheses have been put forward, including climate and environmental 22 
change (Weber et al. 2002; White and Bush 2010) and a decline in the use of formal 23 
cemeteries due to a shift in foraging behaviour (Weber et al. 2005). Tarasov et al. (2007) 24 
also reconstruct major changes in pollen-inferred climate variables between 7 200 – 6 000 25 
cal yrs BP, most notably a decline in annual precipitation, concomitant with an increase in 26 
steppe vegetation. It is not possible at this stage to conclude whether or not this shift to a 27 
cooler, drier climate caused the observed hiatus between the Kitoi and Serovo-Glazkovo 28 
cultures, but climate influence ought not yet be discounted. 29 
 30 
4.1.3 Mid – late Holocene (7 000 cal yrs BP – present) 31 
 32 
Northern hemisphere summer insolation levels were still relatively high during the mid-33 
Holocene, although North American ice sheets now had minimal impact on global 34 
climates (Mayewski et al. 2004; Wanner et al. 2008). Cool events associated with Bond 35 
cycles and increases in %HSG related to IRD4 to IRD0 were no longer associated with 36 
melt-water outbursts but likely caused by a combination of factors (see Wanner et al. 37 

2008 for a review). During this period, δ18Omodelled values exhibit different relationships 38 
the %HSG record in comparison to the similarities between the two records during the 39 
early Holocene. For example, as %HSG values increase after c. 7 000 cal yrs BP, 40 

δ
18Omodelled values also increase up to 5 890 cal yrs BP, at exactly the same time as 41 

increasing contamination, which suggests increased flow of rivers such as the Selenga 42 

and increased silt transport into the lake at the Vydrino site. This increase in δ18Omodelled is 43 
also at odds with the decline in pollen-inferred precipitation between c. 7 200 – 6 000 cal 44 
yrs BP (Tarasov et al. 2007) and in water levels of the Mongolian lakes Hovsgol at c. 6 45 
600 cal yrs BP (Dorofeyuk and Tarasov, 1998), and Telmen between c. 7 110 – 6 260 cal 46 
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yrs BP (Peck et al. 2002). Further afield, a shift to heavier δ18O values from Dongge Cave 1 
(south China) between 7 200 – 6 600 cal yrs BP highlights a weakening monsoon system, 2 
linked to strengthened Siberian High (Dykoski et al. 2005). There is a significant decline 3 

in δ18Omodelled record between c. 5 980 and 5 600 cal yrs BP which is coincident with 4 
IRD4 and also with very low values for GCM modelled annual mean freshwater flux and 5 
JJA relative humidity (Bush 2005). Thus, while the inferred decline in fluvial input into 6 
Lake Baikal from southerly rivers at c. 5 700 cal yrs BP does coincide with weak North 7 

Atlantic thermohaline, increasing δ18Omodelled values just prior to this event are at odds 8 
with other proxy records. More work therefore needs to be done to better characterise 9 
changes in precipitation and river inflow into Lake Baikal at this time.  10 
 11 

After c. 5 165 cal yrs BP there is a sustained period of declining δ18Omodelled values, which 12 

spans IRD3, leading to the low δ18Omodelled value of 26.3‰ at c. 3 330 cal yrs BP, which 13 

coincides with IRD2 (Bond et al. 2001) (Fig. 4). The decline in δ18Omodelled values 14 
coincides with variability observed in other regional proxy records, including a major 15 
phase of reconstructed steppe vegetation around Lake Baikal between c. 5 700 – 3 800 16 
cal yrs BP (Tarasov et al. 2007). Diatom and biogenic silica profiles from the Buguldeika 17 
Saddle also show marked declines at this time, consistent with GCM data (Colman et al. 18 
1999; Prokopenko et al. 2007). In northern Mongolia, low lake levels at Gun Nuur were 19 
recorded at c. 3 540 cal yrs BP (Dorofeyuk and Tarasov 1998). Together these proxies 20 
suggest a significant period of aridity, although other lakes, such as Telmen suggest more 21 
humid conditions prevailed after 4 390 cal yrs BP (Peck et al. 2002). In central China, 22 

δ
18O from Dongge Cave record the longest and one of the most significant periods of 23 

aridity during the Holocene (Wang et al. 2005) between c. 4 500 – 4 000 cal yrs BP. This 24 
period also coincides with IRD event 3 (Bond et al. 2001) and the collapse of the 25 
Neolithic culture in China. 26 
  27 

From c. 3 330  - 2 630 cal yrs BP the δ18Omodelled record is very poorly resolved. However, 28 

between c. 2 630 til c. 2 060 cal yrs BP, δ18Omodelled values are at their highest during the 29 
mid- late Holocene, indicative of major influence of isotopically higher rivers flowing 30 

into Lake Baikal due to a weak Siberian High. High δ18Omodelled values occur at the same 31 
time as low %HSG, very low steppe biome scores and increasing pollen-inferred 32 
temperatures (Tarasov et al. 2007). This increase is also mirrored by an increase in 33 
biogenic silica from the Buguldeika core (Prokopenko et al. 2007).  Modelled annual 34 
freshwater flux also is very high at this time (Bush 2005). Regional records also concur 35 
with increased effective moisture. For example, in Lake Telmen laminated sediments 36 
accumulated between 2 210 and 2 070 cal yrs BP during which time deep lake levels 37 
must have predominated (Peck et al. 2002) due to high precipitation over northern 38 
Mongolia. Further south, proxy evidence from the Chinese Guliya ice cores highlight a 39 
period of marked warm and moist conditions, indicative of a weakened Siberian High and 40 
strong summer Asian monsoon (Yang et al. 2004). Proxy evidence from a number of 41 
different sources therefore confirm widespread warm and wet climate in the Lake Baikal 42 
region, coincidental with strengthened North Atlantic THC (Bond et al. 2001). 43 
 44 

δ
18Omodelled record for the late Holocene is unfortunately at a very low resolution, making 45 

any useful comparisons to the %HSG record problematic. Overall, δ18Omodelled values do 46 

Page 13 of 31

http://mc.manuscriptcentral.com/jqs

Journal of Quaternary Science

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 

14 

14  

decline towards the top of the record, coincident with declining biogenic silica 1 
concentrations (Prokopenko et al. 2007) and a marked fall in GCM modelled summer 2 

temperatures (Bush 2005). Low resolution δ18Odiatom records from the north of Lake 3 
Baikal also decline at this time, highlighting the wide spatial extent of this event 4 
(Kalmychkov et al. 2007). A decline in effective moisture in northern Mongolia is also 5 
apparent in the sediment records from Lake Telmen, resulting in, for example, a high-6 
stand terrace c. 1400 – 1260 cal yrs BP (Peck et al. 2002). Tree-ring data highlight a 7 
series of severe droughts affecting northern Mongolia during the early 18th and 19th 8 
centuries (Pederson et al. 2001). These observations are concurrent with the most recent 9 
IRD events in the North Atlantic, including event 0, which is coeval with the Little Ice 10 

Age. The drop in δ18Odiatom values from c. 360 cal yrs BP might well be a response to a 11 
cooler climate associated with the LIA, which has been shown to have had a major 12 
impact on diatom communities close to Vydrino at this time (Mackay et a. 2005).  13 
 14 
6. Conclusions 15 
 16 

In this paper we present a new, recalculated mass-balanced model of δ18Odiatom data for 17 
the late glacial – Holocene period in Lake Baikal. The improvement over a previous 18 
record has only been possible by accurately taking into account contaminants remaining 19 
in purified diatom silica samples, using electron optical imaging and whole sample 20 
geochemistry, as well as considering Al bound diatom concentrations. We interpret the 21 

δ
18Omodelled record as a proxy for the composition of river flow into Lake Baikal, with 22 

respect to the balance between rivers flowing into the lake with southern as opposed to 23 
northern catchments. Changes in this record show, in general, very good correspondence 24 
with proxy records of %HSG in the North Atlantic associated with enhanced meridional 25 
circulation at least during the early to mid Holocene. Between c. 7 000 – 6 000 cal yrs BP, 26 

increasing δ18Omodelled values at odds with other proxy records in the region, and more 27 
work over this time frame needs to be undertaken to investigate possible reasons for this 28 
discrepancy.  29 
 30 
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 1 
Figure legends 2 
 3 
Fig. 1. Location of Lake Baikal, its three largest tributaries (Selenga, Upper Angara and 4 
Barguzin rivers), its outflow (Angara River) and coring location at the Vydrino Shoulder. 5 
 6 
Fig. 2. Age-depth model based on calibrated radiocarbon AMS dates for composite cores 7 
from Vydrino Shoulder (CON01-605-5 and CON01-605-3) constructed using a 8 
generalised mixed-effect regression based on a generalised additive model (GAM) with 9 
constant variance (Heegaard et al. 2005). Grey-shaded area represents 95% confidence 10 
intervals of modelled ages (black line), black diamonds – midpoints of calibrated age 11 
ranges. 12 
 13 

Fig 3. Comparative plots showing δ18Odiatom (open circles) (Morley et al. 2005) and 14 

δ
18Omodelled (closed black squares; this study) profiles. % silt contamination is calculated 15 

from the amount of Al2O3 in individual samples. See text for details. 16 
 17 
Fig. 4. Stratigraphic profiles of proxies highlighted in the text, plotted on a radiocarbon 18 

calibrated age scale. δ18Omodelled profile with associated errors linked to mass-balancing 19 
isotope measurements (see text for details); four stacked records of relative abundance of 20 
hematite stained grains (%HSG) in North Atlantic sediments indicative of ice rafted 21 
debris events (see Bond et al. 2001 for full details). IRD numbers are according to those 22 
originally given in Bond et al. (1997). YD (Younger Dryas) and IACP (intra-Allerød cold 23 
period) are also highlighted.  24 
 25 
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 1 
Table 1. Sediment cores collected from the Vydrino Shoulder, Lake Baikal 2 

 3 

Core code Type Lat. Long. Water depth Core length 

CON01-605-3 piston 51.5849 104.8548 675 m 10.45 m 
CON01-605-5 box 51.5835 104.8518 665 m 2.50 m 
 4 
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 1 

Table 2. Radiocarbon dating profile from Vydrino location in the south basin of Lake 2 
Baikal. AMS dates from pollen extracts were calibrated using Oxcal4.1 program and 3 
IntCal04 radiocarbon calibration curve (Reimer et al. 2004). Depth interval and mid-4 
depth are the original depths of samples from either the box core (CON01-605-5) or the 5 
piston core (CON01-605-3); sample thickness is the thickness of sediment samples 6 
processed to obtain pollen and spore concentrates; corrected depth values are those 7 
determined once cores have been spliced together and missing core tops taken into 8 
account; pollen purity (%) was estimated on the basis of particle counts; age 14C BP are 9 
uncalibrated radiocarbon ages; unc is the laboratory uncertainty associated with each 14C 10 
age; calibrated age range is limited by younger and older boundaries for 95.4% 11 
probability distribution of calendar age obtained after calibration; mid-point 94.5% is the 12 
central point estimation of the calibrated age range, and +/- is half of this range.  13 
 14 
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  1 

Table 3. Comparison of summary δ18O between datasets presented by Morley et al. 2 
(2005) and this study. 3 
 4 

 Lowest (‰) highest (‰) range (‰) mean (‰) No of samples 

Morley et al. (2005) 14.4 29.4 15.0 23.6 +/- 3.82 130 

This study 23.9 35.6 11.7 28.7 +/- 2.15 55 

 5 

 6 
 7 
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Table 2

Core Core code Mid-depth

Sample 

thickness, 

cm

Corrected 

depth, cm

Pollen 

purity (%) Age 
14

C BP unc

Box LBB-AMS-1 0 4 2 4 14.5 90 1950 35 1950 1730

Box LBB-AMS-2 20 24 22 4 34.5 95 2375 25 2680 2345

Box LBB-AMS-3 32 35 33.5 3 46 95 2945 30 3215 3000

Box LBB-AMS-4 56 59 57.5 3 70 95 4530 40 5310 5040

Box LBB-AMS-5 77 80 78.5 3 91 95 5455 35 6305 6200

Box LBB-AMS-6 89 92 90.5 3 103 90 6170 40 7160 6950

Box LBB-AMS-7 101 104 102.5 3 115 85 6700 40 7650 7500

Box LBB-AMS-8 121 124 122.5 3 135 85 7760 40 8605 8440

Box LBB-AMS-9 138 141 139.5 3 152 90 8620 40 9680 9530

Piston LBF-AMS-11a 12 18 15 6 154 n.d. 8810 50 9840 9565

Box LBB-AMS-10 145 148 146.5 3 159 90 8750 50 10120 9715

Box LBB-AMS-11 159 163 161 4 173.5 90 9470 50 11060 10580

Box LBB-AMS-12 171.5 175.5 173.5 4 186 80 10030 50 11810 11360

Piston LBF-AMS-12a 48 56 52 8 191 n.d. 10340 60 12230 11820

Piston LBF-AMS-13 65 73 69 8 208 n.d. 10730 60 12850 12680

Piston LBF-AMS-14 90 98 94 8 233 n.d. 11820 70 13890 13580

Piston LBF-AMS-15 116 124 120 8 259 n.d. 13340 130 16090 15270

Depth interval

Calibrated age 

range, 95.4% 

probability

Page 27 of 31

http://mc.manuscriptcentral.com/jqs

Journal of Quaternary Science

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



  

 

 

Location of Lake Baikal, its three largest tributaries (Selenga, Upper Angara and Barguzin rivers), its 
outflow (Angara River) and coring location at the Vydrino Shoulder.  

201x288mm (600 x 600 DPI)  
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Age-depth model based on calibrated radiocarbon AMS dates for composite cores from Vydrino 
Shoulder (CON01-605-5 and CON01-605-3) constructed using a generalised mixed-effect regression 
based on a generalised additive model (GAM) with constant variance (Heegaard et al. 2005). Grey-
shaded area represents 95% confidence intervals of modelled ages (black line), black diamonds – 

midpoints of calibrated age ranges  

174x165mm (600 x 600 DPI)  
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Comparative plots showing δ18Odiatom (open circles) (Morley et al. 2005) and δ18Omodelled 
(closed black squares; this study) profiles. % silt contamination is calculated from the amount of 

Al2O3 in individual samples. See text for details.  
108x192mm (600 x 600 DPI)  
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Stratigraphic profiles of proxies highlighted in the text, plotted on a radiocarbon calibrated age 
scale. δ18Omodelled profile with associated errors linked to mass-balancing isotope measurements 
(see text for details); four stacked records of relative abundance of hematite stained grains (%HSG) 

in North Atlantic sediments indicative of ice rafted debris events (see Bond et al. 2001 for full 
details). IRD numbers are according to those originally given in Bond et al. (1997). YD (Younger 

Dryas) and IACP (intra-Allerød cold period) are also highlighted.  
136x192mm (600 x 600 DPI)  
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