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Abstract:

Southern Siberia is currently undergoing rapid warming, inducing changes in
vegetation, loss of permafrost, and impacts on the hydrodynamics of lakes and rivers.
Lake sediments are key archives of environmental change and contain a record of
ecosystem variability, as well as providing proxy indicators of wider environmental and
climatic change. Investigating how hydrological systems have responded to past shifts
in climate can provide essential context for better understanding future ecosystem
changes in Siberia. Oxygen isotope ratios within lacustrine records provide
fundamental information on past variability in hydrological systems. Here we present
a new oxygen isotope record from diatom silica (6*8Qdiatom) at Lake Baunt (55°11’15"N,
113°01,45”E), in the southern part of eastern Siberia, and consider how the site has
responded to climate changes between the Younger Dryas and Early to Mid Holocene
(ca. 12.4 to 6.2 ka cal BP). Excursions in 6'8Qdiatom are influenced by air temperature
and the seasonality, quantity, and source of atmospheric precipitation. These variables
are a function of the strength of the Siberian High, which controls temperature, the
proportion and quantity of winter versus summer precipitation, and the relative
dominance of Atlantic versus Pacific air masses. A regional comparison with other
Siberian 8'80diatom records, from lakes Baikal and Kotokel, suggests that 8Qdiatom
variations in southern Siberia reflect increased continentality during the Younger
Dryas, delayed Early Holocene warming in the region, and substantial climate
instability between ~10.5 to ~8.2 ka cal BP. Unstable conditions during the Early
Holocene thermal optimum most likely reflect localised changes from glacial melting.
Taking the profiles from three very different lakes together, highlight the influence of

site specific factors on the individual records, and how one site is not indicative of the



53 region as a whole. Overall, the study documents how sensitive this important region

54 is to both internal and external forcing.

55 Keywords: LGIT, Siberia, Paleoclimate, Paleohydrology, Stable-isotopes, diatoms.
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1. Introduction:

Anthropogenic climate change is having a significant impact on hydrology and
ecosystems globally. Reconstructing past palaeohydrological responses to climate
change is fundamental for assessing potential future responses to climate change
(Swann et al., 2018). Southern Siberia is currently undergoing climate warming at a
rate considerably higher than the global average (Tingley and Huybers, 2013). The
effects of this are significant, especially the reduction in hemiboreal forests (Deluca
and Boisvenue, 2012) through changes to wildfire frequency (Tchebakova et al.,
2011), increased melting of permafrost (Romanovsky et al., 2010), and changes to
seasonally-ice covered lacustrine ecosystems (Moore et al., 2009; Tchebakova et al.,
2009; Tchebakova et al., 2011). In some regions, the drivers of past climatic events
have been well studied (Bond, 1997; Bond et al., 2001; Hoek and Bos, 2007; Teller et
al., 2002; Wanner et al., 2011), and their impacts on hydrology and ecosystems are
well defined (Brauer et al., 2008; Fletcher et al., 2010; Lane et al., 2013; Rach et al.,
2014). However, other critical regions, such as continental ecotones, are relatively
understudied. For example, the majority of studies in southern Siberia are focussed
on the Lake Baikal ecosystem (Katsuta et al., 2018; Mackay et al., 2013a, 2011, 2005;
Morley et al., 2005; Prokopenko et al., 2002, 1999; Prokopenko and Williams, 2004;
Rioual and Mackay, 2005; Swann et al., 2018; Tarasov et al., 2007; Williams et al.,
1997). Further research is, thus, essential to investigate hydrological changes outside

of Lake Baikal’s immediate catchment.

Globally, the transition to the current interglacial sees a number of important climatic
events, with Younger Dryas cooling marking the last stage of the glacial from ~13 ka
cal BP, and rapid Holocene warming from ~11.7 ka cal BP (Blockley et al., 2012;
Rasmussen et al., 2014), both influencing atmospheric regimes (Steffensen et al.,

5
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2008; Wang et al., 2001). The Early Holocene also features abrupt climatic events at
~11.4,11.1, 9.3 and 8.2 ka cal BP (Blockley et al., 2018; Dykoski et al., 2005; Heiri et
al., 2004; Hoek and Bos, 2007; Rasmussen et al., 2014; Zhang et al., 2018), thought
to be linked to freshwater outbursts, reducing thermohaline circulation (THC) in the
North Atlantic (Barber et al., 1999; Rohling and Palike, 2005; Teller et al., 2002), solar
minima (Bond et al., 2001; Dykoski et al., 2005), and volcanic eruptions (Anchukaitis
et al., 2010; Cole-Dai et al., 2013; Sigl et al., 2015). This period provides important
context for future climate changes, as much of the temperature variability is within the
range predicted for the next 100-200 years (2-4°C) (Collins et al., 2013). Moreover,
destabilisation of ice sheets, THC variability and changing solar activity are also

important elements of future climate scenarios (Collins et al., 2013).

The Younger Dryas is documented across the Northern Hemisphere (Brauer et al.,
2008; Brooks et al., 2012; Coope et al., 1998; Heiri and Millet, 2005), with cooling
thought to be driven by changes in Atlantic meridional overturning circulation (Lane et
al., 2013), which are then propagated to the atmosphere (Bakke et al., 2009). The
Transbaikal region of southern Siberia experienced strong seasonality during the
Younger Dryas due to high obliquity, inducing cold winters (Bush, 2005). High K+
concentrations in the GISP2 ice core during the latter stages of the Younger Dryas
suggest that a strong Siberian High dominated winter climates (Mayewski et al., 2004)
(Tarasov et al., 2009). A strong Siberian High drives a stronger East Asian Winter
Monsoon, through a larger pressure gradient between the Siberian High and Aleutian
Low (Tubi and Dayan, 2013), resulting in weaker East Asian Summer Monsoons. The
latter is reflected in higher isotope values from Chinese speleothems in Hulu (Wang
et al., 2001), Dongge (Dykoski et al., 2005) and Sanbao (Dong et al., 2010) caves,

and cold reconstructed temperatures in Lake Suigetsu, Japan (Schlolaut et al., 2017).
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During the Early Holocene, maximum summer insolation values occurred (Bush,
2005), leading to the Holocene Thermal Maximum at ~10.0 and 6.0 ka cal BP (Liu et
al., 2014). At higher latitudes, particularly away from large ice sheets, a shorter thermal
maximum occurred between ~10.0 and 8.0 ka cal BP (Jansen et al., 2007; Renssen

et al., 2012), coupled with strong seasonality (Biskaborn et al., 2016; Bush, 2005).

The isotopes of diatom silica are widely recognised as proxies for environmental
change, such as the use of the oxygen isotope ratios to reconstruct palaeohydrology
(Leng and Barker, 2006; van Hardenbroek et al., 2018). 620 is influenced by changes
in external environmental and climatic factors, including the quantity or source of
precipitation, atmospheric temperature variability, and evaporation regimes. 8*Qdiatom
reconstructions are available for key southern Siberian sites, including Lake Baikal
(Mackay et al., 2013b, 2011) and Lake Kotokel, located to the east of the Baikal central
basin (Kostrova et al., 2013b, 2014, 2016). In Lake Baikal, 8'®Odiatom variability has
been linked to factors including the relative proportion of southern versus northern
rivers feeding the lake, due its enormous catchment (Mackay et al., 2011), and at Lake
Kotokel to the interplay of evaporation and the 880 of precipitation, which is linked to

air temperature and atmospheric circulation (Kostrova et al., 2013b, 2014, 2016).

This study aims to increase the understanding of palaeohydrological changes that
have occurred at the sensitive discontinuous-continuous permafrost boundary in
Siberia. We present new 6%QOdiatom data from a sediment core from Lake Baunt
(below), one of the first analyses of lake records with a localised catchment spanning
the Younger Dryas to Mid Holocene in the northern regions of southern Siberia. We
combine our 8'0diatom record with existing data from Lakes Baikal and Kotokel, and
examine regional palaeohydrology, and consider local and extrinsic mechanisms that

may be driving palaeohydrological variability (Williams et al., 2011).
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1.1. Study Site:

Lake Baunt (55°11°15”N, 113°01’45”E) is a tectonic lake (Bezrukova et al., 2017) in
the Transbaikal mountains of southern Siberia, 200 km to the east of Lake Baikal’s
northern basin (Figure 1) and is one of the larger lakes in the Tsipikan-Baunt lake
district (Shchetnikov, 2007; Yakhnenko et al., 2008). Located at ~1050 m a.s.l., Baunt
has a surface area of 111 km? (19 km length on a SW-NE elongation and 9 km width),
with an average depth of 17m and maximum depth of 33m (Krainov et al., 2017). The
catchment predominantly lies to the south, east, and west (Krainov et al., 2017), and
is bounded by the lkat and Tsipikan highlands (Solotchin et al., 2015) (Figure 1).
Glaciation in this region is limited to the Kodar range of the Transbaikal mountains
(Stokes et al., 2013), and has receded recently due to anthropogenic warming, while
extensive mountain glacier coverage existed during the Last Glacial (Margold et al.,
2016; Martin and Jansson, 2011; Stokes et al., 2013). Baunt receives water from the
Verkhnyaya (Upper) Tsipa and Tsipikan rivers (Krainov et al., 2017), and discharges
into the Nizhnyaya (Lower) Tsipa River (Ufimtsev et al., 2009) (Figure 1). Itis currently
oligotrophic (surface water pH 7 — 7.2 (Kozhov, 1950)) and undergoes thermal
stratification during the summer, but is frozen for ~8 months (October-May) (Alpat’'ev

et al., 1976).

The regional geology is predominantly the Barguzin and Vitimkan igneous granitic
complexes (part of the Angara-Vitim batholith) (Nenakhov and Nikitin, 2007; Rytsk et
al., 2007; Tsygankov et al., 2007). In the lake basin, Neogene-Quaternary sediments
including sands, clays and gravels dominate (Bezrukova et al., 2017; Krainov et al.,
2017; Shchetnikov, 2007), while Holocene sediments include lacustrine, fluvial and
peat deposits (Bezrukova et al., 2017). No carbonate rocks are found within the
catchment (Ryabenko et al., 1964), which sits in taiga forest, dominated by Larix

8
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gmelinii (Larch) and Pinus sylvestris (Scots Pine). Mountain shrubs, grass and moss

tundra occupy higher altitudes (Anekhonov, 1995; Miller et al., 2014).

Regional climate is dominated by the Siberian High anticyclone, with winter pressures
reaching ~1030mb (Tubi and Dayan, 2013), but in summer, when it is inactive,
pressures drop to ~1005mb. For the period between 1961-1990 CE (common era),
averaged mean air temperatures at Baunt, corrected for elevation, are +15.7°C (July)
and —28.4°C (January) (Leemans and Cramer, 1991). Average annual precipitation is
~400 mm (Leemans and Cramer, 1991), with the highest levels in summer (Huhne
and Slingo, 2011). Precipitation is generally considered to be North Atlantic sourced
recycled summertime rainfall, transported by the westerlies (Park et al., 2014; Tubi
and Dayan, 2013), with a small proportion from wintertime snowfall (Huhne and Slingo,
2011). However, recent work indicates the region is influenced by the Atlantic
westerlies, the East Asian Monsoon, and intrusions of Arctic air (Kostrova et al., 2020;
Osipova and Osipov, 2019). The relative proportion of these sources varies across the
year, with winter months and transitional periods (March-April-May and September-
October-November) dominated by westerly precipitation (Kostrova et al., 2020;
Osipova and Osipov, 2019), while during summer, inflows from the south-west and
south-east increase (Osipova and Osipov, 2019). Variations in the contribution from
these sources change across the Transbaikal mountains, with southern regions being

more heavily influenced by southerly sources (Osipova and Osipov, 2019).
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Figure 1: (A) Schematic Map of Asia highlighting the position of Lakes Baunt, Kotokel and Baikal. Lake Baikal’s catchment area is
shown. (B) Closer image of the Lake Baikal region, showing Lake Baunt alongside major rivers in the region. (C) Close image of

Lake Baunt highlighting basin topography and the regional topography. Drill location of the BNT14 core is shown alongside

locations where water samples were taken from Lake Baunt and surrounding rivers and lakes. River inflows and outflow are shown
with directional arrows. (D) Core litho-stratigraphy for BNT14 summarised from Krainov et al. (2017).

10



183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

2. Methodology:

2.1.Core Collection and Lithology

The BNT14 core (55°11°15”N, 113°01'45”E; water depth 33m; Figure 1.C) was
collected in March 2014, while the lake was frozen (maximum ice thickness of
~2m with limited movements) using a UWITEC gravity corer (Krainov et al.,
2017), at the site identified to have the most uniform sedimentation rates. The
UWITEC system used hammer action with inner 63 mm PVC liners to extract
the 13.66 m core in 8 liners, over 3 days, with a 95% recovery rate (Krainov et
al., 2017). The litho-stratigraphy consists of silty clay at the base (1366-
1170cm), followed by a change to silty clay with abundant diatoms (1170-
620cm). A short section of diatomaceous ooze occurs between 620-580cm,
followed by a return to silty clay with diatoms. From 540cm there is a switch to
diatomaceous ooze, which continues to the core top. For full description see

Krainov et al. (2017) (Figure 1.D).

2.2.Chronology Construction

The Lake Baunt chronology is a refined version of the age model developed
by Krainov et al. (2018, 2017) and is based on 15 radiocarbon dates of bulk
sediments (Table 1), coupled with 21°Pb analyses, which attempt to constrain

the upper-most sections (supplementary information).

Sample Code  Sample Depth 14C age IntCal20 Calibrated
(cm) Range
Poz-BNT14-52 52 5590 + 35 6439-6295
UBA-32755 97.5 5049 + 40 6609-6302
Poz- BNT-200 200 5775 + 30 7452-6451
Poz- BNT-400 400 9000 + 50 10340-9891
UBA-32756 497.5 11489 + 60 13497-12863
Poz- BNT-600 600 11620 £+ 50 13601-13368

11
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Poz-BNT-692 691 14090 + 80 17403-16885
Poz-BNT-800 800 14930 + 70 18621-18071
Poz-BNT-950 950 18220 + 80 22385-21900
Poz-BNT-1110 1110 18850 + 120 24465-22438
Poz-BNT-1150 1150 20680 + 140 25328-24329
Poz-BNT-1172 1172 21670 =140 26195-25703
Poz-BNT-1195 1195 21720 =140 26310-25820
Poz-BNT-1277 1277 24760 + 190 29315-28565
Poz-BNT-1350 1350 25350 =180 30000-29215

Table 1: AMS radiocarbon dates from the BNT14 core. Dates were

calibrated using IntCal20 (Reimer et al., 2020) in OxCal 4.4.

The ?1%Pb profile was produced using four air dried samples from the upper
10cm of the BNT14 core, which were analysed by direct gamma assay for
210pp, 137Cs, 2%Ra and ?**Am using an ORTEC HPGe GW.L series well-type
coaxial low background intrinsic germanium detector, at the Environmental
Radiometric Facility at University College London. ?!°Pb was determined from
gamma emission at 46.5keV, while ?°°Ra was determined by the 295keV and
352keV gamma rays, re emitted by its daughter isotope ?“Pb, following 3
weeks storage in sealed containers, allowing radioactive equilibration
(Appleby et al., 1986). 13’Cs and ?**Am were determined by their emissions at
662keV and 59.5keV (Appleby et al.,, 1986). Detector efficiencies were
measured using calibrated sourced and sediment samples of known activity,
with corrections being made for the effect of self-absorption of low energy

gamma rays within the sample (Appleby, 2002).

The chronological information (Table 1) has undergone Bayesian age
modelling in OxCal 4.4 to produce a P_Sequence depositional model (Bronk
Ramsey, 2008; Bronk Ramsey, 2009a; Bronk Ramsey, 2009b), within which,
radiocarbon dates were calibrated using the IntCal20 curve (Reimer et al.,

12
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2020). The model incorporates automatic outlier detection using the general
model (Bronk Ramsey, 2009b) with interpolation between dates allowing for
sedimentological changes between dated points (Bronk Ramsey and Lee,
2013). A boundary, which is a Bayesian function to recognise differences
between sedimentary or chronological units within a sequence, has been
incorporated into the model during a period of sediment source change,

identified in the core lithostratigraphy (see Krainov et al., 2018, 2017).

To facilitate comparison between regional lake records, chronological records
from lakes Baikal (composite chronology for cores CON01-605-5 and CONO1-
605-3 from the Vydrino Shoulder) and Kotokel (core KTK2) were re-modelled
using IntCal20 (Reimer et al.,, 2020), as previous studies used different
calibration curves, IntCal09 and CalPal07_Hulu respectively (Bezrukova et al.,
2010; Mackay et al., 2011), with different underlying data and statistical
treatment of the calibration information (e.g. Reimer et al., 2009; Weninger
and Joris, 2008). Models were produced following the same method as
described above for Lake Baunt. Furthermore, in this study, the Lake Kotokel
age model does not include dates transferred from the Lake Sihailongwan
record (42° 17'N, 126° 36'E) (Bezrukova et al., 2010; Stebich et al., 2009) due
to the large distance between the two sites, which could introduce monsoonal
influences into the regional comparison. The approach of using only locally
derived chronological information is undertaken to ensure the three records
can be compared independently to each other, to build up a picture of regional

palaeohydrological change.
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2.3.Diatom analyses

Diatom composition analyses were undertaken across the BNT14 core.
Samples were prepared following the digestion procedure of Battarbee et al.,
(2001) (supplementary information). Diatom analyses were converted to
relative proportions (%), concentrations and diatom fluxes (supplementary
information). Diatom dissolution was quantified for the dominant taxa, with
individual frustules being classified into 1 of 4 stages: (1) pristine, (2) little
dissolution, (3) very dissolved, and (4) almost unrecognisable. Dissolution
stages were converted to a dissolution F_index (Ryves et al., 2001: Flower
and Ryves 2009), using the observations above to determine a ratio of pristine

valves against total counts, expressed as:

Fi=3¥7nij/ ¥/ N/
Equation 1: F_Index

Where Fi is the F_index for sample i, n is the sum of the pristine valves for
species j in the sample, and N is the sum of the total number of valves in the

same sample.
2.4.Isotope analyses

2.4.1. Water samples

In 2014 and 2016, water samples were collected from Lake Baunt and its
fluvial inflows, and a small nearby lake. Samples were collected in spring (23-
Mar-2014; n=3, 27-Mar-2016; n=1, 30-Mar-2016; n=2), while the lake was
frozen, and during summer, post ice melt (21-Aug-2014; n=6). Hydrogen and
oxygen isotope analysis was conducted at the Isotope Laboratory (AWI

Potsdam) with a Finnigan MAT Delta-S mass spectrometer using equilibration

14
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techniques. Internal 1o errors was better than £0.8%. for 6D and +0.1%o for

580 (Meyer et al., 2000).

2.4.2. 8®0diatom analyses

In total, 59 cleaned samples were chosen from the BNT14 core to cover the
transition from the Late Pleistocene and the period of instability documented
in the Early Holocene (Blockley et al., 2018; Rasmussen et al., 2014). The
samples were purified prior to analysis following published procedures (e.g.
Brewer et al., 2008; Leng and Marshall, 2004), to exclude other oxygen
bearing components (Morley et al., 2004; van Hardenbroek et al., 2018).
Cleaning of the Lake Baunt samples followed Morley et al. (2004). Primarily,
samples underwent a step-wise removal of organic matter using hydrogen
peroxide (H202) and hydrochloric acid (HCI), before being sieved over a5 ym
mesh to remove clay particles. After this, samples underwent a three-stage
heavy liquid separation using sodium polytungstate (3Na2WO4 - 9WOs - H20).
Finally samples were cleaned with a nitric/perchloric acid mixture

(HNO3:HCIO4) and dried (Morley et al., 2004).

Sample purity was assessed using scanning electron microscopy (SEM)
(Earth Sciences Department, University College London) and electron
microprobe X-ray analysis (EMPA; Reed, 2005) with a microprobe JXA-8200
(JEOL Ltd, Japan) at the Shared-Use Analytical Centre of the IGC SB RAS, to
estimate the remaining contaminants, particularly silt quantities, prior to
analysis, to allow them to be used for the mass-balance correction. For EMPA,
less than 1 mg of purified diatom material was placed on carbon-tabs mounted

on duralumin substrate, and carbon coated. Analytical spectra were registered

15
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and processed automatically by the EDS Semi-Quantitative Analysis software
of the energy-dispersive spectrometer EX-84055MU (JEOL Ltd, Japan).
Quantitative analysis was performed using the standardless procedure (all
detectable elements displayed as oxides normalised to 100% weight); with

results expressed as weight percentages (Pavlova et al., 2014).

The oxygen isotope analysis was undertaken at the National Environmental
Isotope Facility, British Geological Survey, Keyworth, UK. Samples were
prepared for analysis using a step-wise fluorination method (see Leng and
Sloane (2008)), where, firstly, samples were ‘outgassed’ (dehydrated) at room
temperature in nickel reaction vessels to remove loosely bound water.
Secondly, samples underwent pre-fluorination, involving a stoichiometric
deficiency of the reagent (bromine pentafluoride, BrFs) at 250°C (Leng and
Sloane, 2008), to remove loosely bound water and the hydroxyl layer. This is
necessary as this outer hydrous layer is freely exchangeable and does not
reflect the isotopic composition of the frustule at the time of burial (Leng and
Barker, 2006). Finally, the samples were fully reacted at 500°C for 16 hours in
an excess of reagent, and the liberated oxygen is separated from waste
products using liquid nitrogen, purified using two additional waste traps cooled
using liquid nitrogen, and converted to CO2 by exposure to a graphite rod at
~650°C (Leng and Sloane, 2008). Once converted, the gas yield was
calculated using a calibrated capacitance manometer and the CO: is collected
under liquid nitrogen for analysis. The CO2 produced was analysed using a
Finnegan MAT253 dual inlet isotope ratio mass spectrometer. Isotope results
are reported in delta (8) notation in per mille (%0) and were calibrated to the

VSMOW scale using a laboratory reference material of known §%0 (BFC =

16
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+28.9 %0 VSMOW) relative to the international standard NBS 28. Analytical

reproducibility of BFC for this dataset was * 0.2 %o.

Despite the intensive cleaning process, some samples contained small levels
of contaminants (average of around 6% contaminant), particularly due to their
ability to become electro-statically charged to the diatom frustules (Brewer et
al., 2008). To compensate for contaminants potentially affecting the Lake
Baunt 5'80diatom record, a mass balance correction was applied to the original
data, following Swann and Leng (2009). Initially the percentage silt was

established (equation 2):
%Silt Contamination = (sample Al / silt Al) * 100
Equation 2: %silt.

Where sample Al is the EDS-measured Al203 and silt Al is the average Al203
for terrigenous samples during EDS analysis. Once this was established, a

mass balance correction was applied (equation 3).

8*®0Ocorrected = (6180measured — (%S”t Contamination/lOO)) * 6180contamination) /

(Yopurity/100)
Equation 3: mass balance correction.

where 8'8QOcorrected is the measured value after it has been corrected for
contaminants, 6'®Omeasured iS the original measured value, %Silt Contamination
is the percentage of the known contaminant (Al203), established from EDS
measurements, while %purity is the percentage of diatom material,
established by geochemical methods (Swann and Leng, 2009). Silt samples

were obtained by dissolving diatoms from 4 samples in NaOH and retaining
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the residues that included material in the size fractions between ~5-63um.
These end members were used to create a signal end member &'8QOsit value

of +10.34%0, (Swann and Patwardhan, 2011).

3. Results:

3.1.Age model

The full age model for Baunt (Figure 2) only has minor changes from Krainov
et al. (2018, 2017) in most places, with the addition of new dating information
(additional radiocarbon dates and 2°Pb data). The biggest differences include
that outlier detection has down-weighted one new date, UBA-32755, as a
potential outlier, and that the top of the core is now placed around ~6.2 ka cal
BP based on new radiocarbon dates, supported by the ?°Pb profile, which
demonstrated BNT14 had little unsupported ?°Pb activity, and additionally,
artificial fallout radionuclides for '3’Cs and 2*'Am, were not identified
(supplementary information). This indicates BNT14 does not contain
sediments deposited during the past 100-150 years, and alongside the
radiocarbon evidence, suggests that there is a potential hiatus from ~6 ka cal
BP, or that the upper section of BNT14 was lost during coring, due to difficult
conditions. A rapid rise in sedimentation rate between 600 and 500 cm, is
indicative of changes occurring within the lake, which are documented as
variations in the lithostratigraphy (Figure 1.D). These highlight a shift to
diatomaceous ooze between 620-580cm, followed by a return to silty clay with
diatoms at 580cm and a switch back to diatomaceous ooze from 540cm, and
therefore, these sedimentation rate variations are linked to periods of
increased diatom productivity within the lake, increasing the quantity of

diatoms persevered in the sediments, alongside increased organic materials
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from the wider landscape following afforestation in the late-glacial interstadial

(Tarasov et al., 2007, 2009).

OxCal v4.4.1 Bronk Ramsey (2020); r:5 Atmospheric data from Reimer et al (2020)
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Figure 2: Bayesian P_sequence depositional Age model for Lake Baunt
incorporating 15 **C dates calibrated using IntCal20 (Reimer et al., 2020),
and modelled in OxCal 4.4.
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The updated age model for Lake Baikal is consistent with the previous age model for
the majority of the Holocene (Mackay et al., 2011) (supplementary information),
however, earliest Holocene and Younger Dryas sections are now inferred to be slightly
older (by ~100-150 years), but still within the errors on the two chronologies. This is
due to the close similarity between the IntCal09 and IntCal20 radiocarbon calibration
curves for the Holocene period, as both curves are based on tree ring data sets
(Reimer et al., 2009, 2020). This is similar for Lake Kotokel, where most of the updated
model is similar to that of Bezrukova et al. (2010) (supplementary information), again
linked to the use of tree rings for the upper sections of the calibration curve (Weninger
and Joris, 2008). However, in the section of the core between ~11.6 and ~7.0 ka cal
BP the two models differ, with the largest variation seen at 424cm, with a difference of
~1000 years (~10.6 ka cal BP in the original chronology and ~9.5 ka cal BP in the
updated chronology) (Bezrukova et al., 2010). These differences are explained by the
different tuning approaches taken between the two age models, with the published
Bezrukova et al. (2010) model having a shift in the modelled sedimentation rates for
Kotokel, through the addition of the transferred age of ~10.6 ka cal BP, based on
dating and pollen information from Lake Sihailongwan (42° 17'N, 126°
36'E)(Bezrukova et al., 2010; Stebich et al., 2009), while the revised model used here
has linear sedimentation through this section of the core. As discussed above, in this
study, only local dating information has been used in the revised age model, so that
we can robustly investigate regional palaeohydrology. The oxygen isotope curves for
lakes Baikal and Kotokel are plotted on both the previously published, and revised age

models for clarity (section 4).
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3.2.The isotope composition of modern waters

The average 680 value from Lake Baunt waters is —16.0 %o, with slightly higher
average values during the summer (—15.9%o) than under ice (—16.3%.). Figure 3 shows
that although average 60 values are similar, there is a small seasonal variation
(Figure 3). Rivers flowing into Baunt have a range of 80 between —14.49%o. and —
16.31%o0, with greatest similarity seen between the Upper Tsipa river and Baunt. River
water temperatures vary substantially, from 5°C to 19.6°C, despite only being taken
over 3 days during the summer period (August). All the data lie on the local meteoric

water line, except one river.

680 (VSMOW) (%o)

-17 -16.5 -16 -15.5 -15 -14.5 -14 -135 -13
. . - 94

- -99 B Rivers Connected
to Baunt

Baunt August 2014

Slope: 7.4
Intercept: 3.09

I -109
Baunt March 2014

+2016

r-114

— Global
Meteoric Water
Line (GMWL)

6D (VSMOW) (%)

- -119

Local
Meteoric Water

Line (LMWL)
b -124

R?2=0.94 L 129

Figure 3: 5'80-8D diagram for the Lake Baunt and nearby water sources against the

Global Meteoric Water Line (GMWL).
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3.3.8®0djatom record

Samples have undergone a mass balance correction (section 2.4.2) to compensate
for any remaining contaminants and hereafter, all 8®Odiatom Vvalues refer to the
corrected 6'80diatom data. The Baunt isotope record covers ca. 13.0 to 6.2 ka cal BP,
and shows several distinct shifts. 8*QOdiatom values range from +22.7%o to +32.1%o
(Figure 4), with a general transition to lower 8'80diatom values of around 4%. from the
Early to Mid Holocene. The earliest section of the record from ca. 13.0 to 10.5 ka cal
BP documents low amplitude 8*Qdiatom change between +25.9 and +27.6%. (Figure
4), with the largest reduction at ~10.5 ka cal BP being greater than analytical error
(0.2%0). Following this, the record shows large peaks and troughs, with values
reaching over +31.0%o0 between ~10.0 ka cal BP and ~8.4 ka cal BP, interrupted by
transitions to lower 8'80diatom values of +25.3%o at ~9.8 ka cal BP and +25.5%. at ~8.8
ka cal BP (although the lowest value of this decline is only recorded in one sample).
After the final high value at ~8.4 ka cal BP, the 8'®Qdiatom abruptly drops to +26.8%o by
~8.1 ka cal BP and then continues to decline to +24.5%. at ~7.5 ka cal BP. After this,
values increase to +27.2%o0 by ~6.9 ka cal BP and then gradually decline from +27.0%o

to +24.5%0 by the end of the record at ~6.2 ka cal BP.
3.4 Summary diatom record

The most dominant diatom species, Aulacoseira granulata (Ehrenberg) Simonsen,
Pantocsekiella ocellata (Pantocsek) K.T.Kiss and E.Acs and Tabellaria
flocculosa (Roth) Kiitzing, found in BNT14 (Figure 4) show limited change across the
studied section, although T. flocculosa does increase in compositional importance
from the Younger Dryas (~10%) to the Mid Holocene (up to ~40%)(supplementary

information). Sampling resolution matches the *Qudiatom Samples and ranges from
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samples every ~600 (Younger Dryas time period) to ~20 years (Mid-Holocene). All
species are considered to be planktonic and represent the same environment. Total
diatom flux is lower at the base of the start of the record and rises at ~10.5 ka cal BP,
where after it fluctuates, while F_index values are always above 0.9, which indicate

that dissolution within the samples is very limited.

ﬁ Dominant Diatom Species
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Figure 4: Summary diatom data showing percentage abundance of the three-
dominant species against the Total Diatom Flux (shown on a logarithmic scale),
with Dissolution F_index scores, alongside the unmodelled and modelled
(corrected) 6'80diatom and the percentage silt. Plotted in C2 (Juggins, 2016).

4. Discussion:

4.1.Integrity of and controls on the new Lake Baunt 8'8Qdiatom

palaeolimnological record

Several factors can potentially complicate interpretation of 82Qgdiatom data from
palaeolimnological records, including contamination from other sedimentary oxygen-

bearing minerals (e.g. clays, silts and tephras)(Brewer et al., 2008; Wilson et al.,
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2014), vital effects (van Hardenbroek et al., 2018), and taphonomic processes such
as diatom dissolution (Smith et al., 2016). To account for potential contamination, we
mass-balanced remodelled 6®Odiatom values based on Al203 as an estimator of
contamination (Brewer et al., 2008), after having undertaken standard diatom
purification procedures (Mackay et al., 2011; Morley et al., 2004; Wilson et al., 2014)
(Figure 5). Previous work suggests that vital and species effects on lacustrine diatoms
are within analytical error (Swann et al., 2010, 2007; van Hardenbroek et al., 2018),
however for Baunt vital effects are unlikely to be an issue because the same three
planktonic species persist throughout the record, with relatively little variation (Figure
4). Diatom dissolution can alter §'8Oudiatom, causing a small negative effect (ca. 0.6%o)
beyond analytical error (Smith et al., 2016), but the influence of diatom dissolution in
Baunt is also considered to be minimal, due to the excellent preservation of diatoms
across the whole core, with persistent F_index vaues of above 0.9 (where higher
values on the 0-1 scale indicate lower dissolution) (Figure 4; supplementary

information).
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Figure 5: Scanning Electron Microscopy Images of cleaned isotope samples from

varying Lake Baunt Depths: (A) 0.05m, (B) 1.90m, (C) 3.75m, (D) 4.20m.

As an open lake, and with no evidence of species effects or dissolution on the
remodelled 8'®Qdiatom record, it is expected that Baunt’s 8'8Qdiatom record will reflect
changes in temperature and palaeohydrology, linked to 8*Oprecipitation Values (Leng and
Barker, 2006; Leng and Marshall, 2004; Leng and Swann, 2010). The Baunt 6'®QOdgiatom
record has a range in values of 9.4%o, and if these were driven purely by changes in
the lake water temperature, it indicates temperature changes through this period that
appear unrealistic. This is because the Dansgaard temperature dependence
relationship suggests that for every 1°C air temperature increase the 8'®Oprecipitation
value only increases by +0.50%o in Irkutsk (Kostrova et al., 2020). Alongside the air
temperature fractionation, the diatom silica to water fractionation gradient is —0.2%o/°C
(Dodd and Sharp, 2010; Leng and Barker, 2006), and combined, these cause a +0.3%o
increase in 5*0diatom, for every 1°C air temperature increase. This would, therefore,
suggest that to drive the change of 9.4%. seen across the Baunt record, a change of
~31.3°C in air temperature is needed. As a result of this, it is anticipated that the
influence of temperature on the 8%Odiatom record is limited and other drivers are
involved, with changes in 8'80iakewater potentially related to variations in 38Oprecipitation
and/or the hydrological conditions as determined by several previous studies (e.g.
Cartier et al., 2019; Kostrova et al., 2019, 2013b; Meyer et al., 2015).The 8*Ojakewater
samples from Baunt provide important information on the modern lake. The average
Baunt 5'®Ojakewater is —16.0%o, With limited range, both across the lake and between
surface and bottom water (Figure 3), highlighting it is well mixed. The 8'Ojakewater iS
similar to the annual averaged 8*Oprecipitation Value of —15.0%o. calculated for the BNT14

core location (Bowen, 2020; Bowen et al., 2005). This is important as it is essential for
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the 80iakewater to have averaged out local/seasonal 60 variations in precipitation
(Leng and Marshall, 2004), although the small differences between March and August
values highlight a minor seasonal influence. The 8®0jakewater and 8Diakewater Values are
linearly correlated, with a slope of 7.4, and lie on the local meteoric water line (Figure
3), indicating that, at present, evaporation does not have a significant affect, although

we cannot discount evaporation having greater influence in the past.

Given the location of Lake Baunt and its catchment, the influence of several different
atmospheric circulation systems controlling varying proportions of moisture from the
different source regions, likely drives changes in 8®Oprecipitation and consequently in
5'80iakewater. Changes in the strength of the Siberian High will also be important, with
periods of increased strength reducing the overall summer precipitation levels and
increasing the proportion of snowmelt entering the lake waters (Park et al., 2014; Tubi
and Dayan, 2013), while during periods of weaker Siberian High, summer precipitation
is proportionally more important. The varying proportion of snowmelt is also important,
as the 8®0snow has much lower values (suggested 5¥O0snow of —29.1%0 and —41.4%;
data from Chizhova et al. (2015) and Kostrova et al. (2020) respectively), than the
current summer (JJA) 8'8Oprecipitation Values, which range between ~—12.8%o (Chizhova
et al.,, 2015) and ~-4.0%. (Kostrova et al., 2020), and thus, changed proportions of

these will influence the 8®Ojakewater values and consequently the 5¥Qgiatom Values.

Similar controls are also important for driving changes in the Lake Baikal 8'®Qdiatom
record as in Lake Baunt, with the different proportions of precipitation coming from
different source regions being a driver of changes in the 8®Ojakewater, While Siberian

High strength changes will also influence the proportional importance of summer or
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winter precipitation. In Baikal, changes in Siberian High strength are seen to trigger
variations in the proportion of lake water coming from southern or northern rivers in its
catchment, with increased proportions of snowmelt fed northern rivers when the
Siberian High is strong and summer precipitation is limited. Glacier melting is also an
important influence, particularly for the Vydrino cores, as these are taken off-shore
from glaciers which flowed into Lake Baikal during the Younger Dryas and Early
Holocene (Mackay et al., 2011). Like snowmelt, glacial meltwaters have lower 0
values than summertime 8Oprecipitation, and thus, increased meltwaters can have

substantial influences on the 880 akewater.

Changes in 8'80udiatom Values from Kotokel are thought to be due to variations in the
5'80lakewater iN response to changes in air temperature, hydrology and atmospheric
circulation (Kostrova et al., 2016). Variations in the proportion of summer precipitation
from different source regions are implicated in changes to the §'Odiatom throughout
the Holocene, with an increased share of precipitation from southern sources during
the Early Holocene, with a shift to more Atlantic sourced moisture during the Mid-Late
Holocene (Kostrova et al., 2016). Additionally, as a large but shallow lake, evaporation
may also be a feature, although during the studied time period, this will be less
influential than during its older history, when the lake was a closed basin, and thus,

more strongly influenced by evaporation (Leng and Barker, 2006).
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Figure 6: Lake Baunt 8'®Odiatom (VSMOW %) (shown with chronological and analytical errors) alongside 6'8Odiatom records
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reconstruction (mm)(3 point running average) (Tarasov et al., 2007, 2009).
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Figure 7: Lake Baunt 8'®Odiatom (VSMOW %) (shown with chronological and analytical errors) alongside 6'8Odiatom records

(VSMOW %o) from Lake Baikal (blue line, revised age model (this study), orange line, previous chronology (Mackay et al., 2011))

and Lake Kotokel (blue line, Siberian information age model (this study), orange line Bezrukova et al. (2010) chronology with

transferred Lake Sihailongwan ages (Kostrova et al., 2013b, 2014, 2016) (both shown with analytical errors, chronological errors
shown on revised model (blue)). Also shown alongside Dongge Cave speleothem 880 (%o) record (Dykoski et al., 2005), GISP2 K+

signal (ppb) (Siberian High strength) (Mayewski et al., 2004), NGRIP 680 signal (%.) (Greenland air temperature) (Rasmussen et

al., 2014), 5'0gc.inflata record (%o) (AMOC strength) (McManus et al., 2004), Solar Insolation from 55°N (W m?) for May-June (blue

line) and August-September (yellow line) (Laskar et al., 2004) and obliquity (Laskar et al., 2004). Plotted in C2 (Juggins, 2016).
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Figure 8: Lake Baunt 8'®Qdiatom (VSMOW %o) (shown with chronological and
analytical errors) alongside 6'8Qdiatom records (VSMOW %o) from Lake Baikal
(Mackay et al., 2011) and Lake Kotokel (Kostrova et al., 2013b, 2014,
2016)(shown with analytical and chronological errors). All profiles are shown
as variations from their mean isotopic value.

4.2 Palaeohydrology of Lake Baunt and Southern Siberia
4.2.1 Palaeohydrology during the Younger Dryas in Lake Baunt and Southern

Siberia (~12.4-11.7 ka cal BP)

Contrary to expectations, the Younger Dryas stadial does not show
significantly lower 6'80diatom Values than the Holocene, and are similar to the
mean for the whole record (Figures 4, 6, 7 and 8). Several factors may explain
this, including the seasonality of the diatom record, as the isotopic signal is
recorded during the growing season (Leng and Swann, 2010), with bulk
samples tending to be averaged across the spring to the autumn. This

indicates that the diatoms will be recording the spring-autumn conditions.
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Under modern conditions, seasonal variations in the 8'®Ojakewater Values are
small. However, during the Younger Dryas, obliquity was increasing (Figure
7), causing stronger seasonality in southern Siberia (Bush, 2005).This
increased seasonality may have amplified the currently small seasonal
variations in the 8Ojakewater Values, and could explain the limited differences
(~1-2%0) between the &'Odiatom values for the Younger Dryas and Early
Holocene, with the 8®Qdiatom values recording the average 8Oiakewater for
summertime conditions, when the Siberian High has dissipated and increased
precipitation enters the region and, thus, 8®Oprecipitation Would be relatively

consistent between the Younger Dryas and Early Holocene.

During the Younger Dryas, southern Siberia records from lakes Baunt, Baikal
and Kotokel all range between ~+26 to +31%o. (Figures 6, 7 and 8). Although
the resolution of the isotope record in each lake during the Younger Dryas is
low (samples every ~100-600 years), with chronological uncertainties at Lake
Baunt around +150 years (Figures 4,6,7 and 8). For Baikal and Baunt
8'80diatom Values are similar to the Mid Holocene and for Kotokel they are
higher than the Holocene (Figure 8). These support our interpretation that the
Baunt 5*Quiatom record in the Younger Dryas is influenced by the seasonality

of the proxy.

Increased seasonality has been well documented in other proxy data from
southern Siberia. Pollen evidence from both Baikal and Kotokel (Figure 6)
show significant seasonality (thermal minimum summer temperatures of
~12°C, versus winter temperatures ~ -35°C) (Tarasov et al.,, 2007, 2009).

Moreover, for Baikal, summer temperatures for the Younger Dryas show no
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difference to the Early Holocene until the thermal maximum after ~9 ka cal BP
and in Baikal only the first half of the Younger Dryas is cold in summer (Figure
8). Pollen and 8'®Qdiatom records combined from Lake Baikal and Kotokel
(Figure 6) suggest increasing hydrological variability due to increased
precipitation from ~12.0 ka cal BP, which has been taken to indicate the region
was warming (Bezrukova et al., 2010; Mackay et al., 2011; Tarasov et al.,
2007, 2009). In other regions of continental Eurasia, it has been proposed that
while overall conditions were cold, summers in the Younger Dryas (GS-1) were
relatively warm (Schenk et al., 2018). Taking these data as a whole, we
assume, that increased seasonality during the Younger Dryas may be an

important influence on the Baunt 8'8Qdiatom record.

4.2.2. The Expression of the Early Holocene in lake Baunt and Southern

Siberia (11.7 — 8.2 ka cal BP)

The Early Holocene in the Baunt record reveals considerable 6Qdiatom
variability, with peak values occurring at ~10.0 (31.0 %o), 9.4 (31.2 %) and
~8.4 (32.1 %o) ka cal BP, interrupted by lows at ~10.5 (25.9 %o), ~9.8 (25.3 %),
~8.8 (25.5 %0) and ~8.1 (26.8 %) ka cal BP. The amplitude of these changes,
between +24%. to +32%o (8%o), are indicative of major hydrological variability.
The higher 8*®Qudiatom Values during the Early Holocene could be highlighting a
response to high insolation values, and, thus, warmer temperatures (Figure
7), however, higher air temperatures alone, as discussed in section 4.1, are

not large enough to drive the values seen from ~10.0 ka cal BP at Baunt.

Previous regional studies have implicated different proportions of precipitation
from some air masses to explain higher Early Holocene &'®Odiatom values
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(Kostrova et al., 2013b, 2014, 2016). As discussed in section 1.1, the Baikal-
Transbaikal region is influenced by several atmospheric circulation systems
and therefore, an additional factor to consider is varying precipitation
guantities and source regions. Available isotope data and models for the wider
Siberian region and southern regions of Mongolia and China, from the Global
Network isotopes in Precipitation (GNIP), specifically the Regionalized
Cluster-Based Water Isotope Prediction (RCWIP) model (Terzer et al., 2013),
allows this to be considered further (Figure 9). Currently, central and western
Siberian sites have similar average 8®Opreciptation Values (-12.6%o; Figure 9),
while Lake Baunt has lower 8®Oprecipitation by approximately 4%o (-16.91%o).
Lake Baikal's 8180Opreciptation iS also lower than these central and western sites
at ~-14%o, while Kotokel sits at -15.81%o (Figure 9). The lower 8*®Opreciptation
values at Kotokel, Baikal, and most notably Baunt, therefore, seem to be linked
to the additional recycling of westerly derived moisture, and the more north
eastern position of Baunt compared to Baikal and Kotokel seems to
exacerbate this, while also reducing the proportion of southern sourced

summertime precipitation reaching the site.

It is possible that weakening of the Siberian High, as a result of high solar
insolation during the Early Holocene (Figure 7), allowed for increased quantity
and an extended period of summertime precipitation This resulted in increased
influence of summer precipitation of the 8'8Oiakewater Values, and subsequently
on the 8%0diatom values. Additionally, a weaker Siberian High may have
increased the proportion of southern sourced precipitation reaching the Baikal-
Transbaikal region. For Lake Baunt, an increased proportion in southern

sourced precipitation could induce a shift to higher 6'®0Ojakewater Values and
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consequently 8'80diatom values, as 8'®Opreciptation from southern sources are
isotopically higher (Figure 9). This is shown in the 8'8Opreciptation Values from
more southern sites in Mongolia and China (Figure 9), which have
considerably higher (~8%o. difference) isotopic values than 8*®Opreciptation in the
Lake Baunt region, reflecting the influence of southerly sources. As modern
studies (section 1.1) highlight that summertime precipitation in the Baikal-
Transbaikal region currently includes a proportion of precipitation from
southern sources, it is possible that increased quantities of precipitation from
these sources could account for the high 8*Qdiatom values seen in the Early

Holocene.

A further factor that must be considered to understand the 6*®Qdiatom Signal in
the Early Holocene at Lake Baunt is the variation in the solar insolation
received in different seasons during the Early Holocene. This is important, as
the insolation received in the early summer (May-June) is substantially higher
than the insolation received in mid-late summer (August-September) (Figure
7). The diatom species found in the Lake Baunt record (Figure 4) are likely to
be being influenced more greatly by the later summer insolation, particularly
due to presence of A. granulata, which is often considered to bloom in the late
summer during when waters have warmed and overturning occurs (Kilham
and Kilham, 1975; O’Farrell et al., 2001). This species is heavily silicified and
contributes substantially to the silica preserved in Baunt (Chen et al., 2012;
Kilham et al., 1986), and therefore, it is likely the diatoms are again introducing
a bias in the record, to mid-late summer conditions, and this could delay a
record of Early Holocene warming linked to increased insolation being

recorded.
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Figure 9: Regionalized Cluster-Based Water Isotope Prediction (RCWIP)
model annual average output for 8'8Opreciptation in 2018 (Terzer et al., 2013)
from the Global Network isotopes in Precipitation (GNIP) monitoring network.
Showing Lake Baunt (orange), Lake Kotokel (red), Lake Baikal (three green
markers for Upper, Middle and Lower basins, joined by dotted lines), plotted
against data for western central Siberian sites (blue — Novosibirsk and green
—Krasnoyarsk, Mongolian (grey — Ulaanbaatar) and a Chinese site (yellow —
Chang Chun) plotted against a transect of 88Opreciptation gridded data for 113°
longitude on a North-South latitudinal transect.
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The occurrence of higher 6'®Qdiatom values at Lake Baunt during the Early
Holocene, could, therefore, be a hydrological response to orbitally forced
climate changes, leading to changes in solar insolation that then influence
changes in precipitation source proportions and quantity. However, this alone
cannot explain the variability seen in the 8'®Qudiatom record during this period.
The Early Holocene is known to have several abrupt climate shifts
superimposed over the longer term changes, and here we consider if the
variability in the Baunt 8®Qdiatom record is documenting responses to locally
driven changes, or extrinsically forced shifts, with comparison with nearby
lakes Baikal and Kotokel. When considering Lake Baunt alongside Lake
Baikal, it is notable that both records document large amplitude 6'8Qdiatom Shifts
during the Early Holocene (Figures 6, 7 and 8), indicative of considerable
hydrological variability (Mackay et al., 2011). Their occurrence between the
two records are, however, offset, with greatest variability in Baikal occurring
between ~11 — 9.5 ka cal BP, and later at ~10.5 — 8.5 ka cal BP at Baunt. This
highlights that based on current chronological controls, peak variability occurs
earlier at the more southern Lake Baikal location, possibly linked to increased
regional glacier melt (Mackay et al., 2011). Mackay et al. (2011) interpret these
abrupt declines in §'80diatom values in relation to ice-rafted debris evidence in
North Atlantic sediments (Bond et al., 2001) indicative of slow-down of the
Atlantic Meridional Overturning Circulation (AMOC) linked to fresh meltwater

outbursts (Broecker, 1994).

In the case of Lake Baikal, the earlier onset of instability compared to Baunt
could be produced by several factors. The most notable is the significant

differences in catchment sizes between the two lakes, with the Lake Baikal
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catchment extending to much more southerly latitudes than Baunt. Moreover,
the Vydrino location of Lake Baikal studied by Mackay et al. (2011) is offshore
from glaciers flowing into the south basin at that time. The more northernly
location of glaciers affecting Lake Baunt may not have melted as rapidly or as
strongly as those in regions to the south, and glaciers in the Baunt area tend
to be mountain glaciers, located away from lake (Margold et al., 2016), and
therefore, there influence will differ from the glaciers closely located to Baikal.
The higher 8'8Quiatom reported for the Early Holocene in Lake Baikal have been
explained as being sourced through the influence of the southerly catchment
form the Selenga River, contrasting with lower values through greater
influence of rivers to the north (Mackay et al., 2011), coincident with reduced
AMOC and increased IRD fluxes in the North Atlantic. There is a ~7%o
difference in the 580 between these source waters (Mackay et al., 2011), and
this seems to explain Baikal 8*®Qudiatom during the Early Holocene. The highest
5%0diatom values in Baunt are ~4%o lower than the highest value in Baikal,
although the lowest in both are similar. Additionally to this, the complete Baunt
records mean values are significantly lower than the Baikal values
(supplementary information), and this indicates that the more north eastern
position of Baunt and its more localised catchment, are likely to explain the
lower peak values recorded in Baunt, compared to Baikal. In addition, the long
residence time of water in Lake Baikal (330 years (Mackay et al., 2011)) may
also be a driver of some of the discrepancies between the two lakes, as due
to its smaller size and open nature, this is anticipated to be much shorter for

Baunt.
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When Lake Baunt is considered against Lake Kotokel, it is notable that
variability in the Kotokel record is much more limited than that seen at Baunt
(supplementary information). However, during the Early Holocene, 6'80Odiatom
values at Kotokel reach levels of 29-30%., which are only slightly (~1-2%o)
lower than the peaks documented at Lake Baunt. These values at Kotokel are
considered to correspond to periods of high summer insolation (Figure 7), and,
as discussed above, increased proportions of precipitation from southern
sources (Kostrova et al., 2013a, 2013b, 2014, 2016). This suggests both lakes
are responding to the same driver, but the larger increase in values seen at
Baunt are linked to its more northern position, meaning that, prior to the Early
Holocene, the levels of southern precipitation reaching the site are likely to
have been lower than Kotokel, and thus, an increase in lighter isotopes could
cause a rapid shift in values. Slight declines in values at Kotokel during the
earliest period of the Holocene have been linked to permafrost degradation
and increased meltwaters (Bezrukova et al., 2010; Kostrova et al., 2016).
These variations occur before shifts occur in Baunt, and this supports the
findings from Baikal, suggesting that more southern sites undergo stronger
glacier melting and permafrost thawing, while northern regions were later to
respond. Finally, the reduced variation in the Kotokel record, compared to
Baunt and Baikal, may be a result of the different characteristics of the lake,
with its short residence time (7 years) (Shichi et al., 2009)(particularly
compared with the long ~330 year residence time of Lake Baikal (Mackay et
al., 2011)), shallower depth (Bezrukova et al., 2010; Kostrova et al., 2013Db,
2014, 2016) and close proximity to Baikal potentially all dampening the

variability in 8*8Qudiatom record.
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Pollen reconstructions from Kotokel and Baikal allow greater consideration of
the regional landscape during this period. Both records show increasing winter
temperatures, and Kotokel shows summer temperature rises, alongside
annual precipitation values rising from the start of the Holocene, they do not
reach peak levels until ~10.3 ka cal BP at Kotokel, and ~9.0 ka cal BP in Baikal
(Tarasov et al., 2007, 2009) (Figure 6). This suggests that the earlier shifts in
the Lake Baikal 6'®0Oudiatom record are likely to be due to the influence of the
Selenga and it's southern catchment, while the Baunt signal is more likely to
be representative of local conditions in its much more limited catchment.
Therefore, it is also worth noting that the lag in the shift to higher 8*®Qdiatom
values in Baunt, by comparison to Baikal (Figures 6 and 7), may reflect not
only the southerly catchment influence on Baikal, but also the more northerly

position of Baunt.

From ~10.5 ka cal BP, Baunt begins to have evidence for large amplitude
fluctuations. A decline in 8*QOdiatom values in BNT14 at ~10.5+0.16 may
therefore appear small, but is important, as it may highlight an important shift
in the regions climate, potentially showing a response to the start of regional
glacial melt, as documented during the very early Holocene further south at

Lake Kotokel (Bezrukova et al., 2010; Kostrova et al., 2016).

The large shift in the Baunt 6*¥QOdiatom record at ~9.8+0.18 ka cal BP is the most
sustained during Early Holocene and occurs after the site has shown evidence
of responses to increased annual temperature and precipitation during the
Early Holocene, as suggested by higher 8®Qdiatom values. A decline to lower

values in Baikal at 10.1+0.23 overlaps with this event in Baunt, suggesting the
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two sites may be responding to the same forcings. At Baikal this has been
suggested to occur synchronously with wider northern hemisphere cooling
(linked to a strong Siberian High, as indicated by peak GISP2 K+ values in
Figure 7), documented in both the North Atlantic and Greenland (Bond, 1997;
McManus et al., 2004; Rasmussen et al., 2014), however the timeframe of the
Baunt shift does not overlap with the ~10.3 event considered to be
documented in the Baikal record. It may then be, that the records are both
responding to more local forcings, or that the event in Baikal is not triggering
a response to be recorded in Baunt. For Lake Baunt at this time, we consider
that as previous values at ~10.0 ka cal BP reached +31.0%o, it is likely Early
Holocene warming, linked to orbital changes, triggered an increase in glacier
melt local to Baunt. As 8'80Osnowmelt is much lower than precipitation (Kostrova
et al., 2020), this may be driving the decline to lower §'80Qdiatom Values. A further
small decline at ~9.6+0.11 in Baikal is not correlated to any Siberian High shifts
(Figure 7) and therefore, may indicate as response to in-wash from melting
glaciers, again highlighting the influence of local factors for driving changes in

the 580diatom records (Mackay et al., 2011).

A further decline in Baunt's 8'®Qdiatom Values occurs at ~8.1+0.26 ka cal BP,
following the last of the final Early Holocene higher 8®QOdiatom values at
8.4%0.25, and values continue to decline following this into the Mid Holocene.
This decline is interesting, as while it coincides with the widely documented
8.2 BP event, and a significant shift in Siberian High strength (Figure 7),
isotopic values do not return to previous levels once the event has ended. The
8'0diatom record from Kotokel does not record an event at this time, while a

small shift in Baikal at ~8.3+0.1 is minor in comparison to previous fluctuations.
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This period, however, is critical within all three records, as it marks the
transition from Early Holocene into Mid Holocene hydrological conditions. All
three records document a persistent shift to values below the records mean
(Figure 8), while pollen reconstructions from Baikal and Kotokel show reduced

precipitation from around ~8 ka cal BP (Figure 6).

4.2.3. The Expression of the Mid Holocene in lake Baunt and Southern

Siberia (~8.2 - 6.2 ka cal BP)

The reduction in the amplitude of changes after ~8.2 ka cal BP in the Baunt
5'0udiatom record may be linked to several factors, including the increased
stability in the Siberian High (Figure 7) and as a result of local glaciation being
limited to small mountain glaciers by this point (Margold et al., 2016), reducing
the potential input of meltwaters directly into the lake. It is also possible that
the Mid Holocene marks the onset of modern configuration of moisture
sources to Baunt, and this appears to be supported by the greater stability in
the Baikal 8'®Qudiatom values. The shift to conditions more alike those in the
modern day are also supported by the pollen precipitation reconstructions,
which indicate values in a range closer to the current time in Baikal and Kotokel
(Tarasov et al., 2007, 2009) (Figure 6). This shift to conditions more similar to
those found currently in the region may, therefore, be a driver of the greater
stability documented in 8'80diatom values. Alongside the stability seen in the
Baunt and Baikal compared to the Early Holocene, all records show a general
shift to values lower than their means across this period (Figure 8). This
general decline in the 8'®Qudiatom values from the Early to the Mid Holocene

supports the suggestion put forward by Kostrova et al. (2013a, 2014, 2016),
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that during the Early Holocene a greater proportion of moisture was sourced
from southern sources, causing generally higher 8*2Qdiatom values, while during
the Mid Holocene, an increased amount of summertime precipitation was
sourced from the Atlantic, reaching the region as recycled rainfall (Kostrova et
al., 2013a, 2014, 2016) . The combined evidence from these lakes, therefore,
demonstrate an important shift in the proportion of moisture from different
sources between the Early to Mid Holocene. This is important, as future
change within this sensitive region may bring out further changes in the
proportion of moisture from different sources, altering the region’s water

balance.

In addition to the influence of changing proportions of moisture sources, the
Mid Holocene also occurs as total solar insolation decreases and the relative
proportion of precession increases, while obliquity declines, causing reduced
seasonality (Figure 7). It is, therefore, likely that across the Mid Holocene, the
record is documenting a response to changes in atmospheric circulation
beyond the Siberian region, driving changes in the proportions of moisture

from different source regions, alongside orbitally forced climate changes.
5. Conclusions

The Lake Baunt 5*Qudiatom record highlights several shifts between ~13.0-6.2
ka cal BP. These group into three sections, a stable early period between
~13.0-11.7 ka cal BP, a phase with large magnitude abrupt oscillations during
the Early Holocene (11.7-8.2 ka cal BP) and a more muted period during the
Mid Holocene (~8.2-6.2 ka cal BP), but still with some variability. These appear

to reflect changes in several factors, including the source, quantity and
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seasonality of precipitation, as well as air temperature and also long term solar
insolation trends. The Younger Dryas signal at Lake Baunt is muted,
potentially due to a summer season bias introduced by the diatoms, when
strong seasonality driven by obliquity allows short but warm summers. During
the Early Holocene higher 8'8Qudiatom values reflect the influence of high solar
insolation, although this signal is delayed at Baunt, compared to more
southerly records. High solar insolation induces changes in temperature and
atmospheric dynamics that lead to these elevated 6'8Qudiatom Values. These are
punctuated by abrupt declines in 8¥0Qdiatom Values, which appear to be linked
to local changes, particularly glacier melt. These, alongside site specific
factors, notably catchment and lake size and location, explain much of the
variations between the individual records from lakes in this region. This
highlights the extreme sensitivity of this region, to internal variability and

extrinsic forcing during times of climatic instability.
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