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Abstract 

The Late Quaternary documents climatic changes over a number of 

timescales. These are well studied in many regions, including Northern 

Europe, but much less so in some critical areas. One such region is continental 

southern Siberia, which is highly sensitive to modern climate changes. 

Palaeoenvironmental reconstructions are essential to provide context for 

these changes, and to examine regional sensitivity to climate forcing, however 

studies in Siberia are limited and good records of the last 30 ka BP, an 

important period for studying climatic changes, are rare. This thesis 

reconstructs the palaeoenvironment of Lake Baunt (55°11’15” N, 113°01’45” 

E), a site situated at the southern limits of Siberian permafrost, over the Late 

Quaternary (~30-6 ka BP). The reconstruction is based on a high-resolution 

diatom study from a record with excellent preservation, combined with organic 

geochemistry, and 18Odiatom/13Cdiatom, for the LGIT and Early Holocene, and 

supporting data, integrated through Bayesian age modelling. Baunt records 

the LGM, Heinrich events 1 and 2, the Lateglacial Interstadial, Younger Dryas, 

and Holocene fluctuations, shown through changes in ecosystem productivity, 

carbon cycling and hydrology. This highlights Baunt’s sensitivity to extrinsic 

climate forcing. Internal forcing’s have also been important factors, with local 

glacier melt influencing the record. Comparisons to regional and key Northern 

Hemisphere sites, along with climate models, has added to the understanding 

of the expression of these events in Southern Siberia. In particular, this work 

has shown that there is a complex response to Heinrich events, and also 

confirms suggestions of a link between AMOC and Siberian climate in the 

Early Holocene. This work highlights the sensitivity of southern Siberia to past 

climatic forcing and shows the need for more work in both this lake, and other 

sites within the region, to further understanding of how palaeoclimatic change 

influences regions remote from oceanic influences. 
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Impact Statement 
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within this region has previously been quite limited, due to (i) focus of previous 

studies being mainly made on one lake (Baikal) and (ii) difficultly of extracting 
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will form part of future inter-comparison exercises 
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Notes on Terminology:  

 

• All dates within this thesis are reported as calendar years before 

present (BP), following the convention that present is fixed at 1950AD, 

abbreviated to ka BP unless otherwise stated. Dates have been 

abbreviated to age/per thousand years - ka. For example: 30 ka BP is 

equal to thirty thousand years before 1950AD. 

• Where radiocarbon dates have been calibrated by this author they have 

been calibrated using IntCal13 (Reimer et al., 2013).  

• Ma is the abbreviation used for Million years. Ka BP is used as the 

abbreviation for thousands of years BP. Unless otherwise specified all 

dates are reported to ka BP. Greenland Ice core years that have been 

originally defined as ice core years before the year 2000 (b2k) have 

been converted to ka BP where appropriate. 

• When comparing to Greenland ice core records these are either based 

on the  Greenland Ice Core 2005 Chronology (GICC05) and compared, 

where appropriate, to the Greenland event stratigraphy, following the 

recommendations of the INTegration of Ice-core, MArine, and 

Terrestrial records group (Lowe et al. 2008, Blockley et al. 2012, 

Rasmussen et al. 2014). The Greenland event stratigraphy is split into 

Greenland Stadial (GS) and Greenland Interstadials (GI) and these are 

used within the discussion when the relationship between Baunt and 

the North Atlantic realm is being considered.  Comparisons to the 

GISP2 record are based on (Mayewski et al., 2004) using the 

Meese/Sowers timescale (Meese et al., 1994). 

• When discussion follows climatic oscillations that are recorded in 

terrestrial records, more general terms found commonly in the literature 

are used (e.g. Younger Dryas (YD)), with the caveat that these are a 

shorthand and are often not well defined regionally. The Last Glacial 

Maximum (LGM), is taken here to present the broad period of time of 

maximum cooling late in the last glacial. The Heinrich events 1 and 2 

are mainly defined as a pulses of Ice Rafted Debris (IRD) from the 

Laurentide Ice Sheet in North Atlantic marine archives (Broecker et al., 

1992), but the relevance for this study is that they are also used 
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commonly as terms to describe time periods where a number of records 

in ice core, marine and terrestrial realms are thought to be related to 

these iceberg discharge events (Peck et al., 2007). Thus, in this study, 

Heinrich 1 or 2 is used to as a term to discuss the wider event, and its 

possible expression, rather than the specific marine phenomenon. The 

Bølling-Allerød (BA) and Younger Dryas (YD) are used here as 

shorthand for the warm Interstadial episode following Heinrich 1 and 

the Younger Dryas the final cooling event before the onset of the current 

Holocene Interglacial. Both the Bølling-Allerød and Younger Dryas 

were terms originally proposed by Mangerud et al. 1974 as a 

stratigraphic subdivision specifically for Scandinavia.  In many regions, 

including Siberia, this has become adopted as a local terminology but 

because local end regional expressions of climate change can be very 

different and can be temporally time transgressive (Lowe and Hoek 

2001) this should, at best, only be taken as a shorthand for the 

approximate time period. In this thesis this strategy is adopted and a 

detailed discussion of how, or if, these events are seen within Lake 

Baunt, and the wider region is a key part of the interpretation of this 

thesis.  
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1 Introduction and Literature Review 

1.1 Introduction 

This thesis examines lacustrine sediments from Lake Baunt, southern Siberia, 

over the Late Quaternary period (~30 ka BP), to assess the impact of abrupt 

climatic changes on southern Siberian ecosystems. The Late Quaternary 

period is well known for its substantial climatic variability, which operate across 

a range of timescales. While many studies have considered the impact of 

abrupt events on ecosystems, there is limited research in remote regions, 

including southern Siberia. This is problematic as southern Siberia, the most 

continental region in the world (Chytrý et al., 2007; Huhne and Slingo, 2011), 

not only provides a key locality to study these changes far from oceanic 

influences, where many abrupt events are driven, but the region is also 

undergoing rapid climatic warming, with greater wintertime warming occurring 

than anywhere else globally (Huhne and Slingo, 2011). Modern day warming 

is already driving important changes the region, and it is essential therefore to 

study how the region has responded to past rapid climatic shifts to provide 

context for a region dominated by vulnerable carbon pools (Bloom et al., 

2010). Modelling of future climate change in Siberia is uncertain (Swann et al., 

2018) yet it is also one of the regions of the world where direct comparison 

between climate  models and data have been hampered by the limited number 

of palaeoenvironmental studies (Zhang et al., 2017a). The environmental 

reconstructions from Lake Baunt are initially considered against regional 

records, to examine variations in responses to known climatic forcing, and to 

explore the factors causing discrepancies in the expression of these events. 

Additionally, the Baunt record is, therefore, considered against key global 

sites, which provide evidence for potential planetary-wide changes in oceanic-

atmospheric interactions. This is in order to explore their influence on the 

Siberian High pressure cell (Tubi and Dayan, 2013) and ultimately their role in 

driving and propagating climatic and environmental change in this region. 
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1.2 The Quaternary Period 

 

The Quaternary is the most recent period of Earth’s history, starting 2.58 

million years ago (Ma), and continuing until the present day (Gibbard and 

Head, 2009). The period is made up of two epochs, the Pleistocene and the 

Holocene, with ongoing debate surrounding a potential further division to 

include the Anthropocene (Walker et al., 2012; Zalasiewicz et al., 2011, 2008). 

It is characterised by major oscillations in climate (Lisiecki and Raymo, 2005), 

beginning with the onset of Northern Hemisphere glaciations at the start of the 

Quaternary, with an intensification of amplitude of these events occurring after 

the Mid-Pleistocene Revolution (MPR) ~1Ma, which is coupled with a change 

in the periodicity of the dominant signal (Imbrie et al., 1993).  

The climatic oscillations within the Quaternary cover a range of timescales and 

are driven by many different forcings. They include: (a) changes linked to 

alterations in the earth’s orbit (see section 1.3.1), due to changes in 

eccentricity, obliquity and precession, which are implicated in climate changes 

through causing variations in the amount and distribution of solar radiation 

received; (b) sub-Milankovitch millennial scale events, which include Heinrich 

Events, Dansgaard-Oeschger events and Bond cycles; and (c) events 

occurring over centuries to decades, which are driven by internal feedback 

mechanisms, alongside external solar activity and volcanic forcing (Bond, 

1997; Cole-Dai et al., 2013; Engels and van Geel, 2012). 

It is essential to understand the detail of these changes in different regions to 

improve fundamental frameworks for studying the interaction between the 

different aspects of climate, environmental and ecological systems. This can 

provide a test bed for model simulations, as well as evidence of natural climate 

variability, which provides essential context for modern and future climatic 

changes (Maslin et al., 2001). 
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1.3 Mechanisms of Quaternary Climate Change 

1.3.1 Orbital Forcing 

Orbital forcing is well established as the principal driver of Quaternary glacial-

interglacial cycles. Orbital variations are thought to be linked to alterations in 

the astronomical relationship between the earth, moon, planets and sun, which 

cause changes in the amount, seasonality and geographical distribution of 

solar radiation (insolation) on the earth (Imbrie et al., 1993). The three main 

cycles are eccentricity, obliquity and precession of the equinoxes, which 

generally operate on a 100 ka, 41 ka and 21 ka cycle, respectively (Hays et 

al., 1976), with the model for the impact of these cycles on the earth’s climate 

being developed through the work of J. Croll and elaborated by M. 

Milankovitch (Lowe & Walker 2015). Orbital eccentricity is where the earth’s 

orbit changes from a circular orbit to an elliptical shaped orbit an back, over a 

period of 95-135 ka and also over a ~400 ka cycle, although it is generally 

known as an 100 ka cycle (Imbrie et al., 1993), as the 400 ka eccentricity cycle 

is not manifested climatically. Eccentricity alters the total amount of insolation 

received due to variations in the distance between the earth and the sun, 

although the variability in the amount of radiation received is relatively minor, 

it magnifies seasonal variability between summer and winter at different points 

in the cycle. Obliquity variations are changes in the axial tilt of the earth 

between 21°39’ to 24°36’ and back over a 41 ka timescale (Hays et al., 1976). 

This triggers changes in the radiation received on the earth’s surface, and has 

a particularly strong effect on high latitudes (Hays et al., 1976). Precession of 

the equinoxes is driven by two cycles, axial precession, which is induced by 

the gravitational pull of the sun and moon, causing the earth to ‘wobble’ on its 

axis, and precession of the ellipse, which is the rotation of the elliptical shape 

of the Earth’s orbit (Kingston 2005). This causes gradual changes which move 

the seasons around the sun, resulting in variations in which season occurs 

while closest to the sun (perihelion) or furthest from the sun (aphelion). This 

operates on a 23 and 19 ka cycle (Hays et al., 1976), with the Northern 

Hemisphere currently experiencing perihelion during the winter, while aphelion 

occurs during the summer. The last period that the Northern Hemisphere 

experienced perihelion during the summer was ~10.5 ka BP ago. The 



23 

variations caused by precession of the equinoxes also alter the distribution of 

heat across different latitudes, however it is considered to be more dominant 

at low to middle latitudes (Hays et al., 1976).  Additionally, this cycle influences 

seasonality, for example, when spring and autumn occur during aphelion and 

perihelion in the different hemispheres, there is least seasonality globally, 

while if summer and winter occur at perihelion and aphelion seasonality is 

much greater, and this can cause asymmetry between climate in the two 

hemispheres (Merlis et al., 2013; Müller et al., 2013).  

Orbital parameter changes combine to alter the global insolation budget, and 

they are seen within astronomical theory to cause changes in global 

temperatures, and this, in turn, influences ice sheet growth (Hays et al., 1976). 

These changes are thought to be of paramount importance at 65°N (figure 

1.1), as this is where insolation has the most influence on the behaviour of 

large Northern Hemisphere ice sheets, as these have the largest potential to 

grow during glaciations as they are not constrained by large water bodies, 

unlike Antarctica (Ganopolski et al., 2016; Hays et al., 1976). 

Although orbital forcing is widely considered as the driver of glacial-interglacial 

cycles, there are several issues with the theory as developed by Milankovitch 

and later authors. Some of these complexities include the fact that temperature 

records do not just follow insolation changes, as other forcing factors are 

superimposed on these glacial interglacial changes (see later sections) e.g. 

sub-Milanktovitch and decadal and centennial scale forcings, while others may 

be linked to additional factors not considered in traditional astronomical theory. 

For example, one issue is that astronomical theory did not originally consider 

changes in the inclination of the Earth’s orbit relative to the sun, and this has 

been argued to influence the 100 kyr cycle (Kawamura et al., 2007). Other 

work has supported Milankovitch’s theory, with support from Antarctic Ice 

cores showing that for the previous 4 terminations, Northern Hemisphere 

summer insolation has triggered the deglaciations, with Antarctic climate 

changes lagging these changes by a few millennia (Kawamura et al., 2007). 

Therefore, it can be concluded that although the basic theory of orbital forcing 

is understood there are still many complexities to be considered, and these 
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are hindered by issues around chronological control and limitations in records 

available that cover glacial-interglacial timescales. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Shows the orbital parameters (A) eccentricity (B) precession index 
plotted on an inverted vertical axis (C) obliquity, (D) June insolation at 65°N (E) ẟ18O 
stack from LR04 (Lisiecki & Raymo, 2005), (F) atmospheric CO2 from Antarctic Ice 
Cores, (G) atmospheric CH4 in Antarctic EDC ice core, (H) ẟD from EDC ice core. 

Marine isotope stages and substages to corresponding interglacials are shown, with 
dashed lines showing current 21st June insolation level for 65°N north. Figure taken 

from Tzedakis et al., (2012; page 138). 
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1.3.1.1.1 Evidence of Orbital Forcing 

The evidence of orbital forcing triggering change are documented in marine 

(Lisiecki and Raymo, 2005), ice (EPICA, 2004), and terrestrial archives (Zhu 

et al., 2007). Marine records, in particular, have provided the most substantial 

long term underpinning of orbital theory since the initial observations that 

variations in benthic ẟ18O records from deep marine cores were correlated with 

the pattern of high latitude Northern Hemisphere insolation (Broecker and van 

Donk, 1970; Shackleton et al., 1983). Robust stacks of multiple marine Sea 

Surface Temperature records and δ18O archives, such as the SPECMAP 

record (Imbrie et al., 1993; Martinson et al., 1987), have been matched to the 

combined insolation signal  to produce long proxy records of temperature and 

ice volume. These suggest that the majority of the variability in the benthic 

record is explained by ice sheet response to orbital forcing although with a 

range of internal feedback mechanisms producing significant non-linear 

responses (Imbrie et al., 1993; Ruddiman, 2006a; Shackleton and Opdyke, 

1973). 

One limitation of these stacking exercises is the relative difficulty in directly 

dating benthic marine cores, meaning the chronologies are largely based on 

the ‘tuning’ of the main peaks in the isotope signal with the insolation record 

(see Raymo 1997). This has led to attempts to test the chronology of the 

SPECMAP model by utilising sea level indicators. As the long term records 

within the SPECMAP stack record changes in global ice volume they can be 

effectively seen as sea level indicators, as ice volume is the predominant 

controlling factor in absolute global sea level. While some attempts to test the 

timing of specific elements of the SPECMAP chronology have suggested that 

there are problems of timing, as mentioned above (Henderson and Slowey, 

2000), long term validation of the SPECMAP timscale over several glacial 

cycles suggests that overall the orbital chronology is broadly robust 

(Thompson and Goldstein, 2006), at least for the last two full glacial cycles, 

although it is fair to say that until recently (below), few independent 

chronological tie points are available beyond this point. A global stack of 57 

benthic ẟ18O records for the last 5.3 Ma is now available (see figure 1.2), based 

on orbital tuning and averaging of sedimentation rates across the record 
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(Lisiecki and Raymo, 2005); the LR04 stack is now used widely as the default 

global correlation archive for long term records covering glacial to interglacial 

cycles.  

 

 

 

 

 

 

 

 

 

 

Figure 1.2: The upper 3.5Ma ẟ18O record from the LR04 benthic stack constructed 
by the graphic correlation of 57 globally distributed records, taken from Lisiecki and 

Raymo, (2005; page 6). 

 
Long ice core and terrestrial sequences provide useful additional climatic 

information on glacial to interglacial timescales, alongside marine records. The 

Antarctic ice cores Vostok (Petit et al., 1999, 1997) and EPICA Dome C 

(EPICA, 2004), provide records of isotopic and greenhouse gas variations 

through successive glacial to interglacial cycles, with Vostok covering 420 ka 

and EPICA Dome C covering 740 ka. Greenland ice cores supplement the 

Antarctic records by providing a record of changes over the last interglacial-

glacial period (Rasmussen et al., 2014a). 

Terrestrial archives covering multiple glacial cycles are more limited, however 

they include long records of vegetation change in Europe (Camuera et al., 

2019; Litt et al., 2014; Pross et al., 2015; Tzedakis, 1993; Tzedakis et al., 2009, 

2006), long European and Asian Loess accumulation records (e.g. Zhu et al., 

2007), and lacustrine records of ancient lakes such as Baikal (Williams et al., 
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1997). Of particular relevance for this study are long archives of environmental 

response to climate forcing over the last glacial cycle from Siberia and Asia, 

including Lake Baikal, and the U-Series dated isotopic records from Chinese 

stalagmites (e.g. Cheng et al., 2016; Wang et al., 2001). The latter is important 

as it is an independently dated record of monsoon variability that suggests 

that, along with abrupt changes, the Asian Monsoon system is significantly 

influenced by mid latitude (~30°N) precession (see figure 1.3) (Yuan et al., 

2004). For example, the 640 ka Chinese speleothem record of Cheng et al., 

(2016) highlights that the precession cycle plays a role with the 100 ka ice 

volume cycle and in the pacing of millennial scale events. These factors may 

also be critical for pressure systems such as the Siberian High, which is known 

to influence the East Asian Monsoon in modern studies (Wu and Wang, 2002).  

 

 

 

 

 

 

 

 

Figure 1.3: Taken from Wang et al., (2001: page 2346) showing the δ18O of Hulu 
Cave stalagmites, shown green, red and purple against Greenland Ice (blue) and 

solar insolation at 33°N (black) (averaged over June, July and August). Abrupt 
Heinrich events and the Younger Dryas are also shown. The ẟ18O scales are 

reversed for Hulu (increasing down) as compared with Greenland (increasing up). 

 

1.3.1.2 Complexities  

1.3.1.2.1 The 41 ka world 

One of the issues that has been apparent in understanding the nature of orbital 

forcing on glacial to interglacial cycles relates to the dominance of the obliquity 

cycle for the early Pleistocene.  If, as in the Milankovitch model, summer 
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insolation in the Northern Hemisphere high latitudes is seen as the key driver 

of glacial to interglacial cycles then it has been argued that the precession 

cycle could be the most likely driver of orbital forcing, assuming that insolation 

at the Northern Hemisphere summer solstice (insolation intensity) is the critical 

factor. Variations in summer solstice insolation are dominated by precession, 

but this is at odds with the fact that in the early Pleistocene the 41 ka obliquity 

cycle is dominant. However, Huybers (2006) pointed out that because summer 

duration and insolation intensity are anti-correlated, a more appropriate 

measure of orbital forcing is the insolation integrated over the duration of the 

summer. This value can be approximated by examining air temperatures in 

the higher latitudes (40 to 70 degrees) and a cut off for positive degree days 

of 275 W/m2, and this can then be used to estimate the sum of the insolation 

on days where this threshold is crossed (Huybers, 2006). Doing so allows the 

calculation of effective summer energy, which can be calculated for 65°N over 

the Quaternary. Variance in summer energy above 275 W/m2 is dominated by 

obliquity changes, which can explain the 41 ka cycles in ice volume in the early 

Pleistocene (Huybers, 2006). Alternatively, the ‘caloric summer half-year 

insolation’ may be a more appropriate insolation metric because it has equal 

contributions of precession and obliquity near 65°N. Using this measure 

suggests that the 41 ka glacial–interglacial cycle arises because every second 

insolation peak is boosted by high obliquity, which provides sufficient energy 

to cross a deglaciation threshold (Tzedakis et al., 2017). 

1.3.1.2.2 The 100 ka world 

Improvements in the generation of absolute chronologies of glacial to 

interglacial cycles by U-Th disequilibrium dating of Chinese speleothem 

records have contributed to the debate over the timing and drivers of the 

proposed 100ka world (Cheng et al., 2016). This suggests that there is not a 

clear 100k cycle, at least in the last 640,000 years, but rather the inception of 

interglacials occurs over timescales of ~115,000 to 93,000 years and these 

appear to be triggered after either 4 or 5 precession cycles. One issue with 

understanding the pattern and potential forcing of cycles of interglacials are 

the criteria used to define them. These have traditionally been defined as a 

time period that is as warm or warmer than the Holocene. However, a more 
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recent definition is the absence of substantial Northern Hemisphere ice 

outside Greenland (Past Interglacials working group of PAGES et al., 2016), 

which suggests that the idea of the 100 ka glacial-interglacial cycle for the 

last 800,000 years is an oversimplification. By examining global ice volume 

recorded in the best available long term archive, the LR04 stack (Lisiecki and 

Raymo, 2005), they note that in the last 800,000 years some MIS sub stages 

classified as interstadials have similar marine benthic oxygen isotope values 

as their associated interglacial phases. In this scheme, substages MIS 7a-c 

and MIS 15a were classified as interglacials in addition to the traditional 

integlacials of MIS 7e and 15e. Thus, there are more interglacials within the 

last 800,000 years than would be accounted for if the 100 ka cycle was the 

only driver of a successful initiation of an interglacial.  This effectively means 

that there is a more complex pattern of forcing behind interglacial inception 

and this has led Tzedakis et al., (2017) to develop a model based on the 

effective energy of an insolation peak, which is a combination of the caloric 

half year summer insolation value, and the time since the previous 

interglacial. The latter component is a function to recognise that the build-up 

of ice over time will generate inherent instabilities and reduce the caloric 

energy threshold for a successful interglacial. Thus, the current interglacial 

was successfully initiated partly due to insolation forcing but also because 

MIS3 did not cross the threshold for deglaciation, thereby lengthening the 

time since the previous interglacial and allowing the effective energy of MIS1 

to cross the threshold of a successful initiation of an interglacial.  

1.3.1.2.3 The Mid-Pleistocene-Transition 

One of the most difficult to understand events in the Quaternary climate history 

has been that of the Mid-Pleistocene Transition (MPT; also known as the Mid-

Pleistocene revolution (MPR)), which occurred between 650 ka – 1 .25 Ma 

years ago and is documented by a change in dominance from low amplitude 

high frequency ~41 ka ice volume changes, to higher amplitude lower 

frequency ~100 ka ice volume changes (Clark and Pollard, 1998; Imbrie et al., 

1993; Maslin et al., 2001) (see figure 1.2). As there is no change in the 

astronomical forcing over this interval, the causes of this transition are 

complex.   
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Several theories have been suggested to have triggered this transition, and 

many of these include the need for internal natural climate system changes in 

response to long term cooling, potentially linked to lowering atmospheric pCO2 

(e.g. Tziperman and Gildor, 2003). In the Tziperman and Gildor (2003) theory, 

the MPT is triggered as general cooling as a result of lowering CO2 and this 

allows extensive sea ice cover, which activates their ‘sea ice switch’ (SIS) 

mechanism (Tziperman and Gildor, 2003).This mechanism is thought to be 

driven by the influence of sea ice on atmospheric energy balance and air-sea 

fluxes, allowing a switch in the climate system. Other studies have suggested 

that the large ice sheets emerged in relation to atmospheric CO2 and CH4 

concentrations, either with CO2 driving ice volume (Imbrie et al., 1992) or ice 

sheets controlling CO2. Ruddiman (2006a, 2006b) propose a hypothesis 

based around both an insolation forced component of ice volume and 

amplification of the signal by a complex series of ice sheet and CO2 feedback 

mechanisms. These include ice sheet influences on ocean circulation, ocean 

stratification, and strengthening of the Asian winter monsoon. In this model, 

these drivers continue to operate either side of the MPT. However, reduced 

ice ablation, as a result of long term cooling, and the influence this had on ice 

sheet mass balance, allowed ice sheets to be sustained during weaker 

insolation maxima, that in the 41 ka world would have resulted in a termination. 

One theory for this increased ice volume can be explained by the regolith 

hypothesis. This was based on the observation that ice sheets before the MPT 

covered a similar land area as those after the MPT, but as total global ice 

volume was smaller, these ice sheets must have been thinner, leading to the 

development of the regolith hypotheses. This theory suggests the MPT could 

have been triggered by ice sheet dynamic changes driving a switch from large 

thin ice sheets in the 41 ka world, to thicker ice sheets with dominant changes 

over an ~100 ka time period after the MPR (Clark et al., 2006; Clark and 

Pollard, 1998). Ice sheet dynamic changes are proposed to be caused by a 

shift from a soft bedded to a mixed bedded ice sheet (increased hard bedded 

areas), which is driven by progressive erosion of the regolith and exposure of 

the un-weathered crystalline bedrock (Clark et al., 2006; Clark and Pollard, 

1998). The changes at the base of the ice sheet allow alterations in the 

thickness of the ice, with soft beds allowing movement through a combination 
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of internal ice deformation, basal sliding and subglacial sediment deformation, 

while movement by deformation occurs more readily on hard beds and allows 

the build-up of thicker ice sheets (Clark et al., 2006; Clark and Pollard, 1998). 

Interestingly, a combination of both reduced CO2 and the removal of the 

regolith produce realistic models of Quaternary glaciation, as indicated by a 

comparison of modelled and observed benthic ẟ18O in transient simulations of 

the CLIMBER-2 model (Willeit et al., 2019). Although it should be noted that 

this is a model of intermediate complexity with course spatial resolution and a 

number of simplifications and assumptions. These processes can account for 

the required reductions in sea level, documented after the MPT, with increased 

transfer of organic matter to DIC in oceans being driven by exposure of 

increased continental shelf and slope deposit, and this accounts for an 

observed shift in deep sea ẟ13C values (Clark et al., 2006). Alternatively, it has 

been proposed that a gradual rise in the deglaciation threshold from 1.55 to 

0.61 Ma led to an increase in the frequency of skipped insolation peaks after 

1 Ma, with longer glacials allowing the accumulation of larger ice sheets 

(Tzedakis et al., 2017). Global cooling, perhaps driven by a decreasing 

atmospheric CO2 concentrations, may have been responsible for the rise in 

the deglaciation threshold. 

1.3.1.2.4 Late Quaternary Orbital Forcing Records in Siberia 

The framework of orbital forcing for the Late Pleistocene and Holocene are 

well established, with key records and chronologies underpinning the theory. 

For the time period considered by this PhD project (back to ~30 ka BP) 

summer insolation data for mid and high latitudes are available (Berger et al., 

1999; Berger and Loutre, 1991), providing a clear baseline of the orbital forces 

operating over the considered timescale. These insolation data have already 

been considered against proxy records from Lake Baikal, where it appears 

that diatom productivity is influenced by changes in the Earth’s orbit (Colman 

et al., 1995; Khursevich et al., 2001; Mackay, 2007; Prokopenko et al., 2001; 

Williams et al., 1997), suggesting that the Siberian High is influenced by 

variation’s in insolation, in addition to being influenced by more abrupt events.  
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1.3.2 Solar Activity 

An additional external forcing factor that operates at more abrupt timescales 

are variations in solar activity. Further to events occurring on millennial 

timescales, climate is influenced by several shorter-term events on centennial 

to decadal scales. This includes the influence of sunspots. Sunspot activity 

varies on many cycles, although the 11-yr Schwabe cycle is the most 

prominent in recent records. Additionally, sunspot numbers, and by extension 

solar activity, are known to fluctuate on longer timescales and this has been 

argued to be a driver of climatic instability, particularly in the Holocene (e.g. 

van der Plicht et al., 2004). For example, correlations between cooling, 

particularly across the Northern Hemisphere, have been observed between 

reductions in temperature of ~1⁰C and a range of proxies for reduced solar 

activity. These include the Dalton and Maunder minima (17th-19th century) in 

sunspot activity (Mursula et al., 2001) and changes in cosmogenic nuclide 

production being coincident with the reductions in temperature in some parts 

of the Northern Hemisphere, including Greenland, the North Atlantic, 

Northwest Europe and across the Northern Hemisphere continents as far East 

as China (e.g. van Geel et al., 1996; Mann et al., 2009).  

Beyond the period of recorded sunspot activity, cosmogenic nuclides carbon-

14 (14C)  and beryllium-10 (10Be) (Ogurtsov, 2005; van Geel et al., 1999) have 

been measured in annually resolved archives such as ice cores and tree rings 

and used to reconstruct solar activity. These cosmogenic nuclides are 

produced through cosmic ray bombardment of the upper atmosphere, which 

is weakened during periods of high solar activity, through interaction with the 

solar wind. The mechanisms of the impact of solar activity are debated, 

particularly as the reduction in solar energy to the upper atmosphere during 

solar minima is relatively small. As little as ~1 W/m2 is reconstructed for the 

Little Ice Age (LIA) solar minima (Kopp et al., 2016), and thus feedback 

mechanisms have been proposed as a means of propagating the energy 

reduction into a more widespread impact on climate. These include changes 

in cloud cover and coupling between stratospheric heating and tropospheric 

weather patterns, alongside changes in stratigraphic ozone (Engels and van 

Geel, 2012). In particular, instrumental data suggests that the position of the 
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North Atlantic Oscillation is deflected south during solar minima inducing cool 

conditions in the North Atlantic region (Gray et al., 2010). The impact of grand 

solar minima similar to the LIA on future climate, at least across the Northern 

Hemisphere continents and North Atlantic, may be an important modulating 

factor on future human induced warming (Lockwood et al., 2010). Recent work 

has also suggested that the link between solar activity and NAO may also 

influence sea ice cover, which is part of the internal feedback drivers discussed 

below (Sha et al., 2016). Solar forcing has also been implicated as a driver 

behind some of the larger amplitude changes observed earlier in the 

Holocene, including the 2.8 ka BP event seen across the North Atlantic region 

(Martin-Puertas et al., 2012). 

1.3.3 Internal forcing factors 

Orbital and solar activity forcing control the total amount of solar radiation, the 

distribution of that radiation and differential heating of the atmosphere. There 

are, however, significant internal feedback mechanisms, ocean circulation, 

albedo effects, and volcanic activity that can induce climate changes 

superimposed on long term climate forcing.  Alongside these changes, it has 

been demonstrated by key archives, such as ice cores, that Quaternary 

climatic changes can occur much more abruptly and over much shorter 

timespans, overlain over orbital changes. These changes are characterised by 

rapid transitions between different conditions, as the climate system is moved 

into a new state through crossing a threshold (Alley et al., 2003). High 

resolution records suggest that large temperature shifts can occur within 

decades (Anderson, 1997), but the reorganisation of the atmospheric system 

that accompany them can both be annual (Steffensen et al., 2008) and 

regionally time transgressive (Lane et al., 2013; Rach et al., 2014). The 

dominant proposed mechanisms driving these changes, across a range of 

studies, are shifts in ocean circulation patterns. These are suggested to be  

driven by the interaction of ice sheets, sea ice and oceans (Broecker, 1994; 

Vettoretti et al., 2018; WAIS Divide Project Members et al., 2015).The detail 

of these interactions are not, however, fully understood and how they drive key 

episodes of change within the Last Glacial cycle and the Holocene are 

debated. Thus, these forcing factors are reviewed with relevance to the key 
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climatic events prevalent in the literature, where there is the potential for wide 

scale climatic impacts of relevance for Siberia during the past 30 ka.  

1.3.4 Dansgaard-Oescheger cycles, Heinrich events and Bond cycles 

Millennial scale or ‘abrupt’ events include Dansgaard-Oescheger (D-O) cycles, 

rapid shifts between stadial and interstadial conditions (Hicock et al., 1999) 

and Heinrich events, which are recorded by high levels of ice-rafted-debris in 

the North Atlantic known as Heinrich layers (Bond et al., 1993, Prokopenko 

2001, Hemming 2004). These two types of events are linked, with several 

rapid D-O cycles being bundled together, getting successively cooler and 

forming a saw toothed shaped cooling cycle (figure 1.4), culminating in a 

Heinrich event (see below), after which there is rapid warming (Bond et al., 

1993). These packages of climate change, noted in both marine and ice core 

records, make up Pleistocene Bond cycles (Bond et al., 1993). 

 

Figure 1.4: The NGRIP Greenland Ice Core record of abrupt climate change over 
the last 60 ka in Ice Core Years before 2000 (Rasmussen et al., 2014a). The record 
shows key features of the climate system including the saw tooth pattern of climate 

change, especially during MIS 3 (~29-60 ka BP) and Last Glacial to Interglacial 
transition (18-8 ka BP). The Last Glacial Maximum ~25 ka BP and Heinrich event 1 

cooling ~17 ka BP are also visible in the record. 
 

D-O cycles are seen throughout the last glaciation as rapid shifts between 

warmer interstadial periods and colder stadials, on a millennial timescale. The 
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cycles were first recognised in Greenland ice cores (Dansgaard et al., 1993, 

1982), and cause large amplitude climate changes with suggestions of a 5°C 

temperature shift between the two phases  (Bond et al., 1993). The warming 

at the start of a D-O cycle is considered to be the more abrupt, while cooling 

is more gradual (Rasmussen et al., 1997), creating an asymmetrical shape 

(Bond et al., 1993). The initial causes of the D-O cycles are debated, with 

some linking it to two solar cycles operating on a 210 year and 81 year cycle, 

which synchronise on changes in the North Atlantic every ~1470 years 

(Dansgaard et al., 1993).  Other suggested mechanisms include freshwater 

forcing (Bigg et al., 2011), with interstadial modes starting abruptly as the Polar 

front migrates northwards, while the gradual cooling corresponds to the 

southward spread of polar waters and southward movement of the polar front 

(Rasmussen et al., 1997). Over several cycles significant quantities of ice are 

able to accumulate on the North American Ice sheet (Bigg et al., 2011). The 

cycles have also been discussed as being linked to changes in Atlantic 

Meridional Overturning Circulation (AMOC), and, thus, variability in oceanic 

heat transport to the North Atlantic, though ocean-ice and meltwater 

interaction are also known to be significant (e.g. Petersen et al., 2013).  

The pacing of D-O cycles has been thought to indicate that these events may 

continue into interglacial periods, where they are known as Bond events 

(Bond, 1997; Wanner and Butikofer, 2008). During the Holocene, these cold 

episodes have left IRD peaks, which are suggested to be driven by a cycle 

centring on ~1470±532 years (Bond, 1997). During these periods it is thought 

that ice bearing waters sourced north of Iceland reach equivalent latitudes to 

Britain, accompanied by atmospheric shifts around Greenland, which 

suggests coupling between ocean and atmospheric systems (Bond, 1997). 

The occurrence of these abrupt events through the interglacial Holocene 

period is supportive of the cyclic D-O cycles during the Late Pleistocene not 

being driven by internal ice sheet instability, but by climate cycles (Bond, 

1997). Some studies have suggested these cycles are driven by variations in 

solar output, showing correspondence between production rates of 

cosmogenic nuclides carbon-14 (14C) and beryllium-10 (10Be) and proxies of 

drift ice (Bond et al., 2001). Models have supported the theory that these 
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changes may be driving abrupt climate changes during the Holocene, with 

periods of reduced solar irradiance causing atmospheric cooling in high 

northern latitudes, which in turn drives a southward shift of the northern 

subtropical jet and a decrease in northern Hadley circulation (Bond et al., 

2001). These changes may lead to increases in North Atlantic drift ice, ocean 

surface cooling and cooling of the atmosphere above Greenland, and 

additionally these events may have, at points, been amplified by reduced North 

Atlantic THC, particularly if the events are accompanied by increased sea ice 

in the Nordic seas (Bond et al., 2001). Other studies have argued that 

Holocene Bond events are not real, and that climatic events seen through the 

Holocene are the result of different forcings, with early Holocene events linked 

to meltwater pulses, while later events are driven by a range of factors, 

including changes to ocean circulation in the North Atlantic, sunspot activity 

and volcanic eruptions (Wanner et al., 2011; Wanner and Butikofer, 2008). 

D-O events are coupled in an antiphase relationship with Antarctic climate 

oscillations through the bipolar seesaw (Stocker and Johnsen, 2003; Wunsch, 

2003) and it may be that this global teleconnection is the driver behind both 

signals. Mechanisms that have been proposed as drivers of the 

interhemispheric system include changes in oceanic heat distributions, and 

potentially an atmospheric driver through shifts in the inter-tropical-

convergence-zone (ITCZ; Cvijanovic et al., 2013), the latter also suggesting 

that tropical precipitation regimes are influenced by climate forcing from high 

latitudes in both hemispheres. 

Recent high resolution coupling of the Greenland GICC05 record and the West 

Antarctic Ice Sheet (WAIS) using CH4 synchronisation  (WAIS Divide Project 

Members et al., 2015) indicates an even more complex relationship between 

high latitude climate change between the two hemispheres that also suggests 

an ocean heat transfer as the most likely driving mechanism for abrupt change 

in both regions. During the cold and warm oscillations of the Greenland D-O 

cycles the Antarctic record lags Greenland in cycles of warming or cooling, 

following the bi-polar relationship. At turnover points, Greenland warming 

leads Antarctic cooling by 218 ± 92 years across multiple D-O cycles along 

with a similar 208 ± 96 years lag as Antarctic cooling follows Greenland 
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warming (WAIS Divide Project Members et al., 2015). Lags on the scale of 

hundreds of years suggest the coupling mechanism is likely to be driven 

through ocean current heat distribution, as an atmospheric mechanism would 

be likely to be much faster. It also suggests, however, that the interhemispheric 

coupling is a key part of the driver behind abrupt change in the two regions as 

the lag time is consistent in both Greenland warming and cooling.  

Two recent papers have attempted to add additional light onto this issue by 

running full coupled General Circulation Model simulations of D-O cycles 

(Peltier and Vettoretti, 2014; Vettoretti et al., 2018). These models are the type 

used for future climate prediction and are computationally expensive, thus, a 

transient simulation of the earth system over several thousand years is rare. 

The model is run in Glacial/Interglacial and intermediate conditions. During the 

latter set of conditions D-O cycles and the bipolar seesaw are simulated. The 

key driver appears to be sea ice formation in the Arctic ocean periodically 

trapping and releasing heat and driving thermohaline variability. The simulated 

D-O cycles and the thermohaline oscillation do not require freshwater forcing 

from ice sheets, unlike other models simulating abrupt change in this period. 

Another key feature of glacial climates are Heinrich stadials. These cold 

periods correspond to periods where Heinrich events (H1, H2 etc.) occurred, 

leaving large fluxes of IRD with a component from the Laurentide Ice sheet 

found in North Atlantic deep sea sediments (Bond et al., 1993).  First 

documented by Heinrich in 1988, Heinrich events themselves are thought of 

as incredibly rapid, with IRD being deposited across the North Atlantic 

(Heinrich, 1988; Hemming, 2004). Heinrich stadials tend to last slightly longer 

than normal D-O cycle stadials, and in many cases individual Heinrich events 

create varying responses. Despite this, Heinrich events do not stand out more 

prominently that other D-O stadials in the Greenland ice core stratigraphy 

(Hemming, 2004) (Figure 1.3 and 1.4). The IRD material that forms Heinrich 

layers is thought to have been sourced from a limited region, which indicate 

the major iceberg source was from the Hudson Strait outlet of the Laurentide 

ice sheet (Hemming, 2004). This is supported by petrographic and isotopic 

provenance indicators (Hesse and Khodabakhsh, 2016), alongside the 

thinning of detrital layers, which is significant between the Labrador sea and 
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the European end of the 46°N iceberg route (Broecker, 1994). However H3 

and H6 are suggested to have a wider spread of provenances, with a stronger 

influence of European sources (Hemming, 2004). IRD that makes up Heinrich 

layers is generally characterised as having high levels of detrital carbonates 

and low foraminifera content, due to lower productivity and dilution by rapid 

deposition of sediments (Broecker, 1994; Hesse and Khodabakhsh, 2016). 

Utilising the information available about the source regions of IRD can assist 

in understanding the mechanisms that drive the events. 

Originally Heinrich events were initially thought to appear on a periodicity of 

11,000 ±1000 years; a half period of the precession cycle (Heinrich, 1988). 

Heinrich (1988) indicated this was due to periods of high and low summer 

insolation; the former due to meltwater discharge from ice sheets into polar 

seas, which enhanced sea ice growth in winter, while the latter caused 

continental ice growth and iceberg carving, reducing surface water salinity. 

Heinrich (1988) proposed that these changes would both drive polar waters 

southwards. Since Heinrich’s proposals, the triggers have been debated, and 

it has been noted that between 70-10.5 ka BP, Heinrich event cycles are seen 

to occur every ~7.2ka ± 2.4ka (Sarnthein et al., 2001), and they are followed 

by abrupt warming (Bond et al., 1993). Heinrich events have been proposed 

to be driven by interaction between ocean circulation in the North Atlantic, 

iceberg discharge and meltwater pulse events, and the waxing and waning of 

high latitude Northern Hemisphere ice sheets. These interactions are 

suggested to drive two stages of North Atlantic thermohaline circulation (THC), 

with an ‘on’ mode where the Atlantic conveyor brings warm tropical waters, 

supplying heat to the North Atlantic (as observed at present), and an ‘off’ 

setting where freshwater input into the North Atlantic shuts off the 

thermohaline driver of North Atlantic THC, allowing significant ice sheet 

growth, and ultimately iceberg discharge and cold North Atlantic conditions 

(Alley, 2007). Heinrich stadials are thought to be induced  by changes in winds, 

including the westerlies which cause propagation of cold conditions across the 

Northern Hemisphere high latitudes (Guillevic et al., 2014; Hemming, 2004), 

while changes correlated in the tropics are thought to be linked to stronger 
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trade winds; stronger winter monsoons are also thought to propagate the 

changes (Hemming, 2004). 

Various mechanisms have been proposed as driving the interactions that lead 

to the on/off phase in THC. These include the binge-purge hypotheses 

suggested by MacAyeal (1993), which involves the Laurentide ice sheet 

building ‘binge’ phase, where the ice is cold-based and builds mass, followed 

by ‘purge’ phase where a thick ice sheet is wet-based with basal sliding 

causing iceberg carving, which inputs freshwater into the North Atlantic from 

the Hudson Strait (MacAyeal, 1993). The purge phase is thought to be bought 

about by a combination of geothermal heat, advection of heat from the upper 

surface of the ice and internal friction at the base of the ice, which act to 

destabilise the ice sheet causing basal sliding (Hemming, 2004). The 

freshwater input this causes reduces the strength of the North Atlantic THC 

due to reduced salinity, which in turn promotes further ice sheet growth 

(MacAyeal, 1993). Eventual thinning of the ice sheet due to iceberg calving 

leads to periodic failure of the Laurentide ice sheet (MacAyeal, 1993).  

The major issue with this proposed mechanism links to additional data from 

glacial advances, which suggest that glaciers advance almost simultaneously, 

within radiocarbon uncertainties, and for this to occur the Heinrich events 

cannot be triggered by internal instabilities within the Laurentide ice sheet 

(Broecker et al., 1992; Broecker, 1994). Alternatively external climatic forcing 

has been implicated, with temperature changes allowing advances in both 

glaciers around the globe and iceberg discharge to be on a relatively similar 

timescale (Broecker et al., 1992), however the issue with global temperature 

as a driver is that ice sheets can take tens of thousands of years to respond 

(Broecker, 1994). Precursor events to Heinrich events have been proposed, 

with suggestions that the same driver may be pushing all the ice sheets to 

operate on the same frequency, however the smaller ice sheets may reach 

collapse more rapidly than the larger ones, producing earlier precursors (Kaspi 

et al., 2004). These again suggest that a forcing is required to drive the 

different ice sheets to respond on the same timescale, and it has been 

proposed that large amplitude atmospheric temperature changes have been 
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driven by sea ice through sea ice albedo and insulating feedbacks rather than 

large amplitude changes to the THC (Kaspi et al., 2004). 

A further mechanism for Heinrich events was outlined by Johnson and 

Lauritzen (1995) who suggested Heinrich events were caused by repetitive 

massive floods or jökulhlaups. These are suggested to cause significant 

freshwater to be almost instantaneously added to the North Atlantic, from the 

mouth of Hudson Bay as ice dams failed (Johnson and Lauritzen, 1995). 

Evidence that supports this theory comes from the York canyons on Meta 

Incognita Peninsula in the Hudson Strait, which acted as spillways, and 

additionally from a submarine braided sand plain which is thought to have 

received sediments from sheet flow turbidity currents from the Hudson Strait 

slope (Hesse and Khodabakhsh, 2016). The main issue with this theory is that 

it assumes that it is feasible for a lake to occupy Hudson Bay during the time 

of Heinrich events, and although this may have been possible during some 

periods, it does not appear feasible for this to have existed during the Last 

Glacial Maximum (LGM), around Heinrich 2 (onset ~ 24.1-24.4 ka BP) (Bigg 

et al., 2011; Hemming, 2004). Additionally the sedimentary evidence from the 

region has suggested that this scenario is unlikely (Hesse and Khodabakhsh, 

2016). 

Catastrophic ice sheet collapse has also been suggested as a mechanism for 

Heinrich events. First described by C. Hulbe (1997, 2004), this theory suggests 

that Hudson Strait ice streams flowed into the Labrador Sea from an ice dome 

in Hudson Bay (Hulbe, 1997). This caused formation of an ice shelf which 

catastrophically collapsed causing release of icebergs and thus a Heinrich 

event. This model was not originally strongly supported (Hemming, 2004), and 

was later revised by C. Hulbe and others, to suggest that the ice shelf fringed 

the Laurentide ice sheet margin, with Heinrich events occurring following 

explosive disintegration (Hulbe et al., 2004). More recently simple models 

have been used to support this theory, with studies suggesting that climate 

cooling allows ice shelves to grow, which in turn impedes ice stream discharge 

(Hulbe, 2010). Studies have then suggested that following this build up, basin 

wide subsurface warming occurred in the North Atlantic prior to a Heinrich 

event, as a result of a weak AMOC, and this increases the rate of ice shelf 
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mass loss, producing an ice-stream surge and a Heinrich event (Hulbe, 2010; 

Marcott et al., 2011). This has been supported over recent years by evidence 

provided following the breakup of the Larsen B ice shelf (Hesse and 

Khodabakhsh, 2016; Marcott et al., 2011; Rignot et al., 2004), where Antarctic 

peninsula glacier flow accelerated significantly (between three and eightfold 

increases), following removal of the ice shelf, while glaciers situated further 

south, including the Leppard and Flank glaciers, which remained buttressed 

by the remains of the ice shelf, did not undergo acceleration (Rignot et al., 

2004). Theories surrounding this have existed for some time, with ice shelf 

acceleration being accompanied by the ice being stretched and thinned, and 

this allows increased iceberg calving, reducing buttressing, allowing faster 

flows (Rignot et al., 2004).  

In some proposed mechanisms D-O cycles are seen to drive Heinrich events. 

For example, meltwaters from Iceland and Greenland could reduce North 

Atlantic Deep Water (NADW) formation, and through the bipolar seesaw, the 

Southern Hemisphere warms, which in turn drives melting of sea ice or the 

Antarctic ice sheets, reducing formation of Antarctic Bottom Water (AABW). 

This causes warming of the Northern Hemisphere, and therefore triggers the 

next D-O cycle. It is proposed that eventually these cycles cause enough sea 

level rise to undercut the Laurentide ice sheet (Maslin et al., 2001), triggering 

release of icebergs into the North Atlantic, causing a Heinrich event, which will 

trigger significant alternations in the salinity and temperature and cause 

widespread cooling, thus producing a Heinrich stadial.  

Clearly the mechanisms concerning D-O cycles and Heinrich events and 

stadials are highly complex, and thus further studies are required to assist in 

resolving this. The events are linked, and it has been suggested that it takes 

a number of D-O cycles to build enough ice up to cause a Heinrich event 

(Hemming, 2004). The rapid warming following a Heinrich event has often 

been linked to feedback systems, with rapid sea ice melting allowing the 

atmosphere to warm allowing strong albedo-insulating feedbacks to occur 

(Kaspi et al., 2004). This has also been suggested as a driver for the rapid 

warming phases of D-O cycles (Kaspi et al., 2004). The variations in source 
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materials between H3 and H6 compared to H1, H2, H4 and H5 may indicate 

that the mechanisms of Heinrich events may vary. 

Understanding these abrupt climatic oscillations is essential as they provide 

an analogue for studying unstable climate conditions (Ilyashuk et al., 2009) in 

general. This allows modellers to be better informed and, therefore, improve 

their predictions of the future, through testing the ability of different models to 

encapsulate the rapidity and magnitude of change in past unstable climates. 

Models are currently limited in their ability to reconstruct known past climatic 

occurrences accurately (Alley, 2004; Roche et al., 2014), and even the latest 

models focus largely on testing outputs based on the Polar ice core records 

(Peltier and Vettoretti, 2014). For a much fuller understanding of the climate 

system, and a more comprehensive test of model predictions spatially, it is 

essential that palaeo studies provide good baseline palaeoclimatic 

reconstructions across different regions to provide an accurate template for 

testing these models (Rasmussen et al., 2014b). Currently the responses to 

these events is limited in some regions and mechanisms for amplification of 

the events in some localities are poorly understood (Zhang et al., 2017b), 

meaning further study of these abrupt events and their impacts are required. 

One such region is southern Siberia, where understanding of the response of 

the Siberian High to these abrupt events is limited. 

1.3.5 Centennial to Annual Scale Changes 

Additionally to sunspots, volcanic eruptions can have an influence on the 

climate on a seasonal to decadal timescale (Anchukaitis et al., 2010; Sigl et 

al., 2015), although quantifying the effects are limited by several 

inconsistencies (Sigl et al., 2015). Climatic variability resulting from volcanic 

eruptions is due to the influx of sulphate aerosols and dust into the 

stratosphere, which increases backscatter of solar radiation, reducing the 

solar radiation at the earth’s surface and therefore causing cooling at regional 

to global scales (Sigl et al., 2015). This can continue for the entire period that 

the sulphate aerosols are present in the atmosphere, which is usually 1-3 

years in the stratosphere (Sigl et al., 2015). Examples of climatic change 

caused by volcanic eruptions include the impact of  the long term 1783-1784 
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Laki eruption where lower temperatures were experienced for 3 years 

following the eruption (Schmidt et al., 2012). However, despite the increased 

albedo effect of the atmosphere after an eruption, there is also potential 

warming, due to non-uniform back reflection of radiation which can cause 

stratospheric warming (Kravitz and Robock, 2011), and this may also explain 

the very warm summer in 1783 following the onset of the Laki eruption in June 

(Schmidt et al., 2012), although this is followed by two winters of cooling 

suggesting the full complexities of these feedbacks are not yet fully 

understood.  

The season during which an eruption occurs may also influence the severity 

of the eruption on climate, with late spring to early summer being considered 

the time of year when a volcanic eruption can have the greatest effect on 

climate, preventing early summer warming, while from August through the 

winter months in the Northern Hemisphere, the effect of an eruption of the 

same magnitude is said to be less (Kravitz and Robock, 2011). The effects of 

volcanic cooling have been shown by reduced tree growth (Churakova et al., 

2014) and have been suggested to cause civilisation collapses, for example 

by triggering widespread famine which caused population declines across the 

Mediterranean as a result of the Justinian Plague (Sigl et al., 2015), although 

linking this as a causal mechanism is problematic. The greatest impact in 

terms of climate has been proposed from the larger tropical eruptions as there 

is the greatest chance for a global distribution of the atmospheric particulates, 

although complex responses have been observed in relation to regional as 

opposed to global cooling and in particular winter warming in the Northern 

Hemisphere, despite annual average global cooling (Robock and Mao, 1992) 

1.3.6 Human Induced Change 

During the late Pleistocene to early Holocene there is the first evidence of the 

impact of Homo sapiens on the landscape and on climate. The onset of 

humans triggering climatic change is debated, with most suggesting that 

humans began altering the climate, as industrialisation over the past ~200 

years started to increase atmospheric greenhouse gases (GHGs). Other 

hypotheses of humanity’s influence on climate include Ruddiman’s Early 
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Anthropogenic Hypothesis, where humans began altering climate through 

deforestation from c. 8 ka BP, and rice irrigation c. 5 ka BP, and this is 

suggested to have caused natural decreases in carbon dioxide and methane 

to be reversed (Crucifix et al., 2005; Ruddiman, 2017, 2005). Although the 

early anthropogenic hypothesis has been criticised (Broecker and Stocker, 

2006), the modern influence of humans on climate is clear. This has led to 

debate as to whether humanity has entered a new geological epoch, known 

as the Anthropocene (Lewis and Maslin, 2015). The use of the term is being 

increasingly utilised, however defining the Anthropocene is problematic, as 

epochs are formally classified using a Global Stratotype Section and Point 

(GSSP) or a date agreed by a committee, known as a Global Standard 

Stratigraphic Age (GSSA), and it is difficult to define this for the Anthropocene 

due to the time transgressive nature of events such as the industrial revolution 

(Lewis and Maslin, 2015). Particular dates that fit this criteria and have 

therefore, been considered to define the start of the Anthropocene include the 

1610 Orbis spike dip in CO2, which is considered as it gives a historical 

context,  or the 1963 atomic weapons testing peak seen in 14C (Lewis and 

Maslin, 2015). Despite the debate surrounding the definition of the 

Anthropocene epoch, it is clear that humans influence on the climate system 

is now accepted, with significant impacts being documented globally. Humans 

have caused atmospheric levels of CO2 to reach levels not seen for over 

~800,000 years, if not over several million years, and numerous studies are 

now documenting climatic warming trends during the 19th and 20th centuries 

detected in a range of settings from the oceans to cryosphere  (Vaughan et 

al., 2013), which indicate that greenhouse gas emissions are generating a 

significantly greater proportion of radiative forcing than solar activity (Engels 

and van Geel, 2012; IPCC, 2013). 

1.4 The Expression and Understanding of Change 

1.4.1 Late Marine Isotope Stage 3 and Early Marine Isotope Stage 2 

MIS3 is a period of known climatic instability, starting ~57 ka cal BP (Lisiecki 

and Raymo, 2005) and this period is broadly assigned to the Middle 

Pleniglacial (Tzedakis et al., 2013). Following the instability of MIS3, the earlier 

climatic conditions of MIS2 are characterised by low Northern Hemisphere 
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insolation and prolonged cooling, centred around the Last Glacial Maximum 

(LGM), resulting in significant ice advance and lowered CO2 (Adkins, 2013). 

However, the transition between these two periods is often hard to define, with 

the transition placed as early as ~29 ka BP in marine settings based on the 

benthic ẟ18O (Lisiecki and Raymo, 2005), while in terrestrial settings it has 

been placed as late as ~24 ka BP (Tzedakis et al., 2013). This discrepancy in 

timing is due to different expression of changes and because of the occurrence 

of HE2 at ~25 ka BP, as this event is often considered to show instability that 

is more characteristic of MIS3, rather than MIS2. Therefore, this thesis will 

consider the period ~29-24 ka BP as a transitional period between MIS3 and 

MIS2, with the period from ~24 ka BP being considered as MIS2 and the Late 

Pleniglacial.   

During MIS2, the Greenland ice cores document the coldest conditions and 

high dust content, at ~24 ka,  the time period that broadly coincides with HE2, 

which occurs as orbitally forced insolation remains low (Alley et al., 2010). 

Alongside this, terrestrial records document cold and arid conditions with 

reduced sea levels, while palaeoenvironmental records often suggest 

vegetation shifts, including herb dominance seen in the East China sea cores 

as a result of open vegetation growing on the exposed continental shelf (Xu et 

al., 2009). Overlain over this general cooling trend, are several abrupt changes 

recognised within the Greenland ice cores and a variety of North Hemisphere 

palaeoclimatic records (Lowe et al., 2008, Buizert, et al., 2015), including short 

warming events, Greenland interstadials 2, 3 and 4 (GI-2.2, GI-2.1, GI-3 and 

GI-4) (Lowe et al., 2008; Rasmussen et al., 2014a), which last only a few 

hundred years (Rasmussen et al., 2014a), along with two periods of significant 

cooling, Heinrich events 1 and 2 (Hemming, 2004) (discussed below).  

Several of these MIS2 changes have been well studied in Greenland ice cores, 

which provide a continuous record with excellent resolution and chronological 

control (Rasmussen et al., 2014b; Steffensen et al., 2008), with different ice 

core locations showing striking similarities, and synchrony shown at 

transitions. However, it is known that specific factors also affect individual 

records, such as NGRIP being more influenced by Pacific precipitation 

compared to summit cores GRIP and GISP2 (Seierstad et al., 2014). Abrupt 
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millennial scale D-O events in Greenland, are documented by an abrupt 10°C 

warming over central Greenland, which is followed by gradual cooling and then 

more rapid cooling, and eventually a slight warming occurs and the cycle 

repeats (Alley et al., 2010). These abrupt events have been defined as 

Greenland Interstadial (GI) and Greenland Stadial (GS) events, which have 

been numbered according to the INTegrating Ice-core, MArine, and TErrestrial 

records group (INTIMATE), although in some instances these individual 

stadial or interstadials have been subdivided further, and is shown through 

additional lettering (Rasmussen et al., 2014a). These rapid events have 

comparatives across the globe including from Chinese speleothem records 

(Wang et al., 2001), where changes in monsoon strength are broadly similar 

in timing to stadial-interstadial transitions in Greenland, and also generally in 

line with overall long term orbital forcing (Wang et al., 2001). Additionally, in 

Europe, records as far south as the Mediterranean (e.g. Monticchio, Tenaghi 

Phillipon) suggest ecosystems were being influenced by the same forcing 

factors recorded in Greenland (Müller et al., 2011), while in central Asia 

evidence for some of the key transitions that occur during MIS3/2 have been 

reported as responses in both biological and sedimentological variability from 

Lake Baikal (e.g. Swann et al., 2005).  

1.4.1.1 Heinrich Event 2 

Heinrich event 2 (HE2) (~25ka BP) (Peck et al., 2007; Wang et al., 2001; Zorzi 

et al., 2015) is one of the most well documented events during the transitional 

period from the Middle to the Late Pleniglacial (Tzedakis et al., 2013), with 

widespread evidence of iceberg discharge shown in ice-rafted debris layers 

found across the North Atlantic (Hemming, 2004). Corresponding stadial event 

responses are also seen across the Northern Hemisphere and have been 

expressed in many palaeoenvironmental archives, documented by increased 

aridity, lowered temperatures and vegetation shifts in several areas including 

central Asia, at sites including Lake Baikal (Mackay, 2007), and in Northern 

Europe (Cascalheira, 2013). At Hulu cave HE2 is expressed as a weakening 

of the summer monsoon, followed by strengthening synchronous with GI-2 in 

Greenland (Wang et al., 2001). A weakening of global monsoons at this time 

has been suggested by comparison of speleothem and other archives 
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including tropical south America and marine cores from the Arabian sea 

(Medina-Elizalde et al., 2017). In some localities the climatic and 

environmental shifts are said to have promoted technological, social and 

economic changes, such as in Iberia were it has been suggested to have 

caused development of the proto-Solutrean lithic complex (Schmidt et al., 

2012, Cascalheira 2013). 

1.4.1.2 Heinrich Event 1 and the Mystery Interval 

The expressions of Heinrich event and stadial 1 (HE1), which occurs between 

~18.5-15 ka BP (Penaud et al., 2010) are also widespread. As with HE2, HE1 

is also documented by significant IRD being deposited in the North Atlantic 

(Broecker et al., 1992; Heinrich, 1988; Hemming, 2004; Vidal et al., 1997), and 

a corresponding stadial period is expressed in many different archives and 

proxies including: (a) widespread ice sheets across the Northern Hemisphere 

(Steffensen et al., 2008), including re-advance of the British-Irish Ice Sheet 

immediately following Heinrich 1 (McCabe et al., 2007); (b) vegetation shifts 

across Europe and as far south as the Mediterranean, such as those shown 

in pollen concentration changes off the Moroccan coast, where increased 

Pinus suggests extreme wind strengthening (Penaud et al., 2010). The 

widespread nature of this event is documented through changes in monsoon 

strength, including the south American monsoon system, which is 

strengthened during Heinrich stadials (Stríkis et al., 2015), while the East 

Asian Monsoon is suggested to have undergone changes due to HE1, with the 

highest mean ẟ18O values of -5.8% being observed in Chinese stalagmites 

from Jiuxian cave, between 16.6-15.2 ka BP due to decreases in the summer 

monsoon in central China (Cai et al., 2010). Similar changes are also observed 

in other Chinese speleothem records, such as at Hulu and Sanbao caves and 

these changes are thought to be due to southward retreat of the East Asian 

Summer monsoon as cold air masses develop fully over Siberia as a result of 

a strong Siberian High (Cai et al., 2010). Several records have shown a twofold 

structure as a response to Heinrich Stadial 1, including in lake sediments in 

New Mexico, where it is documented by the Big Dry between 17.5-16.1 ka BP 

and the Big Wet between ~16.1-14.6 ka BP (Allen and Anderson, 2000; Stríkis 

et al., 2015), which is accompanied by a weakening of the East Asian 
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monsoon at ~16.1 ka BP (Stríkis et al., 2015), and in speleothems in Brazil 

where two wet events occur between 17.7-16.8 ka BP and 16.0-14.8 ka BP, 

which has no exact Northern Hemisphere equivalent (Novello et al., 2017). 

The mystery interval of MIS2 is then, perhaps, one of the least understood 

periods of change in the Late Quaternary Period. It encompasses the period 

~17.5-14.5 ka BP, and is documented by contradicting evidence for climate in 

the period (Denton et al., 2006). This evidence includes widespread HE1 

iceberg discharge, cold sea-surface temperatures, shutdown of AMOC 

(Williams et al., 2012), and accompanying cold conditions in North-western 

Europe, Greenland, the Mediterranean Sea and North Atlantic ocean, 

alongside an intertropical-convergence-zone (ITCZ) southward shift and 

weakened Asian summer monsoons. However, ice retreat is documented in 

East Greenland, Northern Europe and North America (Williams et al., 2012), 

alongside temperate mountain glacier retreat in the European Alps,  and in the 

Southern Hemisphere, including in New Zealand (Denton et al., 2006). 

One suggested theory to explain how these events occurred during the same 

period relies on the impact of HE1, with icebergs reducing North Atlantic 

salinity, causing AMOC shutdown.  The spread of sea ice that this shutdown 

triggers allows the cold conditions seen to be generated, and pushes the ITCZ 

south, while increased Asian snow cover reduces summer warming and, 

therefore, reduces summer monsoon strength (Denton et al., 2006). A further 

consequence of the AMOC shutdown is ocean circulation reorganisation 

through the bipolar seesaw, and this has been used to explain the reduced 

sea ice fringe around Antarctica and Antarctic warming alongside CO2 

increases, which may be linked to glacier retreat (Denton et al., 2006). Ice 

sheet and glacier retreat in the Northern Hemisphere has been thought to 

suggest that the stadial period’s summers are relatively warm, as indicated by 

beetles in Northern Europe (Atkinson et al., 1987). One particular complexity 

of this theory, and the mystery interval as a whole, is why HE1 has been able 

to cause this widespread variety of responses, unlike earlier Heinrich events. 

(Denton et al., 2006). Further work is required to understand the complex 

interplay of factors that are clearly operating in this period. 
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1.4.1.3 The Last-Glacial-Interglacial-Transition (LGIT) 

The Last-Glacial-Interglacial-Transition (LGIT) is one of the most intensively 

studied time periods for considering abrupt climatic changes. This is because 

it is the most recent natural period of large magnitude abrupt climatic changes 

(Blockley et al., 2004; Lane et al., 2012), which make the time period a natural 

laboratory (Walker et al., 2003). Changes during the LGIT include a rapid 

warming or interstadial period, which starts at ~14.7 ka BP (Alley et al., 2010) 

and lasts for ~1800 years, followed by an abrupt stadial period between ~12.9-

11.7 ka BP (Rasmussen et al., 2014a). Although some of the mechanisms 

driving changes seen across this period are clearly understood , drivers behind 

some events, including the Younger Dryas, are subject to greater debate 

(Bakke et al., 2009), although there is general agreement these relate, in part, 

to shifts in Atlantic Meridional Overturning circulation(AMOC) (Lane et al., 

2013). AMOC shifts are thought to be induced by freshwater inputs from the 

Laurentide and Scandinavian ice melt altering the salinity and temperature of 

the North Atlantic (Bond, 1997). These are thought to have induced large scale 

reorganisations in ocean circulation and the atmosphere (Bakke et al., 2009), 

but their impact is spatially variable, and it is, thus, essential to understanding 

how they propagate across different regions (Coope et al., 1998). 

While the precise detail of how these events are expressed in many regions is 

still uncertain, a number of independently dated records clearly show similar 

patterns of long term and abrupt climate change throughout the LGIT. Abrupt 

warming such as that seen in Greenland Interstadial 1 (GI-1) (~14.7- 12.9 ka 

BP) are documented in terrestrial and marine records across Europe and Asia, 

particularly around the North Atlantic seaboard (e.g. Brooks et al., 2012; 

Walker et al., 2003), continental Europe (e.g. van Raden et al., 2013) and as 

far east as Japan (Kossler et al., 2011). Asian speleothems have highlighted 

similar features to Greenland during this period (Wang et al., 2001). In many 

regions the warm interstadial period during the LGIT has been referred to as 

the Bølling-Allerød, which is part of the nomenclature originally found in 

Denmark but has subsequently been used in other contexts (Rasmussen et 

al., 2014a). Records in Europe often show clear differences between the 

earlier part of the interstadial period, which makes up the Bølling (~14.7-14.0 
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ka b2k) and the latter Allerød period (~14.0-12.9 ka b2k) (Rasmussen et al., 

2006). Reconstructed temperature records made using chironomids from 

Lago di Origio (South Switzerland) show a 2.5-3.2°C increase at the onset of 

the Bølling, with a gradual increase afterwards, and this is also seen in other 

sites including at Lac Lautrey (Eastern France), where the Bølling period has 

been reconstructed with a temperature range of 14-16.5°C, while the Allerød 

range is 16.5-17.0°C (Heiri and Millet, 2005). At other sites, including 

Ammersee, south Germany, ostracod based ẟ18O climate reconstructions 

suggest a much more stable interstadial (von Grafenstein et al., 1999), 

although the differences could be related to the different proxy. Contrastingly 

the stable isotope record from Greenland is thought to document a gradual 

decline (Rasmussen et al., 2006), and thus regional discrepancies appear to 

exist and require further study. It is possible that specific factors mean 

discrepancies are seen between different proxies, with chironomid records 

potentially showing summer trends (Samartin et al., 2012), so this must be 

considered when comparing different proxies.   

High resolution data provided by Greenland Ice cores has suggested further 

structure exists within this interstadial period, with 5 substages (a-e) being 

defined, in which stages GI-1b and GI-1d are cold periods and GI-1a,c,e are 

warmer periods (Rasmussen et al., 2006; Rasmussen et al., 2014a). GI-1e is 

thought of as a warm stage corresponding to the warm period of the Bølling, 

while stages GI-1a,b,c,d all correspond to the Allerød (Rasmussen et al., 

2006). Terrestrial sites have also suggested that there may be centennial scale 

climate oscillations through the interstadial, with Lac Lautrey documenting 2 

cooling episodes of 1.5-2°C during the Allerød, with the suggestion that the 

first may be a response to the Gerzensee oscillation, which was first described 

in the Swiss lake Gerzensee (Eicher & Siegenthaler, 1976), and it is thought 

to correlate with GI-1b. Despite documenting two cooling periods, it is thought 

that Lac Lautrey does not show a response to GI-1d (Heiri and Millet, 2005). 

Three centennial scale climate oscillations are documented in Abernethy 

Forest, Scotland, which document cooling episodes, thought to occur 

synchronously with Greenland’s, GI-1d, GI-1c and GI-1b, however, Loch Ashik 

in Scotland only documents a response to GI-1d where it cools by ~3.8°C 
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(Brooks et al., 2012). The variations in specific responses to these cooling 

events indicates that local factors may be influencing a sites response, and 

further work is required to improve understanding. Despite this, studies looking 

at such abrupt events are often hindered by chronological issues, as large 

uncertainties can make determining the timing of these events difficult, while 

very high resolution analyses are required to capture evidence of such rapid 

changes. 

The stadial period shown during the LGIT (12.9-11.4 ka BP) in Greenland (GS-

1) is also suggested to have comparatives across the globe. In Scotland, a 

stadial period known as the Loch Lomond is documented as a time of ice re-

advance (MacLeod et al., 2011; Sugden, 2017), while in Europe a cold stadial 

known as the Younger Dryas, is also a period of environmental changes. 

However, the timing and the amplitude of these events vary in different 

localities, with some ice sheets and glaciers experiencing their maximum 

extents towards the end of the stadial while others reach them much earlier 

(Mangerud et al., 2010; MacLeod et al., 2011). Being first described by J. 

Mangerud in Scandinavia (Mangerud et al., 1987), the Younger Dryas has 

become used as a global term for the late-glacial stadial period, and has been 

described from many localities including Jaraguá Cave (Brazil), where it is 

suggested to be drier during the period corresponding to the Younger Dryas, 

due to a colder Northern Hemisphere causing the ITCZ to be displaced south, 

which in turn increases moisture influx in South America and reduced the 

Northern Hemisphere monsoons (Novello et al., 2017). Further propagation of 

this stadial is found in several Chinese speleothem records, such as those 

found in Hulu, Sanbao, and Dongge Cave that show major shifts in their ẟ18O 

signals, which appear synchronous (within errors) with changes documented 

in Greenland (Wang et al., 2001; Dykoski et al., 2005; Liu et al., 2014).   

Despite synchronicity being suggested for the timing of the shifts seen during 

the LGIT at several sites, Antarctic temperatures do not follow this trend, with 

the warm GI-1 stage in Greenland occurring at the same time as the cold 

Antarctic Cold Reversal (ACR), while the cooling shown in GS-1 occurs as 

Antarctica undergoes warming (WAIS Divide Project Members et al., 2015). 



52 

This is thought to be due to the bipolar see-saw as discussed previously (WAIS 

Divide Project Members et al., 2015). 

Responses to these events propagate to different localities through shifts in 

atmospheric circulation patterns, possibly as a response to initial changes in 

ocean circulation (Lane et al., 2013). Studies are now starting to demonstrate 

greater details in the propagation of these abrupt events, such as their time-

transgressive nature, which has been documented between Meerfelder Maar 

and Kråkenes, where warming is delayed at sites situated further north in 

Europe due to the gradual retreat in the polar front (Lane et al., 2013). Further 

high resolution studies, with precise and accurate chronologies, are required 

to allow deeper understanding of the time-transgressive nature of these 

events, and additionally to further knowledge in areas where studies are more 

limited, including Siberia, where expression of these abrupt events are poorly 

understood and constrained. Of the few detailed records that exist from Lake 

Baikal, mean annual temperatures and precipitation were lower during the 

Younger Dryas in southern Siberia (Tarasov et al., 2007), leading to a 

reduction on summer river flow into the lake (Mackay et al., 2011). 

1.4.2 Marine Isotope Stage 1 – The Holocene 

The current interglacial period, the Holocene has long been viewed as more 

climatically stable than the last glacial period (Dansgaard et al., 1993; 

deMenocal and Bond, 1997), however over the past few decades, it has now 

become clearer that climate during the Holocene is more complex than 

previously thought. One of the best overviews for Holocene climate is provided 

by the Global Temperature Stack produced by Marcott et al., (2013). This 

temperature stack is based on 73 globally distributed records covering the last 

~11.3 ka BP, and it documents a general trend of Early Holocene warming 

between 10-5 ka BP, which is followed by a decline in temperatures of ~0.7°C 

in the Mid to Late Holocene  (Marcott et al., 2013). Regional variations are 

documented by records that have been incorporated in the stack, with the 

Northern Hemisphere 30-90°N region documenting more cooling than the 

region 30°N to 30°S, and this is suggested to be linked to a greater role of 

summer insolation across these latitudes and additionally due to feedbacks 
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with vegetation and snow-ice albedo (Marcott et al., 2013). This demonstrated 

that regional variations are clearly documented through the Holocene due to 

specific locational features, although currently the stack is not fully resolved 

for periods shorter than 2000 years, and, therefore, it is not yet able to 

document more rapid climatic changes (Marcott et al., 2013). 

Overlain over these general trends recorded in the Marcott et al., (2013) 

temperature stack, the Early to Mid Holocene (from ~11.7-6 ka BP) undergoes 

several periods of climatic instability, although magnitudes of these shifts are 

more muted compared to the LGIT. The period features several key climatic 

excursions, including the Pre-Boreal Oscillation (PBO), the 9.3 ka and 8.2 ka 

BP events, the latter two being clearly documented in the Greenland Ice cores 

(Lowe et al., 2008). These excursions have also been recorded in numerous 

marine and terrestrial archives, particularly in North Atlantic sea-board records 

(Hoek and Bos, 2007) and in continental Europe (e.g. Heiri et al., 2004). The 

forcing factors behind early and mid-Holocene climate changes are also 

debated with some authors suggesting Holocene climate change is controlled 

by Holocene Bond cycles (Bond, 1997). This model has been augmented by 

the hypotheses that the major early Holocene THC events are triggered by 

catastrophic meltwater pulses driven by glacial lake outburst floods (Barber et 

al., 1999; Rohling and Pälike, 2005) as the Laurentide ice sheet retreated 

(Teller et al., 2002). Lake Agassiz outburst floods have been proposed as a 

driver for both the PBO and 8.2 event alongside Greenland stadial 1, with 

releases of 9300 km3 for the PBO and 163000 km3 for the 8.2 BP event (Teller 

et al., 2002). The significant quantity of water available for the 8.2 ka BP event 

is suggested to be due to a merge between Lake Agassiz and Lake Ojibway, 

which lay along the Laurentide Ice Sheet margin, and it is possible that this 

large quantity of water caused this event to be particularly prominent in 

archives across the Northern Hemisphere (e.g. Wagner et al., 2002; Cheng et 

al., 2009). In comparison the PBO is much more subtly recorded in some proxy 

records (Björck et al., 1997), although this is regionally variable, with some 

areas demonstrating shifts in climate as large as the 8.2 BP event (Blockley et 

al., 2018). Debate exists as to whether the freshwater triggering the PBO may 

actually have been sourced through Baltic Ice Lake drainage (Teller et al., 
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2002), and the positioning of the freshwater source’s outflow is said to have 

influenced the magnitude of the events. The PBO is suggested to be smaller 

in magnitude than the cooling linked to the Younger Dryas, due to the outflow 

being in a north-west direction into the Arctic ocean, rather than east into the 

North Atlantic (Teller et al., 2002). It is also thought that the THC may have 

been less sensitive by this time as the Gulf of Mexico was no longer receiving 

meltwater and thus there was less preconditioning to change by the time of 

the PBO. The timing of the PBO is thought to be comparative to a cooling 

event found in the Greenland Ice cores, known as the 11.4 ka BP event 

(Rasmussen et al., 2014a), however dating of the PBO has long been 

considered problematic due to the event’s short duration and an atmospheric 

radiocarbon plateau occurring at the time of the event, which limits the 

precision of dating (Björck et al., 1997). Additionally, the Greenland NGRIP ice 

core suggested there are two events occurring in close succession at 11.4 ka 

and 11.1 ka BP, although there is only one event documented in GRIP 

(Rasmussen et al., 2007). Terrestrial sites including Star Carr, England, have 

also suggested two abrupt climate events occur during this period, coincident 

with the events seen in NGRIP (Blockley et al., 2018) and, therefore, there is 

significant complexity in the climate over this interval, and potentially, site 

specific factors are critical for how well they are recorded. Propagation of these 

events, like those seen during the Late Pleistocene are also seen further afield, 

including in ẟ18O records from Chinese speleothems where they punctuate the 

record, suggesting declined East Asian summer monsoon intensity during 

these abrupt episodes, and several of these shifts can be correlated within 

errors, to the Greenland Ice cores and to the Lake Agassiz outburst (Dykosko 

et al., 2005). 

Mid to Late Holocene climate change in the pre-industrial period is generally 

muted by contrast to earlier records, due to different forcing mechanisms after 

deglaciation of the last glacial ice sheets had completed. However, there is 

now well documented evidence for abrupt warming and cooling episodes of a 

few degrees in temperature. The 4.2 ka event documented by Bond (1997), is 

linked to aridity across parts of western Asia (e.g. de Menocal 2001), with 

environmental effects and impacts on populations seen as far east as China 
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(Liu and Feng, 2012; Wenxiang and Tungsheng, 2004), however the drivers 

of this event are not certain (Wanner et al., 2014). The late Holocene event 

dated at c. 2.8 ka BP may have been caused by an abrupt deep reduction in 

solar activity, often called a Grand Solar Minimum. This led to a decline in 

North Atlantic surface water temperatures (Andersson et al., 2003) and weaker 

AMOC (Hall et al., 2004). The cool 2.8 ka BP event is thought to have impacted 

past populations as far east as Siberia (van Geel et al., 2004). 

The Medieval Warm Period (MWP) (or Medieval Climatic Anomaly (MCA)) 

(Stine, 1994) followed by cooling through the Little Ice Age (LIA) are some of 

the best documented of the more recent Holocene events, which is suggested 

to have been the most recent cool phase of a Holocene Bond cycle (Wanner 

and Butikofer, 2008). LIA temperatures are thought to have declined by 1-2°C, 

at least in the Northern Hemisphere. This has been documented in high 

resolution temperature archives including, tree rings, lake records 

and speleothems (Blyakharchuk et al., 2017; Goosse et al., 2006; Paulsen et 

al., 2003; Pfister and Brázdil, 2006; Reid, 1997). The driving mechanisms 

behind the LIA, and other Holocene climate variability are debated, as both 

solar activity (Cole-Dai et al., 2013; Engels and van Geel, 2012; Reid, 1997) 

and volcanic forcing have been suggested (Cole-Dai et al., 2013).  

Human influence on climate and environments, have been well documented 

through recent centuries and decades  (Cubasch et al., 2013; IPCC, 2013; 

Vaughan et al., 2013). Many studies are now highlighting environmental 

responses to these changes, which include significant ice loss (Hanna et al., 

2008), and warming lake waters, (O’Reilly et al., 2015) including a 2°C 

increase between 1977-2003 in Lake Baikal, the largest freshwater lake in the 

world  (Izmest’eva et al., 2016). These changes have resulted in many 

secondary effects such as permafrost melt (Gordov and Vaganov, 2010), 

increased forest fires (Soja et al., 2007), biome shifts and degradation (Gordov 

and Vaganov, 2010). Depletions in carbon and nitrogen ratios have been 

documented since the 19th century as emissions have increased from fossil 

fuels and fertiliser production (Dean et al., 2014), and the global nitrogen cycle 

has been significantly affected by the introduction of the Haber-Bosch process 

in 1909 (Howarth, 2008). Despite being well documented, individual impacts 
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from humans vary in different regions, with some areas appearing more 

sensitive than others. Additionally, in some cases the onset of these changes 

is registered at different times and occurs at different rates. Therefore, further 

work is required to understand these modern changes, and 

palaeoenvironmental studies are necessary to provide context for human 

induced changes. 

1.5 Siberia 

Modern Day Siberia is one of the most continental regions in the world (Chytrý 

et al., 2007; Huhne and Slingo, 2011), occupying an area of 13.1 million km2, 

between the Arctic Ocean to its southern border with Mongolia and China and 

north-central Kazakhstan, and east from the Ural mountains to the Pacific 

Ocean (see figures 1.5 and 1.6). This region includes a variety of ecosystems, 

with the forest-steppe ecotone being very sensitive to climatic alterations 

(Mackay et al., 2017). The continentality of the region provides a key 

opportunity to study palaeoenvironments, away from areas heavily influenced 

by oceanic forcing. Additionally, the region is currently undergoing rapid 

warming at twice the global average rate and this is causing Siberia to undergo 

many alterations (Tchebakova et al., 2009; Törnqvist et al., 2014), and climate 

model predictions for this region are uncertain (Swann et al., 2018). 

1.5.1 Modern Day Climate: The Siberian High 

Siberia’s climate is strongly seasonal being dominated by the Siberia High 

during winter months. This Siberian High is a semi-permanent anti-cyclone, 

which builds from August and dissipates by April. The system has extreme 

central core pressures exceeding 1030 kPa (Tubi and Dayan, 2013), and 

brings the densest, coldest air-masses found in the Northern Hemisphere, 

which trigger continental-scale cold conditions across Siberia, and additionally 

Mongolia, Eastern China and Korea (Park et al., 2014). Regions which are 

situated in the core of the anticyclone, particularly northern Mongolia and the 

Baikal region of Russia, achieve lows of -40°C as a result of continuous 

radiative cooling (Tubi and Dayan, 2013) (see figure 1.5). 

During the summer the Siberian High dissipates, and in the absence of the 

blocking high, westerly winds from the North Atlantic enter the region, bringing 
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moisture into the continent, causing a summer season peak in precipitation 

levels, although precipitation levels decline moving east (Huhne and Slingo, 

2011). Additionally, summer temperatures are relatively high, allowing warm 

advection over the region (Tubi and Dayan, 2013).  

The Siberian High interacts with surrounding synoptic systems, particularly the 

Icelandic low to the north-west and the Aleutian low to the east (see figure 

1.5). The pressure gradients between the Aleutian low and the Siberian High 

generate the strong horizontal pressure gradient required to drive the 

monsoonal northerlies, which are characteristic of the East Asian winter 

monsoon (Tubi and Dayan, 2013). As a result of this, the Siberian High and 

the East Asian monsoon are closely linked, with a strong East Asian Summer 

Monsoon occurring after a weak Siberian High, while a strong East Asian 

Winter Monsoon occurs alongside a strong Siberian High, as a result of the 

larger pressure differences (Tubi and Dayan, 2013). During periods of strength 

the Siberian High also moves southward and intensifies (Park et al., 2014; 

Tubi and Dayan, 2013). A strong Siberian High is also associated with a 

negative phase of the Arctic Oscillation, driven by reduced westerly zonal 

winds in the mid-latitudes and strong polar highs (Tubi and Dayan, 2013), 

while Northern Hemisphere Ice sheets are also implicated in Siberian High 

strengthening (Löfverström et al., 2014).  

 The strength of the Siberian High therefore has a significant control over the 

region’s climate. Recent anthropogenic warming has influenced the Siberian 

High, triggering changes in its strength (Jeong et al., 2011), and these current 

patterns suggest changes in Siberian High strength over the late Quaternary 

are possible, with some proxy records, including the K+ record from GISP2 

(Mayewski et al., 2004), suggesting changes in strength have occurred during 

this period. 
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Figure 1.5: Schematic of the Siberian High and surrounding atmospheric systems 
(Aleutian and Icelandic Low) during periods of (A) weak Siberian High and (B) 
strong Siberian High. Red arrow highlights southward movement. Black arrows 

highlight dominant wind directions. 

 

1.5.2 Modern Climate Alterations 

Studying the Siberian region is of paramount importance for future climate 

prediction due to the warming that is occurring in the region, which is most 

intense in Eastern Siberia (Fedotov et al., 2012), and during the wintertime 

when the warming seen is greater than that documented anywhere else in the 

world (Huhne and Slingo 2011).  Siberia is known to be particularly sensitive 

to climatic changes, and it’s continental position provides a rare opportunity to 
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study climatic changes (both modern and past) away from oceanic influences, 

which is important given that its remoteness from the oceans makes 

extrapolation from the Pacific or Atlantic unsuitable (Oberhansli and Mackay, 

2005) and that much of Northern Hemisphere climate dynamics are 

understood from marine sediments or terrestrial sites with close proximity to 

these regions (e.g. Northern Europe). However, the impacts of these climate 

changes in continental regions is critical for understanding feedback 

mechanisms, for example methane release (Bloom et al., 2010). 

The effects of global warming in the region are already being felt, with a 2°C 

warming being documented in the surface waters of Lake Baikal between 

1977-2003 (Izmest’eva et al., 2016), which is a significant increase, particularly 

in respect to the average summer water temperature being only 5°C. These 

alterations are accompanied by shifts in the lake ecological community 

structure and stratification, with Lake Baikal already documenting declining ice 

cover (Todd and Mackay, 2003) and a strengthening of the thermal gradient 

in the upper 50 meters of the water column, causing alterations in the spatial 

distribution of species, and thus altering the overlaps between grazers and 

phytoplankton, therefore, triggering changes in diet (Hampton et al., 2014). 

Warming is accompanied by changes in vegetation patterns, including 

redistribution of wetlands, tundra, steppe and boreal forests, (Gordov and 

Vaganov, 2010), which in turn affect catchment processes. Catchment 

process alterations have increased the dissolved organic carbon (DOC) and 

nutrient input to rivers and lakes in the northern boreal watersheds (Izmest’eva 

et al., 2016), affecting biological productivity and aquatic communities in these 

environments (Mackay et al., 2012).   

Changes in permafrost distribution have also been documented as a result of 

warming climates, with boundaries moving northward (Gordov and Vaganov, 

2010). As permafrost contains one of the largest organic carbon pools globally, 

warming has the potential to release significant amounts of carbon to the 

atmosphere this century, through microbial degradation (Schuur et al., 2008; 

Vonk et al., 2012). Permafrost is predicted by models to retreat north and 

eastward, causing changes to the regional hydrology and geomorphology 

(Tchebakova et al., 2009). This issue is particularly affecting regions of 
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sporadic isolated permafrost, where degradation is ongoing as a result of 

global warming, direct human influence and wildfires (Vonk et al., 2012). 

Alterations in wildfire frequency and season length have also been seen to 

increase as a result of atmospheric warming (Gordov and Vaganov, 2010; 

Soja et al., 2007), leading to significantly higher levels of wildfires in Siberia 

across the 2015 season (NASA Earth Observatory, 2015), resulting in several 

deaths and significant damage (Agence France-Presse, 2015). Increased 

ignition, season length and total burned area have significant affects, 

triggering vegetation shifts, particularly in montane regions, such as the 

Transbaikal region, while the size of Siberia means these wildfires and their 

effects have the potential to influence climate feedbacks, particularly through 

alterations with carbon storage in the productive steppe ecosystems, and 

alterations in albedo (Soja et al., 2007). 

Variation is also being documented in the Siberian High as a result of climatic 

changes, particularly linked to alterations in the intensity of atmospheric 

systems. Recent studies have demonstrated significant weakening of the 

Siberian High during the 1970-1980’s, reaching an unprecedented low during 

the 1990’s (Jeong et al., 2011), which has been attributed to global warming. 

However, despite this, the last two decades have seen a recovery in Siberian 

High strength. This is thought to result from alleviated surface warming and 

decreased atmospheric stability, linked to Eurasian snow cover triggering 

recovery (Jeong et al., 2011), although further work is required to understand 

the complexities of the Siberian High responses to global warming.  

Therefore, it is clear that the current situation in Siberia requires further work 

to understand the forcings that have triggered this region to warm faster than 

the remainder of the world (Tingley and Huybers, 2013), and palaeo-

reconstructions are required to understand the region’s past responses to 

abrupt climatic changes to provide valuable context for these alterations. 

1.5.3 Palaeoenvironmental and Palaeoclimatic Context for Studies of 

hominin distribution and faunal turnover 

Not only is understanding of Siberia essential in the context of future climate 

change, but palaeoenvironmental studies are also important in the 
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environmental and climatic context of the region for understanding human 

evolution, dispersal and occupation. Siberia holds several key sites for human 

evolution and dispersal, the most notable being Denisova cave, where a 

pharynx and teeth have been identified as Denisovans (Brown et al., 2016; 

Gibbons, 2015; Reich et al., 2011, 2010). These were found alongside Homo 

neanderthalensis teeth and Upper Palaeolithic technology including 

microblades and body ornaments, and additionally Middle Palaeolithic 

Levallois technology (Reich et al., 2010). Neanderthal fossils from this site are 

dated to 80-140 ka cal BP, while Denisovans are thought to be present from 

~110 ka cal BP, and potentially as far back as ~170 ka cal BP (Gibbons, 2015), 

while the youngest specimens are dated to between 52-76 ka cal BP (Douka 

et al., 2019).  Denisova cave has also provided genetic evidence of 

interbreeding between the two species, with the ‘Denisova 11’ specimen being 

the daughter of a Neanderthal mother and a Denisovan father (Slon et al., 

2018). The find of a first generation offspring has suggested that mixing 

between the Denisovans and Neanderthals was common when they co-

existed  (Slon et al., 2018). Additionally to Denisova Cave, other finds in the 

Altai Mountains have also documented the presence and eastward spread of 

Homo neanderthalensis, which are found alongside Mousterian lithics (Krause 

et al., 2007), although there is debate as to whether teeth found at sites in the 

Altai Mountains dating to 34,750±750 years BP are Neanderthals or whether 

they are from modern humans with Homo erectus traits (Krause et al., 2007).  

After the transition from the Middle to Upper Palaeolithic the region was 

occupied by anatomically modern humans, but there is variability in human 

occupation due to climate change. For example, during the Younger Dryas 

there is a general agreement that the modern human population persisted 

despite lowered numbers in southern Siberia (Buvit and Terry, 2011; Vasil’ev, 

2011), although there are issues with sparse evidence and chronological 

controls (Vasil’ev, 2011). It appears subsistence activities occurred through 

hunting practices being diversified, with sites including Elenev Cave 

demonstrating increased bird procurement, while groups around Lake Baikal 

significantly increased their use of fish and riverine resources (Buvit and Terry, 

2011; Vasil’ev, 2011). 
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Modern Humans have been present in Siberia throughout the Holocene, with 

presence in the Baikal region at Sagan-Zaba cave on Ol’khon Island 

documented at ~9 ka BP, while petroglyphs from the nearby white cliffs are 

known from 4 ka BP (Mackay et al., 2013). During the late Holocene 

pastoralists are also known to have occupied the region, although it appears 

their impact on the ecosystem is limited (Mackay et al., 2013), although 

climatic impacts on their occupation of the region are discussed above. 

Siberia is also a key region for understanding the existence and demise of 

several megafauna species, including giant deer and woolly mammoth. The 

demise of giant deer Megaloceros giganteus Blumenbach, is placed at 7.7 ka 

BP in western Siberia, a much later date than other sites (Stuart et al., 2004). 

M. giganteus is known to have covered a mid-latitude range from the east of 

Lake Baikal through to Ireland during the Late-Pleistocene (presence in 

Transbaikalia at ~42 14C yrs BP), although there is a lack of records from 20-

12.5 14C years BP (Stuart et al., 2004), and therefore understanding the 

region’s palaeoenvironments during this time provides essential context to 

improve understanding on the drivers of extinction, which are debated. Woolly 

mammoths Mammuthus primigenius Blumenbach, follow a similar story to 

giant deer, with a once widespread distribution across much of Europe and 

Asia during MIS3 and then a more restricted distribution during the LGM. M. 

primigenius reappearance is however, much more rapid than that of the giant 

deer, which highlights the individual species requirements (Lister and Stuart, 

2008). 

Siberia is, thus, a key region to improve scientific understanding of the 

complex histories of hominin and faunal species. High resolution 

understanding of the palaeoenvironmental and palaeoclimatic background to 

these processes are essential, providing vital context for these events. 

1.5.4 Previous Studies in Southern Siberia 

Despite Siberia being less well studied than other regions, particularly due to 

the logistical issues of working in this region (Biskaborn et al., 2012), 

palaeoenvironmental and palaeoclimatic studies are growing in number. 

Currently, southern Siberian studies are dominated by those from Lake Baikal, 
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although more records are appearing from other sites (e.g. Bezrukova 2012, 

Kostrova et al., 2013). Here key studies from sites in Siberia are discussed, 

the locations of, which are shown on figure 1.6. 

 

Figure 1.6: Simple Map of Siberia showing approximate locations of sites discussed 
in this section (1.4). 

1.5.4.1 Long Term Records 

Globally, the availability of terrestrial records of long term climatic changes are 

rare, with some of the major archives being discussed in section 1.3.6. The 

Siberian region however holds the key archives from Lake Baikal, the world’s 

oldest lake, which formed over 20 Ma ago as a result of tectonic activity 

(Murakami et al., 2012). The site has been analysed across the Quaternary 

period and beyond for palaeoenvironmental, palaeolimnological and 

palaeoclimatic studies. Due to the long continuous nature of Lake Baikal 

sediments, biogenic silica records have been able to provide a climatic record 



64 

back to the Pliocene (Williams et al., 1997). This long record highlights the 

clear cyclicity of Quaternary climatic changes with the periodicities of 19, 21, 

41 and 100 ka (Colman et al., 1995; Mackay, 2007; Williams et al., 1997), and 

has allowed the substage structure of interglacials to be considered 

(Prokopenko, 2001). These records have demonstrated rapid alterations 

between arid cold glacial and stadial periods and moist interglacials and 

interstadials (Murakami et al., 2012). Key features include shifts between 

steppe and forest-steppe during glacial periods, and coniferous taiga during 

the current and previous interglacial (BDP Members 2005). Lake Baikal 

records have, additionally, highlighted the almost continuous deposition of 

diatoms between MIS15a to MIS11 (580-380 ka BP; Prokopenko et al., 2002). 

This record highlights glacial clays with IRD at periods when glaciers have 

descended into the lake, although the period between MIS12-MIS14 does not 

contain these IRD layers, suggesting restricted glaciations during this period 

(Prokopenko et al., 2002). Work on MIS11 (427-362 ka BP) has demonstrated 

the importance of understanding the hydrology of the region when interpreting 

changes in the isotopic composition of lakewaters, with high isotopic values 

during MIS11.3 indicating a dominance of hydrological inputs from rivers 

flowing into the south and central basins of Lake Baikal, particularly the 

influence of the Selenga river (Mackay et al., 2008). Despite the dominant 

influence of river hydrology the records also document an abrupt cooling event 

at 390 ka BP that appears to be coincident with iceberg discharge in the North 

Atlantic, with declining diatom oxygen isotopes suggesting hydrological 

changes to increased northern river input, due to increased winter precipitation 

and snow melt (Mackay et al., 2008).   

1.5.4.2  The Last Interglacial (MIS5e) in Siberia (Kazantsevo 

Interglacial) 

Studies of the last interglacial from Lake Baikal have suggested strong 

teleconnections between central Asia and the North Atlantic region, potentially 

through the westerlies (Mackay et al. 2013). The interglacial record from Lake 

Baikal have also demonstrated millennial scale events found in European and 

marine sediments, including a mid-Eemian cooling which is seen in marine 

and terrestrial realms (Prokopenko et al., 2001) 
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1.5.4.3 Last Glacial Part 1 – MIS 5 & 4 (Ermakovo Glaciation) 

Records through MIS5 and MIS4 are sparse in Siberia, however evidence from 

Lake Baikal has demonstrated that the sub-stage of MIS5d produced an 

abrupt and intense regional glaciation as a result of extreme insolation minima 

(Prokopenko et al., 2001). This glaciation is shown in records of biogenic silica, 

ice rafted debris and clay mineral composition, and is thought to be similar to 

the glaciation of MIS7d (Prokopenko et al., 2001). Glacier development during 

MIS5d is thought to have occurred as a result of the strengthening of interior 

westerlies, bringing increased precipitation during the insolation minimum. It is 

thought that this has enhanced the transition from MIS5e to MIS5d, causing a 

wet and cold interior continent (Murakami et al., 2012).  

1.5.4.4 Last Glacial Part 2 – MIS 3 – (Karginsky Period) 

During the last glacial several further occurrences of climatic changes have 

been documented from Lake Baikal including Heinrich stadials 2-5 which are 

found during the Karginsky Interstadial, thought coincident with MIS3 (Mackay, 

2007). A high resolution record from core BDP-93-2 demonstrates these rapid 

events, with abrupt declines documented in fossil diatom assemblages, and 

layers enriched with terrestrial organic carbon, indicating episodes of cooling 

known as Kuzmin events. These have possible correlations to North Atlantic 

Heinrich events (Prokopenko, 2001), however in some cases it is thought that 

responses in Baikal are to longer term Bond cycles, rather than just the abrupt 

Heinrich stadials (Prokopenko, 2001). Abrupt events through MIS3 in Lake 

Baikal are considered to be complex due to location and proxy specific factors, 

which means some areas record responses to abrupt climatic changes, while 

changes are more muted in other areas. For example, C/N ratios from core 

CON01-603-5 across the periods associated with Heinrich events 5 and 4 do 

not show evidence of terrestrial soil input, which is often seen during Kuzmin 

events, and thought to be a response to Heinrich event driven precipitation 

changes (Swann et al., 2005). However, this absence may be linked to the site 

being situated away from significant riverine input, compared to sites in the 

Buguldeika saddle, which receive considerable input from the Selenga river 

(Swann et al., 2005), highlighting how site specific factors can complicate 
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understanding of ecological responses to abrupt climate changes. Evidence 

from Lake Kotokel, close to Lake Baikal, between 47-30 ka BP also records 

an unstable climate, with periods of warmer and wetter climates marked by 

increases in taiga, which are considered to be broadly synchronous with 

hemispheric temperature and precipitation changes in Greenland ice cores 

and Chinese stalagmites (Bezrukova et al., 2010). 

1.5.4.5 Last Glacial Part 3 – MIS 2 and the Last Glacial Maximum 

(Sartanian Glaciation) 

Studies covering the Sartanian Glaciation, which is considered equivalent to 

the last glacial maximum (LGM), in Lake Baikal have demonstrated an 

ecological collapse during this period with the lake being almost uninhabited, 

without accumulation of planktonic and benthic diatoms, sponge spicules and 

chrysophyte cysts in lake sediments (Karabanov et al., 2004). This is 

considered to result from decreased nutrient loading from the watershed, low 

water and ice transparency, particularly due to inputs of fine dense clays from 

glacial outwash, and lowered surface water temperature inducing ecosystem 

stress (Karabanov et al., 2004). This is however an oversimplification, as other 

studies have highlighted that the lack of diatoms in Lake Baikal’s sediments 

may be due to the influence of dissolution, rather than an ecosystem collapse 

(Mackay, 2007). Despite this, other studies have shown that pollen 

accumulation during this period is low, having declined from a landscape 

dominated by Artemisia and Asteraceae just prior to the LGM, with only a 

sparse herbaceous vegetation recorded during the LGM (Shichi et al., 2013), 

suggesting the region had limited productivity at the height of the glacial 

maximum. Throughout MIS2 precipitation to the region and soil moisture was 

very low, as North Atlantic moisture is blocked by orographic blocking trade 

winds, associated with the growth of the Fennoscandian ice sheet (Murakami 

et al., 2012), and these conditions are also documented by Lake Kotokel, 

where the driest and coolest conditions, with a steppe dominated landscape 

are recorded between 30-24 ka BP (Bezrukova et al., 2010). During this period 

Lake Kotokel is significantly reduced in size and diatoms are absence from the 

sediments (Bezrukova, 2012), which has also been considered to represent 

an ecological collapse in this smaller lake, although as discussed above for 
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Baikal, other issues, including dissolution could be affecting the record. In 

Kotokel this period is followed by warming between 24-22 ka BP and then a 

shorter period of colder conditions until 17 ka BP, where there is a marked 

increase in tree and shrub pollen and a reappearance of diatoms in the lake 

sediments (Bezrukova, 2012). A warming close to the end of the LGM is also 

highlighted in Lake Baikal through successional vegetation shifts (Demske et 

al., 2005). 

1.5.4.6 Last Glacial Part 4 – The Last-Glacial-to-Interglacial-Transition 

(LGIT) 

Cores from Lake Baikal have been extensively studied during the LGIT, with 

several cores recording a Bølling-Allerød period, with initial warming 

documented between 14.8-14.3 ka BP, while a brief cooling thought coincident 

with the Younger Dryas in Europe is also seen in many proxies (Demske et 

al., 2005; Mackay et al., 2011). Diatom abundances during the LGIT are 

thought to lag behind the GISP2 delta ẟ18O temperature record by ~1ka, 

however, this is not thought to be the case during the more pronounced 

Younger Dryas record that is found in some Baikal cores (Prokopenko et al., 

1999). The Younger Dryas signal in Baikal has been considered to be linked 

to a watershed influence where fine grained material is in-washed, reducing 

light transmission and thus reducing the photic zone, limiting diatom 

production (Prokopenko et al., 2001). Pollen records from Lake Baikal indicate 

an expanding riparian area during the Bølling interstadial, with elevated soil 

moisture, while Alnus shrubs become dominant during the Allerød, suggesting 

cooler but more humid conditions (Shichi et al., 2013). The nature of the 

Younger Dryas in Lake Baikal is more complex, as despite being widely 

recorded in some records, in others, such as those from Academician ridge 

and in north-eastern coastal mire sediments, it is not seen in the pollen record 

(Shichi et al., 2013), indicating a regional variation in response to this event, 

and highlighting different proxies responses. Evidence suggests that the 

strong Younger Dryas signal is found in areas influenced by the Selenga River, 

which is due to the dryness on the upper Selenga basin (Shichi et al., 2013), 

while regions of Lake Baikal that are not influenced by the Selenga are not as 

impacted by this event, thus creating regional discrepancies. 
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Studies from Lake Kotokel have indicated that the period from 14.7 ka BP are 

warmest and wettest with increased forest cover between 14.5-14.0 ka BP, 

which is considered to correspond to the Allerød interstadial. The palynological 

evidence at Kotokel also shows unambiguous evidence of a cooling between 

12.7-11.6 ka BP, which shows close synchronicity to GS-1 in NGRIP 

(Bezrukova, 2012). Vegetation records around Baikal and Kotokel are thought 

to have changed drastically and simultaneously throughout this period, 

although across the Baikal region the composition of taxa is considered to vary 

considerably between north-eastern and south-western regions, due to the 

large region covered by Lake Baikal (Shichi et al., 2013). 

The lateglacial oscillations are seen in several other sites, including from 

shallow lakes at the western side of the Lower Lena river where enhanced 

minerogenic pyrite suggests a cold episode between ~12.7-11.6 ka BP 

(Biskaborn et al., 2012), and at Lake Grusha, where warming at 14.3 ka BP is 

followed by cooling between 13.3-11.9 ka BP, as demonstrated by reduced 

organic matter (Westover et al., 2006). This has been considered to be a 

Younger Dryas event, although there are large age uncertainties within the 

record. Sysy-Kyuele demonstrates a muted transition from the Younger Dryas 

(~12.7-11.6 ka BP) to the Holocene with only a slightly warmer temperature 

indicated by diatom productivity changes, potentially suggesting a more 

localised response to larger scale drivers (Biskaborn et al., 2012). 

Despite clear evidence for a period of warming following the LGM followed by 

a cold episode,  potentially synchronous with GS1, there are clearly several 

differences between records, potentially as a result of individual site sensitivity, 

and variations in the particular proxy, for example, where an event is shown in 

oxygen isotopes on diatoms but not in pollen, as is the case in some Lake 

Baikal records (Shichi et al., 2013). Additionally, although in several cases 

these changes are thought to be synchronous with events seen in Greenland 

ice cores, there are apparent chronological issues, particularly due to large 

dating uncertainties that limit the ability to demonstrate synchrony in every 

case. 
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1.5.4.7 The Holocene 

Palaeoclimatic studies in Siberia generally agree on the occurrence of warmer 

and wetter conditions during the early Holocene (Bezrukova, 2012; Westover 

et al., 2006). At Lake Kotokel these are thought to persist until ~7ka BP 

(Bezrukova et al., 2010), while lakes around the Lower Lena River, and others 

including Lake Grusha, Lake Lama and Horton Nur show discrepancies with 

when they document a shift warmer climates at the start of the Holocene. At 

Lake Grusha warming occurs at 10.4 ka BP, accompanied by increased 

humidity and forest development (Westover et al., 2006), while shallow lakes 

in the Lower reaches of the Lena river indicate warmer climates from 9.1-5.7 

ka BP (Biskaborn et al., 2012). Horton-Nur’s pollen and diatom records 

document alterations from a lake dominated by low concentrations of 

planktonic Cyclotella species before 11.5 ka BP, to a more productive lake 

system after 10.7 ka BP with more diverse and abundant taxa (Rudaya et al., 

2009). These discrepancies, suggest localised environmental factors affect 

the speed of response,  although chronological uncertainties make 

understanding if this warming was regionally synchronous or time-

transgressive difficult to determine (Colman et al., 1996; Lowe and Walker, 

2000). 

Despite slight discrepancies in the start of warming across the region, most 

records indicate a Holocene Climatic Optimum warmth between 9-6.5 ka BP 

(Bezrukova et al., 2011). Sites in the North Pre-Baikal region, where Atlantic 

and Arctic air masses meet place this climatic optimum between 9.0-6.8 ka 

BP, while at Lake Lama the thermal maximum sits between 8-6.5 ka BP 

(Kumke et al., 2004), close to the timing of 8.2-6.5 ka BP seen at Lake Grusha 

(Westover et al., 2006).  

One key period of climatic change during the Holocene is seen to be the 8.2ka 

BP event, the expression of which is debated in Siberia. Morley et al., (2005) 

have considered the propagation of North Atlantic driven changes in Baikal, 

however there is uncertainty whether there is a clear signal relating to the 8.2 

ka BP event due to dating precision, although other early Holocene alterations 

such as the Pre-Boreal oscillation have been identified, while others including 
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the 9.2 ka BP event are not shown clearly in Lake Baikal records (Mackay et 

al., 2011). This issue also occurs from the Okunaika cores from the North Pre-

Baikal region (see figure 1.6), where there is no clear response to the 8.2 ka 

BP event, although a decline in arboreal pollen between 7-8 ka BP, with 

dominance of Betula nana and mesophytic herbs, which could be considered 

to reflect this event. This change is difficult to confidently tie to the 8.2 ka BP 

event, as this change occurs across a large time period, while the 8.2 ka BP 

event is rapid, and this shift could be a response to longer term trends.  

After the insolation maximum, steady deterioration of climate is documented 

at several sites, including Lake Baikal (Mackay et al., 2011), Lake Grusha 

(Westover et al., 2006) and Lake Lama, where significant alterations in the 

diatom composition are seen. Lake Lama, however, also records a warmer 

period between 4-2.8 ka BP (Kumke et al., 2004). This warmer period is also 

seen at Lake Sysy-Kyuele between ~5.7-2.8 ka BP (Biskaborn et al., 2012), 

suggesting regional discrepancies in responses to the same driver. The period 

between 5.8-1.7 ka BP at Lake Kotokel includes several abrupt attenuations 

between warm and cold conditions, with an optimal warm and wet period 

around ~4 ka BP, which are also seen in Lake Baikal and Lake Hovsogul 

(Fedotov et al., 2012). 

Abrupt Late Holocene environmental changes are also seen at Lake Beloye, 

where the lake’s conditions alter from eutrophic to oligotrophic at ~3.4 ka BP. 

This is potentially due to climatic shifts from a warmer and wetter regime, pre 

3.4 ka BP, to cooler conditions, which cause basal freezing of the shallow lake 

and thus trigger deposition of carbonates, adjusting the environmental 

parameters of the lake (Krivonogov et al., 2012). There is, however, debate 

concerning whether these alterations are due to regional climatic factors or 

localised hydro-geochemical and geological changes. Records from Lake 

Shira between the Rivers Ob and Yenisei have demonstrated changes over 

the past 2.5 ka years are due to large scale atmospheric circulation processes 

affecting the regional water balance. These are shown through changes in the 

Artemisia/Chenopodiaceae ratio, which indicate decadal alterations in 

vegetation cover (Hildebrandt et al., 2015). These are thought to relate to 

strengthening and attenuation of the Indian Summer Monsoon and 
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temperature variability in the North Atlantic, documented by changes in the 

IRD record, whereby a warmer North Atlantic has higher evaporation, allowing 

moisture to be bought further into continents (Hildebrandt et al., 2015). High 

turnover rates are also seen at Lake Khall, Ol’khon Island between 2.75-2.48 

ka BP, where alterations to a drier more continental climate are observed, 

coincident with IRD in the North Atlantic and an attenuated East Asian summer 

monsoon (Mackay et al., 2013). The last 1.5 ka BP at Lake Kotokel show a 

slight cooling in chironomid and diatom records between 1.5-1 ka BP, however 

this event is not detected in the palynological record (Fedotov et al., 2012), 

while Lake Khall demonstrates warming between 1.9-0.7 ka BP (Mackay et 

al., 2013), demonstrating regional discrepancies between the east and west 

of Lake Baikal.  

The Little Ice Age and Medieval Warm Period are some of the most well 

documented late Holocene palaeoclimate changes. Despite the debate over 

the specific causes (see section 1.3.6), these events are recorded at sites in 

Siberia. LIA aged moraines are found in the Sayan Mountains (Mackay et al., 

2012), and response to both the LIA and the Medieval Warm Period (MWP) 

are documented in changing diatom assemblages in Lake Baikal sediments, 

which are triggered by alterations in the Siberian High (Mackay et al., 2005). 

Other sites in the Siberian region, however, do not show evidence of these 

events (Bezrukova et al., 2010), which could be due to chronological controls, 

sampling resolution or due to a limited effect of these events in this region, and 

further research is required to resolve this. 

Studies in Siberia are now focusing on human effects on the environment, with 

increases in pastoral farming being highlighted by nutrient enrichment at sites 

including Lake Khall (Ol’khon region) since AD1845 (Mackay et al., 2013), 

while other sites including Lake Shira only document changes from humans 

over the recent past, from 1955, despite the long history of mobile pastoralists 

in the region (Hildebrandt et al., 2015).  

1.5.5 Additional Factors 

These studies demonstrate there is significant complexity in the region’s 

responses to climatic changes. Issues with dating control may explain some 
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of the differences between records (Colman et al., 1996; Lowe and Walker, 

2000), however, it is also possible that low resolution studies are preventing 

understanding of multiple abrupt events during this period, and therefore it is 

possible these signals are being merged in some lower resolution sites. 

Therefore, understanding of the Holocene will require further higher resolution 

studies to resolve these issues.  

Alongside the need for higher resolution, well dated sites, 

palaeoenvironmental research requires a multiproxy approach, as this can 

ensure different elements of the ecosystems can be considered. For example, 

using C/N ratios can inform about the source of organic matter (Meyers, 1994; 

Meyers and Lallier-Vergès, 1999), and using this alongside a diatom 

assemblage record can allow consideration of how changes in the catchment 

may be influencing processes within a lake. Multi-proxy studies therefore have 

the potential to provide a much more detailed and integrated reconstruction of 

past conditions, encompassing both lake and catchment environments. 

1.5.6 Summary of Siberian Literature 

Despite a growing number of studies (Tarasov et al., 2009) there are still 

significant discrepancies between sites. These may result from real variations 

in responses across Siberia, as suggested by the influence of the Selenga on 

whether the Younger Dryas is recorded in Lake Baikal (Shichi et al., 2013) or 

problems with proxies, such as lag time responses and preservation issues 

(Kostrova et al., 2013b). Additionally, issues with resolution of sites may 

prevent detection of some of the abrupt events. Chronological problems, such 

as radiocarbon reservoir offsets, hard-water error and large measurement 

uncertainties, limit the potential to test synchronicity of responses between 

sites and detection of real regional time discrepancies (Colman et al., 1996; 

Lowe and Walker, 2000). 

There is also still a heavy bias to studies based on Lake Baikal, and it is now 

apparent that work on smaller sites with high deposition rates, will allow a 

wider understanding of the regional responses to palaeoclimatic changes in 

Siberia. Additionally, these smaller sites may be more sensitive to some of 

these changes, due to smaller catchments, which will prevent the responses 
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being buffered, as has been suggested for Lake Baikal due to its large 

catchment (e.g. Kostrova et al., 2013b). 

In summary, there is a clear need for palaeoenvironmental and palaeoclimatic 

reconstructions in the Siberian region, to provide essential context for current 

global warming, which has implications for the global carbon cycle and the 

region’s hydrology, and hominin and faunal dispersal, evolution and 

occupation histories. Despite the importance of the region, several knowledge 

gaps exist in the potential contribution of palaeoclimate studies to these areas. 

Further work is needed to understand how interactions between the North 

Atlantic, westerlies and monsoons affect Siberian ecosystems (Oberhansli 

and Mackay, 2005), and additionally understanding of the regional variations 

in responses to these changes is needed. Understanding of localised 

ecological responses is required to allow better preparation for future 

variability, while exploring the pressures that have affected past communities 

within this region are also important for considering future challenges. Further, 

and perhaps most importantly, establishing a robust data set of past 

palaeoenvironmental records for the region is also required to aid the 

construction and testing of climate models. For example, palaeoecological 

studies can provide essential data for reverse modelling exercises, where 

models are tested in their ability to retrodict periods of abrupt change in the 

palaeo-archive. 

1.6 Aims and Objectives 

Research in southern Siberia is clearly of paramount importance. Therefore, 

this project aims to reconstruct the lacustrine ecological history of Lake Baunt 

over past ~30 ka BP, in order to consider responses to climatic change and 

add to the understanding of how these changes are reflected in wider southern 

Siberia. 

To achieve this aim, several objectives will be addressed. 

• Evaluate the lacustrine ecological and isotopic records in Lake 

Baunt back to ~30 ka BP. 

• Integrate and analyse the multiple proxies generated with ecological, 

stratigraphic and palaeoclimatic data provided by colleagues. 
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• Compare with data from the surrounding region, to assess 

expression of palaeoenvironmental change recorded in each site. 

• Compare the regional data with key global archives to understand the 

pattern of abrupt changes in the context of global climate forcing 

mechanisms. 

• Examine this in the context of ad-hoc and computer model 

simulations to test hypothesis of key climate and environmental 

forcing factors. 
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2 Site Description and Context, Core collection and Stratigraphy  

2.1 Lake Baunt Site Description and Context 

Lake Baunt is situated in central Asia, southern Siberia (55°11’15”N, 

113°01’45”E) (figure 2.1). The lake is located in the Transbaikal mountains, in 

the administrative district of the Republic of Buryatia. It was formed due to 

tectonic activity, making up one of the Baikal Rift Zone (BRZ) hollows 

(Bezrukova et al., 2017), although glacial thawing action has also been 

implicated in its formation (Yakhnenko et al., 2008). Lake Baunt makes up the 

largest of several lakes in the Tsipikan-Baunt limnic morphosystem 

(Shchetnikov, 2007; Yakhnenko et al., 2008) and is located at ~1050m a.s.l. 

and measures approximately 111km2 (19km length on a SW-NE elongation 

and 9km width), with an average depth of 17 meters and a maximum depth of 

33 meters (Krainov et al., 2017). The lake’s catchment predominantly lies to 

the south, east and west (Krainov et al., 2017), and the region is bounded by 

the Ikat and Tsipikan highlands (Solotchin et al., 2015) (Figure 2.1B). Lake 

Baunt receives inputs from the Verkhnyaya Tsipa and Tsipikan Rivers (Krainov 

et al., 2017) and, unusually for the lakes in this area, Baunt is an open lake, 

discharging into the Nizhnyaya Tsipa (Lower Tsipa) River, which is a result of 

the lake lying above the local trough (Ufimtsev et al., 2009) (see figure 2.1.C). 

At the current time, Lake Baunt is an oligotrophic lake, meaning that the lake 

has limited productivity, with well-oxygenated bottom waters (Horne and 

Goldman, 1994).  The surface water has a neutral pH value between 7 – 7.2, 

which is temperature dependant, with cooler temperatures of 4°C allowing a 

pH of 7, while warmer temperatures of 19°C raise the pH to 7.2 (Kozhov, 

1950). Baunt undergoes thermal stratification during the summer months, 

while during the wintertime (October-May) the lake surface is frozen (average 

March ice thickness ~1.8 meters).  

The lake basin’s morphology, shown in figure 2.2 (and corresponds to the A-

B transect on figure 2.1C), follows the general slope seen on the coastline, 

with steepest sides on the northern side of the lake (nearest point ‘A’ – see 

figure 2.1C). The maximum depth of the lake is not found centrally, but is offset 

to the south-east of the centre (Krainov et al., 2017). Normally basins in the 
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Baikal Rift Zone are asymmetrical, with the deepest areas corresponding to 

the fault zone where the maximum rate of tectonic settling was observed, 

however Baunt’s morphology does not conform to this general pattern (Krainov 

et al., 2017).  Baunt instead is pushed into the fault zone slope, which results 

in the lake lying above the local trough, allowing discharge to run into the 

Lower Tsipa river (Ufimtsev et al., 2009). The eastern side of the lake is 

bordered by accumulative plains (figure 2.3A), suggesting previous periods of 

lake aggradation, with 12 ancient beach ridges being identified (Krainov et al., 

2017), while the western side  has  many small lakes present (see figure 2.4). 
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Figure 2.1: (A) Schematic Map of Asia highlighting the position of Lakes Baunt (red star) and Baikal. Lake Baikal’s catchment area is shown. (B) Closer image of the Lake Baikal region, showing Lake Baunt and 
Uakit (weather station location). Major rivers in the region are shown alongside volcanic centres. (C) Close image of Lake Baunt highlighting basin topography and the regional topography. Drill location of the BNT14 

core is shown. River inflows and outflow are shown with directional arrows. A-B Blue dashed line highlights where figure 3.2 basin morphology corresponds to.  
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Figure 2.2: Basin Morphology of Lake Baunt from Krainov et al., 2017 (page 1403). The A-B transect is marked on figure 3.1.C (blue line).
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Figure 2.3: Photographs of Lake Baunt sourced from: 
  (A & B): Vasiliy Tatarinov through Wikipedia.ru (Russian Wikipedia)   

Showing the regions surrounding Lake Baunt, including accumulative plains (A) and 
highlands (B). 
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Figure 2.4: Photograph of Lake Baunt sourced from: 
https://maps.google.com/maps/contrib/107272866542069064224/photos 

showing rocky mountainous outcrops and the high quantities of small lakes in the surrounding region.

https://maps.google.com/maps/contrib/107272866542069064224/photos
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2.1.1 Regional Climate Controls 

Lake Baunt is situated in one of the most continental regions on the planet, 

dominated by the influence of the wintertime Siberian High. The pressure 

differences caused by the Siberian High induce significant seasonality in 

temperature and precipitation within the region. When the Siberian High 

dominates during the winter months, pressures reach high levels of over 

~1030mb (Tubi and Dayan, 2013), while during the summer months, when the 

anticyclone is not active, pressures drop to ~1005mb. As a result, the highest 

levels of precipitation are observed during the summer months (see figure 

2.3.B) (Huhne and Slingo, 2011), although a small amount reaches the region 

as snowfall over the winter months (Huhne and Slingo, 2011). Despite this 

level of seasonality, the total precipitation reaching the region is limited to 

~300mm a year, although there is year to year variability.  Temperatures show 

strong seasonality, reaching highs of ~20°C during July, while cooling occurs 

during the winter months, reaching lows of –30°C (see figure 3.3.A), allowing 

lake surface freezing.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: Climate Data summaries for Uakit (nearest weather station to Lake 
Baunt) (A) Annual Average Temperature (°C) (B) Annual Average precipitation 

(mm/day) obtained via the KNMI Climate Explorer (http://climexp.knmi.nl/)(Trouet 
and Van Oldenborgh, 2013). 
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2.1.2 Regional Geology 

The region’s geology is predominantly the Barguzin and Vitimkan igneous 

granitic complexes, which are part of the Angara-Vitim batholith (see figure 

2.4), which makes up the largest batholith in the western Transbaikal region, 

incorporating 130,000km2 of granitoids (Nenakhov and Nikitin, 2007; Rytsk et 

al., 2007; Tsygankov et al., 2007). Within the lake basin itself, Neogene-

Quaternary sediments including sands, clays and gravels dominate 

(Bezrukova et al., 2017; Krainov et al., 2017; Shchetnikov, 2007), while 

Holocene sediments are documented as lacustrine, fluvial and peat deposits 

(Bezrukova et al., 2017). There are no carbonate rocks found within the Lake 

Baunt catchment. Baunt is located in a region with geothermal activity, notably 

hot springs, found as part of the Mogoi (Tsipin) springs (Solotchin et al., 2015). 

These mineral springs are controlled by deep faults, with those in the Baunt 

region being related to the southeastern hydrothermal line of the Baunt basin 

(Solotchin et al., 2015). 

This climatic regime means continuous permafrost is a key feature of the 

region (Bezrukova et al., 2017), although Baunt is close to the boundary with 

discontinuous permafrost. Permafrost in this region has a lower boundary 

between 100-250m, with an average active layer thickness of 2m (Solotchin 

et al., 2015). This means that there is a high risk of it being affected by modern 

day climate changes, and additionally, means the site is influenced by 

landscape processes including weathering, erosion and solifluction 

(Bezrukova et al., 2017). These processes will therefore have important 

influences on the lake, affecting the materials being in-washed into the lake, 

the sediments that are preserved within it and additionally they will affect 

processes including carbon and silicon cycling within the catchment. 
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Figure 2.4: Geological Map of the Baikal region adapted from Shatsillo et al., (2014) 
(p866). Lake Baunt’s approximate location is shown with the green star. Fields in 

the legend are as follows: 1, Cambrian-Silurian and superposed Jurassic basins; 2, 
Late Precambrian; 3, Early Precambrian basement outcrops; 5, Mesozoic 

complexes 6, Caledonides from the Caledonian orogeny; 7, Baikalides of the 
Baikal–Muya belt, Central Asian Orogenic belt; 8, Late Paleozoic granitoids; 9, 

Middle Paleozoic granitoids. 

 

2.1.3 Regional Vegetation and Soils 

The Transbaikal region to the east of Lake Baikal incorporates forest and 

steppe ecotones, with forest mosaics being dominated by Birch stands, 

although some areas are dominated by pine and larch species. Generally the 

region has forested areas on northern slopes up to 1200 meters, while 

southern slopes are often covered by grass communities (Kharuk et al., 2013). 
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The regions vegetation is currently being heavily influenced by increased 

frequency of wildfires in some locations and also due to drought conditions 

between 2000-2010 when summer precipitation decreased by ~25%, which 

reduced birch stand areas by ~5% (Kharuk et al., 2013). 

Lake Baunt sits within the western area of the Transbaikal Mountains, which 

consists of boreal forests and taiga. The region is generally forested below 

1400 meters, with the dominant trees in the Lake Baunt area including Pinus 

sylvestris (Scots Pine) and Larix sibirica (Siberian Larch). Mountain slopes in 

this region are often dominated by Pinus sibirica (Siberian Pine) alongside 

Abies sibirica (Siberian fir) and Picea ovobata (Siberian spruce) (Müller et al., 

2014).  

Soil cover in the western Transbaikal region and taiga zones are poorly 

understood (Tsybzhitov et al., 2006), although soils in the Transbaikal region 

are generally rocky podzols with low water content. In regions with permafrost, 

including Lake Baunt, soil moisture is generally higher, due to periods of 

permafrost thaw (Kharuk et al., 2013). Soil cover in this region is influenced by 

the local topography, slope steepness and aspect alongside the height of the 

territory, groundwater depth and water permeability alongside the 

homogeneity of the soil forming rocks (Tsybzhitov et al., 2006).  

2.1.4 Justification for the site study 

The Transbaikal region is an essential area for palaeoenvironmental studies, 

being positioned on the boundary between the sensitive taiga and steppe-

tundra biomes, and at the southern permafrost margins. Yet, the Transbaikal 

Mountains have very limited palaeoenvironmental data (Biskaborn et al., 

2012), with most regional studies being based on Lake Baikal or smaller lakes 

to the south and central regions of Transbaikalia (Krainov et al., 2017). While 

these studies have been central in allowing improvements in the 

understanding of the region’s palaeoenvironmental and palaeoclimatic 

responses, additional studies are required from smaller lakes to provide more 

detailed evidence for localised responses. Lake Baunt is a useful addition to 

this increasing network of sites, allowing study of a site which is over 285 times 

smaller than Lake Baikal and, the much smaller catchment of Lake Baunt 
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means that there is the potential for a clearer atmospheric signal in certain 

proxies (e.g. isotopes), as opposed to one influenced by fluvial input.  Baunt’s 

specific position at the edge of continuous permafrost make it highly 

susceptible to influences of climate change, and also make it highly 

susceptible to degradation as a result of permafrost thaw (Gordov and 

Vaganov, 2010). Low precipitation levels within the region means glaciation 

was restricted to the high mountains during the LGM, allowing accumulation 

of long archives for palaeoenvironmental reconstruction (Biskaborn et al., 

2012). Moreover, by studying a network of lakes with long sedimentary 

records, Lake Baunt provides a valuable addition by allowing the testing of 

whether abrupt changes seen in Lake Baikal, for example, are localised to the 

lake, or are part of a wider response to extrinsic forcing in the region (Williams 

et al., 2011). 

2.2 Sample Collection 

Exploratory work at Lake Baunt began in November 2013, when a short core 

was collected from the site and bathymetric surveys were carried out using a 

Hummingbird Matrix 748 x 3D 6-beam echo sounder (Krainov et al., 2017), by 

a team from the Russian Academy of Sciences in Irkutsk. This initial work led 

to a further expedition to Lake Baunt in March 2014 when a long core (BNT14) 

of 13.66 m was extracted from the site. 

BNT14 was collected using a UWITEC gravity corer while the lake was frozen 

(ice thickness maximal – up to ~2 meters with limited movements) (see figure 

2.5) (Krainov et al., 2017). The UWITEC system used hammer action with 

inner 63mm 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 core location (55°11’15”N, 

113°01’45”E) was chosen following the bathymetric surveys, which highlighted 

this as the region with most regular sedimentation rates, due to it being 

situated over 1km from the steep sides of the basin (see figure 2.1.C). This 

reduced the risk of the core being influenced by slumping and turbidites, 

although the potential influence of these must be considered when studying 

this core, due to the steep sided nature of the basin (see figure 3.2), and due 

to the risk of tectonic movements triggering faulting within the lake sediments.  
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The water depth at the drilling location is 33 meters deep, which is the deepest 

area of the lake (Krainov et al., 2017). This core was taken to the Institute of 

Geochemistry, Russian Academy of Sciences in Irkutsk where it was split and 

described. Loss-on-ignition (LOI), total organic carbon (TOC) and biogenic 

silica (BSi) analyses were undertaken, to provide downcore information on the 

varying material contents of the core and will be discussed further in section 

2.3 and 2.4. For this project, research samples were subsampled from the 

BNT14 core in April 2015 at a 5cm resolution, with additional samples being 

collected in April 2016 to allow increased resolution of some sections of the 

core (to every 2.5cm), and for additional dating to be carried out.  

Figure 2.5: UWITEC coring system set up on Lake Baunt. Photo taken by A. 
Shchetnikov (25/03/2016). 
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2.2.1 Lake Baunt Stratigraphy 

2.2.1.1 Lithostratigraphic Description 

Understanding a core’s lithostratigraphy is essential to provide context for 

proxies from within the archive to be studied. This is because they provide 

valuable information about changes to sediment delivery to the lake system 

and can highlight periods of increased in-washing or reworking within a core 

(Klaar et al., 2015; Marston, 2010). Figure 2.6 highlights the litho-stratigraphic 

results from the BNT14 core from Lake Baunt.  

The base of BNT14 consists of silty clay with frequently occurring hydrotroilite 

(FeSֹnH2O), a hydrous sulphide of ferrous iron (Ferronsky et al., 2014) and 

sand enriched areas from 1366-1170cm (Krainov et al., 2017) (Fig 3.5). 

Diatoms are observed in low concentrations through this section (see chapter 

4), after which there is a gradual change into silty clay with abundant diatoms, 

which persists until ~620cm, with periods of increased clay and silt enrichment. 

Within this section of the core, two faults are noted, at c.990cm and 660cm 

(Krainov et al., 2017). These were taken into account during data analyses 

and interpretation, as they could indicate areas where the sediments may have 

been shifted by tectonic activity, and, thus, the sediments may be 

stratigraphically deformed.  Hydrotroilite (FeSֹnH2O) is also observed at 

intervals across this section (Krainov et al., 2017) (Fig 2.6). Sedimentological 

changes are observed during a short ~40cm section made up of diatomaceous 

ooze between ~620-580cm, with the unit at ~600cm also containing charred 

wood fragments (Krainov et al., 2017). After this, the sediments return to silty 

clay with diatoms until ~540cm, although this is interrupted by interbedded 

clayey silt throughout the section (Krainov et al., 2017). From ~540cm there is 

a return to diatomaceous ooze, which continues to the core top but is 

sporadically interrupted with charred wood fragments between ~480-380cm 

(Krainov et al., 2017) (Fig 3.5). It is also known that charcoal occurs in high 

abundances through the BNT14 core, with particularly charcoal rich areas 

documented between 0-180cm, 820-920cm and 1200-1300cm (Bezrukova, 

pers. com.).  
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Figure 2.6: Detailed lithostratigraphy of the BNT14 core (see Krainov et al., 2017 
for published stratigraphy). 
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2.2.2 Additional Stratigraphic Methods 

2.2.2.1 Loss-On-Ignition (LOI) and Total Organic Carbon (TOC) 

Alongside the lithostratigraphy, a loss-on-ignition (LOI) curve has been 

produced, allowing consideration of the organic content of the sediments. LOI 

provides a rapid, inexpensive technique (Dean 1974; Konen et al., 2002; De 

Vos et al., 2005), and is widely used to estimate the organic content of samples 

by oxidising organic matter to CO2 and ash (Heiri et al., 2001). 

The LOI (%) record was produced by collaborators at the Russian Academy 

of Sciences, Irkutsk. Samples were studied at a 3cm resolution, with analyses 

following Heiri et al., 2001:  samples were weighed, dried at 105°C in an air 

circulation oven for 12 hours, and then reweighed to determine dry weight 

(formula 2.1). Samples were placed in weighed crucibles before undergoing 

ashing at 550°C for 2 hours, which combusts organic carbon (Heiri et al., 

2001). Samples were cooled to room temperature and placed in a desiccator, 

before being re-weighed to allow the LOI to be established as outlined in 

equation 2.2. Estimates of the carbonate content, made by heating to 950°C 

(Heiri et al., 2001) were not carried out on the BNT14 core as initial testing 

with 50% hydrochloric acid demonstrated that there were few, if any, 

sedimentary carbonates present.  

Equation 2.1: 

  Dry weight (g) = Wet sediment weight – Dried sediment weight 

Equation 2.2: 

 Loss-on-Ignition = (Dried weight (g) – Ashed weight at 550°C (g) 

      Dried weight (g) 

 

2.2.2.2 Total Organic Carbon 

Alongside the LOI, the Total Organic Carbon (TOC) content of the samples 

every ~6cm was established by Russian collaborators. This was measured at 

the Russian Academy of Sciences, Novosibirsk, using a NC1500 elemental 

analyser (Prokopenko et al., 1999; Prokopenko and Williams, 2004).  

X 100 
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2.2.2.3 Biogenic Silica 

The biogenic silica (BSi) concentrations in the BNT14 sediments were 

measured by the Institute of Geochemistry, Russian Academy of Sciences 

(RAS), Irkutsk Branch, following the alkaline digestion method outlined by 

Mortlock and Froelich (1989). Samples were studied at 5cm intervals, following 

the standard technique, which involves dissolving the sediment using an 

alkaline reaction. Briefly, freeze-dried samples were lightly crushed (but not 

powdered), and then returned to room temperature for 24 hours. Aliquots 

ranging between 25 to 200mg were weighed into 50ml polypropylene 

centrifuge tubes, and samples masses are adjusted so no sample can 

contribute more than 25mg of pure biogenic silica (Mortlock and Froelich, 

1989). 5ml of 10% H2O2 was added for 30 minutes, followed by 5ml of ~1 M 

HCl solution. The samples were sonified and left for 30 minutes, before 20ml 

of deionised water was added and samples were centrifuged for 5 minutes at 

4300rpm. Supernatants were decanted and the remaining residue in the 

centrifuge tubes were dried at 60°C overnight (Mortlock and Froelich, 1989). 

Following this, 40ml of 2M Na2CO3 solution (Baker reagent grade) was added 

and the centrifuge tubes were capped, mixed and sonified before being placed 

into a constant temperature water bath at 85°C. Every 2 hours samples were 

mixed, and after 5 hours they were removed, centrifuged at 4200 rpm for 5 

minutes, and the 20ml of the clear supernatant was transferred to a 

polyethylene scintillation vial (Mortlock and Froelich, 1989). The alkaline 

reaction was followed by spectrophotometry analysis of the suspension, using 

a UNICO 1200/1201 (Krainov et al., 2017) with ammonium molybdate colour 

reaction, which allows determination of the dissolved silica (Mortlock and 

Froelich, 1989). This wet chemical digestion using a hot alkali is one of the 

most common techniques for measuring BSi, making it highly comparable 

between sites and is also seen as a straightforward and reproducible 

technique (Street-Perrott and Barker, 2008). 

2.3 Stratigraphy Results 

The loss-on-ignition (LOI), total organic carbon (TOC) and biogenic silica (BSi) 

results are shown against the site lithostratigraphy in figure 2.7, while figure 

2.8 documents the same datasets shown as deviations from the mean, 
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Figure 2.7: (A) Simplified lithostratigraphy of BNT14 core (B) Loss-On-Ignition (%) (LOI) record for BNT14 against depth (C) Total-Organic-
Carbon (% wt) (TOC) for BNT14 against depth and (D) Biogenic Silica (%) (BSi) for BNT14 against depth. 
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Figure 2.8: (A) Simplified lithostratigraphy of BNT14 core (B) Loss-On-Ignition (%) (LOI550) record shown as deviations from the mean (C) 
Total-Organic-Carbon (% wt) (TOC) shown as deviations from the mean and (D) Biogenic Silica (%) (BSi) shown as deviations from the mean. 
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revealing variations in the LOI, TOC and BSi values. Figure 2.7.b shows 

several shifts in the LOI curve across the core, with initial values between 

13.66-10.00m of around ~10%. After this there is an increase to above 

average levels (figure 2.8.b), which reach a peak of 17.2% at ~9.24m. Values 

then decline to ~10% again by ~8.94m. Following this, levels remain between 

10-11%, until a short-lived peak of 15.0% at ~7.68m, and this is followed by 

levels fluctuating around the mean. From around 4.00m values consistently sit 

above the mean, with peaks reaching ~18-20% occurring at ~3.08, 2.87, 2.01 

and 0.15m.  

The TOC values are generally low, with an average of 1.8%wt (±0.085) (see 

figure 2.8), however, the record documents several variations. As with the LOI, 

the lowest values, are documented at the base of the core and these continue 

until ~9.50m, later than the low values observed in the LOI, before they 

increase in values to a peak of 2.609%wt (±0.085) at ~9.04m.  These higher 

values persist until ~8.77m where they decline again, showing structural 

similarities to the LOI record, which is not unexpected given the close 

correspondence between TOC and LOI data (Meyers & Lallier-vergés, 1999; 

Heiri et al., 2001). Unlike the LOI, this record steadily increases after the low, 

rising to a peak of 3.2%wt at ~6.52m. After this, TOC becomes more unstable 

with shifts across a general range of ~2-4%wt, although levels remain above 

the mean values for almost all the record after 7.00m, with larger peaks 

reaching over 4%wt at ~3.88 and ~0.06m. To test the apparent relationship 

evident from the figures, pairwise or where necessary nearest neighbour 

samples (n=199), were compared using a Spearmans rank correlation (rho), 

returning a value of 0.582 and a two-tailed significance value of 0.00 at 2 

sigma, meaning they have a moderate but statistically significant relationship. 

The BSi record demonstrates considerable variation across the core, with 

average values sitting at ~8.6%, while the range covers 0.2-26.1%. The lowest 

values are recorded in the earliest section of the core, where they remain 

under 5% until ~10.00m. After this the BSi values rise rapidly to a peak of 

15.1% at 9.45m. This peak above average values occurs earlier in the BSi 

than the TOC and LOI records, however above average values are sustained 

longer in both TOC and LOI (see figure 2.7 and 2.8), with the initial occurrence 
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of above average values being documented earlier in the LOI (see figure 2.8). 

Following this period, BSi values again decline, remaining below mean values 

until ~8.00m, after which they increase, rising to peaks at ~7.10m, ~6.95m and 

6.70-6.65m of 18.2%, 17.5% and 18.5% respectively (see figure 2.7 and 2.8). 

After these peaks, values drop below average levels to lows between 3-6%, 

which is followed by a small increase to ca. 11% between ~580-570cm and 

then a decline back to previous levels. Between 5.0-3.0m BSi fluctuates within 

a few percent of the mean (figure 2.8.D), while after ~3.0m values increase, 

remaining above average for the remainder of the record and reaching their 

highest deviations from the mean at peaks of   26.1% at ~190cm. This is 

followed by a gradual fluctuating decline, to levels between 10-15% in the 

depth range ~100-30cm, after which there is a rapid shift to 25.5% at ~20cm 

depth. 

The three records all differ from each other, however, as shown in figures 2.7 

and 2.8 and described above, there appears to be a general similarity in the 

structures of the records. All three document the lowest values in the basal 

sections of the core, with a switch to above average values occurring broadly 

between 9-10m in all three records. After this level they fluctuate around the 

mean, and then towards the upper sections of the core all of the records switch 

to sitting above their mean values. This switch occurs at differing times in all 

the records, with the TOC values sitting generally above the mean much 

earlier from ~7.0m compared with the switch at ~4.0m in the LOI and ~3.0m 

in the BSi. 

2.4 Discussion 

Variations in the TOC, LOI and BSi records from BNT14 as described in 

section 2.3, have several major trends that are important for understanding the 

nature of the core and informing the interpretation of the proxy records in later 

chapters. One of the most notable factors shown in figures 2.7 and 2.8 is the 

similar structure seen between the TOC and LOI records, and the statistical 

relationship between these is discussed below. This is because in producing 

an LOI curve record, the organic content of the material is approximated (Heiri 

et al., 2001), while TOC is a bulk value representing the fraction of organic 

carbon that escapes remineralisation during sedimentation (Meyers and 
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Lallier-Vergès, 1999), and this makes it an essential parameter for considering 

the abundance of organic matter preserved within sediments (Meyers and 

Lallier-Vergès, 1999). In essence, both are methods for estimating the organic 

content of the sediment, however, TOC estimates are considered more 

accurate than LOI for understanding organic carbon levels. However, both 

records are considered here due to the higher resolution (double) of the LOI, 

which is a result of these analyses being cheaper and more rapid to carry out 

(Heiri et al., 2001). Figure 2.9 documents the TOC as deviations of the mean 

against the LOI after Dean (1974)’s correction factor of 0.469 has been applied 

to allow the LOI curve to represent carbon content (Dean, 1974; Anderson et 

al., 2009). Figure 2.9 shows a clear difference in the estimated TOC from the 

LOI correction versus the initial TOC, with the corrected LOI predicting much 

higher TOC values, giving an average of 6.1 versus the measured TOCs 

average of 1.8. This discrepancy, possibly due to the lower accuracy of the 

LOI method, means that, despite its lower resolution, the measured TOC 

record will be considered in this thesis as the most accurate record for 

estimating the organic carbon content of the cores. 

2.4.1 TOC 

As documented in figures 2.7 and 2.8, TOC shows several shifts around the 

mean, although values remain fairly low at under 5% throughout the record. 

The variation in the amount of organic carbon preserved in lake sediments is 

controlled by several factors, with changes in primary production rates altering 

the amount of organic carbon available for preservation (Meyers and Lallier-

Vergès, 1999) and the source and molecular composition of the organic 

material affecting preservation (Meyers and Lallier-Vergès, 1999; Sobek et al., 

2009). For example, autochthonous material is considered less prone to 

accumulation as it is easily decomposed by heterotrophic microbes, fuelling 

respiration in the sediments (Sobek et al., 2009). Allochthonous inputs on the 

other hand have been documented to drive high organic carbon burial rates 

(Sobek et al., 2009). Therefore, the source and type of organic matter is highly 

influential on the organic carbon content preserved in lacustrine sediments. 
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Figure 2.9: (A) - Corrected LOI (using Dean, 1974’s correction factor) as deviation 
from its mean. (B) - TOC as deviations from the mean. 

 
Changes in the type and abundance of plant life within and around the lake, 

will influence the amount and nature of organic matter delivered to the lake 

sediments (Meyers and Lallier-Vergès, 1999). It is also possible that variations 

within the TOC record are driven by changes in the source of the organic 

matter, potentially with more autochthonous inputs from within lake 

productivity during periods when TOC values are very low, such as at the base 

of the record, while allochthonous sources may become more influential during 

the upper sections, and this may suggest changes are driven by source 

material variations.  There is potential to differentiate the sources of organic 

matter through study of C:N ratios (Sobek et al., 2009), and these will be 

considered in chapter 6. 
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Alongside the quantity and source of organic carbon initially produced, TOC 

values are affected by a range of taphonomic processes, with microbial activity 

playing an important role. As organic matter is deposited onto lake sediments 

it may be subject to microbial reworking, which, in turn, can alter the molecular 

composition (Meyers and Lallier-Vergès, 1999). After deposition, the organic 

carbon molecules can undergo microbial remineralisation, into inorganic 

compounds such as CO2 or CH4, preventing it being preserved in the 

sediments (Anderson et al., 2009; Sobek et al., 2009). Mineralisation is 

strongly influenced by the oxygen concentrations of bottom water, as oxygen 

is consumed from the lake waters during mineralisation, to convert the carbon 

into CO2 or CH4, and this can make bottom waters anoxic (Sobek et al., 2009). 

The mineralisation, therefore, causes TOC concentrations to decrease as the 

carbon is removed from the lake and emitted to the atmosphere (Meyers and 

Lallier-Vergès, 1999). Thus, once waters are depleted in oxygen, 

remineralisation is limited, and organic carbon is preserved within the 

sediments, and therefore anoxic conditions are seen to favour organic carbon 

preservation (Sobek et al., 2009). The source of the organic carbon also 

influences remineralisation rates, with autochthonous sediments 

mineralisation occurring at similar rates in oxic and anoxic conditions, while 

rates with allochthonous organic carbon are suppressed under anoxic 

conditions. Thus, if bottom waters alter in their oxygen concentration, it will 

alter the amount of allochthonous carbon being preserved within the 

sediments. Mineralisation rates are also limited by organic matter absorbing 

onto mineral particle surfaces, allowing it to be preserved within the sediments 

(Sobek et al., 2009). 

Another important driver of changes in the preservation of organic carbon 

within sediments are variations in sedimentation rates (Sobek et al., 2009). 

This is due to TOC being expressed as percentage weights, and, thus, they 

are influenced by the overall sediment composition and changes in sediment 

supply from the catchment, and, therefore, the record can become diluted by 

clastic sediment particles. This can lead to an apparent reduction in  organic 

carbon, while conversely the dissolution of carbonate materials can cause the 

record to be concentrated in TOC (Meyers and Lallier-Vergès, 1999). 
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Therefore, the subsequent shifts seen in figure 2.7 and 2.8 may result from 

variations in the sedimentation rates, potentially with high clastic sediment 

delivery occurring during the base of the core, and less clastic being delivered 

during the upper sections where values are well above the mean. This is 

supported by shifts in the lithostratigraphy (see figure 2.6), which highlights 

that the sediments are made up of clastic silty-clay at the base of the record, 

while in the upper sections the shift to diatomaceous ooze is shown in a period 

of increased TOC. The use of carbon mass accumulation rates (CMARs) can 

help to overcome the impacts of variable sedimentation rates and will be 

discussed in chapter 6. 

2.4.2 BSi 

As with the TOC record, variability is evident in the BSi record for BNT14 (see 

figures 2.7.d and 2.8.d). BSi is an amorphous form of silica, biologically 

precipitated by a range of siliceous organisms, which in freshwaters include 

diatoms, chrysophytes and sponges, and it is often considered as a proxy for 

palaeoproductivity (Conley, 1988; Street-Perrott and Barker, 2008). However, 

for BSi to be utilised in this manner, several requirements must be met, 

including that there has been no change in the BSi preservation over the 

record (Conley, 1988) and that the preserved BSi is representative of the 

productivity of the overlying water (Conley, 1988).   

The lithostratigraphy shown in figure 2.6 highlights the increase in diatoms 

found within the sediment, as one moves from the base of the core to the upper 

sections. Diatoms are one of the key sources of BSi in lake sediments, 

particularly due to their widespread occurrences in a range of aquatic habitats, 

flow conditions and water chemistries (Street-Perrott and Barker, 2008). As 

such, BSi has often been used to estimate the quantity of diatom silica in 

sediments (Conley, 1988).  The variations in the BSi record may fluctuate as 

diatom production changes. This could highlight one source of increasing BSi 

across the BNT14 core, as diatoms are not observed in large concentrations 

at the base, where BSi values are well below their mean value. However, the 

upper sections of the BNT14 sediments contain high concentrations of 

diatoms, and this may explain why the upper section of the core has BSi values 
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well above the average for the core as a whole. That said, the variations 

documented across the BNT14 do not only vary as the lithostratigraphy 

changes, and, thus, other factors could be affecting the BSi signal. These 

factors could include variability within the diatom composition of the core, as 

individual species of diatoms have varying silica contents (Conley, 1988), with 

some taxa, such as Aulacoseira  being much more heavily silicified than others 

(Chen et al., 2012; Kilham et al., 1986). This can lead to the case that BSi 

values rapidly increase where larger and more silicified diatoms are part of the 

assemblage, rather than when diatom concentrations increase (Conley, 1988). 

This will therefore be considered as a driver of BSi changes later in the thesis 

(see chapter 4), where these are also considered alongside biovolumes. 

Where shifts do not appear to correlate to diatom composition or concentration 

changes the BSi may be reflecting alterative amorphous silica sources. It is of 

note that sponge spicules can contain an order of magnitude more silica than 

diatoms, and their higher aluminium content is thought to make them more 

resistant to dissolution (see below) (Conley, 1988; Street-Perrott and Barker, 

2008), and it is then possible that a period of high sponge spicule 

concentration could significantly increase BSi values. 

An additional factor that must be considered when interpreting a BSi record is 

the influence of silica dissolution (Conley, 1988). As discussed above, diatom 

species vary in their cell’s silica content, and dissolution can exacerbate this 

by removing the more delicate and less silicified species from the sediments, 

thus, reducing the BSi levels at these points, as dissolution rates are known to 

have varied due to different volumes and surface areas of diatoms (Barker et 

al., 1994). The more silicified species are more likely to be preserved into the 

BSi record (Ryves et al., 2003), and, therefore, it is possible that particular 

species may significantly influence the BSi record. Diatoms are susceptible to 

dissolution as they are deposited into sediments, as their organic membrane 

and, in some cases a thick polysaccharide gel layer protecting the frustule from 

dissolution, is rapidly decomposed (Street-Perrott and Barker, 2008), with 

bacterial activity thought to hasten digestion, meaning the BSi may not 

accurately record the diatom productivity of a water body. The pH of a water 

body can also be highly influential in dissolution rates, with a pH of 9 or above 



100 

 

showing an exponential increase in dissolution rates, while pressure and 

temperature are also positively related to increases in dissolution (Barker et 

al., 1994). This highlights that shifts in the alkalinity, temperature and pressure 

have substantial influence on how much BSi is preserved in sediments and, 

therefore, changes in these parameters will influence the BSi record.  It is clear 

that diatom dissolution is a complex process and, as such, will be considered 

further in chapter 4.  

2.4.3 TOC versus BSi 

As mentioned in section 2.3, structural similarities are seen between the TOC 

and BSi records (see figures 2.7 and 2.8). This may mean the records are 

documenting responses to changes driven within the ecosystem. To allow 

more consideration of this, statistical analyses have been undertaken and a 

bivariate plot of the two datasets is shown in figure 2.10. Initially the datasets 

were tested for normality using a Shapiro-Wilk W test alongside an Anderson 

Darling A test, in PAST (Hammer et al., 2001). Both tests highlighted the data 

were non-normal, thus, a Spearman’s Rank correlation analysis was carried 

out in SPSS, giving a correlation coefficient of rSR = 0.636 and a two-tailed 

significance value of 0.00 at 2 sigma, meaning they have a moderately strong 

statistically significant relationship. It is worth noting that the sample intervals 

and sample locations are not completely paired for these data so pairwise time 

analyses were not possible without the removal of BSi data. 

 

Figure 2.10: Bivariate plot of TOC (%wt) and BSi (%) with line of best fit. 
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The correlation between TOC and BSi highlight that both proxies are covarying 

to some extent, and this may suggest that a similar factor, such as ecosystem 

productivity may be influencing them (Horiuchi et al., 2000). This may suggest 

that the overall environmental system is influencing both data sets, with high 

levels in the BSi record demonstrating high productivity within Lake Baunt, 

while co-occurring high values in the preserved TOC values may document a 

more productive landscape. The moderate nature of the correlation between 

the two records also highlight the complexity affecting the TOC and BSi data, 

with additional factors as discussed in sections 2.4.1 and 2.4.2 both influencing 

the records.  

2.4.4 Additional Factors 

As discussed in previous sections, other drivers may be causing the shifts 

documented within the TOC and BSi records, and these will be discussed in 

later sections of this thesis, where chronological controls allow wider 

discussion. Of particular importance here though are the two faults that are 

shown in figure 2.6 at ~990cm and ~660cm, which may relate to 

unconformities in the sediments. The lower of these at 990cm occurs close to 

shifts from below average to above average values in TOC, LOI and BSi, and 

it is possible that faulting may have influenced the sediments at this depth, 

potentially by reworking them, or causing slumping within the lake. Rapid shifts 

are also seen in all records during the section of the core around ~660cm 

where the second faulted area is identified. In both cases care must be taken 

when considering the drivers of changes in these particular areas. The 

implications of these faults are considered during the interpretation of the 

proxy records in later chapters. 

Section 2.2.2 also documents the occurrences of increased charred wood 

fragments between 480-380cm and increased charcoal in some sections of 

the core, and this is also important to consider for the BNT14 archive. These 

periods may document increased fire frequency in the landscape (Earle et al., 

1996), which would have implications for the carbon content entering the lake 

and for the catchment development in general, such as impacts on vegetation 

development. These periods may, therefore, document instability on the 
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landscape. It has also been observed that under current warming conditions 

fire frequency has been shown to increase (Tchebakova et al., 2016), and it 

may be that these periods may also document shifting climatic conditions. 

These factors will be considered alongside the proxies produced as part of this 

project to consider the drivers of these increased charcoal and charred wood 

fragments later in the thesis. 

2.5 Stratigraphy Summary 

The sedimentary records from BNT14 demonstrates variability in the BSi, TOC 

and LOI records. These will be considered with respect to the proxy records 

produced as part of this thesis to allow a detailed multiproxy record to be 

produced for Lake Baunt. It is of particular importance, to consider the faulting 

documented in the core during proxy analyses, as this may have caused 

changes within the sediments, while periods with increased charcoal 

fragments must be considered when studying the carbon content within the 

core. Overall, however, the majority of the core is stratigraphically sound for 

undertaking palaeoenvironmental studies.  
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3 Chronological Controls at Lake Baunt 

3.1 Introduction 

Palaeoenvironmental studies rely on accurate and precise chronologies to 

investigate responses to abrupt climatic changes, regional signals and to 

detect leads and lags between the response in different regions (Lane et al., 

2011). Late Quaternary studies focused on the past 50 ka most commonly 

utilise radiocarbon dating to provide chronological controls (Brauer et al., 

2014), however, other techniques including 210Pb, luminescence dating, U-

Series, palaeomagnetic dating and astronomical tuning (Mackay, 2007) have 

all been used to provide chronological controls in central Asia, while newly 

developed techniques such as the application of cryptotephra (the use of 

volcanic ash horizons not visible to the naked eye) are well developed in other 

regions including Northern Europe and the Mediterranean (Lowe et al., 2015).  

3.2 Radiocarbon Dating 

Radiocarbon dating was developed 7 decades ago this year (Brauer et al., 

2014), by Libby and co-workers (Libby et al., 1949). The technique is based 

on the principle that there are 3 different isotopes of carbon, 12C, 13C and 14C. 

Of these isotopes, only 14C is radioactive (Libby, 1955; Libby et al., 1949), with 

a half-life of 5730±40 years (Godwin, 1962). Radiocarbon is produced in the 

upper atmosphere by cosmic ray bombardment, although atmospheric 

concentrations of 14C are very low (Browman, 1993), at 1 part per trillion 

(Libby, 1955), and it is oxidised into 14CO2, after which it is able to enter the 

carbon cycle by incorporation into carbon bearing materials. At the time of 

death, radioactive decay starts the clock (Brauer et al., 2014). Radiocarbon 

dating generally relies on the material selected for dating being in isotopic 

equilibrium with the atmosphere at the time of death of the organism.  

However, as there are other carbon reservoirs, such as the oceans, 

cryosphere and some deep lakes, there can be a residence time for old carbon 

(where 14C is lower) that can lead to a reservoir effect, inducing an apparent 

older radiocarbon age than would be expected for a given sample. This issue 

can be tested, in part by examining the ẟ13C values for a lake record 

(discussed below), or for very deep lakes such as Baikal, radiocarbon dating 
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of modern material. Additionally, the technique needs a reliable calibration 

curve, due to changes in cosmic ray flux over time, and thus radiocarbon 

production  (Walker et al., 2001; Blockley et al., 2007). 

Since its development, radiocarbon dating has undergone several 

improvements, including the ability to apply the method to any carbon bearing 

material, where carbon was laid down in the last ~50-60 ka, permitting the 

sample of direct interest to be analysed (Brauer et al., 2014). For larger 

samples of sediment, in the size range of 1-10 g, the sample is suitable for 

dating by conventional radiocarbon dating, using beta decay or liquid 

scintillation (Bowman, 1990).  For charcoal, this ranges between 10 g and as 

little as 0.1 g of material.  Required sample sizes have been reduced through 

the development of accelerator mass spectrometry (AMS), which for most 

samples required 0.1 to 0.01g of material. This has allowed the utilisation of a 

wider range of materials, including smaller macrofossils, pollen and compound 

specific dating to target specific carbon molecules. This has enabled a 

refinement of the dating at particular sites, and higher resolution studies 

(Brauer et al., 2014), although it is also fair to reiterate that if larger sample 

sizes are available, older conventional counting techniques can yield good 

results on different chemical fractions of sediment (e.g. Walker et al., 2014). 

Additional improvements in the application of radiocarbon dating are linked to 

improved calibration (discussed in section 3.2.3), precision, and age modelling 

(see section 3.6) (Blockley & Housley, 2009; Reimer et al., 2013; Brauer et al., 

2014). 

3.2.1 Radiocarbon limitations 

3.2.1.1 Bulk Samples 

Despite its wide usage, radiocarbon dating has several limitations. In areas of 

poor macrofossil preservation, such as in Siberia, many chronologies are 

established using total organic carbon (TOC) bulk dates (Colman et al., 1996). 

Bulk radiocarbon samples are problematic as they can be affected by issues 

including, inter alia, incorporation of older carbon through mineral carbon error, 

humic acid percolation in the sediments, and lacustrine reservoir offsets in 

deep lakes (Blockley et al., 2007; Colman et al., 1996). Several techniques 
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have been used to attempt to prevent the issues associated with bulk samples, 

including extracting pollen from samples, which was attempted on samples 

from Lake Baikal (Piotrowska et al., 2007). This technique has the advantage 

of avoiding issues associated with bulk samples, however, mixing of 

microfossils in a profile can potentially rework mixed age material leading to 

erroneous radiocarbon ages (Blockley et al., 2007). If bulk samples do need 

to be used, the calcium carbonate content of the lake or the isotopic ratio of 

ẟ13C of bulk carbonate can be used to assess any lake reservoir issues, with, 

for example, influence of magmatic sources causing a ẟ13C value to sit around 

~ -80/00 (Walker et al., 2008), or chalk bedrock detrital input having a ẟ13C value 

~ 0-10/00 , while organic terrestrial sample values are normally in the range of 

~ -25-280/00 (Blockley et al., 2018). 

3.2.2 Freshwater Reservoir Offsets 

Radiocarbon chronologies for lake and marine settings can also be affected 

by reservoir effects (Lowe et al., 2007). This occurs where there is an offset in 

radiocarbon ages of organisms that gain their carbon from these sources, 

compared to those which derive their carbon from the atmosphere (Reimer & 

Reimer, 2001). In settings and samples where there is potential for a reservoir 

influence, it is necessary to treat the dating with caution, and ideally use 

terrestrial macrofossils as the sampling material, where carbon has been 

photosynthesised from the air, preventing any influence from a reservoir effect. 

However, even in these circumstances it is necessary consider the potential 

for fossil recycling and contamination when undertaking age modelling, to 

ensure the produced chronologies are robust. In a lacustrine setting there is 

still the potential for either contamination of a fossil sample, the need to date 

bulk material or misidentification of macrofossil material. In these cases, if 

there is a reservoir offset this can significantly affect radiocarbon ages. This 

can often be a result of the in-washing of detrital carbonates of geological age 

or in some deep lakes it can be the result of long residence time of carbon in 

lake-bottom waters, changing lake surfaces and a lack of overturning. Either 

way, this can lead to ages that are apparently too old by several hundred to 

thousands of years (e.g. Blockley et al., 2018), even in some macrofossils 

where there has been some sub aqueous photosynthesis (such as reeds). In 
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these cases, a sound assessment of the potential for a reservoir effect, such 

as testing for inorganic carbon content and interrogation of ẟ13C values, as 

discussed above with reference to bulk samples, can be a useful indicator of 

reservoir problems. For larger lakes with the potential for deep bottom waters 

with a long residence time, and the potential for mixing between bottom waters 

and the surface, there is the potential for a reservoir offset, similar to in a 

marine system. In these settings, sampling of modern material for radiocarbon 

dating, is recommended to calculate the offset. For example, recent studies of 

Lake Baikal have estimated a reservoir offset of ~500 years for both modern 

and Holocene archaeological studies of paired aquatic and terrestrial material 

(Nomokonova et al., 2013). A similar average offset of ~500 to ~775 years has 

been reported for different locations around Baikal by comparing bulk and 

pollen radiocarbon ages (Piotrowska and Oberhänsli, 2009). 

3.2.3 Radiocarbon Calibration 

Radiocarbon calibration is now routinely undertaken, being considered an 

essential stage of radiocarbon dating, and is an area that is undergoing 

continual improvements (Bronk Ramsey et al., 2010).  It is required due to 

natural variations in atmospheric production and carbon exchanges between 

14C reservoirs (Stuiver & Kra, 1986). Calibration also provides an opportunity 

to correct for the underestimation of Libby’s original half-life for 14C, which was 

5568 years as opposed to 5730±40 (Godwin, 1962). The original half-life is 

still used to provide consistency with dates produced in the early days of the 

method, and a correction for this is incorporated into the calibration process 

(Brauer et al., 2014). It  is undertaken by using independently dated archives, 

which record atmospheric 14C, or can be converted using a reservoir correction 

to an atmospheric signal (Reimer et al., 2009; Reimer et al., 2013). 

3.2.3.1 Calibration Curves  

Several calibration curves exist, although the majority of the radiocarbon 

community recommend the use of the consensus IntCal curves (Brauer et al., 

2014) . The current curve, IntCal13, utilises Northern Hemisphere tree rings 

back to 13.9 ka BP (Reimer et al., 2013), and this section of the curve is 

considered to be particularly robust as a result of this. Beyond this period the 
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record uses corals, macrofossils, speleothems and varved lakes, including the 

long Lake Suigetsu record to extend the curve to ~50 ka BP, and greater 

uncertainty is more likely during this section (Brauer et al., 2014). Despite 

being recommended as the best tool for terrestrial calibration over the 

radiocarbon timescale (Bronk Ramsey et al., 2013), IntCal13 does have 

several limitations and should be considered as a best representation of the 

present understanding of several datasets, which have inconsistencies 

between them. Due to these factors it is best that IntCal13 is viewed as a work 

in progress, with changes anticipated as additional datasets become available 

(Ramsey et al., 2013). At some points over the radiocarbon timescale, 

IntCal13 can give over-precise calibrated ages, with fluctuations seen in the 

individual records being treated as noise, where in fact they may be real 

fluctuations (Bronk Ramsey et al., 2013).  

Despite issues with IntCal13, radiocarbon calibration has undergone several 

significant improvements over the past decades, linked to the development of 

Accelerator Mass Spectrometry, reductions in required sample sizes and 

improvements in precision (Bronk Ramsey et al., 2013). Inconsistencies 

between the archives used to construct previous curves have prevented 

calibration of some samples; for example IntCal04 only extended to 26ka BP, 

due to inconsistencies between 26-50 ka BP (Bronk Ramsey et al., 2013). The 

Lake Suigetsu varve record has been key to improvements in terrestrial 

calibration, allowing the full 14C dating range to be covered from a terrestrially 

derived curve (see reservoir offsets 3.2.1.2). The use of dendrochronology in 

the most recent ~13.9 ka BP years of the record are considered to make the 

most robust section, evidenced by the small standard deviations across this 

section (Reimer et al., 2013). 

3.2.4 The Lake Baunt Radiocarbon Strategy 

In an ideal world, the best practice for a radiocarbon chronology would consist 

of picking known species of terrestrial macrofossils for radiocarbon dating, 

while also using independent dating methods/isochrons such as those 

produced by tephra horizons to test the 14C dates. The radiocarbon dates need 

to be calibrated using the most up to date calibration curve available, in this 
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case IntCal13 (see section 3.2.3), and then dates require statistical treatment 

through modelling (see section 3.6). In the case of this study, macrofossils 

were not preserved within the core, and therefore bulk samples had to be 

utilised for radiocarbon dating. As a result of this, it was essential to assess 

the dates robustly, and this can be done by considering the ẟ13C values that 

have been measured from samples across the core. This is important as 

samples could contain detrital carbonate, which causes the radiocarbon dates 

to be contaminated. The most likely sources of error for Lake Baunt come from 

humic acid percolation, which can cause the dates to be too young, or from 

methane gas venting, as a result of the site’s geothermal influences, which 

causes dates to be older. In the latter two cases bulk ẟ13C values would 

highlight this, with methane venting having much more negative ẟ13C values 

(~–400/00) (Reimer and Reimer, 2001), and much less negative for geothermal 

sources (~ –80/00) (Walker et al., 2008). 

For Lake Baunt, radiocarbon dating was carried out on bulk sediments, at 

either the Poznan radiocarbon labs (BNT codes) or Queens University Belfast 

(UBA codes), and the results are shown in table 3.1. These dates were 

calibrated using the recommended IntCal13 calibration curve (Reimer et al., 

2013) in OxCal 4.3, and they have been Bayesian age modelled to produce 

the most robust age model (see section 3.6). In order to test the issues relating 

to bulk dates discussed above, through some form of geological carbon input, 

from magmatics, 14C depleted carbonate rocks (which are not present in the 

catchment – see chapter 2), glacial flour formed from carbonate rocks 

overridden by glaciers from outside the local catchment, but delivered to the 

site by glacial processes (Lowe and Walker, 2000), or by dust (Dietze et al., 

2014), it would be ideal to check the offline ẟ13C measurements on the 

radiocarbon samples. In the case of the Baunt, AMS dates measured 13C was 

used for mass correction, as is common in many laboratories, and this is not 

useful for assessing the potential for geological carbonates to have induced a 

reservoir offset. However, for Baunt an extensive set of bulk ẟ13C values are 

available, and these (chapter 6) were checked across the core and conformed 

to the range expected for primary terrestrial organic material (~–25 - –280/00). 

This suggests that a geological carbon reservoir offset would be highly unlikely 
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in this site. One additional source of old carbon that it is essential to consider 

in a Siberian context is CH4  as release of CH4 into the atmosphere from 

melting Arctic permafrost and thermokarst lakes has been observed to be a 

major contributor to global atmospheric CH4 concentrations (Fisher et al., 

2011). From a radiocarbon dating point of view, old carbon supplied through 

released CH4 would be a problem, but as discussed in chapter 6, the Baunt 

bulk ẟ13C values do not show any likely influence of CH4 as the ẟ13C of 

measured modern CH4 in modern Siberian Thermokarst lakes is ~–57- –800/00  

(Walter et al., 2006), whereas the Baunt isotope range is within the range 

expected of the terrestrial baseline (Fernandes et al., 2014).  

Name of 
Date 

Depth 
(cm) 

Uncalibrated 
14C date 

Error (±) Nearest 
bulk ẟ13C 

Nearest 
bulk ẟ13C 

depth (cm)  

BNT14-52 52 5590 35 -27.3 276 

UBA-32755 97.5 5049 40 -27.3 276 

BNT-200 200 5775 30 -27.3 276 

BNT-400 400 9000 50 -26.9 400 

UBA-32756 497.5 11489 60 -26.6 497 

BNT-600 600 11620 50 -26.4 599 

BNT-692 691 14090 80 -27.8 694 

BNT-800 800 14930 70 -25.4 799 

BNT-950 950 18220 80 -26.7 948 

BNT-1110 1110 18850 120 -24.6 1027 

BNT-1150 1150 20680 140 -24.6 1027 

BNT-1172 1172 21670 140 -24.6 1027 

BNT-1195 1195 21720 140 -24.6 1027 

BNT-1277 1277 24760 190 -24.6 1027 

BNT-1350 1350 25350 180 -24.6 1027 

 
Table 3.1: Uncalibrated radiocarbon dates and error available for Lake Baunt, 

shown alongside the nearest bulk ẟ13C value and its associated depth. 
 

3.3 210Pb, 137Cs, 241Am Dating 

Alongside radiocarbon dating, 210Pb (Lead-210) offers one of the most utilised 

dating techniques for studies considering a range of environmental systems, 

since its introduction in the 1960’s by Goldberg (MacKenzie et al., 2011). The 

technique is the most widely used isotope system for dating recent sediments 
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(Baskaran et al., 2014; Hansson et al., 2014), up to ~150 years, due to the 

short half-life of ~22.23 years (Sanchez-Cabeza & Ruis-Fernandez, 2012), 

and, thus, been used successfully for many studies considering the influence 

of recent climatic and environmental changes. 210Pb is a naturally produced 

radionuclide, and is part of the 238U decay series (Schelske et al., 1994) with 

226Ra decaying (1622year half-life) to 222Rn, an inert gas in sediment (Appleby 

& Oldfieldz, 1983). Some of the 222Rn produced enters the atmosphere where 

it undergoes decay with a short half-life of 3.83 days, through a series of short 

lived isotopes to form 210Pb (Appleby & Oldfieldz, 1983). 210Pb is removed from 

the atmosphere through precipitation or dry fallout, and on entering a lake the 

210Pb is scavenged by the sediments, where the unsupported 210Pb in each 

sediment layer declines as it undergoes radioactive decay (Appleby & 

Oldfieldz, 1983), as opposed to supported 210Pb, which is derived from 

authigenic material and is assumed to be in equilibrium with the parent isotope 

226Ra (Appleby, 2002).  

Several methods exist for determining 210Pb, including measurements by 

direct gamma assay. One of the main advantages of this method is that on 

lake sediments the method is non-destructive, and allows for simultaneous 

assay for other environmental gamma emitting radioisotopes, including 137Cs 

and 241Am (Appleby et al., 1986). Other methods including alpha counting 

have been utilised, however this is a destructive method (Appleby et al., 1986), 

and is, therefore, problematic for studies where sediment quantities are 

limited. 

210Pb is often used in conjunction with 137Cs (Cesium-137) and 241Am 

(Americium-241). These are both artificially produced radionuclides, which 

have come to exist in the atmosphere following nuclear weapon testing 

(Oldfield et al., 1995). These anthropogenic radionuclides have been globally 

dispersed, and have been incorporated into lake sediments as they undergo 

atmospheric fallout (Yang & Turner, 2013), initially starting in 1951-1952, with 

intensive atmospheric testing leading to a peak of these radionuclides in the 

atmosphere in 1963, where after they undergo a decline (Yang & Turner, 

2013). These additional radionuclides can provide an independent age 

marker, alongside 210Pb, with 137Cs potentially allowing detection of the 
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caesium atmospheric peak in 1962-1963 (Schelske et al., 1994). Despite 

these benefits, care must be taken due to the ability for 137Cs to be mobilised 

in lake sediments, which means in some sites it is unsuitable to act as an 

independent age marker (Yang & Turner, 2013). 

3.3.1 Lake Baunt 210Pb Methodology 

Four samples from the upper 10cm of Lake Baunt cores were air dried and 

then analysed for 210Pb, 137Cs, 226Ra and 241Am by direct gamma assay, in the 

Environmental Radiometric Facility at University College London, using a 

ORTEC HPGe GWL series well-type coaxial low background intrinsic 

germanium detector. 210Pb was determined from its gamma emissions at 

46.5keV, while 226Ra was determined by the 295keB and 352keV gamma rays, 

which are emitted by its daughter isotope 214Pb, following 3 weeks storage in 

sealed containers, which allow radioactive equilibration (Appleby et al., 1986). 

137Cs and 241Am were determined by their emissions at 662keV and 59.5keV 

(Appleby et al., 1986). The 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). 

3.3.2 Lake Baunt 210Pb Results 

The results of the 210Pb profile from Lake Baunt show that the BNT14 core did 

not have good unsupported 210Pb activity (calculated by subtracting 226Ra 

activity – supported 210Pb – from the total 210Pb activity), as these results show 

large negative numbers (see table 3.2). This means a 210Pb chronology for 

these sediments could not be established. Small sample sizes, particularly in 

the 0.5cm sample, is likely to be the cause of big negative unsupported 210Pb 

activity levels. Additionally, artificial fallout radionuclides were measured for 

137Cs and 241Am), but were not detectable in the sediments from the BNT14 

core (see table 3.3). 
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Depth Pb-210 

 Total Supported Unsupported 

Cm Bq Kg-1 ± Bq Kg-1 ± Bq Kg-1 ± 

0.5 56.38 41.93 145.11 10.91 -88.73 43.33 

1.5 63.78 8.38 78.06 2.4 -14.28 8.71 

2.5 64.75 13.36 73.39 4.04 -8.64 13.96 

8.5 61 14.26 73.42 3.87 -12.42 14.77 

 
Table 3.2: 210Pb concentrations in core BNT14. 

 
 

Depth Cs-137 Am-241 

Cm Bq Kg-1 ± Bq Kg-1 ± 

0.5 0 0 0 0 

1.5 0 0 0 0 

2.5 0 0 0 0 

8.5 0 0 0 0 

 
Table 3.3: Artificial fallout radionuclide concentrations in BNT14. 

 

 
This data suggests that the Lake Baunt BNT14 core does not contain 

sediments deposited over the past 100-150 years, or potentially that 

sedimentation rates are very high, causing dilution of the 210Pb signal. When 

considered alongside the calibrated radiocarbon dates, this may suggest that 

there is a hiatus in the core after ~6 ka BP, or that the uppermost section of 

the core has been lost during coring, which is possible due to the difficult 

conditions of core extraction in Siberian environments. 

3.4 Palaeomagnetic Excursions 

The Earth’s geo-magnetic field (GMF) has fluctuated between periods of 

normal polarity (as during the present time), and periods when it had opposite 

polarity, and these periods form ‘chrons’. These last between thousands and 

millions of years (Nami et al., 2016), with the current time period being included 

in the Bruhnes Chron, which started ~780 ka BP (Nami et al., 2016). On 

shorter timescales of decades to millennia (Nami et al., 2016) palaeomagnetic 

excursions are known to occur, and are defined as where the geomagnetic 

field direction changes with an amplitude that is 3 times greater than the 

secular variation for the given time interval (Petrova & Pospelova, 1990). 

Bruhnes Chron excursions are, therefore, characterised as brief geomagnetic 
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instabilities, where intensity is decreased and there is a large directional shift 

from the dipolar field direction, followed by a return to the pre-excursion 

conditions (Kissel et al., 2011). These palaeomagnetic excursions are of 

particular interest for palaeo researchers, as these events impact on 

cosmogenic isotopes (e.g. 1414C, 10Be) and have the potential to provide 

precise time markers (Nöel & Tarling, 1975; Kissel et al., 2011). Several 

excursions have been documented in late Quaternary records, including the 

Laschamp, Mono Lake, Gotherburg, Solovki and Etruria-Sterno excursions, 

which are now discussed.  

The Laschamp geomagnetic excursion is the most widely recognised Late 

Quaternary palaeomagnetic excursion, and is generally documented to have 

an age of ~41 ka BP (Kent et al., 2002; Lund et al., 2005, 2017; Nowaczyk et 

al., 2012). The palaeomagnetic excursion was first observed in lava flows in 

the Chaîne des Puys (France) (Bonhommet & Babkine, 1969),  and has been 

seen to cause declination changes of ±120° and inclination changes of 140° 

at some sites, including in the North Atlantic (Lund et al., 2005). Over decades 

of investigation, the age of the event has been wide ranging (Kent et al., 2002), 

however, studies have continued to allow these to be refined, assisted by 

factors including the documentation of the event in Black sea sediments, 

where they are found below the Campanian Ignimbrite tephra (Nowaczyk et 

al., 2012), which is dated to 39.28±0.11 ka BP (De Vivo et al., 2001). 

The Mono Lake Excursion was first documented at Mono Lake, California 

(Denham & Cox, 1971), and has subsequently been identified at many other 

sites including in the Atlantic and Arctic oceans (Channell, 2006), in the Great 

Basin of North America (Channell, 2006), and in the 36Cl and 10Be signals in 

the GRIP ice core (Greenland) (Wagner et al., 2000). The wide documentation 

of this event indicates that it has significant potential to act as a time marker 

across multiple sites, allowing correlation of their records (Benson et al., 2003), 

although chronological estimates have been wide ranging for this event. At its 

type locality, the Mono Lake Excursion was placed around ~24  14C ka BP, 

~28 ka BP (Denham & Cox, 1971), although this was later revised to ~28 14C 

ka BP, ~32 ka BP (Kent et al., 2002). Peaks in the GRIP ice core 36Cl data are 

thought to reflect higher production rates of cosmogenic radionuclides, and 
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these occur alongside palaeomagnetic field intensity minima (Wagner et al., 

2000). One such of these events occurs between D-O events 6 and 7, at ~32 

kyr BP (Wagner et al., 2000), and this is thought to be a record of the Mono 

Lake Excursion, with a corresponding event also documented for the 

Laschamp between interstadials 9 and 10 (Raisbeck et al., 2017). Kent et al., 

(2002) suggested that the event at the type locality is much older, overlapping 

the Laschamp excursion, and they concluded that they should be considered 

at this site as the same excursion, supported by the occurrence of only one 

palaeomagnetic excursion during this period (Kent et al., 2002). 

Tephrochronology was utilised by Benson et al., (2003), and their results 

discredited the Kent et al., (2002) theory, suggesting that there were issues 

with the reservoir correction used, and with ostracod reworking. Benson et al., 

(2003) assigned the event an age of 31.5-33.3 GISP2 yrs BP, due to the 

palaeomagnetic excursion occurring during a period of tephra deposition at 

the site. More recently Lund et al., (2017) supported this, suggesting that the 

Mono Lake Excursion and the Laschamp are distinct events, with two 

palaeomagnetic excursions being documented in the Pyramid Lake core 

record between ~17-47 ka BP, with an event at ~34.1 ± 0.4 ka being linked to 

the Mono Lake Excursion, while an additional event at 40.9 ± 0.5 ka BP is 

correlated to the Laschamp (Lund et al., 2017). These events are also similar 

in timing to two events ages defined in the GLOPIS global palaeo-intensity 

stack (Laj et al., 2014), and for the events in the 10-75ka record from the 

Chaîne des Puys (Laj et al., 2014). 

The Gothenburg magnetic excursion was originally documented as a period 

of irregular polarity, covering the period 13.7-12.3ka BP, ending with a period 

of full magnetic reversal known as the Gothenburg Flip, which occurred 

between 12.4-12.3ka BP (Mörner, 1977). It has been found in several 

localities, including the South China Sea where the excursion dates to ~12.9 

± 0.39 ka BP (Yuan et al., 1991), while in the central Russian Plain it is 

documented to occur between 13-12.3ka BP (Gus’kova et al., 2012a). The 

rapid nature of the event means it requires sites to have high sedimentation 

rates to record it, and its short occurrence has also been suggested to make 

it a useful chronological marker. However, it has been suggested that the 
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Gothenburg palaeomagnetic excursion may occur at varying times in different 

localities (Gus’kova et al., 2012b), and this has implications for its use as a 

chronological isochron. Its existence at its type locality was also questioned by 

Verosub and Banerjee (1977), as a separate paper on the core where the 

Gothenburg was first documented, highlighted the occurrence of diagentic 

FeS (Morner et al., 1973). This was stated to be able carry a signal of chemical 

remanent magnetisation, which would have formed post deposition, 

preventing confident identification of the excursion, with further evidence being 

required (Verosub & Banerjee, 1977). These factors must therefore be 

considered when correlating a palaeomagnetic event to the Gothenburg 

excursion. 

More recent palaeomagnetic excursions have also been documented in some 

localities. These include the Solovki excursion, which is suggested to have 

occurred between ~7-4.5 ka BP, and the Etrussia (also known as the Sterno-

Etrussia) excursion between ~3-2.2 ka BP (Dergachev et al., 2004). These are 

thought to be extremely short lived events with ~100 year durations 

(Dergachev et al., 2004), potentially meaning that evidence of these events is 

rare, requiring high resolution studies. Despite this, a number of sites have 

documented the Sterno-Etrussia, including in Tahiti sea cores (Lund et al., 

2007; Nami et al., 2016), Baltic sea records and the Ob river in Russia 

(Dergachev et al., 2004), and it is generally thought to have occurred at ~2.8ka 

BP (Dergachev et al., 2004). This event is argued to be the magnetic field 

reversal documented by Giuseppe Folgheraiter in 1896, which was recorded 

archaeological samples (Ransom, 1973), highlighting the potential widespread 

use of these excursions as chronological markers. 

Over the time period of this study, there appear to be several palaeomagnetic 

excursions that could be recorded in the lake sediments. Despite this, the 

dating around these palaeomagnetic excursions requires further work, and 

caution should be taken when assigning an age. This is particularly important 

for the shortest duration events; it is possible that they will only be documented 

in limited material (Bol’shakov, 2017), making their detection difficult in some 

sites, while processes including reworking can easily erase the events 

(Verosub & Banerjee, 1977). Lake sediments have been considered one of 
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the better localities to study these events, as they are less likely to undergo 

reworking than marine sediments (Nöel & Tarling, 1975; Avery et al., 2017), 

however, there are still several factors that must be considered when 

identifying palaeomagnetic excursions (Verosub & Banerjee, 1977; Langereis 

et al., 1992; Bol’shakov, 2017). Misinterpretation can occur due to sediment 

overprinting, seismic activity, disturbances in the sediments post deposition 

and during coring, and due to limited consideration of core stratigraphy 

(Verosub & Banerjee, 1977). Cores should be closely examined with particular 

attention given to lithostratigraphic changes and sediment structures that must 

highlight that there has been no deformation (Verosub & Banerjee, 1977). 

Even in the case of regional excursions, there should be a degree of spatial 

and temporal coherence, with the event being documented in more than one 

locality (Verosub & Banerjee, 1977), and in multiple cores from a site, as 

practiced by Avery et al., (2017) where 4 cores were correlated from Lake 

Windermere (England), using independent chronologies. 

Clearly there are multiple factors to consider before assigning a 

palaeomagnetic shift in a lake core. Despite this, there is significant potential 

to utilise palaeo-magnetic excursions to provide chronological markers. For 

Lake Baunt, this was studied by colleagues at the Russian Academy of 

Sciences in Irkutsk, and the results are documented in Krainov et al., (2018, 

2017). Below these are outlined, and their results and significance for the 

chronological of Lake Baunt are discussed. 

3.4.1 Palaeomagnetic Methodology 

Samples studied from Lake Baunt for palaeomagnetic changes are outlined in 

Krainov et al., (2017, 2018), but are briefly described here. In total 277 

samples were collected (initially at 5cm resolution, with 18 additional samples 

taken later) and analyses were carried out on an AGICO JR-6 spinner 

magnetometer. Sample demagnetisation was performed in a magnetic 

vacuum, in the Earth’s magnetic field. Natural remnant magnetisation (NRM) 

was measured on all the studied samples. The validity of the samples for 

palaeomagnetic study was considered through a detailed stepwise 

demagnetisation with an alternating magnetic field on 25 samples (2, 5, 10, 
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15, 20, 30, 40, 50, 60, 80, 100 mT). The remaining samples were 

demagnetised with an alternating magnetic field (10, 20, 40 mT), and then 

remagnetised using the same magnetic field values. This allowed a 

anhysteretic remanent magnetisation (ARM) to be calculated for three values 

of the alternating magnetic field (Krainov et al., 2017). 

3.4.2 Palaeomagnetic Results 

Krainov et al., (2017; 2018) identified three periods of palaeomagnetic 

reversals, at 225cm, 590cm and 1190cm, although the first was only identified 

in one sample. Kravinov et al., (2017; 2018) have suggested that the latter two 

are responses to the Gothenburg excursion and the Mono Lake Excursion 

(see table 3.4). The identification of these two events means these two events 

may be able to make up independent marker horizons in the Lake Baunt 

chronology. These markers will be assessed as part of the age modelling for 

the site with reference to the quality assurance criteria discussed above (see 

3.6.3).  

 

 
Table 3.4: Palaeomagnetic results for Lake Baunt published by Krainov et al., 

(2017; 2018). 
 

3.5 Tephrochronology 

Tephrostratigraphy and tephrochronology have become widely used in 

Quaternary studies to provide a means of stratigraphically linking and 

synchronising sites, and in some cases where a tephra is independently dated, 

it can allow the transfer of an age between sites. Volcanic ash, known as 

tephra lends itself to this, as one eruption can produce microscopic ashes that 

travel thousands of miles, and primary tephra layers are deposited over a rapid 

Sample 

Depth 

(cm) 

Krainov et al., 

(2017; 2018 ) age 

(ka BP) of sample 

Measured Inclination 

(10 mT) (Krainov et 

al., 2017; 2018) 

Correlated 

Palaeomagnetic 

Excursion 

225 - ~ 40 Solovki – unconfirmed. 

588 13.2 ~ -25 Gothenburg 

1190 25.8 ~ -35 Mono Lake 
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time period, usually less than 1 year (Lowe, 2011). These tephra layers are 

then geochemically identified using Electron Microprobe Analysis (EPMA – 

Electron Probe Micro Analyses), to allow their source volcano to be 

determined, and in many cases these layers have now been independently 

dated to allow an age to be assigned to the layer.  

In areas that now have detailed tephrostratigraphies, such as Northern Europe 

and the Mediterranean, tephra layers have been utilised to allow detailed 

correlation and in some cases the transfer of dates between sites, where a 

well dated tephra layer has been identified (e.g. Lane et al., 2013). Detailed 

tephrostratigraphies, including that compiled for North Atlantic and Western 

European records by the INTIMATE group, which reaches back to ~80ka BP, 

incorporating 88 tephra isochrons (Blockley et al., 2014), demonstrate the 

widespread nature of these isochrons. In some cases, tephras have provided 

a means to consider leads and lags between sites, such as between 

Meerfelder Maar and Kråkenes, where Lane et al., (2013), via the presence of 

the Vedde Ash in both sites, determined a 120 year offset between the sites 

during the Younger Dryas, driven  by a gradual northward retreat of the polar 

front.  

Southern Siberia is a region significantly affected by tectonic adjustments, with 

the Transbaikal region being formed through a tectonic rift. The landscape 

close to Lake Baunt has several volcanic fields (see figure 3.1) and is noted 

for its geothermal energy. Due to the presence of these features, rangefinder 

microtephra scans were carried out on the top meter of Lake Baunt core. 

3.5.1 Tephrostratigraphy Methodology and Results 

Ten rangefinder samples were prepared in conjunction with Royal Holloway, 

University of London, following Blockley et al., (2005). This method includes 

sieving and density separation using sodium polytungstate (3Na2WO4 ∙ 9WO3 

∙ H2O) (SPT, at 1.95 and 2.5 gm), before samples were mounted in Canada 

Balsam and counted using an Olympus BH2 microscope at x100 

magnification. The full sample was checked, including residues, and the 

cleaning float, to determine if basaltic shards were present at the site.



119 

 

 

Figure 3.1:  Schematic Map of Siberia showing volcanic regions as potential tephra sources. Red star shows approximate position of Lake Baunt. Information 

from Volcanoes of the World 2018. 
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No shards were detected in the top 1 meter of the BNT14 core. Despite this, 

shards were found at a separate point in the project during isotopic 

preparations following density separation. Shards were detected in water and 

are shown in figure 3.2. 

 

Figure 3.2: Microtephra shards detected in the lower section of the Lake Baunt 
(BNT14) core. Photographed at x100 in water.  

 

Despite these results, it is anticipated that tephrochronology has significant 

potential in this region due to the presence of several volcanic fields and it is 

anticipated that further sites should be studied for microtephra, as a tephra 

lattice for the Siberian region would significantly improve the area’s 

chronological controls, by allowing sites to be independently linked by tephra 

isochrons and this will improve studies looking at abrupt changes, as leads 

and lags may be detected. The detection of shards in the lower sections of 

Lake Baunt suggest that further microtephra work should be undertaken to 

determine if specific tephra horizons can be identified. 

3.6 Age modelling 

3.6.1 Bayesian Age modelling 

Calibration of radiocarbon dates is necessary to allow the production of 

meaningful calendar ages, undistorted by variations in 14C production. It can 

also be problematic, however, causing additional uncertainties to be 

introduced, including the problem that the resultant calibrated probability 

distributions are not normally distributed, and, thus, require statistical 
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treatment (Lowe et al., 2007). For palaeoenvironmental and palaeoclimatic 

studies, Bayesian analysis has become routinely used for age modelling 

radiocarbon chronologies, to improve chronological precision (Blockley et al., 

2007; Bronk Ramsey, 2008).  

Using a Bayesian approach has many advantages, including being able to 

develop Priors that incorporate additional information into the age model, such 

as through marking stratigraphic changes by inputting boundaries, to constrain 

the chronological record (Bronk Ramsey, 2009). The ability to input additional 

known information is beneficial, as it allows any bias that may be introduced 

by large gaps in sequences to be corrected and this prevents overestimation 

of the oldest dates (Blockley et al., 2004). Moreover, it is now possible to 

incorporate a model for the sediment deposition process in many of the 

Bayesian software packages (see below). 

One program that is widely utilised for Bayesian age models is OxCal (Bronk 

Ramsey, 2008), which was first released in 1994 to allow calibration and 

various analysis of groups of radiocarbon events (Bronk Ramsey, 2001). Since 

its development, the program has undergone significant improvements (Bronk 

Ramsey, 2001), and the current version OxCal 4.3, has several modelling 

options, including a P_Sequence Poisson-process to model sediment 

deposition, which incorporates depth information and the law of stratigraphy 

and succession to constrain ages, and uses the Poisson distribution to model 

sediment built up as the deposition of discrete packages of sediment (Bronk 

Ramsey, 2008; Brooks et al., 2012). Several of OxCal 4.3’s features allow the 

production of age models alongside identification of errors (Bronk Ramsey & 

Lee, 2013), with outlier analysis allowing operator bias to be removed (Bronk 

Ramsey, 2009). Outlier detection is based on a prior assumption that there is 

a given chance of a percentage of the dates being outliers. Thus, if working at 

95% confidence, this is usually set to 5% outliers being acceptable. If a date 

falls outside the expected range beyond 5%, based on all of the other dates in 

the model and the stratigraphic information, then its probability is proportionally 

down-weighted in its contribution to the model. Bayesian age models in OxCal 

4.3 can also include automatic interpolation, which allows the uncertainty in an 

age model between radiocarbon dates to be documented and accounted for 



122 

 

(Bronk Ramsey & Lee, 2013). Further flexibility in Bayesian age models have 

been incorporated in OxCal through changes to the k parameter, which 

determines model rigidity (Bronk Ramsey & Lee, 2013). The parameter gives 

the number of accumulation events per unit depth (Bronk Ramsey, 2008) and 

is usually defined exactly, however, from version 4.2 onwards it has been 

possible to allow for reasonable variations in the k values, as opposed to a 

fixed value, which allows a wider range of variability (Bronk Ramsey & Lee, 

2013). This means that where deposition is increasingly variable, the posterior 

value for k declines and the model’s uncertainty will increase. This is 

considered as a model averaging approach and allows for a more realistic 

average over different situations of deposition to be included in the model 

(Bronk Ramsey & Lee, 2013). 

3.6.2 Lake Baunt Age Models 

Chronological control is an essential part of this research project, as reliable 

and precise dating is essential to allow detection of regional shifts and 

responses to abrupt climatic changes. Age models for Lake Baunt have been 

constructed based on 15 14C dates and a 210Pb dating profile, while a 

tephrostratigraphic framework has been created for the upper meter of the 

BNT14 core, and palaeomagnetic excursions have also been studied (see 

Krainov et al., 2017), and data from this have also been incorporated into some 

of the models. The age models have been constructed following Bayesian 

approaches in OxCal 4.3 (Bronk Ramsey 2009a; Bronk Ramsey et al., 2010; 

Bronk Ramsey & Lee 2013), and all radiocarbon dates have been calibrated 

using IntCal13 (Reimer et al., 2013). 

Several age models have been produced for Lake Baunt in OxCal 4.3, and 

these are shown in figures 3.3-3.6. All the models utilise a P_sequence 

deposition model, with automatic outlier detection using the ‘General’ model, 

which assumes there are a range of potential sources of error in the sample, 

including contamination and sediment reworking (Bronk Ramsey, 2009). 

Despite this, the models have several variations, linked to changes in the 

model’s rigidity, interpolation and the use of boundaries. All 14C dates have 

been calibrated in the modelling process using IntCal13 (Reimer et al., 2013). 
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Figure 3.3: (A) Initial Bayesian Age model for Lake Baunt in OxCal 4.3. Dates 
calibrated using IntCal13 (Reimer et al., 2013). Model run with fixed k parameter of 
1 and no interpolation between dates. (B) Outlier Analysis Output showing, which 

dates have been downweighed by the general outlier model. 
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Figure 3.4: (A) Bayesian Age model produced for Lake Baunt in OxCal 4.3. Dates 
calibrated using IntCal13 (Reimer et al., 2013). Model running with less constrained 

k parameter of 0.1 to allow greater flexibility. (B) Outlier Analysis Output showing 
which dates have been downweighed by the general outlier model. 
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Figure 3.5: (A) Bayesian Age model produced for Lake Baunt in OxCal 4.3. Dates 
calibrated using IntCal13 (Reimer et al., 2013). Model includes interpolation with a 
variable k parameter between 2 to -2. (B) Outlier Analysis Output showing which 

dates have been downweighed by the general outlier model. 
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Figure 3.6: (A) Bayesian Age model produced for Lake Baunt in OxCal 4.3. Dates 
calibrated using IntCal13 (Reimer et al., 2013). Model includes boundaries at 

changes identified in the core stratigraphy (see figure 2.6) and the k parameter is 
fixed (no interpolation). (B) Outlier Analysis Output showing which dates have been 

downweighed by the general outlier model. 



127 

 

  

Figure 3.7: (A) Bayesian Age model produced for Lake Baunt in OxCal 4.3. Dates 
calibrated using IntCal13 (Reimer et al., 2013). Model includes boundaries at 

changes identified in the core stratigraphy (see figure 2.6) and the model allows 
interpolation through a variable k parameter of 2 to -2. (B) Outlier Analysis Output 

showing which dates have been downweighed by the general outlier model. 
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Figure 3.3A is perhaps the simplest of the models, with a k parameter of 1, 

which means the model is rigid, and interpolation was not allowed between 

dates. No additional stratigraphic information was incorporated into this model, 

for example by applying boundaries. This model has been rejected as an 

appropriate age model for the Lake Baunt sediments for several reasons. The 

high rigidity of the model means that sedimentation rates are highly 

constrained, and it is felt that this is inappropriate, as it is unlikely that there 

have been no significant shifts in terrestrial sediment supply, during the time 

the core has been deposited. This is supported by the site stratigraphy (see 

figure 2.6), where several changes are described in the core’s 

lithostratigraphy, suggesting alterations in material being deposited. 

Additionally, 12 of the radiocarbon dates have been significantly down-

weighted (figure 3.3B), with suggestion that they are outliers at 95% 

confidence. There is no additional information (unusual 13C values etc) to 

support this, thus, it is likely this is a function of the highly constrained model 

parameters. 

To allow more flexibility in the model, figure 3.4 has been produced. This 

model runs under the same conditions as the model in figure 3.3, however the 

k parameter has been reduced to 0.1, allowing an order of magnitude more 

flexibility in the model. This is potentially more realistic for a site that has 

undergone several changes in sedimentation rate, however, the model still 

suggests that 10 of the 15 dates are outliers (figure 3.4B).  

The initial two models (figures 3.3 & 3.4), although useful, are potentially 

preventing a clear picture of the chronology of the site being developed. This 

is because they both assume linear sedimentation between the calibrated 

radiocarbon dates, rather than showing periods without dating as being more 

uncertain (Bronk Ramsey & Lee, 2013). One of the key newer features of 

OxCal 4.3 is the ability to allow interpolation between dates and the calculation 

of the additional uncertainty of interpolation, and this feature has been added 

to the model shown in figure 3.5. As discussed in section 3.6, models with 

interpolation allow a range of k parameter values from -2 to 2, and therefore 

the models are much more flexible. This is shown immediately within figure 

3.5B, where the number of dates down-weighted declines to just 3, and only 1 
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date has a posterior outlier probability larger than 10. This suggests that the 

earlier models are indicating dates are outliers because the models are too 

strongly constrained, and that there is in fact no issues with the majority of 

dates.  It is possible, therefore, to view this model as more realistic than the 

first two.  

After these initial models more complex models were run, allowing the 

incorporation of Lake Baunt stratigraphy through the use of boundaries. These 

‘boundaries’ inform the model that there is a potential change in the system at 

these points, and this may mean a shift in the deposition at the site and, thus, 

chronological changes. Both figures 3.6 and 3.7 show models with boundaries, 

which have been added where the core stratigraphy is known to change at 

430, 590, 610 and 1175cm (see figure 2.6). These locations have been chosen 

as the shifts in the sedimentary composition at the core at these points indicate 

that there may be significant changes in deposition at these points, and, thus, 

the age model may need to account for this. These models both demonstrate 

shifts in the depositional rates between the different sections. The first (figure 

3.6) does not contain interpolation but suggests that uncertainties are greatest 

in the upper 600cm of the core, particularly between 600-400cm. This differs 

significantly to the previous model (figure 3.5), where the section between 600-

500cm was the most constrained section. As with the earlier models, which 

did not allow interpolation, this model down-weights 14 of the 15 dates (figure 

3.6B), suggesting that the increased rigidity of the model with a fixed k 

parameter is not accurately representing the sites sediment deposition. Unlike 

this, figure 3.7 shows the same model run with interpolation, which increases 

its flexibility, although it still has a high rate of date down-weighting, with 13 of 

15 dates considered to be potential outliers, suggesting that this may not be 

the most accurate interpretation of the sediments deposition. Despite allowing 

interpolation, these models are highly similar, both suggesting the lower 

sections of the core are constrained more robustly that the upper sections, 

where uncertainties are larger. 
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3.6.3 Testing Palaeomagnetic Event Ages using Bayesian Analysis 

After the initial age models were produced for Lake Baunt, the additional 

palaeomagnetic data from Krainov et al., (2017, 2018) have been considered 

and added to the model. Initially, the depths that were assigned by Krainov et 

al., (2017, 2018) have been marked as having a palaeomagnetic event during 

them, to allow the ages provided by the models produced as part of this project 

to be compared to Krainov et al., (2017, 2018) ages, produced by their age 

model (based on radiocarbon dating using a smaller dataset (some dates are 

included in both age models)). The produced ages are shown in table 3.5 and 

were determined using the same model setup as shown in figure 3.5. The 

dates produced between this work and that of Krainov et al., (2017, 2018) are 

similar, and the uncertainties from this age model mean they overlap, however, 

it should be noted that the Krainov et al., (2017; 2018) study have not 

documented the error associated with the levels where palaeomagnetic 

excursions have been documented. 

 

 
Table 3.5: Ages for palaeomagnetic excursions produced by Krainov et al., (2017, 

2018) and for the same depths using this studies age models. 

Palaeomagnetic 

Excursion 

Krainov et 

al., (2017, 

2018) age 

(ka BP). 

Age 

produced 

(this study) 

(ka BP). 

Published Ages, dating method and 

references. Original Identification 

Age shown in red. 

Gothenburg 13.2 13.4 ± 230 12.35 ± 0.05 14C years (Mörner, 
1977). 

11800 ± 1400 14C years (Guskova et 
al., 2007). 

12675 ± 325 14C years (Gus’kova et 
al., 2012b). 

Mono Lake 25.8 26.0 ± 400 24000 ± 300 14C years (Denham and 
Cox, 1971). 

27000 ± 1000 14C years (Guskova et 
al., 2007). 

34100 ± 400 cal years BP (age model 
including 20 14C dates, 4 tephras and 
GISP2 correlation) (Lund et al., 2017). 

32400 ± 900 GISP2 years BP 
(Benson et al., 2003). 

34200 ± 1200 (40Ar/39Ar) cal years BP 
(Laj et al., 2014). 

34250 ± 626 years b2k GICC05 
(Svensson et al., 2008). 
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Figure 3.8: Bayesian age model produced in OxCal 4.3 (Bronk Ramsey, 2017) and 
calibrated using IntCal13 (Reimer et al., 2013) with the depths stated by Krainov et 

al., (2017) to show palaeomagnetic excursions (Gothenbury and Mono Lake) 
marked. Model run using with interpolation but no boundaries. 

 
Following this, several models were run using published dates of the events 

(Mono Lake and Gothenburg) to which, Krainov et al., (2017) correlate, and 
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additional dates from published literature (see table 3.4). These models were 

run under the same conditions as several of the age models discussed in 

section 3.6.2, with interpolation allowed between dates and with automatic 

outlier detection operating. The published dates were incorporated as either 

R-dates (uncalibrated radiocarbon dates) or C-dates (calendar dates for Ice 

core and Ar/Ar dates, or pre-calibrated radiocarbon dates), depending on the 

individual studies. All the events were assigned the same depth (z value) and 

were also included in the automatic outlier detection. These are documented 

in figures 3.9 (Gothenburg) and 3.10 and 3.11 (Mono Lake).  

It is immediately noticeable in figure 3.9:A that the Gothenburg dates add 

significant uncertainty to the Lake Baunt age model. The wide spread of the 

ages is largely due to the wide errors on some of the included dates (table 

3.4), however, these should allow the model to be flexible enough to 

incorporate the dates. Figure 3.9:B however, documents that several of the 

dates have been down-weighted in this model, as opposed to the model shown 

in figure 3.5, which ran under the same parameters with the exception of the 

inclusion of the Gothenburg dates. It may be that the original date from 

(Mörner, 1977), was previously given too precise an age estimate, and 

potentially, given the improvements documented in radiocarbon dating (see 

section 3.2), this date should be utilised cautiously. This date is the most down-

weighted of the incorporated Gothenburg dates, and thus this could be an 

indication of contamination, and potentially that the other dates for the 

Gothenburg, which have much lower posterior values are better dates to 

utilise. Additionally, with the Gothenburg palaeomagnetic excursion we must 

be cautious of the suggestion that the excursion occurs at varying times at 

different localities (Gus’kova et al., 2012a), as this may mean incorporating a 

date from a different locality is inappropriate, particularly as Lake Baunt is 

located ~8000 km from southern Scandinavia, the locality where Krainov et 

al., (2017) have correlated the excursion. 

Figure 3.10 documents an age model incorporating 6 published dates for the 

Mono Lake palaeomagnetic excursion. Figure 3.10:B demonstrates that this 

model is problematic, with most dates being down-weighted. The model in 

figure 3.5 was run under the same parameters with the exception of not 
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including the Mono Lake published ages, so it appears that including these 

dates is problematic for the Baunt chronology. As discussed in section 3.4, the 

original date of ~24 ka BP for the Mono Lake excursion was revised (Denham 

& Cox, 1971; Kent et al., 2002) and, therefore, this model was also run 

excluding some of the oldest studies of the event, to see if, potentially, dating 

issues from these earlier dates may be introducing the problems causing many 

dates to appear as outliers. This additional model is shown in figure 3.11, with 

figure 3.11:B documenting that all the dates have been down-weighted to 

some extent in this model.  

This is strikingly different to figure 3.5, and, thus, we assume that the age of 

the palaeomagnetic shift at Lake Baunt occurs at a different time to those 

demonstrating the Mono Lake excursion elsewhere. This makes sense, as the 

most recent estimates of the Mono Lake excursion tend to place it between 

~32-34 ka BP (Benson et al., 2003; Svensson et al., 2008; Laj et al., 2014; 

Lund et al., 2017), and the previous models for Lake Baunt in section 3.6.2 

tend to suggest the record only covers the last ~30 ka BP, and, thus, the 

occurrence of this palaeomagnetic excursion at Lake Baunt would be 

inconsistent with all the other dating and Bayesian age modelling carried out 

at Lake Baunt. 
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Figure 3.9: (A) - Bayesian Age model for Lake Baunt including 3 published ages for 
the Gothenburg Palaeomagnetic Excursion (Morner et al., 1977, Guskova et al., 
2007 and 2012.). Model run allowing interpolation but no boundaries. (B) Outlier 
Analysis Output showing which dates have been downweighed by the general 

outlier model. 
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Figure 3.10: (A) - Bayesian Age model for Lake Baunt including 6 published ages 
for the Mono Lake Palaeomagnetic Excursion (1: Lund et al., 2017, 2: Benson et al., 

2003, 3: Laj et al., 2014, 4: Denham & Cox, 1971, 5: Guskova et al., 2012, 6: 
Svensson et al., 2008). Model run allowing interpolation but no boundaries. (B) 
Outlier Analysis Output showing which dates have been downweighed by the 

general outlier model. 
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Figure 3.11: (A) - Bayesian Age model for Lake Baunt including 4 published ages 
for the Mono Lake Palaeomagnetic Excursion (1: Lund et al., 2017, 2: Benson et al., 
2003, 3: Laj et al., 2014, 6: Svenssen et al., 2008). Model run allowing interpolation 

but no boundaries. (B) Outlier Analysis Output showing which dates have been 
downweighed by the general outlier model. 
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Other factors to the dating must be considered before the palaeomagnetic 

shifts documented by Krainov et al., (2017, 2018) at Lake Baunt can be 

correlated to the Gothenburg and Mono Lake palaeomagnetic excursions. The 

site stratigraphy must be considered (Verosub & Banerjee, 1977), and  

lithostratigraphic shifts are documented at 5.9m, where the Gothenburg 

excursion was suggested to occur, while the Mono lake correlation was made 

at 11.90cm, and lithostratigraphic changes are seen gradually around 

~11.75cm. It appears, therefore, that the shifts seen in the Lake Baunt record 

may be reflecting sedimentological changes, and these must be considered 

before an excursion can be identified.  

In addition to stratigraphic issues, the core also records interlayers of 

hydrotroilite from depths below 540cm (see figure 2.6) (Krainov et al., 2017). 

Hydrotroilite, a hydrous sulphide of ferrous iron (Ferronsky et al., 2014), could 

potentially cause alterations in the magnetics of the core. As discussed in 

section 3.4, the occurrence of diagentic FeS at Gothenburg was suggested by 

Verosub and Banerjee (1977) to be a reason for the sediments to carry a signal 

of chemical remnant magnetisation, which they used to question the 

occurrence of the palaeomagnetic excursion. Therefore, we must consider 

that the presence of hydrotroilite in Lake Baunt could also affect the sites 

magnetic records and, thus, caution must be taken when considering the 

results. A final stratigraphic factor must also be considered for the Lake Baunt 

palaeomagnetic excursions to be identified, and this is the potential influence 

for sampling on the core’s signal. Figure 3.12 highlights the Krainov et al., 

(2017) magnetic record alongside the sites stratigraphy, and it is immediately 

noticeable that the two inclination shifts occur at drive core ends. It is, 

therefore, possible that coring may have disturbed the sediments, inducing a 

change in their inclination (Verosub & Banerjee, 1977). As discussed in section 

3.4, due to these factors with the Lake Baunt core the magnetic field shifts 

need to be documented in more than one core from the site (Verosub & 

Banerjee, 1977), to demonstrate coherence, and to highlight these changes 

occur away from core ends. Therefore, based on multiple lines of evidence it 

appears that the palaeomagnetic excursions documented by Krainov et al., 
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(2017) cannot confidently be assigned to the Mono Lake or Gothenburg 

excursions, and will not be utilised to constrain the sites chronology.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12: Magnetic field inclination and NRM of the BNT14 sediments from 
Krainov et al., (2017) with added dashed red lines highlighting shifts in the 

inclination record and drive end positions. 
 

3.7 Assessing the Lake Baunt Models 

There are several key trends that need to be considered in all the initial age 

models produced from Lake Baunt. The upper date in all models suggests that 

the age of the site at 52cm depth is approximately 6.2 ka BP, similar to the 

97.5cm dates age. In some of the models, the age range produced for these 

dates can cause a reversal to be found in the sequence, however, in the more 

flexible models, these dates can be accommodated. In all the models, if the 

sedimentation rate from the upper section of the core is extrapolated, the 
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sedimentation rate is too low to for the core to cover the full Holocene period, 

potentially stopping around ~6 ka BP. This raises a number of questions and 

means several factors must be considered to allow this issue to be resolved. 

It is possible that either the 100cm or 52cm date has been contaminated and 

is not, therefore, allowing a reliable age model to be produced. Despite this 

being possible, as discussed in the strategy for Lake Baunt radiocarbon dating 

(section 3.2.2/3.2.4), there is no detrital carbonate found at the site and a lake 

reservoir offset seems unlikely, and, thus, it is not thought to be that probable 

for the dates to be too old.  

A different option is the consideration that the site has a hiatus at some period. 

The 210Pb, 137Cs and 241Am dating indicate that the upper section of the core 

does not contain sediments deposited during the last 150 years, although in 

at least one lake in the region 210Pb ages are viable for the last ~60 years 

(Adams et al., 2018). It is unexpected that the lake system would not have 

deposited sediments over this period, so is possible to suggest that the core 

top may have been lost during collection in 2014. This would explain the 

models suggesting the record stops at ~6ka BP. The work of Krainov et al., 

(2017), may lend support for the loss of the upper section of the core as during 

the Holocene they only detect what they suspect to be the Solovki excursion 

in 1 sample and they do not detect the more recent Etruria excursion (Krainov 

et al., 2017), which dates to 3-2.2 ka BP (Dergachev et al., 2004). The lack of 

these palaeomagnetic excursions could be attributed to the upper part of the 

core being lost, which would allow the presence of earlier events but not the 

most recent one. It is possible, however, that this point may be circular, given 

the difficulty in resolving magnetic excursions in other parts of the core. Thus, 

the dates in the upper part of the model are examined in more detail below. 

In order to investigate the upper sections of the model further, a fully 

interpolated model for the core with variable k and outlier detection was run, 

with the insertion of a ‘date’ function at a depth of 1cm. This function inserts 

the age calculated for a particular depth returned from the whole model (Bronk 

Ramsey, 2008). It is also possible to derive the same age from viewing the full 

deposition output from the model, but the ‘date’ function is used here for ease 

of viewing. The model shown in figure 3.13 uses all of the available dates and 
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predicts an age for a depth of 1cm as 6322-4003 ka BP. Suggesting that 

unless one or more of the dates above 200cm are incorrect, then part of the 

upper section has been lost in sampling, as suggested above.  

 

Figure 3.13: (A) - Bayesian Age P_sequence model for Lake Baunt with 
interpolation and outlier detection with the insertion of a date function for 1cm, which 
reports age if 6322-4003 ka BP. Model run allowing interpolation with 1 boundary. 
(B) Outlier Analysis Output showing which dates have been downweighed by the 

general outlier model. 
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To fully test this problem, a series of model experiments were run in OxCal, by 

progressively removing the upper dates and running a P_Sequence model 

with variable k and outlier detection and a ‘date’ function at 1cm (Bronk 

Ramsey, 2008). Interpolation modelling was not undertaken in this case, as 

this is not an attempt to construct a final age model, but to test the influence 

of specific dates and it the reduced uncertainty ranges of a more simple 

deposition model to allow a clearer view of the contribution of the dates. The 

first iteration of this experimental model (figure 3.14) does not use the new 

Belfast date at 97.5cm but keeps all of the original Poznan ages. Running this 

model gives an age for the 1cm depth of 6407-5205 ka BP. Running the model 

again figure 3.14 with the upper Poznan age at 52cm means that there are 

now no age constraints above 2m and the model is allowed to extrapolate from 

the ages below this depth. Doing so gives an age for the 1cm depth of 5830-

1045 ka BP. The large age range is due to the long extrapolation over 2m and 

no constraints, but even so, this model cannot achieve a modern age for the 

top of the core. Thus, these experimental runs suggest that the upper ~6000 

years of the core have not been captured.  One final supporting point for this 

interpretation of the BNT14 core comes from a short core taken from the upper 

basal sediments in the site in 2013 (Bezrukova et al., 2017). The coring 

location is the same as that is reported as for BNT14, and analyses of initial 

proxy data were carried out in the same laboratories. The base of the short 

core is reported at 147cm and has a radiocarbon age of 5990 + 35 years. As 

such, if the BNT14 core did indeed cover a period younger than ~6000 ka BP 

it would be reasonable to expect some consistency between the two records. 

Two data sets available for both cores were undertaken by Russian 

collaborators and, therefore, some equivalence would be expected. In TOC 

for both cores this is the case with values ~15% above 2m for BNT14, and for 

the whole record in the short core. However, a shift to higher percentage 

values seen in BNT14 is not apparent at the top of the short core. A clearer 

issue between the cores, however is the completely different values in 

Biogenic Silica % with the short core having values of between 54-60% 

(Bezrukova et al., 2017, Figure 2), whereas for BNT14 they vary between 10-

25% for the upper 200 cm. This clear offset between the two cores suggests 
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that the interpretation derived from the radiocarbon ages, that the upper 

sections of the core have not been captured during the 2014 coring, seems 

valid. 

 

Figure 3.14: (A) - Bayesian Age model for Lake Baunt with the Belfast UBA-32755 
date removed. No interpolation or boundaries are included. (B) Outlier Analysis 

Output showing which dates have been downweighed by the general outlier model. 
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Figure 3.15: (A) - Bayesian Age model for Lake Baunt with the Belfast UBA-32755 
and BNT14-52 dates removed. No interpolation or boundaries are included. (B) 
Outlier Analysis Output showing which dates have been downweighed by the 

general outlier model. 
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The different models for Baunt also highlight significant differences between 

how the models interpret the sediments between 600cm and 450cm. The first 

2 models (figure 3.3 & 3.4) show very little variation in sedimentation rates 

over this period, while the third model (figure 3.5) is tightly constrained 

between 600-500cm, despite allowing interpolation between the dates. The 

models incorporating boundaries (figures 3.6 & 3.7) are much less constrained 

for this period, irrespective of whether the models allow interpolation. This 

period of the Lake Baunt core contains the most significant changes in the 

lithostratigraphy, so it is possible that sediment deposition underwent major 

changes during this period. Potentially then, the models using boundaries are 

more realistic for these periods, compared to those without boundaries, where 

the model lacks prior knowledge that there are sedimentological changes at 

these depths. Despite this, the model in figure 3.5 can be considered 

preferable as this model does not down-weight as many of the dates, and as 

there is no supporting information to suggest the dates should be considered 

as outliers. Therefore, it may be the case that the boundaries are introducing 

additional uncertainty, and it is necessary to consider if the lithostratigraphic 

changes documented are sediment source changes, or just minor changes in 

the sediment deposition.  

In order to consider the issue of where to place boundaries in this record, it is 

necessary to take a strategy that considers the lake stratigraphy but also the 

robustness of the whole model, with respect to outliers. At this point, it is useful 

to review the combined stratigraphic information for the core presented in 

chapter 2 (figure 2.7). There are a number of fluctuations within the various 

productivity signals for the lake (LOI, TOC, Biogenic silica), and these 

generally co-vary. These fluctuations in the lake productivity signal do not 

really conform in any clear way to the changes in recorded sediment, with the 

largest shift across all indicators occurring at ~1000-800cm and this sits well 

within any reported boundaries. It is taken here to suggest that the logged 

changes in stratigraphy 600-400cm are related to clay content and would not 

necessarily have an impact on sedimentation rates. Thus, in the final model, 

below, the upper boundaries are omitted to allow the lowest number of outliers 

in the age model. One boundary that is retained is the lowest boundary, 
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between silty clay and silty clay with diatoms. The lowest section has the 

lowest diatom concentration and is the least productive part of the record. This 

suggests that the regime in the lake is very different and this boundary may be 

more significant than the other boundaries. Incorporation of this boundary also 

gives the lowest level of outlying elements of the probability ranges. 

Large uncertainties on some of the dates in the core may also be a function of 

the calibration process. All the radiocarbon dates in the Lake Baunt age model 

are calibrated using the IntCal13 curve (Reimer et al., 2013), and although this 

is essential, it may introduce some of the larger uncertainties documented in 

some of the models. This can be due to variations in past atmospheric 

concentrations of 14C, which mean that there is significant variation in the 

shape of the calibration curve. As discussed in section 3.2.3, calibration of two 

dates with a similar error can result in large variations in the range of the 

calibrated ages, due to variations in the shape of the IntCal13 calibration 

curve. In Lake Baunt’s case, some of the dates including UBA-32755 have a 

much wider range than some of the others, including BNT-1195, due to 

plateauing areas on the IntCal13 curve (see figure 3.16). In general, the dates 

below 600cm are less affected by plateauing of IntCal13, and this may explain 

why uncertainties are smaller in these sections of the model, and why these 

areas are more consistent between models. 
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Figure 3.16: Radiocarbon date and calibrated probability density function of 
calibrated ages from Lake Baunt shown with the relevant section of the IntCal13 

curve (Reimer et al., 2013) (A) BNT-1195 (B) UBA-32755. 

 

3.8 The complete Lake Baunt age model 

The final Bayesian Age Model for Lake Baunt is shown in figure 3.17. The 

model uses a P_sequence deposition with interpolation model, with automatic 

outlier detection. The model allows for interpolation between the dates, as this 

most accurately reflects the current knowledge of the age of sediments 

between the dates and allows for more flexibility within the model. This also 

A 

B 
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prevents dates being down-weighted due to the model being too rigid. The 

model includes the full set of 15 radiocarbon dates, and it is assumed, based 

on the 210Pb dating, that there is a hiatus above ~6 ka cal BP, supported by 

the modelling experiments and comparison to the short core above and, thus, 

the record does not extend beyond the early mid Holocene. Figures 3.6 and 

3.7 highlighted that models produced for Lake Baunt, which incorporate 

boundaries, have had a higher number of dates down-weighted as potential 

outliers, than those without. To consider this, the site stratigraphy required 

careful scrutiny, to determine periods of sediment supply change. As a result, 

the final age model from Lake Baunt (figure 3.17) incorporates only one 

boundary at 1175cm, where there is a significant shift to a more organic 

dominated system, from a system were the minerogenic fraction is greater 

(see figure 2.6), which suggests there are different sedimentary sources and 

supply regime at this time. As discussed in section 3.6.3, the palaeomagnetic 

excursions documented by Krainov et al., (2017) from Lake Baunt are not 

included in the final model as further work is required to determine the 

robustness of these excursions.  

The model indicates fairly consistent sedimentation at the site from ~30 ka cal 

BP and is considered to be the most realistic representation of deposition of 

the Lake Baunt sediments. Interpolation between dates within the model 

allows a more realistic representation of model uncertainty, and the variable k 

factor has given the model enough flexibility to incorporate almost all the dates 

with very limited down-weighting. This is ideal, as the site’s ẟ13C record 

suggests that we do not anticipate a high number of outliers. One date (UBA-

332755) is fully down-weighted, suggesting that this date is 100% outlying, 

and further dating in this area of the core in the future may help to resolve this. 

The remaining dates are either fully contributing to the model at 95% 

confidence, or within 1-3% of this, and therefore the model is performing very 

well. 

The model suggests an average deposition of ~30-100 years per centimetre 

(0.03-0.01 cm/yr), which suggests that the site is suitable for considering 

abrupt climatic shifts throughout the later Quaternary period.  
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Figure 3.17: (A) Final Bayesian Age model for Lake Baunt incorporating 15 14C 
dates calibrated using IntCal13 (Reimer et al., 2013), and modelled in OxCal 4.3. 
Outlier analysis and interpolation (variable k parameter of 2 to -2) has been used 

and one boundary is included at 1175cm depth. (B) Outlier Analysis Output showing 
which dates have been downweighed by the general outlier model. 
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Due to the lack of dates above 52cm, this upper section of the core will only 

be discussed with reference to the extrapolated age range for the upper 52cm 

from the final model. 

Although issues remain with the Lake Baunt chronology, it is the best and most 

comprehensively considered available chronology for the site, and the 

different techniques used have supported several of the chronological 

findings, including the potential hiatus or upper core loss. Despite the issues 

raised about the late Holocene, for the period covered by this study, it provides 

one of the best chronologies for palaeoenvironmental studies in southern 

Siberia. By comparison with the only currently published chronology for BNT14 

(Krainov et al., 2017), the model presented here now has a fully defined age 

range over the full depth of the core with fully defined uncertainties, as the only 

published age model focusses on attempting to define palaeomagnetic 

changes in the core at a small number of specific depths. Therefore, the model 

from this project is the best available age depth model for understanding 

changes in the Baunt record over time. 

In a number of proxies, changes in sedimentation rate can influence the 

apparent influx of material. It is common, therefore, to convert some 

parameters, such as % organic carbon or the biovolume, to account for 

accumulation rates (Rioual and Mackay, 2005). The first step is to calculate 

the Dry Bulk Density for each individual sample. Dry Bulk Density is calculated 

by weighing each wet sample, drying in an oven overnight at 105°C and then 

re-weighing the cooled sample. Dry Bulk Density is wet mass –dry mass of 

sample. To obtain sediment Mass Accumulation Rates this is then multiplied 

by the linear sedimentation rate between dated points. The MAR for Lake 

Baunt is shown in 3.18. 
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Figure 3.18 MAR’s for Lake Baunt in g/cm2/year from for the whole record on the 
final Baunt age model with 2 sigma uncertainty ranges on the chronology. 

  

3.9 Future Chronological Work 

Lake Baunt has one of the best well constrained age models for a site in 

southern Siberia. Although the site has not preserved macrofossils, the bulk-

radiocarbon samples are considered sound. The sedimentation rates 

documented through the core allow high resolution palaeoenvironmental and 

palaeoclimatic studies to be undertaken at the site. It is anticipated that several 

areas of the Lake Baunt chronology may undergo refinement, potentially 

linked to improvements to radiocarbon calibration, which may allow 

uncertainties in some areas of the core to be reduced. The use of additional 

techniques including tephrochronology, in the future, may assist chronological 

controls, by providing the ability to link records from regional sites, and if a 

microscopic tephra can be linked by geochemical characteristics to a known 

eruption, an argon-argon date may be used and provide an independent age 

for a site. The palaeomagnetic work carried out at Lake Baunt by Krainov et 

al., (2017, 2018) requires further work to determine if core factors and 

sampling are causing the magnetic field shifts, or if these are indeed true 

palaeomagnetic excursions.
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4 The Lake Baunt Diatom Assemblage 

4.1 Diatoms as Palaeoenvironmental Indicators 

Diatoms are unicellular, photosynthetic algae (Barber and Haworth, 1981; 

Round et al., 1990), belonging to the class Bacillariophyceae of the algal 

kingdom (Barber and Haworth, 1981; Battarbee et al., 2002). They are found 

in almost all aquatic environments (Jones and Mann, 2004), in some cases 

making up 98% of silicic material in sediments (Swann and Mackay, 2006). 

Diatoms make excellent indicators for palaeoenvironmental, 

palaeolimnological and palaeoclimatic studies for many reasons, including 

their ability to respond rapidly to environmental changes, as a result of their 

short life cycles (Kilham et al., 1986; Rioual et al., 2007), which makes them 

ideal for studying responses to abrupt climatic change. They provide essential 

insight into aquatic environments, which is aided by the longstanding studies 

of diatoms over the past two centuries, meaning that in many cases their 

ecological preferences are well documented (Barber and Haworth, 1981; 

Jones, 2013).  

Diatoms are known to respond to a wide range of environmental variables, 

including changes in pH, salinity, nutrients and oxygen availability, which make 

them useful for reconstructions of these environmental indicators at a range of 

geographic and temporal scales. Diatoms are a key tool in modern ecological 

studies of single lakes, to multiple lakes in a broad region, and over daily and 

seasonal timescales (e.g. Pan et al., 1996; Maier et al., 2018), but at the same 

time are used to examine ecological and environmental change over much 

longer Quaternary records, from the last millennium through to glacial to 

interglacial cycles (e.g. (Mackay, 2007; Rioual et al., 2007; Wang et al., 2013). 

As such, diatoms are an incredibly useful and diverse proxy record.  However, 

diatom studies also require knowledge of ecological preferences to e.g. lake 

chemistry and an understanding of secondary and taphonomic influences on 

diatom preservation, so the reconstructions can be robustly evaluated (Barker 

et al., 1994).  

A key feature of diatoms, which makes them an excellent environmental 

indicator, are their intricately patterned siliceous cell wall structure (Barber and 
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Haworth, 1981; Zurzolo and Bowler, 2001). Diatom cells are encased in two 

siliceous frustules, which are essential for allowing identification of species, 

due to the variations in the patterning, which are usually species specific and 

reproduced identically during cell division (Zurzolo and Bowler, 2001). The two 

frustules consist of a larger epitheca, which fits over the smaller hypothea, and 

they are linked by copulae (Round et al., 1990). The rigid amorphous biogenic 

silica (Zurzolo and Bowler, 2001), which comprises the frustules, is able to 

withstand harsh environments, allowing diatoms to be well preserved 

in sedimentary deposits. The biogenic silica is comprised of inner tetrahedrally 

bonded silica oxides (Si-O-Si) surrounded by a hydrous layer (-Si-OH), which 

is freely exchangeable with the surrounding environment (Leng and Barker, 

2006; Leng and Swann, 2009). To form their frustules, diatoms utilise silicic 

acid from their environment, using their specialised silica deposition vesicles 

to polymerize the acid (Zurzolo and Bowler, 2001). Diatom cell replacement 

primarily occurs as asexual vegetative replacement, however, this results in 

progressively smaller cells (O’Farrell et al., 2001), and as a result sexual 

reproduction also occurs (Kaczmarska et al., 2013). 

One of the most important issues that can affect the reliability of diatom 

reconstructions is dissolution of diatom frustules, both within the water column, 

and post deposition. This can be a significant issue for palaeoenvironmental 

reconstruction, as dissolution of diatoms, in the worst cases, can cause 

complete removal of diatoms from a record. More commonly, a diatom 

assemblage becomes biased, as a result of partial dissolution, with the smaller 

or more delicately silicified species (Battarbee et al., 2005; Ryves et al., 2003), 

being preferentially removed from the record, preventing them from being 

documented. In many cases, the more robust species undergo less 

dissolution, which may mean they are more easily identified in the record, 

again introducing bias (Ryves et al., 2009). Effects of dissolution on 

palaeolimnological reconstructions are well documented, with evidence of 

dissolution shown clearly in Lake Baikal, where the water column is always 

undersaturated in silica (Mackay, 2007), and only 1-3% of valves are 

preserved.  
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Diatom dissolution in aqueous environments is known to be primarily 

influenced by temperature, pH (Swann and Mackay, 2006), salinity and the 

silica content of water (Cohen, 2003; Flower and Ryves, 2009). Through 

laboratory experiments, high pH environments have been shown to be most 

conducive for diatom dissolution, with saline solutions generating the greatest 

solubility of diatom frustules in these environments (Barker et al., 1994). 

Temperature is an important control on all solution reactions and in general 

colder waters would promote diatom preservation (Kamatani, 1982), in part by 

reducing bacterial influence on dissolution (Bidle et al., 2003), although these 

effects have been most studied in marine environments.  Additionally, other 

factors are important, including the oxygenated nature of bottom waters, silica 

in pore waters, carbonate content and meromixis, especially in saline lakes 

(Ryves et al., 2006). 

Effects of dissolution are not linear through time, or within water bodies, with 

factors such as lower diatom concentrations, for example during colder glacial 

periods (e.g. in Lake Baikal, Mackay (2007)), exacerbating the effects.  

Additionally, coarser sediments, often associated with increased erosion in 

cold conditions, are found to damage diatoms more readily (Lowe & Walker 

2015). Additional factors, such as increased grazing, both in the water column 

and on the lake bed, can fragment the frustules making them easier to dissolve 

(Mackay, 2007).  

Diatoms have been well utilised in Siberia as a proxy, as discussed in chapter 

1.4. Their widespread use is primarily due to their ability to preserve well in 

aquatic environments, and the relatively low salinity and relatively cold 

conditions in most Siberian lakes gives generally good diatom preservation. 

Moreover, as discussed below, techniques have been developed to assess 

diatom dissolution and potential bias in a diatom assemblage, allowing greater 

confidence in diatom based environmental reconstructions (Ryves et al., 

2001). 

Despite the issue of dissolution, diatom assemblage data has been generated 

from many studies in order to understand paleoenvironments. Diatom 

assemblage data are presented in many ways. Most commonly, percentage 
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relative abundances are used, allowing raw count data to be rapidly converted 

to a more comparable form. This is particularly important where the exact 

number of values varies, as without converting to percentages, raw counts 

could identify a species as increasing when it could be due to larger count 

numbers. Despite this, without careful consideration, percentage change 

values still need to be considered carefully. This is because as one species 

declines, it automatically increases the proportion of other species, where they 

may not have actually increased in the assemblage, and this is a common 

problem across a range of compositional data (Aitchison, 1986). Diatom 

concentrations have been used to overcome this (Battarbee and Kneen, 

1982), preventing species being given a higher value due to proportional  

reductions in other species. Despite this, concentration data can also be 

difficult to interpret, as concentrations within a core may increase rapidly, as a 

result of factors external to the diatom assemblage, such as changes to 

sedimentation rates. This has increasingly led to diatom concentrations being 

converted to diatom fluxes (e.g. Battarbee et al., 2001) or diatom biovolumes 

(Rioual and Mackay 2005). Diatom fluxes take account of sedimentation 

accumulation rates, and, therefore, rely on a robust chronology to provide an 

accurate view of periods of increased diatom concentrations over time. 

Biovolumes are also able to accommodate accumulation rate shifts (e.g. 

Rioual and Mackay, 2005), but they require accurate size measurements of 

the taxa. This in itself can be problematic due to the wide variety of 

morphologies and sizes seen in diatom assemblages (Hillebrand et al., 1999). 

Therefore, to allow the most detailed understanding of an assemblage it 

appears that using a range of these techniques to consider an assemblage is 

advantageous.  

 Functional Groups 

The use of ecological guilds and functional groups are increasingly popular for 

understanding ecological status (Passy, 2007a, 2007b; Tapolczai et al., 2016). 

However, they have not yet been extensively applied to studies considering 

palaeoenvironmental shifts (Riato et al., 2017). The reason for considering 

species traits and functional adaptations when studying assemblages is due 

to issues that can arise in understanding the ecosystem with a large variety of 
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species; trait analyses requires identification of taxa only to genus level, 

overcoming issues with hard to identify species, or species that are extinct 

(Riato et al., 2017; Tapolczai et al., 2016). Grouping taxa according to their 

functional adaptations allows the complexities of the environment to be better 

understood (Riato et al., 2017). This is because certain traits will enable some 

groups to thrive (Tapolczai et al., 2016), and changes in the proportions of 

these can give distinct responses to changing environments (Passy, 2007b).    

Functional groups are, therefore, a useful way to extract additional information 

from a complex diatom assemblage. As a result, several grouping 

classifications have previously been developed, although Passy’s (2007b) four 

ecological guilds grouping is the most widely known (Tapolczai et al., 2016). 

Passy (2007) based guilds on tolerance to resource use, nutrient limitations 

and physical disturbance (Passy, 2007b; B-Béres et al., 2017), however, this 

has been viewed as problematic as the definition of ‘disturbance’ is unclear 

(Tapolczai et al., 2016). Additionally, the use of only four groups is thought to 

be insufficient to cover the main habitat types, and, therefore, newer 

classifications of eco-morphological groups have been developed to allow 

species-environmental correlations to be revealed (B-Béres et al., 2017). 

These have adapted Passy’s (2007b) guilds with the addition of a planktonic 

group suggested by Rimet and Bouchez (2011), and size separations within 

groups, which improve detection of correlations between different 

environmental factors and cell size (B-Béres et al., 2016).  

 Diatoms in Cold Environments 

Cold regions provide a particular set of conditions, which strongly influence 

their diatom communities. Factors that are of particular note for influencing 

diatoms in these regions are the duration of ice cover, stratification of the water 

column, intensive seasonality, and lake level (Kilham et al., 1996). Slight year-

to-year changes can have significant impacts on an assemblage, as shown by 

Malik et al., (2018), where variations in the timing of the start of the ice free 

season influenced whether Lindavia bodanica (Eulenstein ex Grunow) 

T.Nakov, Guillory, Julius, Theriot & Alverson -  or Discostella stelligera (Cleve 

& Grunow) Houk & Klee, became dominant. The timing and duration of the 
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ice-free season are also critical in how much these regions can warm during 

summer months, with the timing of ice cover and spring overturning controlling 

nutrient delivery from the hypolimnion to the epilimnion, through mixing of deep 

water (Kilham et al., 1996), which in turn influences the diatom community. 

Additionally, the duration of ice cover will cause particular requirements to be 

beneficial to some diatom species, with early ice free conditions causing early 

and prolonged spring overturning, and this favours species that can tolerate 

low light conditions (Kilham et al., 1996).  Reduced ice cover is also linked to 

higher biomass conditions, as a result of reduced loss of diatom cells through 

erosive abrasion and higher primary productivity, due to increased nutrients, 

substrate and light (Snoeijs, 1990). This means that when the ice free duration 

changes, it can impact the niches that are available for diatoms to occupy, with 

earlier ice free conditions promoting large diatom blooms (Snoeijs, 1990). On 

the other hand, when ice durations are extended, productivity is often 

significantly lower, with increased minerogenic inputs promoting erosive 

abrasion which damages the diatoms (Lowe and Walker, 2015; Snoeijs, 

1990), making them more susceptible to dissolution , as seen during glacial 

periods in Lake Baikal (Mackay 2007).  Therefore, it is essential to carefully 

consider these specific features when considering diatom assemblages in cold 

environments, as in cold regions, such as southern Siberia, assemblages 

reflect strongly seasonal conditions, with long, cold and arid winter 

environments and short, warm, moist summers. 

 Aims and Objectives 

The aim of this component of the project is to produce a high-resolution record 

of change in lake ecology from Baunt. This has been achieved using several 

objectives including the production of a high-resolution diatom assemblage 

record for the BNT14 core, which is considered alongside additional datasets 

from Baunt to consider how the lake has changed over the past ~30 ka BP. 

External drivers of palaeoclimatic change have been considered to determine 

their influence on the ecosystem. 
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4.2 Methodology 

 Sample Preparation 

Diatom samples were taken at 5cm resolution across the BNT14 core, with 

additional infilling at 2.5cm at key areas of the core. In total 327 samples were 

prepared for compositional analyses following Battarbee’s (2001) digestion 

procedure. The method comprised sampling 0.1g of wet sediment and adding 

5 ml of H2O2 (laboratory grade). The samples were placed in a water bath and 

warmed to 80°C. Care was taken while heating, to ensure a violent reaction 

was avoided. Samples remained in the water bath until all organics had been 

removed and additional H2O2 was added as required. Following this, a few 

drops of 5% HCl were added to remove any carbonates. Samples were then 

topped up with distilled water and centrifuged at 1200 RPM for 4 minutes. The 

supernatant was poured off and additional distilled water added. The process 

was repeated 4 times to ensure all H2O2 is removed. During the last two rinses 

NH3 was added to keep the clays in suspension and to stop the diatoms 

clumping. Blank samples were added at each stage of the preparation, to 

provide a means of checking samples were not contaminated. 

Additionally, divinylbenzene (DVB) microspheres were added after the final 

rinse to allow determination of diatom concentrations (Battarbee and Kneen, 

1982). Once microspheres were added to the samples, they were diluted and 

pipetted onto the cover slips, which were covered and left to dry. Once dried, 

a hotplate was heated to 130°C in a fume cupboard. A drop of Naphrax 

mounting medium (resin) (refractive index 1.65), was placed on the slide and 

the cover slip inverted. This was followed by heating the slide until the toluene 

was driven off the Nahrax, causing the refractive index to rise to 1.73, making 

it ideal for fixed diatom slides. 

Each sample was studied at X1000 magnification and had a minimum of 300 

diatoms counted and identified, using a Lecia DMBL. Identifications principally 

followed Krammer and Lange-Bertalot (1986, 1988, 1991a, 1991 b), 

supplemented with Lange-Bertalot, (2001) and Krammer (2002) and was 

supplemented by web based resources (http://craticula.ncl.ac.uk and 

https://diatoms.org), alongside published literature on particular taxa (e.g. 
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Duleba et al., 2015; Genkal and Popovskaya, 2008b; Koppen, 1978, 1975). 

Light microscope photos and scanning electron microscopy images were used 

to record and classify hard to identify species. Additionally, advice was sought 

from diatom experts at the International Diatom Symposium 2018 (Berlin) to 

help resolve difficult to identify taxa. 

Raw counts were transformed to percentages to provide relative abundances, 

while concentrations were determined using microspheres. Concentrations 

were calculated as:  

 

Number of Microspheres Added x Number of Diatoms Counted 

Number of Microspheres Counted 

Equation 4.1: Diatom Concentration  

The concentration data has been converted to diatom fluxes as this 

incorporates variations in sedimentation rates, as determined in chapter 3. 

Expressing data as a flux reports quantity through an area over time. In the 

case of diatom flux this can be the quantity of diatoms in a sediment trap 

collected over a period of weeks or months (e.g. Hausmann and Pienitz, 

2009), or, as in this case, diatom concentrations derived from microspheres 

(Battarbee and Kneen, 1982) are expressed as units per cm against time: 

Diatom Concentration x 106/cm2/time 

Equation 4.2: Diatom Flux  

Abundances were expressed as concentrations x106 by dividing the calculated 

values by 1,000,000. As samples were not taken at every cm, the 

sedimentation rate was derived by dividing the difference between average 

ages from the calibrated radiocarbon chronology for Baunt, by the difference 

in relative depth between each diatom sample. Reporting diatom flux in such 

a way relies on a relatively linear sedimentation rate, and the average of the 

Baunt age depth model (figure 4.1) supports the reporting of the diatoms as 

flux, as well as concentrations. 
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Figure 4.1: Age depth model for Lake Baunt (see chapter 3). 

 
Additionally, diatom biovolumes have been studied for the main planktonic 

taxa, A. granulata and P. ocellata, which usually make up >60% of the 

assemblage and are, therefore, likely to provide a good representation of the 

Baunt assemblage. The biovolumes of the main taxa have been studied as 

this can allow the size differences between the main species to be considered 

more clearly. Biovolumes were calculated by using a micrometre eyepiece to 

measure the lengths and widths of A. granulata, while the diameter was 

measured for P. ocellata, and the cell depth was inferred from this using the 

radius (Anderson, 1994). A minimum of 50 valves were measured per taxa. 

Mean and median biovolumes were then calculated using the Hillebrand et al., 

(1999) geometric shape guidelines. The median biovolumes were converted 

to biovolume accumulation rates (BVAR) by calculating the diatom cell 

concentration (diatom valve concentration divided by two, and expressed in 

millions of cells per gram of dry matter), as outlined by Rioual and Mackay 

(2005). Median biovolumes were multiplied by the diatom cell concentration, 

the dry bulk density, and sedimentation rate. 

Diatom dissolution of the dominant diatom taxa, A. granulata and P. ocellata 

was quantified with individual frustules being classified into 1 of 4 stages (see 

figure 4.2): (1) pristine, (2) little dissolution, (3) very dissolved, and (4) almost 
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unrecognisable. 76 of the 327 samples were classified for dissolution at 

regular intervals across the core.  Dissolution quantifications were carried out 

under light microscope at X1000 magnification. Dissolution was quantified for 

the first 100 frustules of these taxa found per sample, to ensure the sample 

was random.  

 

Figure 4.2: Dissolution stages of P. ocellata (A) pristine (under SEM and LM) (B) 
little dissolution -concentrated around valve edges, (C) very dissolved with 

dissolution towards the mantel and (D) almost unrecognisable. 
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Dissolution was not quantified for T. flocculosa as this is not present during the 

lower sections of the core, and because it is difficult to consistently quantify 

dissolution for this morphology. Additionally, T. flocculosa’s morphology meant 

that it is more liable to breakage than dissolution, making calculations of 

biovolume difficult too. 

Dissolution stages were converted to a dissolution F- index following Ryves et 

al., (2001) and Flower and Ryves (2009), as an objective assessment of 

diatom preservation. In this case, from the same observations above, a ratio 

of pristine valves for a given species for each sample against total counts 

(pristine and non-pristine) for the same species was calculated, expressed as: 

 

𝐹𝑖 = ∑ 𝑛𝑖𝑗/∑ 𝑁𝑚
𝑗

𝑚
𝑗  / 

Equation 4.3: 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. This has been calculated for every sample in the Baunt core for 

A. granulata and P. ocellata. 

 Statistical Analyses 

Initially, a detrended correspondence analysis (DCA) was undertaken in 

Canoco5 (ter Braak and Smilauer, 2018), to estimate the beta diversity of the 

dataset. DCA is a form of indirect gradient analysis, with gradient length (or 

beta diversity) estimated in standard deviation units  (Lepš and Šmilauer 

2003). The gradient length of the DCA’s first axis was 1.35, and, therefore, it 

was decided that a linear ordination method would be most appropriate for the 

dataset, as a short first axis gradient < 3 generally indicates that many species 

have a linear relationship to their environment (Lepš and Šmilauer 2003). 

Therefore, principal components analysis (PCA) was also undertaken in 

Canoco5. The species were centred and standardised, to stabilise variance 
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for the PCA (Lepš and Šmilauer 2003). PCA provides an approximation of the 

greatest variance within the data using ordination (Lepš and Šmilauer 2003). 

The Baunt record has been divided into 6 diatom assemblage zones (DAZ’s) 

(see figure 4.5/4.6), based on the shifts identified in the PCA (see section 

4.2.2), and these are used to assist description of the changes seen in the 

Baunt record.  

 Functional Groups 

The main species from Lake Baunt were grouped into functional groups 

following B-Béres et al., (2017), where species are primarily divided into 4 

groups – low profile, high profile, motile and planktonic, as originally outlined 

by Passy (2007b), and following species information based on species specific 

wider literature and databases (e.g. Algalbase; (Guiry and Guiry, 2018), 

http://craticula.ncl.ac.uk and https://diatoms.org). Species are then sub-

divided into size ranges as follows: (1) 5–99μm3,  (2) 100–299μm3, and (3) 

300–599μm3, based on their mean cell biovolume as described by B-Béres et 

al., (2017). The four main functional groups define different conditions, with 

the low-profile group occupying the base of the benthic layer, where they are 

at risk of resource stress due to low light conditions and limited nutrients 

(Passy, 2007b; Stenger-Kovács et al., 2013). The high profile guild on the 

other hand have better access to light and nutrients, but are at risk of 

‘disturbance’ due to grazing or water flow in the phytobenthos, while motile 

species are able to select their own microhabitat, minimising resource 

limitation (Passy, 2007b; Stenger-Kovács et al., 2013). The addition of the 

planktonic group allows guilds to be considered across the wider assemblage, 

as planktonic species are not always affected by the same factors as the taxa 

placed into the other guilds, and placing planktonic taxa into these guilds can 

obscure these groups changes (B-Béres et al., 2017). 

4.3 The Lake Baunt Diatom Record 

The Lake Baunt diatom record includes 290 known species from 79 genera, 

and 3 unresolved taxa, two of which are broadly linked to the genus Navicula, 

and one further unresolved taxa. Due to the rarity of these individuals, images 
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of these taxa were not obtained. SEM and light-microscope images of some 

of the taxa from Lake Baunt are shown in figures 4.3 and 4.4.  

 

Figure 4.3: SEM images of diatom taxa observed in Lake Baunt sediments. (A) 
Staurosirella pinnata (B) Encyonema silesiacum (C) Placoneis clementis (D) 
Tabellaria flocculosa (E) Pantocsekiella ocellata (F) Hippodonta costulata. 
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Figure 4.4: Light Microscope images of diatom taxa observed in Lake Baunt 
sediments. (A) Pantocsekiella ocellata (B) Stephanodiscus alpinus (C) Khursevichia 

jentzschii (D) Cavinula jaernefeltii. 

 

Figure 4.5 documents the relative percentage diatom assemblage record for 

Lake Baunt, against depth, including all species which make up a minimum of 

2% of the assemblage. The diatom flux, quantified dissolution and planktonic 

benthic ratio is also shown. The record has been divided into 6 diatom 

assemblage zones (DAZ’s) (see figure 4.5/4.6), based on the shifts identified 

in the PCA (see section 4.2.2). Figure 4.4 documents the same data against 

age, highlighting that the assemblage covers the period ~29.0-6.2 ka BP 

based on the final age model presented in chapter 3. Figure 4.6 documents 

the >2% assemblage as flux data. 

 DAZ 1 – ~ 29.0 – 22.5 ka BP  

DAZ 1 shows a clear dominance of Pantocsekiella ocellata (Pantocsek) 

K.T.Kiss and E.Ács, with values starting around 60% and gradually rising to 

approximately 80% by ~24 ka BP (figure 4.6). The zone also documents 
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consistent, low values (<10%) of several benthic species, including 

Pseudostaurosira brevistriata (Grunow) D.M.Williams and Round, Staurosira 

pseudoconstruens (Marciniak) Lange-Bertalot, Planothidium lanceolatum 

(Brébisson ex Kützing) Lange-Bertalot, Encyonema silesiacum (Bleisch) 

D.G.Mann and Cavinula jaernefeltii (Hustedt) D.G.Mann & A.J.Stickle. 

Staurosirella pinnata (Ehrenberg) D.M.Williams and Round is documented in 

higher levels (~20%) at the start of the zone, declining to ~10% by ~24 ka BP. 

The PCA first axis sample scores (see figure 4.6) are stable across this zone, 

highlighting limited change. The diatom flux across this zone is low, with some 

dissolution being identified (see figure 4.6). BVAR are low throughout this 

zone, although there is a peak of ~5751 μm3cm-2yr-1 at ~25.9 ka BP, which is 

driven by rapid increases in sedimentation rate at this time (see figure 3.18).  

 DAZ 2 – ~ 22.5 – 20.5 ka BP 

Zone 2 shows a rapid shift from the assemblage seen in DAZ1 (section 4.3.1) 

(see Fig). P. ocellata drops to below 40%, while Aulacoseira granulata 

(Ehrenberg) Simonsen rapidly becomes the dominant species, with levels 

reaching around 60%, with a peak of 84.5% at ~22 ka BP. All the benthic 

species discussed in DAZ1 show reductions across this zone, while Tabellaria 

flocculosa (Roth) Kützing, Stephanodiscus alpinus Hustedt in Huber-

Pestalozzi and Achnanthidium minutissimum (Kützing) Czarnecki, show small 

peaks during this zone. Large shifts are documented in the PCA here, with a 

change from 2 to -0.05 between ~22.5-22.3 ka BP, and a further shift at the 

end of the zone from -1.2 to 2.5 at ~20.5 ka BP.
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Figure 4.5: Diatom Stratigraphy for Lake Baunt (BNT14) shown as relative abundances against depth (cm). Rare species <2% have been removed. Planktonic Benthic Ratio, PCA Axis 1 Sample Scores, Total 
Diatom Flux (x106valves/cm2/yr) shown on a logged x-axis, total Biovolume accumulation rate (BVAR) (μm3cm-2yr-1) and the Dissolution F index are also shown. 
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Figure 4.6: Diatom Stratigraphy for Lake Baunt (BNT14) shown as relative abundances against age (years BP). Rare species <2% have been removed. Planktonic Benthic Ratio, PCA Axis 1 Sample Scores, Total 
Diatom Flux (x106valves/cm2/yr) shown on a logged x-axis, total Biovolume accumulation rate (BVAR) (μm3cm-2yr-1) and the Dissolution F index are also shown. 
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 DAZ 3 – ~ 20.5 – 18.0 ka BP 

The third assemblage zone shows a return to an assemblage similar to that 

recorded in DAZ1, with a dominance of P. ocellata, although benthic species 

remain in lower levels. S. alpinus, T. flocculosa and A. minutissimum all 

become absent in this zone. PCA sample scores all shift back towards values 

more similar to those seen earlier in the record. BVAR return to lower values 

generally <1000 μm3cm-2yr-1, while the F index highlights limited dissolution. 

Diatom flux peaks are observed at the transitions between DAZ2 to DAZ3 and 

between DAZ 3 to DAZ4.  

 DAZ 4 – ~ 18.0 – 15.1 ka BP 

DAZ4 documents a more gradual transition where P. ocellata declines and A. 

granulata increases to a peak of 88% at ~15.1 ka BP. S. alpinus and T. 

flocculosa reappear in the record, while benthic values remain low, despite a 

slight peak in S. pinnata at the start of the zone around ~17.5 ka BP. T. 

flocculosa has a rapid (1 sample) peak at ~15.7 ka  BP. Diatom biomass rises 

gradually across the zone, while fluxes show peaks at ~17.7 and ~17.2 ka  BP. 

The PCA axis one sample scores document gradual decline across this period. 

 DAZ 5 – ~15.1 – 13.1 ka BP  

Assemblage zone 5 starts with a rapid decline in A. granulata, with a 

corresponding rise in P. ocellata to a peak at ~ 13.1 ka BP. S. alpinus and S. 

pinnata are present in stable values through the zone, while T. flocculosa 

documents a short-term peak at ~ 14.0 ka BP. A. minutissimum is present in 

larger quantities in this zone. Diatom biovolumes decrease down this zone, 

while diatom flux is relatively stable. PCA scores increase gradually across the 

zone. 

 DAZ 6 – ~ 13.1 – 6.2 ka BP 

The uppermost zone of the Baunt record shows more stable values of P. 

ocellata and A. granulata, although slight fluctuations are seen. Throughout 

this zone T. flocculosa undergoes a gradual increase. S. alpinus, S. pinnata 

and A. minutissimum are stable across this section. Lindavia 

bodanica (Eulenstein ex Grunow) T.Nakov, Guillory, Julius, Theriot & 
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Alverson, appears in its most consistent quantities during the upper section of 

this zone, while Encyonema silesiacum (Bleisch) D.G.Mann has a consistent 

presence across this zone. Species biovolumes fluctuate and diatom fluxes 

document large peaks at ~6.7-6.5 and ~6.3 ka cal BP. The PCA axis 1 scores 

are also more stabilised across this zone, although as with the diatoms, slight 

fluctuations are present. 

 Diatom Fluxes and Biovolume  

Figure 4.7 shows the diatom flux data for the main species found in Lake Baunt 

against time, and the diatom zones outlined above. Additionally, the biovolume 

accumulation rates (BVAR) are shown for P. ocellata and A. granulata and 

then for all diatoms. The data are plotted on an x axis log scale to allow the 

variability in the minor assemblages to be discussed in relation to the dominant 

species. In zone 1 (~29.6-22.5 ka BP) benthic species and P. ocellata co-vary 

but other planktonic species show no real change, apart from the end of the 

zone when the majority of the diatoms show an increase in flux from ~23.5 ka 

BP. The BVAR across this zone are relatively low, except at ~25.9 ka BP, 

where they rise to ~5000 μm3cm-2yr-1 due to a change in sedimentation rate. 

In zone 2 the greatest change is a rise in both A. granulata and S. alpinus to 

~5 and 0.1 respectively. This change is accompanied by a shift to high BVAR, 

reaching 5826 μm3cm-2yr-1 at 22 ka BP. In the third zone these two species 

show a reduced flux and there is relatively little change across the other 

species, while BVAR are also lower. The onset of zone 4 shows a rapid change 

in the diatom flux seen across all species, and this is centred around 17 ka 

BP, with total diatom flux reaching 19 x106 valves/cm2/yr at 17.8 ka BP. In zone 

5 there is little variability across most of the species fluxes, however the total 

BVAR and A. granulata BVAR show a large shift at ~13.3 ka BP, which 

reaches a total biovolume of 6832 μm3cm-2yr-1. Zone 6 documents little 

variability in the first 2-3k of the zone until ~ 10 ka cal BP, after which increases 

are observed in the fluxes of most taxa. BVAR are generally lower in this zone 

but increase rapidly during the latter sections. Care must be taken when 

considering the biovolume taxa, as median values have been used, however, 

the upper and lower values in table 4.1, highlight there is a wide range in both 

species biovolume ranges. 
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Table 4.1: Biovolume size ranges for A. granulata and P. ocellata.

Species A. granulata (μm3) P. ocellata (μm3) 

Median Biovolume 339.1 95.8 

Mean Biovolume 364.3 144.2 

Upper Biovolume 3692.6 2103.5 

Lower Biovolume 62.8 21.5 
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Figure 4.7: Diatom fluxes summary. X-axis is on a Log scale to draw out less abundant species changes.
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 Functional Groups 

Figure 4.8 documents the results of the main functional group classifications, 

while table 4.2 shows how the taxa present in above 2% have been classified. 

Figure 4.9 highlights the dominance of planktonic species across the core, as 

a result of the dominance of P. ocellata and A. granulata in the diatom 

assemblage. The dominance of these two species, even when grouped with 

additional species in the Baunt record is clear, with PS2 reflecting changes in 

P. ocellata, while PS3 reflects A. granulata changes (see figure 4.9). Low 

profile, high profile and motile species are limited throughout the core, 

however, they have higher relative proportions at the base of the core.  

 

Figure 4.8: Lake Baunt main Functional Groups (species sizes grouped) against 
age. High-profile, Low-profile and motile species also show a x3 exaggeration line 

(blue). 
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Table 4.2: Main diatom species from Lake Baunt shown against their functional 

group classification alongside basic information about the species. Classifications 
were based on Passy (2007) and Béres et al., (2017). 

 
 

Species Classification Basic Species Information 

Psammothidium bioretii 
 

LS2 Slight motile, solitary species, 
attachment by mucilage pad. 

Achnanthidium minutissimum 
 

LS1 Slightly motile species with 
attachment by mucilage pad 
(prostrate). 

Psammothidium sacculus LS2 Non-motile. 

Aulacoseira granulata 

PS3 Non motile, common in 
colonies, unattached 
planktonic species. 

Aulacoseira subarctica 

PS3 Non motile, common in 
colonies, unattached 
planktonic species. 

Lindavia bodanica 

PS4 Non motile, solitary, 
unattached, planktonic 
species. 

Cyclotella distinguenda 

PS3 Non motile, solitary, 
unattached planktonic 
species. 

Pantocsekiella ocellata PS2 Planktonic solitary species. 

Encyonema silesiacum HS2 Often attached in mucilage 
tubes.  

Cavinula jaernefeltii MS2 Motile species. 

Nitzschia palea MS2 Moderately motile species, 
attachment by mucilage pad.  
Pedunculate. 

Planothidium lanceolatum LS1 Solitary, low profile benthic 
species. 

Pseudostaurosira brevistriata HS1 Non-motile species, 
attachment vertically by 
stalks. Colonies common. 

Staurosira pseudoconstruens 

LS1 Non-motile, occasional 
colony forming species, 
attachment by prostrate 
mucilage pad, but also 
unattached. Low profile 
species. 

Staurosirella pinnata 
HS1 Non-motile species that can 

attach vertically using stalks. 

Stephanodiscus alpinus 

PS3 Planktonic species, 
unattached life form. Non-
motile. 

Tabellaria flocculosa PS2 Non motile species, common 
in colonies. Attachment by 
mucilage pad. 
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Figure 4.9: Key Functional Groups shown in sizes ranges (1-5) for Lake Baunt. 

 

4.4 Discussion 

The Lake Baunt diatom assemblage shows a high-resolution record of 

palaeolimnological change, from ~29 ka BP, through to the mid-Holocene. 

Caution is needed when examining this upper section due to the potential 

hiatus at the top of the core, as discussed chapter 3. As a result of this, the 

mid Holocene period is carefully considered and, where necessary, it is 

studied against depth. Additional caution is also required when considering the 

record, due to radiometric dating uncertainties, which means shifts in the 

assemblage can have large ranges, particularly towards the base of the core. 

These are quantified where relevant, with particular care needed in the 

sections around 5.0m and 10.0-11.0m, where errors are in excess of ±800 and 

±1000 years (95% confidence), respectively. This makes linking changes in 

the diatom assemblage to shifts in other records at these times more tentative, 

and further dating work is recommended, to improve this in the future. 

 Integrity of the diatom record 

Estimation of the extent of dissolution of the dominant taxa, highlights that 

diatoms from Lake Baunt are generally very well preserved. The oldest 

sections of the core show the highest quantities of dissolution, however, most 

cells are still considered as pristine with high F-index scores (Fig 4.4) down 

the whole core profile (Flower and Ryves, 2009; Ryves et al., 2001). The 
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average F- index for the major taxa across the whole core is 0.91 + 0.083, and 

the average for the oldest 10,000 years, overlapping broadly with the LGM, 

has an F- index of 0.84, which is within 1s.d. of the group mean. It could be 

that the dominance of P. ocellata in the older sections of the core could be a 

result of other delicate species being dissolved, however, non-pristine 

frustules in the older zones were generally only quantified as stage 2 ‘little 

dissolution’, and it would be expected that more frustules would be classified 

in stages 3-4 ‘very dissolved to almost unrecognisable’ if dissolution was 

severely affecting the assemblage, and causing this bias. Additionally, P. 

ocellata is a small species with high surface area, and, thus, is quite 

susceptible to dissolution itself (Barker et al., 1994), so it is interesting that 

valves of this taxon are generally very well preserved.  This indicates that the 

diatom assemblage from Lake Baunt does not suffer with any significant 

species bias, and this, therefore, allows sound palaeoenvironmental 

considerations to be undertaken from the data. The excellent preservation in 

Baunt may result from several site-specific factors. Firstly, site pH, which for 

Baunt is 7-7.2, with the minor range being driven by seasonality. Thus, Baunt 

has a neutral pH and is, therefore, good for biogenic silica preservation, with 

high pH ranges (>pH9) most associated with biogenic silica dissolution in 

freshwater lacustrine environments  (Barker et al., 1994). Secondly, 

temperature is also a significant factor, which may have been buffered around 

Lake Baunt due to its close proximity to geothermal springs (Solotchin et al., 

2015), and this may have allowed a more stable thermal range and also limit 

ice cover and ice-melt induced erosion. Taken together this may enhance 

preservation, despite the continental conditions that occur in Siberia. Salinity 

is an additional factor that can affect diatom dissolution (Ryves et al., 2006) 

and for Baunt, the water chemistry, diatom species mix, and non-evaporative 

nature of the lake suggest it is a very freshwater environment, and, thus, less 

susceptible to dissolution.  It must, however, be noted that levels of dissolution 

were quantified under the light microscope, whereas had quantification been 

undertaken using an SEM it may have been easier to detect dissolution 

characteristics (see figure 4.10), and, therefore, the extent of pristine valves 

may have been lower. Despite this, the low quantities under the light 

microscope give confidence that dissolution is not inducing large changes in 
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the assemblage, allowing a reasonable level of confidence that the ecological 

data derived from the Baunt assemblage is not being biased by dissolution. 

 

Figure 4.10: (A + B): Light microscope images showing vision achievable for 
quantifying dissolution against (C + D), showing frustules under the SEM where 

dissolution is much easier to detect. 

 
 

The excellent preservation of diatoms in Lake Baunt is one reason for the 

limited number of taxa, which are not able to be assigned to a species. The 

few of these that have not been able to be assigned in the Baunt record are 

not considered to be highly detrimental to the interpretation of the assemblage, 

as they all make up <2%. The Lake Baunt diatom record also benefits from 

high quantities of cosmopolitan taxa, which are well documented in many sites 

(e.g. Edlund et al., 2003; Genkal and Popovskaya, 2008b; Kilham and Kilham, 

1975; Kostrova et al., 2014; Lamb et al., 2005; Prokopenko et al., 2007), 

allowing identifications to be made robustly. Despite this, one dominant 

species, P. ocellata shows significant morphological variability, and this will be 

explored further in section 4.4.3.  

 Functional Groups 

Figure 4.8 documents the dominance of planktonic species in the functional 

groups from Lake Baunt. This is primarily due to the dominance of A. granulata 
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and P. ocellata in the diatom assemblage. The key changes in the planktonic 

group are driven by proportional changes between two size ranges (PS2: 100–

299μm3 and PS3: 300–599μm3 (based on median biovolumes)). The changes 

between larger and smaller planktonic species is likely to suggest that 

conditions are altering to support larger species at certain times. This is likely 

to be linked to changes in turbulence, with increased turbulence supporting 

larger species to remain in the photic zone (Winder and Hunter, 2008), while 

increased nutrients may also be required to support the larger planktonic 

species during their periods of dominance (Kilham et al., 1986, 1996). 

Other than the dominance of planktonic species, the functional group’s higher 

proportion of high-profile species e.g. tall stature species (Passy, 2007b), in 

the lower section of BNT14, suggest steady environmental conditions, as 

these species are very sensitive to disturbances, including flow conditions, so 

it is likely that the base of the core records a period of low turbulence, 

potentially with limited overturning (Passy, 2007b; Stenger-Kovács et al., 

2013), and this potentially supports the suggestion that turbulence is 

influencing the planktonic species, as the period with high proportions of high-

profile taxa occurs alongside high proportions of smaller PS2 planktonic 

species, which may indicate that lake conditions are less turbulent at this time, 

preventing larger planktonic species being able to remain in the photic zone. 

 Morphological variability of Pantocsekiella ocellata 

P. ocellata is a complex species (Cremer and Wagner, 2003). This is primarily 

due to the wide morphological variability that this species shows 

(Cherepanova et al., 2010; Cremer and Wagner, 2003; Duleba et al., 2015; 

Genkal and Popovskaya, 2008), which means it has also been considered as 

a species complex (Cremer and Wagner, 2003; Duleba et al., 2015), 

potentially incorporating several species (Cremer and Wagner, 2003). 

Cyclotella comensis, Cyclotella rossii and Cyclotella Krammeri, (Cremer and 

Wagner, 2003; Hegewald and Hindáková, 1997; Udovič et al., 2017) are often 

incorporated into this complex, although Cyclotella tripartita and Cyclotella 

kuetzingina have been included in other studies (Genkal and Popovskaya, 

2008). The range of variability, with many intermediate forms across this 
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complex, is considered to mean that splitting the morphotypes under a light-

microscope is unfeasible (Knie and Hübener, 2007). 

It has been suggested that these morphological variations may be the result 

of the lake environment, with large initial cell sizes in Lake Hovsgul being 

linked to favourable conditions (Genkal and Popovskaya, 2008), while others 

have suggested that morphological changes are a result of climate change. 

For example, in Lake El’gygytgyn, Cherepanova et al., (2010), suggested that 

certain morphotypes of P. ocellata are favoured at certain periods, with the P. 

ocellata-ocellata morphology replacing the P. ocellata-kuetzingina 

morphotype during the Late Pleistocene, as a result of changes in the waters 

conditions (e.g. temperature and nutrient changes), driven by palaeoclimatic 

shifts (Cherepanova et al., 2010).  

The morphological variability of P. ocellata in Lake Baunt is shown in figures 

4.11 and 4.12. Cell sizes range considerably in Lake Baunt (~4-30μm), as 

documented in other sites (Cherepanova et al., 2010), however caution must 

be taken when considering size variations as evidence of different 

morphologies, as vegetative replacement drives cell size reductions from the 

initial cell, which can make these cells up to three times smaller (Perez-

Martinez et al., 1992; Cherepanova et al., 2010). Additionally, cell size 

changes in diatoms can also be linked to water conditions, with lowered silica 

supply driving smaller cell sizes being associated with reduced precipitation 

and runoff (Jewson, 1992). The size variations across P. ocellata in Baunt 

could reflect changes in the regional precipitation and the nutrients being 

washed into the lake. The large range in P. ocellata size in Baunt does not, 

however, show any clear trend across the record, with the wide range 

documented across the core.  

Alongside the wide-ranging sizes, variations documented in Baunt include 

valve relief, central area diameter, and the arrangement of rimoportulae. This 

morphological variability is potentially the reason that P. ocellata is found in 

many sites, and this has led to it being considered to have uncertain ecological 

characteristics (Cremer and Wagner, 2003). It appears to thrive in a range of 

environments, suggesting tolerance across broad ecological conditions, from 
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ultra-oligotrophic, as seen in Lake El’gygytgyn (Cremer and Wagner, 2003), to 

meso- and eutrophic conditions in British Columbia (Canada) (Cremer and 

Wagner, 2003; Cumming et al., 1995). It is thought to be able to thrive in 

silicate poor waters (Perez-Martinez et al., 1992), and this is partly due to its 

small size.  

The morphological variability seen in P. ocellata (see figures 4.11 and 4.12), 

is, therefore, not unexpected and may reflect the occurrence of a species 

complex within the lake. As further work is carried out, it is likely that the 

morphological variations of the P. ocellata morphotypes will become clearer 

and their ecologies will become better constrained. Despite these issues, P. 

ocellata is still able to inform about paleoenvironmental and palaeoclimatic 

shifts within Lake Baunt, as its ecological information is considered alongside 

that of the other key other taxa from Baunt, allowing it to assist 

palaeolimnological understanding. 
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Figure 4.11: Scanning Electron Microscopy (SEM) images of P. ocellata from Lake 
Baunt sediments. 

 

 

Figure 4.12: Light Microscope Images of P. ocellata from varying depths of Lake 
Baunt sediments - (A) 0.75m (B) 7.08m and (C) 8.18m. 
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 Morphological variability of Tabellaria flocculosa 

T. flocculosa, like P. ocellata, includes a wide range of morphologies (Koppen, 

1978, 1975), with three morphotypes existing . The T. flocculosa species from 

Lake Baunt are thought to be predominantly the IIIp strain, due to their long 

lengths, which reach over 83μm in many cases, however, there is some 

caution with the interpretation of T. flocculosa, as distinguishing these forms 

is difficult (Koppen, 1978). If none of the frustules were over 83μm, these 

species would have been classified as benthic strain III (Koppen, 1978, 1975). 

Additionally, although T. flocculosa is known to be colony forming, in its 

planktonic form, it is not expected that more than 5 cells will be found in a 

stellate colony (Koppen, 1975). In Baunt, it may be that there is a mix of groups 

III and IIP, as apart from differences in length, both types have with marginal 

spines, and ~14-17 striae per 10μm, although IIIp has fewer intercalary bands, 

and this means that caution should be applied when considering this species 

as a purely planktonic form (Koppen, 1975). Figure 4.13 documents the 

varying morphologies identified by Koppen (1975), while figure 4.14 highlights 

a T. flocculosa species from Baunt. This highlights the clear similarities 

between morphotypes of T. flocculosa and demonstrates that strain III is the 

most appropriate classification of these species in Baunt. 

 

 

 

 

 

 

 

Figure 4.13: Plates of T. flocculosa taken from Koppen, 1975 (p.241 figures 30-45) 
taken under x1000 magnification, except for figure 46, which is x430. Figures 37-43 
highlight strain IIIp, while 45, shows strain IIIp in a colony in girdle view. 44 shows 

strain II in girdle view. 
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Ecologically there are slight differences in the environments preferred by the 

different strains of T. flocculosa, with strain III (including subset IIIp) 

considered to have the widest tolerances, although the species are generally 

considered to be cosmopolitan. Their widespread distributions may be due to 

the range in their morphologies, which may allow them to thrive in varied 

environments. 

 

 

Figure 4.14: T. flocculosa found in Lake Baunt under SEM and Light-Microscope. 
 

 The Diatom Assemblage 

Of the 290 species identified from the sediments of Lake Baunt only 17 species 

make up over 2% each of the assemblage. Understanding the ecological 
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information from the more dominant of these species is essential, allowing 

consideration of the drivers of the assemblage shifts documented by the 

DAZ’s. Table 4.3 provides key ecological information for the most prominent 

of these species from the BNT14 record. 

The Lake Baunt diatom assemblage shows a high-resolution record of 

palaeolimnological change, from ~29 ka BP, through to the mid-Holocene (~6 

ka BP). The diatom assemblage changes will now be considered against 

additional Lake Baunt data (TOC and BSi) (see figure 4.15), and potential 

external drivers of change (figure 4.16) 

4.4.5.1 The Middle and Late Pleniglacial, Heinrich 2 and the Last Glacial 

Maximum 

The boundary between MIS3 and MIS2 is often placed around ~29 ka BP 

(LR04) (Lisiecki and Raymo, 2005), however, there is some debate that is 

could begin as late as 24 ka BP (Tzedakis et al., 2013), and, therefore, the 

earliest part of the Lake Baunt record, from ~29 ka BP, is considered to cover 

the transition between the more unstable MIS3 to the more stable period of 

early MIS 2. This period of late MIS3 and early MIS2 encompass Heinrich 

Event 2 and the Last Glacial Maximum (LGM) between ~26-21 ka BP (Lisiecki 

and Raymo, 2005), although the timing of the local response can vary within 

an individual region (Clark et al., 2009). In Siberia, the timing, nature and 

duration of ice extent has been debated (Clark and Mix, 2002), with potentially 

later maximum ice extent than further west, but the LGM is broadly defined in 

the Transbaikal region as 24.6-22.9 ka BP (Kostrova et al., 2014). The period 

covered by late MIS3 and early MIS2 in the Baunt diatom assemblage (see 

figure 4.15), is one of the most stable periods over the past ~30 ka BP. This 

stability is also documented in the BSi and TOC records, suggesting that the 

system is potentially relatively unproductive for much of the last glacial period. 

Diatom fluxes and BVAR for the dominant species are low across this period, 

again suggesting a period of very low primary productivity. Low diatom 

productivity may explain the higher quantity of dissolution seen in this section, 

with processes leading to dissolution acting with greater pressure on the fewer 

valves present. 
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The climate around Lake Baunt is heavily influenced by the relative strength 

of the Siberian High (Park et al., 2014; Tubi and Dayan, 2013). This GISP2 K+ 

(potassium) signal (see figure 4.16) is thought to provide a record of Siberian 

High strength changes (Mayewski et al., 2004), and this shows that during the 

LGM, Siberian High strength is at its highest for the whole period covered by 

the Baunt assemblage. Towards the end of this period, the GISP2 record 

shows particular strengthening of the Siberian High, which is likely to be due 

to Heinrich 2, which occurs ~25 ka BP (Cascalheira, 2013). It also occurs at a 

time when solar insolation (figure 4.16) declines to its lowest values. These 

forcings are suggestive of intensified cold conditions, potentially with limited 

precipitation, as a result of the blocking high (Park et al., 2014; Tubi and 

Dayan, 2013). This data supports the idea of limited productivity in the Lake 

Baunt system during this period, indicated by the low TOC, BSi and restricted 

species within the assemblage.   

These external forcings also support the diatom evidence for cool and arid 

conditions across this period. Despite difficulties in identifying P. ocellata, as 

discussed in section 4.4.3, this species is tolerant of low nutrient conditions, 

assuming that light availability is high. This species could, therefore, thrive in 

an unproductive environment, with limited nutrients. This is supported by low 

BVAR’s, which indicate that algal productivity is limited, while low TOC may 

suggest limited in-washing, which, in turn, could ensure the clarity of the water. 

P. ocellata is also known, however, to develop under ice surfaces, provided 

solar insolation is able to be transmitted through the ice (Cherepanova et al., 

2010). This could, therefore, allow the species to survive in cold periods with 

long durations of ice cover, and accompanying arid conditions induced by a 

strong blocking Siberian High, ensuring high light conditions within Lake 

Baunt.  DAZ1 (figure 4.6) corresponds to a cold arid period that corresponds 

broadly in time  to the latter stages of MIS3 and the early stages of MIS2 

(Lisiecki and Raymo, 2005), as well as the Northern Hemisphere expression 

of the LGM (Clark et al., 2009) and Heinrich 2. 



185 

 

 

Diatom Species Planktonic or 

Benthic 

Ecological Information Key References 

Pantocsekiella 

ocellata 

P Small centric taxa, with wide ecological tolerances. Often associated 

with high light requirements, particularly in nutrient poor waters. 

Considered able to develop on ice surfaces, assuming ice can easily 

transmit solar rays under low humidity, and, thus, sometimes 

associated with lower temperatures. Slow sinking rates. Good 

competitor for nitrogen and always found in alkaline waters. Blooms 

across the summer season, with site specific variations. Discussed 

to have been favoured by erosion and soil leaching in some systems. 

This species shows significant morphological variability, which may 

explain the wide ecological tolerances. 

Schmidt et al., 2002; Cremer 

and Wagner, 2003; Edlund, 

et al., 2003; Winder and 

Hunter, 2008; Cherepanova 

et al., 2010; Duleba et al., 

2015; Malik and Saros, 

2016; Pérez-Mejías et al., 

2017; Genkal and 

Popovskaya, 2008. 

Aulacoseira 

granulata 

P A heavily silicified centric taxon that is associated with turbulent 

waters, to assist it to remain in the photic zone and to allow 

resuspension. Cells able to survive in a vegetative state on the lake 

bottom, before being resuspended and this assists them in avoiding 

nutrient limitation. Associated with nutrient rich waters (particularly 

silica and phosphorous) as a poor competitor for these nutrients. 

Tolerates low light conditions. Often considered to be thermophilic 

Kilham and Kilham, 1975; 

Kilham, Kilham and Hecky, 

1986; O’Farrell et al., 2001; 

Lamb et al., 2005; Reynolds 

et al., 2006; Zalat and 

Vildary, 2007  
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diatom as requires temperatures of 15°C, meaning it often blooms in 

the late summer, although it is also thought to bloom during 

overturning periods when mixing occurs (spring/autumn), due to 

increased nutrients being bought to the epilimnion and due to 

windiness. Preference for low conductivity waters with pH lower than 

9. Often in moderate to high productivity waters. 

Tabellaria 

flocculosa 

P Species with 3 morphotypes. In Lake Baunt species are classified as 

strain IIIp, as species length ranges between 37-123μm. Colony 

forming species, often associated within increased water acidity. Has 

been linked to regions with snowmelt, bringing higher acidity water 

pulses to sites, but also documented to tolerate range of pH 

conditions. Cosmopolitan species, generally blooming in spring, with 

smaller autumn bloom. 

McGowan et al., 2017; 

Koppen 1975; Knudson and 

Kipling 1957; (Koppen, 

1978) 
 

Lindavia bodanica P Requires high water temperature if nutrients are in low 

concentrations, compared to other Cyclotella type species (e.g. P. 

ocellata). 

Maliz & Saros, 2016 

Stephanodiscus 

alpinus 

P Stephanodiscus requires high phosphorous but grows under low 

silica and light regimes. Often found in oligotrophic to mesotrophic 

lakes.  

Kilham, Kilham and Hecky, 

1986; Wunsam, Schmidt 

and Klee, 1995 

Staurosirella 

pinnata 

B A pioneer species, found in sites with cold conditions, short open 

water seasons and high erosion. Influenced by changes in pH, 

McGowan et al., 2017; 

Finkelstein and Gajewski, 
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summer water temperatures and dissolved organic carbon 

concentrations of the lakewaters. 

2008; Kostrova et al., 2014; 

Schmidt et al. 2004. 

Achnanthidium 

minutissimum 

B Considered as an alkaliphilous species, an early coloniser, resistant 

to disturbance including lake level changes, low nutrients, sheer 

stress and a high affinity for Na+ dominated lakes. 

Koivo and Seppälä, 1994; 

Riato et al., 2017 

 

Table 4.3: Ecological Information concerning the main diatom species preserved in sediments from Lake Baunt.
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Figure 4.15: Summarised Lake Baunt diatom assemblage alongside Planktonic/Benthic ratio, total diatom flux (x106valves/cm2/yr) shown on a logged x-axis, biovolume accumulation rates (BVAR) (μm3cm-2yr-1), 
Dissolution F index, Total-Organic-Carbon (TOC) (%weight), Biogenic silica (BSi) (%) and C/N ratios plotted on the Baunt chronology. 

 

 

 

 

 

 

 

 



189 

 

 

 

 

 

Figure 4.16: Summarised Lake Baunt diatom assemblage, P/B ratio, PCA axis 1 scores, Total diatom flux (x106valves/cm2/yr) shown on a logged x-axis and biovolume accumulation rates (BVAR) (μm3cm-2yr-1), 
shown against proxies for external climate forcing’s including NGRIP ẟ18O signal (Greenland air temperature) (Rasmussen et al., 2014), Pa/Th238 record (AMOC strength) (McManus et al., 2004), Hematite Stained 
Grains (%) (IRD signal) (Bond et al., 2001), GISP2 K+ signal (ppb) (Siberian High strength) (Mayewski et al., 2004), Sunspots, Hulu (Wang et al., 2001) and Dongge Caves (ẟ18O signal) (Dykosko et al., 2005) and 

Solar Insolation from 600N for June  (W m2)(Berger and Loutre, 1991). 
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4.4.5.2 The Late Pleniglacial and Heinrich 1 

The Late Pleniglacial period (24-14.6 ka BP), following the LGM until the LGIT 

(Tzedakis et al., 2013), shows major variability within the Lake Baunt diatom 

assemblage. The time period also includes some of the largest abrupt 

Hemispheric climate shifts seen in the period, including Heinrich Event 1 

(Alvarez-Solas and Ramstein, 2011; Hemming, 2004; Keigwin and Lehman, 

1994).  

The first of the large amplitude changes documented at this time occurs at 

~22.5 ka BP, with a switch to dominance of A. granulata. The heavily silicified 

nature of A. granulata means it requires much higher silica concentrations 

within the lake waters to form its frustule, while it also requires high levels of 

phosphorous (Kilham et al., 1986; O’Farrell, et al., 2001). It also implies much 

faster sinking rates (Chen et al., 2012), particularly when compared to the 

smaller P. ocellata. This is particularly clear when the biovolumes of the two 

species are compared (see figure 4.7). This results in the species requiring 

turbulent water conditions, to allow it to remain in the photic zone (Biskaborn 

et al., 2012; Hampton et al., 2014; Rühland et al., 2015). 

Turbulent water conditions may be brought about through several factors in 

the lake, including increased mixing, potentially as a result of reduced ice 

cover and increased windiness. Increased turbulence is also likely to drive the 

shift from P. ocellata to A. granulata through light availability within the lake, 

with increased turbulence reducing light, which is an important factor for P. 

ocellata (Malik and Saros, 2016), while A. granulata can thrive in low light 

conditions (Kilham et al., 1986). Increased nutrient concentrations are also 

required to allow A. granulata to dominate the assemblage, and potentially this 

could be driven by both increased mixing and regeneration of nutrients 

(Winder and Hunter, 2008), but also landscape changes bringing increased 

nutrients to the lake (McGowan et al., 2017). This may be a result of more 

abundant vegetation on the landscape, which is supported by increased C/N 

ratios, which have higher values when more carbon comes from allochthonous 

sources. This is because vascular plants contain more cellulose, and, 
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therefore, have higher C/N ratios (see figure 4.15) (Meyers, 1994), and, thus, 

indicate more carbon is from allochthonous sources at this time.  

The large shifts seen in the Baunt diatom assemblage during the start of this 

zone (22.5-20.5 ka cal BP) (figures 4.15, 4.6), are concomitant with increases 

in TOC, BSi and diatom biovolumes (see figure 4.15). These increases may 

suggest improved within-lake or catchment productivity, with changes seen 

within the BSi potentially being linked to the short-lived increase in diatom flux 

at the start of this shift, or it may reflect the greater biovolume of silica across 

this period, that is a result of the shift to the more silicified A. granulata from P. 

ocellata (see figure 4.6) (Kilham et al., 1986; O’Farrell et al., 2001). However, 

these transitions may also be a result of external forcing. Interestingly C/N 

ratios also show rapid increases from being predominantly sourced from algal 

productivity, to a shift to allochthonous sources external to the lake (see figure 

4.15) (Meyers, 1994; Meyers and Lallier-Vergès, 1999). This all may indicate 

a time transgressive response to post LGM conditions, across the ecosystem, 

and within the Baunt catchment, as it is possible that the initial rise in BSi 

reflects the onset of increased diatom productivity, during the early part of this 

period, following the LGM, with a slightly delayed response in the wider 

landscape, as indicated by the C/N ratios.  

Either way, these factors suggest increased productivity within Lake Baunt and 

its catchment at this time. This is likely to have provided additional nutrients to 

the lake, allowing A. granulata to become dominant. These shifts are indicative 

of warmer temperatures after the LGM, supported by the thermophilic nature 

of A. granulata, with it requiring warm summer temperatures of 17-25°C 

(Fedotov et al., 2012). Thus, the first part of DAZ 2 is defined here as reflecting 

lacustrine and local catchment response to warming coincident with the end 

of the LGM. 

When external forcing factors are considered as potential drivers for these 

shifts, there are several complexities to consider. Solar insolation is low at this 

time, making the required warm temperatures needed by A. granulata harder 

to explain. It is possible, however, that continental conditions, may mean 

summer temperatures are warm, despite low total insolation. A. granulata has 
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previously been suggested to thrive under cooler, unstable conditions 

(Biskaborn et al., 2012), however, the support of the additional data from Baunt 

does not necessarily indicate a cooler period, supporting continental summer 

warming. Additionally, if turbulence is increased due to overturning and 

reduced ice cover, it is again difficult to explain cold conditions. Generally, 

colder waters are easier to mix, however, the requirements of A. granulata 

suggest that this is unlikely. Other forcings do, however, support a potentially 

warmer, more productive period, with the GSIP2 K+ signal suggesting a 

weaker Siberian High (Mayewski et al., 2004), and corresponding strong East 

Asian Summer Monsoon (Tubi and Dayan, 2013). In Greenland, the period 

following Heinrich 2 stadial is followed by two short lived interstadial episodes 

(GI-2.2 and GI-2.1), and these are followed by generally warmer conditions 

(Rasmussen et al., 2014). The greater productivity in Baunt could, therefore, 

be linked to these warmer episodes, and these factors may drive the reduced 

Siberian High strength and increased East Asian Summer Monsoon strength, 

discussed above. The diatom flux data (figure 4.7) also support interpretations 

of DAZ2 as a warming episode within the core sequence, following the LGM 

(see figure 4.15), as there is an increase in total diatom flux across this period 

of time (22.5-20.5 ka BP). Therefore, it appears this stage of the Pleniglacial 

is more productive at Lake Baunt, potentially as a weaker Siberian High allows 

increased precipitation and nutrient in-washing and increased turbulence, to 

drive these assemblage shifts. The interpretation of this part of the Baunt 

record as a warming transition is consistent with the regionally defined end of 

the LGM (Kostrova et al., 2014).  

The onset of DAZ3, from ~20.5 ka cal BP sees a further major shift 

documented in the Baunt assemblage, returning to similar conditions in the 

diatom assemblage as those in DAZ1. As DAZ1 is thought to correspond to 

the LGM, Heinrich 2 and the transition from MIS3 to MIS2, with cold arid 

conditions, this suggests a major climate shift may have driven the fluctuation. 

When external drivers are considered as a potential factor to explain this 

reversal in the diatom assemblage, there appear to be few major climatic shifts 

reported for this period. Slight increases are seen in Siberian High strength, 

but Greenland air temperatures, the East Asian Monsoon and AMOC are 
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relatively stable (figure 4.16).  The shifts in Baunt may, therefore, be linked to 

more localised factors. C/N ratios (see figure 4.15) decline to values ~9, 

suggesting that these are being driven by within lake algal productivity 

(Meyers, 1994; Meyers and Lallier-Vergès, 1999), and this may, therefore, 

indicate that the catchment is no longer a key source of organic carbon, and, 

potentially, nutrients delivered to the lake from the catchment may have 

reduced. Reduced allochthonous carbon could improve water clarity and this 

would provide conditions supporting P. ocellata’s return to dominance, while 

reduced nutrients from the catchment, could provide a limiting factor affecting 

A. granulata’s ability to thrive (Kilham et al., 1986; O’Farrell et al., 2001). These 

factors, alongside a slight increase in Siberian High strength suggested by the 

GISP2 K+ record (figure 4.16), could allow the switch between the two species, 

with the slight increase in Siberian High strength potentially preventing waters 

warming enough during the short continental summer to allow A. granulata to 

continue to dominate the assemblage (figures 4.15 and 4.6). The very limited 

change in the Siberian High, that could be an influence behind this shift, may 

indicate the sensitivity of the Baunt assemblage and ecosystem to fairly minor 

external climate forcing. This is considered again as part of the discussion of 

the whole Baunt proxy archive in chapter 7.  

P. ocellata peaks at ~18.0 ka  BP and then starts to decline. During this period, 

potential external drivers of these shifts are notable, in the form of a large 

decline and potential cessation of AMOC (McManus et al., 2004) as a result 

of Heinrich 1 cooling (see chapter 1.2), which is considered to start at ~18ka 

cal BP (Hemming, 2004) and ends ~15 ka cal BP (McManus et al., 2004). 

Alongside the changes in AMOC, the East Asian Winter Monsoon strengthens, 

although the response in the GSIP2 K+ record of Siberian High strength is 

more limited. These changes could, therefore, cause some of the alterations 

seen in the assemblage. It is notable that the changes in AMOC (McManus et 

al., 2004), show similarity to the PCA scores (figure 4.16), with a rapid decline 

at ~18 ka BP and a shift to higher values at ~15.1 ka BP. This suggests shifts 

within the diatom assemblage are in line with the changes in AMOC and may, 

therefore, be showing a response to Heinrich 1.  
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The changes seen in Baunt, therefore, appear to reflect a response to Heinrich 

1, however, this period of change globally is complex, and in many records, 

following the initial weakening in AMOC, a period of short lived warming is 

documented (Hodell et al., 2017). The complexities in this period (~17.5-14.5 

ka BP), have led to it being termed the mystery interval (Denton et al., 2006). 

In Baunt, this complexity is also reflected in the changes in the lake, which 

suggest this period is more productive (see table 4.4). This may reflect a 

limited expression of Heinrich 1 at Baunt, due to the less clear response in the 

Siberian High. However, given the similarities in changes in the AMOC signal 

and the diatoms (as highlighted by the PCA), which suggest there is a 

response to Heinrich 1, this is locally complex. Changes may be linked to 

increased nutrients being washed into the lake, following increased erosion, 

following Heinrich 1 (McGowan et al., 2017).  It is also worth noting, however, 

as discussed in section 4.4, dating uncertainties in some sections of the core 

are relatively large, and in places around this section are ±700 years BP, and 

therefore, it could be that these responses occur at a period of time offset from 

H1. Further dating would help to allow improved understanding of responses 

to this well documented event. The wider significance of this complex period 

in the Baunt record is discussed further in chapter 7, with reference to the suite 

of proxies generated for Baunt, and the records from the wider region, which 

can assist with understanding this period.  

4.4.5.3 The Last-Glacial-Interglacial-Transition 

The Last-Glacial-Interglacial-Transition (LGIT) is well studied in many regions 

of the Northern Hemisphere, with the pattern of interstadial warming, after the 

instability around H1, followed by the abrupt cooling of the Younger Dryas, 

being well documented. LGIT warming is recorded earliest in the Greenland 

Ice Cores at ~14.7 (GICC05 timescale) and is referred to the late-glacial-

interstadial, or often as the Bølling-Allerød in Europe, or GI-1 in Greenland 

(Rasmussen et al., 2014). The period is characterised by warmer Northern 

Hemisphere air temperatures, during a time where solar insolation is 

increasing between ~14.7 – 12.9 ka BP. The Siberian High appears to have 

reduced strength across this period, although there is some variability, while 

the East Asian winter monsoon is also reduced in strength (Dykosko et al., 
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2005; Mayewski et al., 2004; Tubi and Dayan, 2013). North Atlantic 

overturning also strengthens following its cessation through Heinrich one 

(McManus et al., 2004) (see figure 4.16), highlighting that across the Northern 

Hemisphere atmospheric and ocean systems are responding and driving 

changes.  

This period covers the latter stages of DAZ5 in the Baunt assemblage zone, 

during a period of increasing TOC and a short-lived BSi peak (figure 4.15). 

C/N ratios have continued to rise through this period (figure 4.15), suggesting 

increasing allochthonous sources of organic carbon. There is a short-term 

peak in the C/N ratios during this zone, which may indicate a period of rapid 

in-washing from the catchment, however, this value is only reflected in one 

sample and may be an outlying result and is, therefore, considered with 

caution. During the LGIT, A. granulata declines, while P. ocellata increases 

suggesting potential shifts in light levels within the lake (O’Farrell et al., 2001; 

Malik and Saros, 2016). These light variations could be driven by increased 

thermal stratification (Winder and Hunter, 2008), as a result of increased 

warming, and this would reduce turbulence causing the decline in A. granulata 

while favouring P. ocellata (Winder and Hunter, 2008; Winder et al.,  2009). 

The short-term peak in T. flocculosa may suggest increased snowmelt, as a 

result of warming, which could increase nutrients and allow this species to 

bloom within the lake (McGowan et al., 2017). It is notable that the shifts seen 

through this section are more muted than those seen during the earlier 

sections of the Baunt assemblage, and this may suggest that, although 

climatic events are influencing the site, the forcings may be relatively limited 

in their strength, or the ecosystem may be better buffered against them.  

The Younger Dryas/Greenland Stadial 1 period is considered to occur 

between ~12.9 ka BP and 11.7 ka BP (Rasmussen et al., 2014b). During this 

period there are changes in several of the potential forcings that could 

influence the diatom assemblage. AMOC again decreases, as the stadial is 

thought to be driven by freshwater input into the North Atlantic, although this 

is substantially smaller than the response seen during Heinrich 1 (McManus 

et al., 2004). In addition, Greenland air temperatures decline (Rasmussen et 

al., 2014) and the East Asian Winter Monsoon increases in strength (Dykosko 
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et al., 2005), which also co-occurs alongside Siberian High strength increases 

(Mayewski et al., 2004). 

Shifts within the diatom assemblage are however less clear; there is a small 

decline in abundance of planktonic taxa, mainly due to the decline in P. 

ocellata (figure 4.6). This could be driven by increased Siberian High strength, 

however, as this species is seen to thrive during the cold and arid period of 

MIS3/MIS2, this is not necessarily straightforward. C/N ratios in Baunt show a 

small fluctuation at the start of DAZ 6, which may suggest there are slight 

changes in the catchment, reducing the input of organic carbon to the lake, 

however, this shift is of small magnitude. BSi and TOC values remain fairly 

stable, again highlighting a fairly limited response to climatic changes induced 

by the Younger Dryas. The flux data show little variability between ~13-11.7 

ka BP, suggesting stable conditions across all taxa, although there is a slight 

increase in flux of P. ocellata and some of the benthic species from ~13 ka 

BP, which may reflect a weak Younger Dryas/Greenland Stadial 1 signal. At 

the same time, it is worth noting that this is far from clear. The signal from 

Baunt is interesting, as a range of records covering this time period, as 

discussed above (see figure 4.16), show significant variability.  

Other factors may, however, be able to explain the limited diatom responses. 

It has been suggested by Schenk et al., (2018), that during the Younger Dryas, 

a blocking high caused warm summers to be a feature of European climates 

at this time. This could, therefore, mean that conditions are still warm during 

summer months, allowing the lake waters to remain productive. These warmer 

temperatures are supported by the continued presence of A. granulata, as 

summers must have reached ~17°C to support this thermophilic species 

(Fedotov et al., 2012). Although this could sound contradictory to a 

strengthened Siberian High, it is possible for summers to remain warm as this 

system dissipates during the summer months (Schenk et al., 2018). This 

warming could generate conditions allowing both A. granulata and P. ocellata 

to remain in large proportions, with initial warming providing stratification and 

high light quantities for P. ocellata (Winder and Hunter, 2008), while later 

overturning and windiness during the late summer and autumn would provide 

the turbulence required by A. granulata (Winder and Hunter, 2008). It is only 
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possible to fully consider this question when all of the proxy data from Baunt 

are considered and this is discussed in chapter 7. 

4.4.5.4 The Holocene  

The Holocene epoch is defined as starting at ~11.7 ka BP (Walker et al., 2009), 

and although it was once considered to be climatically stable  (Dansgaard et 

al., 1993; deMenocal and Bond, 1997), the last few decades of research have 

highlighted several periods of instability, particularly during the Early to Mid-

Holocene, which is encompassed with the Lake Baunt assemblage. Generally, 

the Baunt record shows greater stability across this period, as inferred from 

PCA axis 1 samples scores (figure 4.15), potentially as a result of reduced 

Siberian High strength, increased East Asian Summer Monsoon strength and 

greater insolation (Berger and Loutre, 1991), causing reduced climate 

extremes (e.g. aridity and temperature), as a result of reduced Northern 

Hemisphere ice sheets (see figure 4.16). Reduced Siberian High strength may 

also be driving assemblage fluctuations, by increasing the precipitation 

entering the region (Tubi and Dayan, 2013) allowing in-washing of nutrients. 

This could be causing the higher TOC levels in the sediments (figure 4.15), as 

more carbon is washed into the lake, and this agrees with the C/N ratios, which 

are consistently between 12-14 throughout the Holocene, suggesting mixed 

sources from both algal communities and from the catchment (Mackay et al., 

2012). 

Although it appears there is more stability across this period, the Siberian High 

strength is interrupted by occasional short-term periods of increased strength, 

suggesting potential climatic instability. These occur alongside rapid 

fluctuations in the hematite stained grains (HSG) record, which highlight 

periods of increased ice-rafted debris in the Atlantic (Bond et al., 2001) (figure 

4.16). The close occurrence of the events in the HSG and Siberian High 

records may suggest that these factors may be propagated to Baunt from the 

North Atlantic (e.g. see Mackay et al., 2011, 2017), and potentially they may 

be driving some of the short-term fluctuations seen in the diatoms, such as the 

peaks in P. ocellata seen at ~6.7-6.5 and ~6.3 ka BP. This instability may also 

be represented in the rapid fluctuations in total diatom flux, seen in the Early 
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Holocene Baunt record. Additionally, figure 4.16 highlights the variability seen 

in sunspots across this period, although dating uncertainties prevent secure 

correlations between specific events. It is possible that increased resolution in 

future studies from Baunt across this period, alongside refined dating, could 

allow the responses to Baunt to these external drivers to be better understood.  

 Local and Regional responses 

The main shifts seen at Lake Baunt, and the potential environment and climatic 

implications of these, are shown in table 4.4. Examining the record in this table 

it is clear that the site and the diatom assemblage is responding to a range of 

drivers, including localised within-lake and close catchment influences, as well 

as external factors that relate to the wider environment. For example, it is 

possible to explain some of the TOC variability as being driven solely by 

productivity and local organic carbon supply. However, many of the changes 

seen in Baunt seem unlikely to be a localised signal, especially in relation to 

temperature, light levels, ice cover etc. If some of the changes documented in 

Lake Baunt are driven by external forcings, then other local sites may show 

responses.  

Lake Kotokel, to the south of Baunt, provides a suitable comparison, being 

influenced by similar external drivers. Lake Kotokel’s diatom assemblage is 

immediately different from Lake Baunt’s, with the periods between ~31.9 - 24.7 

and ~22 - 17 ka BP having too low concentrations to allow further analyses 

(Kostrova et al., 2014), and this highlights the quality of the preservation in 

Lake Baunt. Kotokel does, however, have a period of enhanced productivity 

during MIS2, between ~24 - 22 ka BP, which is documented to have had 

warmer and wetter conditions(Bezrukova et al., 2010). This varies in timing 

from the more productivity period in Baunt, which is later, between ~22.5 - 20.5 

ka cal BP, however, with the dating uncertainties associated with both sites, 

more of these periods could be overlapping. This may therefore suggest a 

regional period of enhanced productivity following the LGM, and this will be 

explored more in chapter 7.  

The LGIT and Holocene periods are better preserved and highlight complex 

conditions, with cold periglacial landscapes being suggested by pollen, while 
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the diatoms, including dominance of A. granulate, suggest warm summers 

occurring alongside the solar insolation peaks between ~12 - 9.5 ka BP. Thus, 

in the Kotokel record there are some similarities to Baunt. Other much more 

detailed records also exist for the region in the form of Lake Baikal (Mackay, 

2007), however, direct comparison between the diatom assemblages in Baunt 

and the multiple studies for Baikal are difficult, as the Baikal diatoms are highly 

endemic (Mackay et al., 2006). While it is problematic, however, to compare 

these records purely on their diatom assemblages with Baunt, there are 

proxies discussed in this thesis that can be compared independently with the 

Baikal and Kotokel records, such as oxygen isotopes, and these are 

considered in the next chapter.  

Moreover, to gain a much clearer insight into the whole record and how it 

relates to the wider region chapter 7 considers all of the available data for 

Baunt together and discusses it against the regional archives discussed 

above. Furthermore, factors that may be driving change in Southern Siberia 

during the Late Quaternary, as discussed with relevance to the diatom archive 

in section 4.4.5, are potentially linked to the abrupt and long term transitions 

seen across the Northern Hemisphere. Thus, in later chapters the whole Baunt 

record is also considered against key wider scale records of climate change.  
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Diatom 

Assemblage 

Zone 

Age (ka 

cal yrs 

BP) 

Diatom Assemblage 

summary 

Lake Baunt Sedimentological Information 

Averages (means) 

Indicated Environment and 

Climate 

 BSi (%) TOC (%) Diatom Flux 

(106valves/cm2/yr) 

1 ~29-22.5 P. ocellata dominates 

alongside the highest 

observed values of S. 

pinnata. 

2.4 
 

0.3 
 

1.28 Low productivity, and low 

nutrients (particularly silica) 

within the lake waters. Very 

limited preservation of TOC, 

highlighting well oxygenated 

water column, and potentially a 

lack of organic carbon being 

generated within and around 

the lake.  

2 ~22.5-20.5 A. granulata dominates 

with occurrences of T. 

floccuosa and A. 

minutissimum. 

6.6 
 

1.8 
 

2.96 
 

A. granulata suggests 

increased nutrient in-washing, 

and potentially reduced ice 

cover causing increased 

turbulence. Higher BSi may 

suggest increased productivity 

or be a result of more silicified 
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diatom species. Warmer 

summer conditions indicated by 

thermophilic A. granulata 

(Fedotov et al., 2012). 

3 ~20.5-18.0 P. ocellata dominants, 

S. pinnata increased 

from previous zone. 

Absence of A. granulata 

and A. minutissimum. 

3.8 
 

1.0 
 

0.62 
 

Potential change in nutrients 

and turbidity driving change 

from A. granulata to P. ocellata 

(Kilham, et al., 1986; Donk and 

Kilham, 1990; O’Farrell, et al., 

2001; Malik and Saros, 2016). 

Lower BSi may reflect change 

from A. granulata to P. ocellata 

or suggest reduced 

productivity. Lower TOC may 

reflect reduced organic carbon 

being available in the 

catchment and lake. 

4 ~18.0-15.1 Gradually rising A. 

granulata to peak at 

~15.1 ka cal BP and 

declining P. ocellata. 

10.9 
 

1.8 
 

1.80 Potential increase in nutrients 

(silica, phosphorous) and 

increased turbulence within the 

lake and warmer summer 
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Peak levels of S. 

alpinus. 

temperatures (Kilham et al., 

1986; O’Farrell, Tell and 

Podlejski, 2001; Fedotov et al., 

2012). Higher BSi may be 

linked to increased diatom 

productivity, reflected in the 

higher total diatom flux values, 

or A. granulata reappearance 

due to higher biovolumes. 

Increasing TOC due to 

increased organic carbon 

sourced from catchment.  

5 ~15.1-13.1 Declining A. granulata 

and gradually 

increasing levels of P. 

ocellata. 

6.2 
 

2.4 
 

0.42 
 

Declining A. granulata 

potentially due to increased 

light availability and potentially 

reduced nutrients, as a 

response to greater summer 

stratification (Winder and 

Hunter, 2008). Continued 

presence during late-summer 

overturning. 
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6 ~13.1-6.2 More stabilised 

quantities of A. 

granulata and P. 

ocellata with increasing 

T. flocculosa. 

14.0 
 

2.9 
 

2.63 
 

Higher productivity system. 

Increasing quantities of T. 

flocculosa can indicate shifts in 

the acidity of the lake waters, 

potentially due to snowmelt 

pulses resulting from increased 

temperatures driven by 

stronger solar insolation and 

weaker Siberian High 

(McGowan et al., 2017). Co-

occurring P. ocellata and A. 

granulata linked to thermal 

stratification allowing P. 

ocellata to bloom in the spring 

and summer, while A. granulata 

blooms during autumn 

overturning.  

 

Table 4.4: Summary of the main changes in Lake Baunt and the indicated climate/environment.



204 

 

 

4.5 Lake Baunt Limnological Summary 

The Lake Baunt diatom assemblage highlights several periods of change 

between ~29.0 - 6.2 ka BP, which are broadly divided into 6 diatom 

assemblage zones on the basis of PCA. These shifts are linked to within lake 

changes, including turbidity and ice duration, alongside catchment driven 

changes influencing nutrient availability. Consideration alongside additional 

Baunt datasets (TOC and BSi) demonstrate that changes co-occur in many 

of the records, and there is suggestion that the same forcings may be 

influencing these records. These are potentially the result of external climatic 

forcing, with changes in solar insolation and AMOC all potential drivers of 

these shifts. These issues are considered in chapter 7 of the thesis in relations 

to isotopic and chemical evidence from the lake. 
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5 The Lake Baunt Oxygen Isotope Record  

5.1 Introduction  

Understanding palaeohydrology in the past is very important for assessing 

how hydrological systems can respond to climate change, due to the potential 

impacts of current warming on global hydrological systems (Swann et al., 

2018). Alongside this, there is a need to extend palaeohydrological records to 

allow testing of whether hydrological changes occur on local (site only), or 

regional (multiple sites) scales. Understanding palaeohydrological changes at 

different scales allows detailed consideration of their drivers, with site specific 

changes potentially highlighting responses to intrinsic drivers, while multiple 

sites responses can indicate extrinsic drivers, including factors such as 

climate. 

Isotopes are a well-established technique to study palaeoclimate, with the 

study of ẟ18O of carbonates being most commonly used (Leng and Barker, 

2006). Over recent decades, use of the isotopic composition of biogenic silica 

in freshwater environments has grown, providing a direct replacement for 

carbonates where they are absent from sedimentary environments (Leng and 

Barker, 2006). Of the use of isotopes in biogenic silica, the study of the isotopic 

composition of diatom frustules is the most common (see chapter 4). Oxygen 

diatom isotopes are the most utilised, although others including silicon, carbon 

and nitrogen isotopes are increasingly being studied. Diatom oxygen isotopes 

are controlled by several factors, including the ẟ18Olakewater in which the diatom 

frustule was formed, and the water temperature (Leng and Barker, 2006) (see 

figure 5.1). This means when external events induce variability in these 

factors, the ẟ18Odiatom values change, and, thus, such records have been used 

for palaeoclimatic reconstruction, as an atmospheric temperature shift can 

lead to changes in the water temperature, which in turn affects the ẟ18Odiatom. 

In addition, a change in the precipitation received in a catchment, or the 

amount of evaporation, will also affect the ẟ18Olakewater and, in turn, the 

ẟ18Odiatom values. The technique, consequently, provides an ideal tool for 

considering changes in precipitation, evaporation and temperature, and, in 

turn, palaeohydrological and palaeoclimatic changes (Chapligin et al., 2012a; 
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Hernández et al., 2011; van Hardenbroek et al., 2018), as long as there has 

been little internal changes in the system over the studied period, such as lake 

level and catchment dynamics (Leng and Barker, 2006). It is, therefore, 

necessary to consider a site’s individual characteristics to interpret the signal. 

For example, open lakes usually reflect the isotopic composition of 

precipitation (snowfall and rainfall), which is, in turn, affected by air 

temperature, while closed lakes are more influenced by the balance between 

precipitation and evaporation (Leng and Barker, 2006; Leng and Swann, 

2009).   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1: Controls on diatom oxygen isotopes adapted from Leng & Barker (2006) 
to highlight specific factors affecting the signal from southern Siberia. 

 
ẟ18Odiatom studies have now been undertaken in many regions. For example, 

at Lake Chungará (central Andes) ẟ18Odiatom is influenced by changes in the 

lakewaters, due to shifts in the P/E balance (Hernández et al., 2011), as is 

documented at other tropical sites, including Lake Tipo (Ethiopia) (Lamb et al., 

2005), while at Lake Malawi ẟ18Odiatom records highlighted wet-dry intervals 

every ~2.3ka for the past ~25 ka BP (Barker et al., 2007). Diatom isotopes 
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have also been used extensively in southern Siberia, as a direct replacement 

for freshwater carbonate isotopes, which tend not to preserve well in this 

region (Mackay et al., 2013b). They have provided a useful technique to 

assess hydrological and climatological changes, generating records from key 

sites, including Lake Baikal (Kalmychkov et al., 2007; Mackay et al., 2013b, 

2011, 2008; Swann et al., 2018), and Lake El’gygytgyn (North East Siberia) 

(Chapligin et al., 2012b; Swann et al., 2010), and smaller lakes including Lake 

Kotokel (Kostrova et al., 2016, 2013). Although the number of studies is limited 

at present, LGIT and Holocene records do highlight several isotopic shifts. 

These have been linked to several factors, including fluvial input into Baikal 

(Mackay et al., 2013b), and the interplay of evaporation and the ẟ18O of 

precipitation, which is linked to air temperature, at Lake Kotokel (Kostrova et 

al., 2013; Kostrova et al., 2016). Diatom oxygen isotopes, therefore, have 

great potential for furthering our understanding of palaeoclimate and 

palaeohydrology in the region.  

The aim of producing a ẟ18Odiatom record from Lake Baunt is to add to the 

growing network of ẟ18Odiatom records from sites in southern Siberia. This will 

allow consideration of intrinsic and extrinsic forcings on the regions 

palaeohydrology. Additionally, this information will provide essential context 

for modern day climatic and hydrological shifts, while the data will be useful to 

test models of modern day hydrological variations, which are very uncertain 

for this region at the current time. Consideration of local versus regional 

hydrological changes, alongside testing of climate models, will help to refine 

understanding of teleconnections between atmospheric systems, which may 

be driving these changes. 

5.2 Methodology 

5.2.1  Water samples 

In 2014 water samples were collected from Lake Baunt and its fluvial inflows, 

and a small nearby lake, by collaborators from the Institute of the Earth’s Crust, 

Russian Academy of Sciences. These were collected in Spring (23-Mar-14; 

n=3), while the lake was frozen, and during summer, post ice melt (21-Aug-

14; n=6).  These samples were sent for analyses at the Isotope Laboratory 
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(AWI Potsdam), where they underwent hydrogen and oxygen isotope analysis 

with a Finnigan MAT Delta-S mass spectrometer. Three additional water 

samples were collected by collaborators in March 2016 and also analysed at 

AWI Potsdam, including one bottom water sample taken from the deepest 

point of the lake at ~34 meters depth. 

5.2.2 ẟ18Odiatom analyses 

59 samples have been analysed to produce the BNT14 ẟ18Odiatom record. As 

ẟ18Odiatom measurements are easily influenced by detrital grain contamination 

(e.g. Leng and Marshall, 2004; Brewer et al., 2008; Leng and Swann, 2009), 

the samples were purified prior to analysis. This is necessary as other 

components, including clay, silt, tephra and carbonates, which could be 

present in a sample if vigorous cleaning is not undertaken, contain a high 

proportion of oxygen, and, consequently, have high potential to influence the 

ẟ18Odiatom measurement, as all the oxygen in the sample is liberated during 

analysis (Morley et al., 2004; van Hardenbroek et al., 2018). Cleaning of the 

Lake Baunt samples followed the protocols outlined by Morley et al., (2004), 

which are summarised below. Samples were first treated in hydrogen peroxide 

(H2O2) for ~4 hours to disaggregate the sediment, before undergoing a three-

stage heavy liquid separation using sodium polytungstate (SPT) (3Na2WO4 ∙ 

9WO3 ∙ H2O). Organics are removed from the samples using hydrogen 

peroxide, with samples being placed in a water bath at ~75⁰C for 1 week. What 

few carbonates there were, were removed using 5% hydrochloric acid (HCl), 

and finally samples were filtered through cellulose nitrate membranes to 

remove any remaining contaminates and chemical residues (e.g. SPT), before 

drying for analyses (Morley et al., 2004). 

Sample purity prior to analyses was assessed using elemental analyses by 

energy dispersive spectroscopy (EDS) by Russian collaborators, to estimate 

the extent of contaminants remaining in the samples post cleaning, particularly 

silt quantities. These were used for the mass-balance correction detailed 

below. For EDS analyses, approximately 1 mg of purified diatom material was 

diluted and pipetted onto conductive tabs, mounted on aluminium stubs. Once 

dried these stubs were carbon coated (Chapligin et al., 2012a). Sample purity 
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was further assessed using scanning electron microscopy (SEM) imaging in 

the Department of Earth Sciences, University College London. 

Isotopic analyses for Lake Baunt were carried out at the stable isotope facility 

British Geological Survey, Keyworth, UK. The samples from Lake Baunt have 

undergone a step-wise fluorination method, as described by Leng and Sloane 

(2008), which is briefly described here. First, the samples are ‘outgassed’ 

(dehydrated) at room temperature in the reaction tubes, which removes 

loosely bound water. Samples, secondly, underwent pre-fluorination, involving 

a stoichiometric deficiency of the reagent (bromine pentafluoride, BrF5), at a 

low temperature (Leng and Sloane, 2008). This step removes loosely bound 

water and the hydroxyl layer, which is necessary, as this outer hydrous layer 

is freely exchangeable and, thus, does not reflect the isotopic composition of 

the frustule at the time of burial (Leng and Barker, 2006). Finally, the samples 

are fully reacted at 450⁰C for 12 hours, with an excess of reagent. After this, 

the oxygen from the samples is liberated by opening the next section of the 

fluorination line, while liquid nitrogen is used to trap the other products. The 

oxygen is converted to CO2 by exposure to a graphite rod, while 2 additional 

waste traps are cooled using liquid nitrogen to ensure purity of the gas (Leng 

and Sloane, 2008). Once converted to CO2 the CO2 yield is calculated using 

a calibrated capacitance manometer and the CO2 is collected into vessels. 

After this the line is pumped down to <1 x 10-5 mbar to ensure residual gases 

are removed. The CO2 produced was analysed using IRMS, on a Finnegan 

MAT253 (Leng and Sloane, 2008). 

Despite vigorous cleaning processes, ẟ18Odiatom samples may still contain 

small levels of contaminants, particularly due to ability of contaminants to 

become electro-statically charged to the diatom frustules (Brewer et al., 2008). 

Samples containing contaminates can significantly alter the record, due to their 

different isotopic composition, for example, samples containing silt have lower 

ẟ18O values. To compensate for contaminants potentially affecting the Lake 

Baunt ẟ18Odiatom record, a mass balance correction was applied to the original 

data, following Swann and Leng, 2009 (equation 5.1), outlined below: 
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ẟ18Ocorrected = (ẟ18Omeasured – (%contamination./100)) * ẟ18Ocontamination) / 

(%purity/100) 

Equation 5.1: mass balance correction. 

where ẟ18Ocorrected is the measured value after it has been corrected for 

contaminants, ẟ18Omeasured is the original measured value, %contamination is 

the percentage of the known contaminant (Al2O3), 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 the residues (Swann and Patwardhan, 2011). These end 

members have very similar values and are, therefore, used to create a signal 

end member (Swann and Patwardhan, 2011). 

5.3 Results 

5.3.1 Water Isotopes 

Isotope results from analysed water samples are shown in table 5.1, while, 

figure 5.2 documents the positioning of each of these samples. The 

contemporary water isotope samples, ẟD and ẟ18O, have been plotted 

alongside the Global Meteoric Water Line (GMWL), and are shown in figure 

5.3. The local water meteoric water regression line (LMWL) is ẟD = 7.64ẟ18O 

+ 5.7, indicating that Baunt is influenced by local sources of water, with a 

limited effect of evaporation (Leng and Marshall, 2004). The average ẟ18O 

value from Lake Baunt waters is –16.0‰, with higher values during the 

summer (–15.9‰), than under ice (–16.3‰) (2016 data included).  Figure 5.4 

shows the Baunt samples colour coded according to the timing of their 

collection. This demonstrates that although the averaged ẟ18O values are 

similar, the data from the different seasons plot on different LELs, highlighting 

a slight seasonal variation. In spite of these differences, figure 5.5 shows that 

all Baunt data plot in the expected region for cold region freshwater lakes 

(Leng and Marshall, 2004). 



211 

 

Rivers flowing into Lake Baunt have a wider range of ẟ18O values, and it should 

be noted that the water temperatures of these rivers vary substantially, from 

5°C to 19.6°C, despite only being taken over 3 days during the summer period 

(August), and this may be influencing the values. The small lake site of Lake 

Sary has also been included, and has less negative ẟ18O values than Baunt, 

however, there is only 1 reading from this lake and, thus, its yearly variations 

are not able to be considered.  

 

Figure 5.2: Schematic map showing locations of water samples taken from Lake 
Baunt and surrounding locations.
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Sample Name Sample Location Collection 

Date 

Water 

Temperature 

(°C) 

ẟ18Ovsmow ẟDvsmow[‰] Mean values 

BA-N1 N55°12'53.0"  
E112°57'45.1"  

26.03.14 1.0 -15.96 -123.0 - 

BA-N2 (coring 

site) 

N55°11'15.2"  

E113°01'45.1" 

26.03.14 1.0 -16.23 -124.0 - 

BA-N3 N55°14'55.7"  

E113°04'53.1" 

26.03.14 1.0 -16.48 -125.5 -16.2 (March 
2014) 

BA-N4 N55°13'02.1"  
E112°59'12.8"  
 

21.08.14 17.5 -15.99 -122.3 - 

BA-N5 N55°13'23.7"  

E113°00'54.1" 

21.08.14 18.0 -15.91 -131.5 - 

BA-N6 N55°10'58.2"  

E113°05'29.1" 

21.08.14 20.0 -16 -121.5 - 

BA-N7 N55°08'59.9"  
E113°03'07.9" 
 

21.08.14 20.0 -15.96 -121.6 - 

BA-N8 N55°08'44.7"  
E112°59'08.8" 
 

 

21.08.14 20.0 -16.05 -122.3 - 



213 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.1: Table showing water isotope data from Lake Baunt and surrounding water sources. 

BA-N9 N55°09'10.3"  
E112°56'47.1" 

 

21.08.14 20.0 -15.46 -117.9 -15.9 (Aug 
2014) 

BA-N10 River 

Tsipa 

N55°09'38.1"  

E112°54'14.7" 

21.08.14 15.5 -16.31 
 

-123.7 - 

BA-N11 Lake 

Sary Sary 

N55°14'36.8"  

E113°05'55.6" 

21.08.14 19.6 -15.21 -116.9 - 

BA-N12 River 

Tsipican 

N55°12'57.6"  

E113°06'01.9" 

21.08.14 16.0 -14.39 -111.1 - 

BA-N13 River 
Kinavka 

N55°07'34.6"  

E112°59'35.6" 

24.08.14 5.0 -15.61 -115.0 -15.4 (Riverine 
systems and 
nearby lakes) 
(Aug 2014) 

BA-N14 N55°11'10.90" 

E113°01'33.55" 

27.03.16 1.0 -16.26 
 

-124.6  

BA-N15 (Bottom 

water) 

N55°11'11.85"  

E113°01'32.85" 

30.03.16 1.0 -16.14 
 

-123.7 -16.1 (Bottom 

Water – Aug 

16) 

BA-N-16 N55°11'11.85"  
E113°01'32.85"  

30.03.16 1.0 -16.46 -124.8 -16.3 (All Baunt 
March) 
-16.4 (March 
16) 
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Figure 5.3: Graph plotting the GMWL against the Lake Baunt and nearby water sources. 
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Figure 5.4: Graph plotting the Lake Baunt seasonal water data against the GMWL. 
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Figure 5.5: Figure adapted from Leng and Marshall (2004) (pp813) showing the 
Global Meteoric Water Line (GMWL). Lake Baunt’s seasonal water sample data has 

been added and sits within the area associated with cooler regions, close to the 
GMWL indicating its isotopic similarity to precipitation. 

 

5.3.2 ẟ18Odiatom Results 

Figure 5.6 shows the unmodelled versus corrected ẟ18Odiatom values, and the 

percentage silt found within the samples, while figure 5.7 shows the modelled 

(corrected) ẟ18Odiatom record for BNT14, all plotted using the Lake Baunt 

chronology, developed in chapter 3. The Baunt record covers ~12.5-6 ka BP 

and shows several distinct shifts in isotopic composition between +22.7 and 

+32.1‰, with a general decline in the isotopic composition of diatoms of 

around 3.0‰, from the lower section of the core to the core top.  

The earliest section of the record is relatively stable sitting between +26.5 and 

+27.5‰ between ~12.4 and ~10.8 ka BP (figure 5.7). Following this stability, 
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the record documents the largest and most frequent isotopic changes in the 

Lake Baunt record, with peaks reaching, in excess of +31.0‰, at ~10.0, 9.4 

and 8.5 ka BP, although these higher values are interrupted by declines to 

~+25.0‰ at ~9.8, and 8.9 ka BP. 

Following the high value of 32.0‰ at ~8.5 ka BP there is a decline until ~7.6 

ka BP, after which values rise slightly until ~7 ka BP. Changes during this 

period are less variable, remaining around +24.0‰, which continues until a 

low of +22.6‰ is observed at ~6.2 ka BP. These samples have undergone the 

largest corrections due to the highest levels of contamination from silt (see 

figure 5.6), which in one sample reached almost 24% (see figure 5.6). This 

sample also has the highest ẟ18Ocorr value of the Late Holocene and it is 

possible that this is due to the correction factor, rather than being a real peak 

in the record during a period of relative stability.  

The record, therefore, appears to show three zones, with the LGIT-Holocene 

transition period (~12.4-10.0 ka BP) having values ranging between 26-28‰; 

the period between 10.0-8.0 ka BP then shows a period of rapid large 

amplitude changes, before a final shift to lower, declining values after 8 ka BP. 
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Figure 5.6: Uncorrected ẟ18Odiatom record from BNT14 (red dashed) against 
Corrected ẟ18Odiatom record (black) against percentage Silt values (%), all shown 

against calibrated years BP. 
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Figure 5.7: Corrected ẟ18Odiatom record from BNT14 plotted along the BNT14 
Chronology produced as described in chapter 3, shown with chronological 

uncertainty and analytical errors. 

 

5.4 Discussion 

5.4.1 Integrity of the isotope record 

ẟ18Odiatom measurements are highly susceptible to the influence of sample 

contamination (Brewer et al., 2008; Morley et al., 2004; Wilson et al., 2014). 

Figure 5.8 highlights cleaned purified diatom samples from across the BNT14 

record, and these demonstrate that the cleaning process outlined in section 
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5.2.3 has removed the majority of contaminants. Alongside the mass balance 

remodelling of the ẟ18Odiatom data, it is believed that contaminants have been 

adequately accounted for. Despite the success of the sample cleaning, it must 

be noted that the ẟ18Odiatom results from BNT14 are associated with low O2 

yields (the standards yields were normal), suggesting that something within 

the samples contains less oxygen than normal diatom samples (Leng, 

pers.com.). This is difficult to explain, particularly as the SEM images, shown 

in figure 5.8, highlight that detrital material has been removed. One possibility 

is that the cleaned BNT14 diatom samples contain a different form of biogenic 

silica, potentially sponges, chrysophyte cysts (Leng, pers. com.) or tephra. 

Sponge spicules and chrysophyte cysts were not, however, documented in 

large quantities in the Baunt samples, and although rangefinder scans were 

carried out for some sections of the core for tephra, only occasional shards 

were located, and these appeared in samples from depths not studied for 

isotopes. Despite this, it is not thought that the ẟ18Odiatom measurements have 

been affected, with the smaller samples covering the complete ẟ18Odiatom range 

seen in the larger sized ranged samples, from BNT14 (Leng, pers. com.).  

 

Figure 5.8: 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. 

 

One of the assumptions that is made when using diatom isotopes for 

palaeoclimate and palaeohydrological studies is that the diatoms have 
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precipitated in isotopic equilibrium with the lakewater (Swann et al., 2007; van 

Hardenbroek et al., 2018). However, it is known from the study of other 

biological organisms (e.g. ostracods, foraminifera) that this is not always the 

case (Xia et al., 1997; Bemis et al., 1998; Swann et al., 2007), with interspecies 

and intraspecies offsets affecting the signal (Swann et al., 2007). As a result, 

isotope/disequilibrium vital effects have been discussed as having potential 

influences on ẟ18Odiatom records in many papers (Brandriss et al., 1998; 

Chapligin et al., 2012a; Swann et al., 2010, 2007), and they are thought to be 

linked to a range of habitat and taxonomic processes (Schiff et al., 2009), such 

as vertical migration in the water column, benthic/planktonic (and other spatial 

effects) precipitation rate changes, micro-environment changes, metabolic 

fluid variations and pH alterations (Swann et al., 2007). Species effects are 

thought to be caused by species specific fractionation (Chapligin et al., 2012a), 

due to the range of conditions which diatoms occupy (Schiff et al., 2009). 

Studies have, therefore, been undertaken to consider if vital or other species 

effects influence ẟ18Odiatom signals (e.g. Schmidt et al., 2001; Schiff et al., 

2009), and these are now thought to have a limited influence on lacustrine 

samples, where species influence is thought to be smaller than the analytical 

error associated with each sample  (Swann et al., 2007, 2010; Leng and 

Swann, 2009; van Hardenbroek et al., 2018). Therefore, it appears unlikely 

that species effects have a significant influence on the BNT14 record, and this 

is further supported by the dominance of only three species, Aulacosiera 

granulata, Pantocsekiella ocellata and Tabellaria flocculosa, all of which are 

considered to be planktonic species, and, thus, representing mainly open 

water environments. The dominance of open water diatoms, particularly 

through the period covered by ẟ18Odiatom samples (see figure 5.9) reduces the 

potential influence of a species effect further.  
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Figure 5.9: Summary diatom data showing percentage abundance of the three-
dominant species against the PCA 1st axis scores and the corrected ẟ18Odiatom 

record. 

 
Additionally to vital effects, diatom dissolution has been considered to 

influence measurements of ẟ18Odiatom (Leng and Swann, 2010; Swann et al., 

2010). Dissolution can influence this, as it may exacerbate any species effects 

by preferentially removing some species (Leng & Swann, 2009). Dissolution 

can alter ẟ18O values, causing a small negative effect of up to 0.56‰ beyond 

analytical error (Smith et al., 2016). The isotopic ratio changes are usually due 

to kinetic fractionation, which preferentially dissolves certain parts of the 

diatoms frustule, causing rapid shifts in the ẟ18O signal (Smith et al., 2016). 

Silica maturation is also thought to influence ẟ18Odiatom values (Leng & Swann, 

2009; Swann et al., 2010), however, the extent this affects the use of ẟ18Odiatom 

for palaeoenvironmental reconstructions remains unknown (Leng & Swann, 

2009). Despite this, the effects of dissolution and silica maturation are thought 

to be limited for the BNT14 core, as diatoms are well preserved, with few 

frustules showing signs of dissolution down the core (see chapter 4). 
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Therefore, it is likely that the variations in the ẟ18Odiatom record are not driven 

by these factors. 

As an open lake, and with no evidence of species effects or dissolution 

affecting the record, it is expected that Lake Baunt’s ẟ18Odiatom record will 

reflect changes in ẟ18Oprecipitation values (Leng and Barker, 2006; Leng and 

Marshall, 2004; Leng and Swann, 2010). For this region, precipitation includes 

summertime rainfall sourced from the North Atlantic, and brought to the region 

by the Westerly winds during the months when the Siberian High dissipates 

(Park et al., 2014; Tubi and Dayan, 2013), and snowfall/snowmelt, which 

enters the lake during springtime melting. Summertime precipitation is likely to 

be more influential during periods when the Siberian High is weaker, as this 

allows the westerly winds to bring increased precipitation to the region, while 

periods with a strong Siberian High will receive less summer precipitation 

(Park et al., 2014; Tubi and Dayan, 2013), and, thus, the lakewaters will be 

influenced more by the ẟ18O of the snowmelt. Snowmelt ẟ18O values vary 

within the Transbaikal area, as documented in figure 5.10, however, it is 

significantly lower (mean values ~-29.07‰) (data from Chishchov et al., 2015) 

than the current summer (JJA) precipitation ẟ18O values, which for this region 

sit around ~-12.8‰.  Modern day annual average precipitation values sit at -

16.9‰ and the close similarity to the average of Baunt’s ẟ18Olakewater
,, which is 

-16.0‰ (see section 5.3.1), highlights the well mixed nature of Lake Baunt’s 

water, suggesting the lake’s ẟ18O is closely related to the annual average ẟ18O 

of precipitation. The seasonal variations in the ẟ18Oprecipitation is influenced by 

air temperature changes, alongside the air mass source region (Seal and 

Shanks, 1998). Baunt’s well mixed nature is highlighted by the similar modern 

day water samples, both across the lake and between surface and bottom 

waters (see section 5.3.1). This, along with its similarities with average annual 

precipitation, is an important characteristic for understanding the ẟ18O signal, 

as it is essential for lakewaters ẟ18O to have averaged out (Leng and Marshall, 

2004). The slight seasonal difference shown in August versus March 

ẟ18Olakewater values do indicate a minor seasonal influence, however, this is not 

unexpected as seasonal differences are known to be greater in smaller lakes 

(Leng and Marshall, 2004), and will need to be considered to interpret the 
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record further. Additionally to the variations in precipitation, the ẟ18Odiatom 

record will be influenced by site specific factors, including the catchment size 

in comparison to the lake size (Leng and Marshall, 2004). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10: ẟ18O values of bulk snowmelt from southern Siberia from Chizhova et 
al., (2015), with red dot showing approximate location of Baunt. 

 

5.4.2 Scales of Change 

It is important to consider the ẟ18Odiatom trends across different timescales, and, 

therefore, before the details of the BNT14 record are discussed, it is notable 

that the general trend of the ẟ18Odiatom record follows a general decline from 

the earliest part of the record ~12.5 ka BP to the upper section of the record 

after 6.5 ka BP. This may be recording a response to declining solar insolation 

levels through the Holocene. Figure 5.11 highlights the Baunt ẟ18Odiatom record 

against solar insolation, and it is clear that the gradual trend appears to follow 
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this signal. This may, therefore, represent a response to declining 

temperatures or changing hydrology from the Early Holocene to the Mid-

Holocene, however, while noteworthy here, this is discussed in later sections 

of the thesis, when it is considered against a range of evidence. The Baunt 

ẟ18Odiatom data are first considered in the wider climatic context of the transition 

from the last glacial to the early Holocene. 

5.4.3 LGIT-Holocene Transition (~12.4-10.5 ka BP) 

ẟ18Odiatom values vary little during the period between the latter stages of the 

Younger Dryas and the early Holocene, ~12.4-10.5 ka BP, and there may be 

several reasons for this. The first factor to consider is that this period of 

apparent stability may be a function of the limited sampling resolution over this 

section, due to insufficient material for analysis being available. The limited 

resolution may mean that rapid shifts, if occurring over timescales of only a 

few hundred years, are not being captured by in the Baunt record. 

Nevertheless, isotope values for the late Younger Dryas are similar to those 

from the early Holocene. It has been suggested for continental Europe, on the 

basis of pollen transfer functions and climate models, that while overall 

conditions were cold, summers in the Younger Dryas were warm  (Schenk et 

al., 2018). The second factor to consider is that conditions were cool until after 

10.5 ka BP, as Baunt is in the north of the Baikal region.   

When considered against other Northern Hemispheric climate records for this 

time period, the limited shifts in the ẟ18Ocorr.diatom record could be considered 

unusual, as it incorporates ages normally associated with the Younger 

Dryas/Greenland Stadial 1 (GS1; Rasmussen et al., 2014), alongside the 

transition from the Late Pleistocene to the Holocene, and additional climate 

oscillations, such as the Pre-Boreal-Oscillation and 11.1ka BP events 

(Blockley et al., 2018). During GS1 and the Younger Dryas, cold conditions 

are documented in Greenland and at many Northern Hemisphere sites (Brauer 

et al., 2008; Brooks et al., 2012; Coope et al., 1998; Heiri and Millet, 2005), 

and as discussed in chapter 1, these shifts are thought to be driven by changes 

in North Atlantic meridional overturning circulation (AMOC) (Lane et al., 2013), 

which are triggered by freshwater inputs from melting ice sheets altering ocean 
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salinity and temperature (Bond, 1997). These AMOC shifts induce large scale 

ocean circulation reorganisation, which is in turn propagated to the 

atmosphere (Bakke et al., 2009), causing responses across the globe, 

although there is variation in the expression of these events. It could, therefore, 

be expected that an expression of these events should be shown in the 

ẟ18Odiatom records from Siberia, driven by atmospheric changes propagated 

from the North Atlantic to Siberia, through the Siberian High. It could be 

anticipated that the Siberian High should increase in strength, inducing cooler 

and more arid conditions in southern Siberia, triggering alterations in the 

isotopic composition of the lakewater and in turn of diatom frustules. The Baunt 

record does, however, not appear to demonstrate this, and several factors may 

be responsible.  

One of the reasons for the absence of a YD signal in the Baunt isotope 

samples, could be a function of the seasonality produced by the diatom record, 

as the diatom’s isotopic signal is reflective of their growing season (Leng and 

Swann, 2009), with bulk samples tending to be averaged across the spring to 

the autumn. Figure 5.9 highlights that during this period diatoms in Lake Baunt 

are dominated by A. granulata and P. ocellata., and A. granulata blooms 

predominantly in the summer-autumn period, usually alongside conditions 

including high turbulence and abundant silica (Rioual et al., 2001). Therefore, 

this species may be less likely to document a cooling event, as the seasonality 

induced by the Siberian High means that even during cold stadial conditions, 

summer temperatures in this region may not be influenced, and, thus, the 

ẟ18Odiatom signal that is contributed by A.granulata is likely to document 

summer temperatures, rather than colder winters bought about by a stronger 

Siberian High. As this period occurs just before perihelion in the Northern 

Hemisphere, this would support extreme continentality at this time, potentially 

with warm moist summers. In Lake Baikal, the second half of the stadial shows 

a rise in isotopic values. Moreover, it has been argued that warm summers 

during the Younger Dryas (GS-1 in the Greenland event stratigraphy) 

(Rasmussen et al., 2014) may be a feature of continental records, as opposed 

to North Atlantic climates (Schenk et al., 2018), with the main cooling occurring 

in winter, and, thus, if the diatom record reflects a summer bias, these colder 
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and potentially more arid conditions may not be well documented by the 

ẟ18Odiatom record. Pollen based evidence for increasing precipitation by ~12 ka 

BP suggests, at least from summer dominated proxies, that precipitation in the 

second half of the Younger Dryas (GS-1) was high (Tarasov et al., 2007). It is 

also possible that there is significant enhancement of the East Asian Winter 

Monsoon at this time, suggested by evidence from Lake Suigetsu, Japan 

(Schlolaut et al., 2017), and this would imply a strengthening of the Siberian 

High (Tubi and Dayan, 2013). For Japan there is also a weakening of the 

summer monsoon, but this is less clear than for the winter proxies. Figure 5.11 

shows the ẟ18Odiatom record against the GISP2 potassium (K+) record, which 

is considered to be a proxy for Siberian High strength (Mayewski et al., 2004), 

alongside other records of climate drivers, and this clearly shows that the 

Siberian High is strong through this period. The increased cooling and aridity 

bought about by this may only have limited effects on the region’s hydrology, 

with wintertime precipitation being very low, and ecosystems already being 

adapted to cold conditions. If summertime conditions remain warm in 

continental settings, as suggested by Schenk et al., (2018), the period when 

the Siberian High dissipates would still allow westerly winds to propagate to 

the region, bringing precipitation and, thus, the ẟ18O of precipitation would not 

be altered that much meaning a large change would not be apparent in the 

ẟ18Odiatom record.  

The issue with this theory is that A. granulata dominates the diatom 

assemblage throughout the whole ẟ18Odiatom record discussed in this chapter 

(figure 5.9), and, thus, if the species was preventing abrupt climatic shifts being 

documented the larger scale changes documented later in the record may be 

harder to explain.  That said, A. granulata is not present in the period 

associated with the Last-Glacial-Maximum (see chapter 4) and could further 

support the idea of warm summer conditions. Interestingly, there is a clear shift 

in the sedimentology of the core over the period of GS-1 (Krainov et al., 2017) 

(see figure 2.6) that is not being detected in the isotope record, and this could 

indicate these changes are predominantly occurring during the winter, and will 

be discussed further in chapter 7.   
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An additional problem in documenting if a GS-1 type signal can be found in 

Baunt, may also be due to the record starting during the period associated with 

the Younger Dryas, meaning there is no clear isotopic baseline of colder or 

warmer conditions prior to this event. If the record covered the earlier period 

of the late-glacial interstadial, it may have been easier to see a shift in 

conditions during the Younger Dryas, while extending the record into the LGM 

could provide more context as to whether this period is showing values that 

could be associated with conditions found during the Younger Dryas (GS-1). 

Alongside this issue, the chronology through this period is also problematic. 

Figure 3.17 highlights that this period is dated by two dates separated by 1 

meter, however both values are close in age and, thus, these sediments could 

show similar values as they occur very close together in time, during a period 

of high sedimentation rates. This factor, alongside the dating uncertainties, 

make it difficult to identify exactly where a Younger Dryas response may be 

documented, and it may be that the chronological issues alongside the low 

sampling resolution may contribute to the muted responses documented in 

this section.  
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Figure 5.11: Lake Baunt ẟ18Odiatom (VSMOW ppm) shown alongside P/B ratio, PCA axis 1 scores, Total diatom flux (x106valves/cm2/yr) shown on a logged x-axis and biovolume accumulation rates (BVAR) (μm3cm-

2yr-1), alongside ẟ18Odiatom records (VSMOW ppm) from Lake Baikal and Lake Kotokel and Asian speleothem records ẟ18O signal (ppm) from Hulu (Wang et al., 2001), Dongge (Dykosko et al., 2005) and Sanbao 
(Dong et al., 2010) caves. Also shown against proxies for external climate forcing’s including GISP2 K+ signal (ppb) (Siberian High strength) (Mayewski et al., 2004), NGRIP ẟ18O signal (Greenland air temperature) 
(Rasmussen et al., 2014), Pa/Th238 record (AMOC strength) (McManus et al., 2004), Hematite Stained Grains (%) (IRD signal) (Bond et al., 2001), GISP2 K+ signal (ppb) (Siberian High strength) (Mayewski et al., 

2004), Sunspots, and Solar Insolation from 60°N for June  (W m2)(Berger and Loutre, 1991). 
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5.4.4 Early Holocene (10.5-8.0 ka BP) 

As discussed in section 5.3.2., this period of the Baunt record documents the 

largest magnitude and most frequent isotopic composition shifts. The large 

amplitude of these changes, with lows of ~24‰ and highs of ~30‰ are 

indicative of major hydrological variability. Several reasons may explain the 

occurrence of these larger shifts, particularly when compared with the previous 

discussion, and there is evidence from other sources, examined later in this 

section, to examine both intrinsic and extrinsic forcing. 

One reason for the increased amplitude of these changes may be linked to 

their occurrence during the Early Holocene period, when insolation values 

reached their highest levels for the period that the ẟ18Odiatom measurements 

cover (see figure 5.11). This increased insolation drove global scale climate 

changes and warming through the Early Holocene, with the Holocene Thermal 

Maximum being placed between 10-6 ka BP (Liu et al., 2014b), with higher 

latitudes, particularly those away from large ice sheets, including Siberia, 

experiencing the earliest thermal maximum, placed between 10-8 ka BP  

(Jansen et al., 2007; Renssen et al., 2012). This solar insolation maxima 

resulted in warming in the Lake Baunt area at this time, however, temperature 

alone is unlikely to have driven the large magnitude of this rapid peak in the 

ẟ18Odiatom record. This is because the Dansgaard temperature dependence 

relationship suggests that for every 1°C temperature increase the 

ẟ18Oprecipitation value only increases by 0.36‰ in Irkutsk (Seal and Shanks, 

1998). Although this cannot be directly applied to the Baunt ẟ18Odiatom record, 

it suggests that it could take a temperature shift of ~20°C within a couple of 

hundred years, which is far too large to be the only driver of the increased ẟ18O 

values seen in the ẟ18Odiatom record. Indeed, it has been suggested by Kostrova 

et al., (2016) that precipitation derived from more southerly air mass sources 

were responsible for higher ẟ18Odiatom values in the Earlier Holocene, 

compared to the later Holocene and present, where North Atlantic (westerly 

derived) sources were more dominant.  

To consider the influence of varying precipitation sources for the Baunt record, 

isotope data for the wider Siberian region and southern regions of Mongolia 
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and China were considered. Data and models from the Global Network 

isotopes in Precipitation (GNIP) were utilised. Specifically, the Regionalized 

Cluster-Based Water Isotope Prediction (RCWIP) model was consulted 

(Terzer et al., 2013). This integrates data from global network in precipitation 

stations and produces a gridded global model of seasonal and annual isotope 

data. Figure 5.12 shows the model’s annual average output for ẟ18Opreciptation 

in 2018, for Lake Baunt (55°11’15” N, 113°01’45” E), plotted against data for 

western central Siberian sites and Mongolian and Chinese sites. As a guide, 

these are plotted against transect of ẟ18Opreciptation gridded data for 113° 

longitude (Lake Baunt), on a North-South latitudinal transect. This shows 

central and western Siberian sites have similar average ẟ18Opreciptation values 

(12.62‰), while Lake Baunt’s values are isotopically higher by approximately 

4‰. It is possible that weakening of the Siberian High, as a result of solar 

insolation changes during the Early Holocene, could have increased the 

quantity and extended the season of summer westerly sourced precipitation, 

thus, increasing the influence of summer precipitation of the ẟ18Olakewater 

values, and subsequently on the ẟ18Odiatom values. However, this may not be 

large enough to explain the elevated Baunt ẟ18Odiatom values seen in the Early 

Holocene. In part, the increased insolation at this time, may also have signified 

increased temperatures, compared to modern values, coupled with increased 

seasonality and very warm summers and, therefore, higher ẟ18Opreciptation.  At 

the same time, it is also worth considering that, even today, a small proportion 

of summer winds in the Baunt area are derived from southern and eastern 

sources, meeting the prevailing westerly airflow. Figure 5.13 also shows 

average ẟ18Opreciptation values for more southerly and easterly locations in 

Mongolia and China, and these have considerably lower (~8‰ difference) 

isotopic values than Lake Baunt, reflecting in part the influence of southerly 

and easterly winds. This may support the suggestion by Kostrova et al., 

(2016), that more southerly sourced precipitation may be influencing the 

isotopic signal of the region. Although, by comparison to Lake Baikal, this may 

only be a small component (see section 5.5).  The nature of the Early Holocene 

in Baunt, Baikal and Kotokel are discussed in more detail below. 

 



232 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12: Regionalized Cluster-Based Water Isotope Prediction (RCWIP) model 
annual average output for ẟ18Opreciptation in 2018 (Terzer et al., 2013). Showing Lake 

Baunt (orange) (55°11’15” N, 113°01’45” E), plotted against data for western central 
Siberian sites (Blue (Novosibirsk) and Green(Krasnoyarsk) and Mongolian (Grey 

(Ulaanbaatar)) and Chinese site (Yellow (Chang Chun) plotted against a transect of 
ẟ18Opreciptation gridded data for 113° longitude on a North-South latitudinal transect. 
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The events seen in this section may, therefore, be reflecting responses to 

climatic changes, causing alterations in the landscape. The early Holocene 

period is known for its unstable nature across the Northern Hemisphere, with 

several abrupt climatic events including the 10.3, 9.2 and 8.2 ka BP events 

being documented in many records (Heiri et al., 2004; Hoek and Bos, 2007; 

Mayewski et al., 2004; Wanner and Butikofer, 2008). As discussed previously, 

the drivers of these early Holocene events are often linked to freshwater 

pulses entering the North Atlantic during the deglacial period. Therefore, it is 

possible that the instability shown in the ẟ18Odiatom record, may be a response 

to these North Atlantic events, which may affect continental Siberia though 

reorganisation of atmospheric circulation. Caution is, however, required here, 

as the shifts in the ẟ18Odiatom record may be a response to changes in several 

factors, as discussed previously. There are also additional uncertainties, which 

make linkage to these abrupt events complicated and these are discussed 

below. 

Chronological uncertainties make it difficult to assign the shifts seen in the 

ẟ18Odiatom record to specific times, as the uncertainties from the BNT14 record 

at this time are in the region of ~±150 years and, thus, at some points the 

uncertainties are larger than the duration of climate variations (Heiri and Millet, 

2005). This means that the Baunt record cannot be tied to specific abrupt 

climate events over this period. Despite the chronological uncertainties, it is 

possible to consider that these known climatic events may be triggering some 

of the changes documented, potentially through teleconnections between 

atmospheric systems. This has been considered by comparing the GISP2 

potassium (K+) record (Mayewski et al., 2004) with the Baunt isotope record, 

and is shown in figures 5.11 and 5.13. This figure highlights that this period 

documents the largest variability in the GISP2 K+ signal, which indicates that 

the Siberian High’s strength is likely to have been unstable across this period. 

This, therefore, has potential to cause abrupt changes in the environment, 

which may explain the oscillations seen in the Lake Baunt record, however, 

again it is important to consider the chronological uncertainties with the Baunt 

record over this point, as these are large enough during this period to cause 

the age ranges for the main peaks and troughs to overlap (see figure 5.13), 
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where the uncertainties around the timing of peaks and troughs are shaded in 

red and blue respectively, showing that in many cases the shifts occur so close 

to each other that the ages for a peak often overlap with a trough in the record. 

This prevents any of the Baunt shifts across this period being tied to an 

individual shift in the K+ record (see figure 5.13). Additionally, the large 

uncertainties and limited sampling resolution in the Baunt record make it 

difficult to determine the duration of the shifts. The K+ signal documents 

extremely rapid fluctuations in the Siberian High, and it cannot be determined 

if the shifts recorded in Baunt are also this abrupt, due to the much lower 

resolution achievable in Lake Baunt, compared to shifts documented in the 

Greenland ice cores. Additionally, the responses documented by Lake Baunt 

are unlikely to have been linear, with for example, abrupt cooling potentially 

altering the ẟ18Odiatom record by changing the ẟ18Olakewater, by reducing the input 

of glacial meltwater, or by changing the blocking position of the Siberian High 

and, consequently, altering precipitation sources. Therefore, although the K+ 

record may indicate instability in the Siberian High strength at this time, 

potentially driving climatic instability in southern Siberia, the changes 

documented in the Lake Baunt system cannot yet, be directly linked to the 

north Atlantic events. The events in the ẟ18Odiatom record may show some 

reflection of these events, through changes they may have caused on the 

ẟ18Olakewater, through variations in ẟ18Oprecipitation, which could be linked to source 

region changes, due to movement in the position of the Siberian High or 

because of fluctuations in the quantity of rainfall reaching Baunt. Changes 

could also be a result of the impact of temperature variations on the 

ẟ18Olakewater. Either way, the responses documented in Lake Baunt are not a 

linear response to abrupt climate instability observed in the North Atlantic, and 

further work is required to understand how these events propagate and 

manifest themselves in southern Siberia. 

Therefore, although in theory the shifts in the ẟ18Odiatom record across this 

period could be climatically induced, potentially through Siberian High strength 

change as discussed above, this link can only be cautiously made at this time, 

and improvements in the resolution and chronological control would be 

required to assist with this.  
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The final shift in ẟ18Odiatom values during this period occurs at ~8.1±3 ka, with 

age ranges allowing it to overlap with the widely documented 8.2 ka BP event 

in the Northern Hemisphere. A clear peak in Siberian High strength is 

documented for this period (figure 5.13), and this may indicate that the BNT14 

record shows a response to this well documented 8.2 ka BP event. This may 

suggest that the Siberian High has temporally been increased in strength, 

potentially blocking moisture sources and increasing aridity. The limited 

rebound to higher values as documented in the earlier shifts, may be linked to 

the reductions in solar insolation (see figure 5.11), which occur at this point, 

meaning that after a climatic shift driven by Siberian High intensity changes, 

the region does not warm as rapidly. Despite the similar timing of the shift in 

Baunt, and of the well documented 8.2 ka BP event, caution is again required 

here, as the shift in the ẟ18Odiatom record does not show an oscillation, but a 

general change in values, with no return to previous levels, potentially 

highlighting a more general change in the system, rather than a response to 

an abrupt event. The shift suggested for the Siberian High from the K+ record 

is very abrupt (figure 5.11 and 5.13) and then returns to similar values to before 

the event, and the lack of a similar pattern in Lake Baunt is indicative of 

additional or alternative events causing the change in the ẟ18Odiatom values. 

Therefore, the link to this event is cautious and more work is required to 

understand the changes in the system at this point. The potential link to this to 

the 8.2 ka BP event is considered in more detail in chapter 7.  

5.4.5 Mid Holocene (~8.0-6.0 ka BP) 

The reduction in the amplitude of changes after ~8 ka BP may be driven by a 

number of factors. This may be due to the declining solar insolation, which 

occurs across this period and is linked to global climatic shifts (Liu et al., 

2014b; Renssen et al., 2012). Additionally, to this, figure 5.11 documents that 

this period shows a marked reduction in K+ fluctuations in the GSIP2 ice core 

and, therefore, the greater stability in the Siberian High may explain the greater 

stability in the ẟ18Odiatom record. The increased stability in the Siberian High 

may be a response to more stable conditions in North Atlantic circulation. As 

discussed in section 5.4.1 and in chapter 1, the North Atlantic is considered a 

key driver of Northern Hemisphere climatic changes, due to changes in the 
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THC in response to salinity changes, driven by ice sheet melting. It is, 

therefore, likely that the greater atmospheric stability, and consequently, 

regional hydrological stability, is linked to greater THC stability in the North 

Atlantic post deglaciation.   

The last section of the ẟ18Odiatom record after 7 ka BP does show a decline in 

values, although this is considerably smaller than the earlier variations in the 

isotope record, but it does match a decrease in IRD, and a reduction in the 

Siberian High (figure 5.11). Nevertheless, the latter part of the record is more 

stable than the preceding part of the Holocene. It may mean that by this time 

any major loss of ice sheets has ended and, thus, there may be a rerouting of 

drainage patterns. It is unlikely the lack of abrupt shifts is linked to sampling 

resolution, as the number of samples at this point of the core is greater, due 

to higher concentrations of diatoms being preserved in this section of the core 

and, thus, preparation of appropriate weights of samples of analyses was more 

achievable. Despite the excellent sampling resolution at this point of the core, 

caution must also be applied when considering the upper section, due to 

chronological uncertainties (see chapter 4). Additional care is required in this 

section, as this is where levels of silt were highest within the samples, meaning 

they have undergone the largest corrections. The occurrence of high levels of 

silt in the upper samples (see figure 5.6), means this value particularly should 

be interpreted cautiously, and may represent a period of increased in-wash. 

Periods of high silt within the core could also suggest environmental changes, 

which may influence shifts within the ẟ18Odiatom record, such as changes in the 

sources of material being deposited into Lake Baunt, which may indicate a 

change in the hydrological regime, potentially driving increasing in-washing of 

silt. 

5.5 Regional Records 

Oxygen isotope analyses on diatoms have become a frequently used proxy 

within Siberia, driven by their excellent preservation in lakes within the region.  

This means that, as more sites are analysed, it is possible to start to consider 

how this network can inform us about regional responses to 

palaeohydrological and palaeoclimatic changes. Lake Baikal and Lake Kotokel 



237 

 

are both located within the southern Siberian region, and their diatom oxygen 

isotope records provide an ideal opportunity to start this consideration for the 

LGIT and Holocene period. Figure 5.13 shows the three records together 

against age. The Baikal record’s age model has been updated to use IntCal13 

(by this author), as opposed to IntCal09, to allow all datasets to be calibrated 

using the same curve. As both IntCal curves are tree ring based at this point, 

there are not any significant changes to the Baikal chronology, although the 

first major isotope excursion has moved slightly older to ~ 11.0 ka BP. 

Considering these records together allows for a more detailed examination of 

the regional responses to palaeohydrological and palaeoclimatic events.  

5.5.1 Regional and Hemispheric Expressions of the Younger 

Dryas/GS-1 

The southern Siberian records (figures 5.13 and 5.11) all show similarities in 

their limited ẟ18Odiatom responses to any form of Younger Dryas signal. In Lake 

Kotokel, ẟ18Odiatom values through the Late-glacial period are very similar to the 

Holocene, while the Baikal signal is also muted during the Younger Dryas, 

although there is evidence for a Pre-Boreal Oscillation (see figure 5.13) 

(Mackay et al., 2011). When combined it is possible to note that the records 

support the idea that there is no clear Younger Dryas signal in the ẟ18Odiatom 

data. As discussed, there may be several reasons for this, however, similarity 

across sites lends support for the idea of continental regions still having warm 

summers through the Younger Dryas period, as discussed by Schenk et al., 

(2018). This highlights the need to use multiple proxies from multiple sites, to 

build a regional understanding of palaeohydrological and palaeoclimatic 

changes, and this will be considered in more detail in chapter 7.   

The Baunt record has also been compared to Asian speleothem records from 

Hulu (Wang et al., 2001), Dongge (Yuan et al., 2004) and Sanboa (Hai Cheng 

et al., 2009) (see figure 5.11). These all show less negative ẟ18O values during 

the period that the GSIP2 K+ record indicates a strong Siberian High. The 

speleothem records are considered to document the relative strength of the 

East Asian summer monsoon versus the winter monsoon, with the former 

bringing in Pacific precipitation, while the latter is controlled by cold Siberian 

winds (Wang et al., 2001), although this has also been considered to relate 
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more to isotopic changes driven by the amount effect, that has been well 

documented for other speleothem isotope records (Lee and Swann, 2010). 

This, in turn has an impact on how far the coastal Asian speleothems can be 

used as a wider regional archive of precipitation. As discussed in chapter 1.4, 

the Siberian High and East Asian Monsoons have a modulating effect on the 

opposite system, with a strong Siberian High driving a stronger East Asian 

Winter Monsoon, as a result of the larger pressure gradient between the 

Siberian High and Aleutian Low (Tubi and Dayan, 2013). As discussed in 

section 5.4.1, Baunt’s record is stable and does not appear to reflect the 

strengthened Siberian High and, therefore, this again suggests that the 

isotopes are not recording the cold arid conditions expected for this period. 

The NGRIP ẟ18O record, also shown in figure 5.11 is thought to reflect air 

temperature (Steffensen et al., 2008), and this documents colder conditions 

over Greenland across this period, which again highlights the difference with 

the responses recorded in the Siberian records, lending further support for the 

continental warm Younger Dryas summers hypothesis (Schenk et al., 2018). 

However, there are a wider number of proxy records within this thesis, that 

record both summer and in some cases longer signals and, therefore, the 

expression of the Younger Dryas in Baunt, and the wider region, is discussed 

in chapter 7.
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Figure 5.13: ẟ18Odiatom records from: (A) Lake Baunt, (B) Lake Baikal and (C) Lake Kotokel shown alongside (D) the GSIP2 K+ record of Siberian High Strength (Mayewski et al., 2004). Red and blue bands highlight 
the chronological uncertainties associated with some of the peaks and troughs in the Lake Baunt record and how they compare to the other records. 
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5.5.2 Regional and Hemispheric Expressions of the Early-Mid 

Holocene 

One of the most notable similarities between the Lake Baunt and Lake Baikal 

records shown in figure 5.13, are the large amplitude ẟ18Odiatom shifts during 

the Early Holocene. Their occurrence between the two records are, however, 

slightly offset, with the onset of change in Baikal staring at ~11 ka BP, while 

Baunt’s signal is suppressed until ~10.5ka BP. Due to the dating uncertainties 

on both records, it may be that these events start closer in time, but further 

dating work is required to confirm this. Nevertheless, based on current 

chronological controls, the initial peak in the Baikal record is almost ~1000 

years earlier than in Baunt. Kotokel on the other hand documents only one 

oscillation during this period, centred around ~10.7ka BP. This shift in 

ẟ18Odiatom values is the only event which appears in all three records (within 

dating errors). This may suggest a larger magnitude event, although, site-

specific factors may also explain the variation between the regional records, 

particularly the evaporitic nature of the site. 

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. As discussed by 

Mackay et al., (2011), the Baikal record shows a reflection of the proportion of 

input from southern versus northern sourced rivers, with the rapid warming 

suggesting a higher proportion from southern rivers and, thus, reduced 

Siberian High strength. It may be that the larger more southerly catchment 

from Baikal documents warming not detected further north. The isotopically 

higher values 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, coincident with reduced AMOC and increased 

IRD fluxes in the North Atlantic. There is a ~7‰ ppm difference between these 

source waters, and this seems to explain the Baikal oxygen isotope record for 

the Early Holocene. The highest ẟ18Odiatom values in Baunt are ~4‰ ppm lower 

than the highest value in Baikal, although the lowest values in both are similar. 
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This would make sense following the interpretation of Mackay et al., (2011), 

indicating a major influence from the Selenga river, considering the much 

smaller catchment of Baunt, and, thus, much more of the summer precipitation 

being derived from rainfall. It is also worth noting, as mentioned elsewhere, 

that the lag in the shift to higher isotope values in Baunt, by comparison to 

Baikal (Figure 5.13), may reflect not only the southerly catchment influence on 

Baikal, but also the more northerly position of Lake Baunt. 

Although a combination of early Holocene warming, seasonality, and a 

possible contribution of southerly winds, may explain the Lake Baunt 

increased 18Odiatom values from ~10.5 ka BP, it does not explain the oscillations 

of higher and lower values that occur between ~10.5 and ~8 ka BP. Several 

other factors, therefore, need to be considered. The diatom flux record from 

BNT14 (see chapter 4) can assist in understanding these more rapid 

fluctuations, with rapid changes in flux occurring over this time (see figure 

5.11).  As discussed in chapter 4 this may be driven by changes in the lake 

conditions, and increased in-washing of nutrients, and this could indicate 

greater snowmelt or increased summer precipitation. Here it is worth 

considering the pattern of fluctuating isotope values seen in Baikal (Mackay et 

al., 2011), where the shifts to lower values are interpreted as  the influence of 

climatic cooling driven by weakened AMOC in the North Atlantic, and  also 

seen in regional vegetation. Some of these lower isotope excursions are also 

seen in Baunt, particularly around 10.3-10 ka BP and at ~8.5-8 ka BP. The 

Baunt record seems to support the interpretation from Baikal of early Holocene 

cooling events. There is not, however, a perfect match and at ~7 ka BP and 9 

ka BP isotope values in Baunt are sharply lowered, while in Baikal they are 

stable or rising, and this cannot be explained by dating uncertainties or sample 

resolution. It is possible, however to explain these differences by the melting 

of glaciers in the Baunt area, during the early Holocene being superimposed 

on the climatic signal interpreted for both lakes. In Baikal, as discussed later, 

carbon isotopes and CMAR data (chapter 6), suggest in-wash from melting 

glaciers in Baikal. It seems likely that, despite a delayed onset of warming, 

there would be a similar melting of local glaciers in the Baunt area, given the 

evidence for glaciation in the area during the Little Ice Age (Osipov and 
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Osipova 2014). ẟ18O of meltwater will be isotopically lower than that of 

precipitation as ẟ18O of snow is isotopically lower than rainwater, and this 

effect is  magnified by altitudinal factors (He et al., 2006).  Thus, an influx of 

isotopically lower meltwater to the lake could explain the offset between the 

two records. In terms of climatology this seems sensible, as particularly at 9 

ka BP, IRD is lower and Baikal is warm (Mackay et al., 2011), and is also 

discussed with reference to CMAR and the carbon cycle in the next chapter. 

5.6 Oxygen Isotope Summary 

The Lake Baunt oxygen isotope record highlights several shifts between 

~12.5-6 ka BP. These group into three sections, a stable early period between 

~12.5-10.5 ka BP, a period with large magnitude abrupt shifts between ~10.5-

8 ka BP and a more muted period between ~8-6 ka BP, but still with some 

variability. These appear to reflect changes in several factors, including the 

source, quantity and seasonality of precipitation as well as temperature. Some 

of the changes co-occur alongside known Northern Hemisphere climate 

events, including those at ~10.4, 9.3 and 8.2 ka BP, suggesting a climatic 

influence on these records, although dating uncertainties prevent confident 

correlations. Other well documented Northern Hemisphere climatic events are 

not identified, including the Younger Dryas. This is potentially caused by a 

summer season bias being introduced by the diatoms, and is potentially linked 

to theories based on the Younger Dryas having warm summers driven by a 

continental blocking high (Schenk et al., 2018). Longer term solar insolation 

trends are also reflected.  Other regional records show similarities and 

differences to Baunt, highlighting the importance of site-specific factors for 

understanding ẟ18Odiatom records. Additional factors, including sampling 

resolution may have influenced the ability of some known climate events to be 

documented in the record, and this could be improved in the future. 
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6 The Lake Baunt Carbon Record 

6.1 Introduction 

Lakes are an important component of the global carbon cycle, acting as both 

a carbon source, as CO2 is emitted from the lakewater to the atmosphere, 

contributing to global greenhouse gases, and recycled in the biosphere on 

contemporary timescales (Mendonça et al., 2017), and a sink, as carbon is 

preserved within the sediments on geological timescales (Mendonça et al., 

2017). Sedimentation of organic carbon within lakes is much faster than 

observed in marine settings, due to higher sedimentation rates, increased 

proportions of terrestrial organic carbon and lower oxygen availability, 

meaning more organic carbon escapes mineralisation and is preserved 

(Mendonça et al., 2017). Despite this, estimates of the organic carbon 

preserved within lake settings is poorly constrained, although it is estimated 

as 42 Tgṁyr-1 (Dean and Gorham, 1998). When considered collectively with 

peatlands and reservoirs, these provide a carbon sink of 300 Tgṁyr-1, despite 

only making up 2% of the earth’s surface (Dean and Gorham, 1998), which 

reiterates their importance in the global carbon cycle. 

Understanding carbon cycling is of particular importance in southern Siberia, 

due to its position at the boundary between continuous, discontinuous, and 

sporadic permafrost (Gordov and Vaganov, 2010). Permafrost is one of the 

largest pools of organic carbon (Schuur et al., 2008), and changes to it, as a 

result of current warming, means that the organic carbon preserved in these 

settings is susceptible to remobilisation and mineralisation, creating a carbon 

source (Vonk et al., 2012). These changes cause large alterations to lakes 

and their catchments, in these sensitive regions, increasing TOC in lakes as a 

result of thawing, which in turn causes vegetation change and increased 

erosion (Vonk et al., 2012).  

Despite the sensitivity of regions, including southern Siberia, to climate change 

induced alterations in the carbon cycle, carbon studies are relatively limited in 

this region. Considerations of the carbon content of lake sediments are, 

therefore, of great importance, with many techniques now allowing 

reconstruction of past climate and carbon dynamics over long timescales 
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(Meyers, 2003). As presented in chapter 2, Loss-On-Ignition (LOI) and Total 

Organic Carbon (TOC) can be used to estimate the bulk organic content that 

escapes remineralisation during deposition (Meyers and Lallier-Vergès, 1999) 

(see chapter 2). Alongside these, carbon mass accumulation rates (CMAR’s) 

can be used to consider the accumulation of carbon, taking into account 

sedimentation rate shifts, although a fairly linear sedimentation rate is required 

(Meyers and Teranes, 2001). C/N ratios are also increasingly used, providing 

a method to consider the source of carbon (e.g. algal versus vascular plants) 

(Leng and Marshall, 2004; Meyers, 1994; Meyers and Lallier-Vergès, 1999). 

Finally, the ẟ13C of sediments is also used to consider primary production and 

sources of organic matter preserved within sediments (Meyers, 2003). These 

will be explored in more detail below. 

C3 phytoplankton preferentially use 12C to produce organic matter, and this 

has a ~20‰ more enriched isotopic signature than the dissolved inorganic 

carbon source, and, therefore, as C3 phytoplankton are deposited in lake 

sediments, they remove 12C from the surface water. During periods of high 

algal productivity this becomes depleted, increasing the 13C/12C ratio of the 

remaining inorganic carbon and, consequently, changing the ẟ13C of organic 

matter produced in these depleted conditions (Meyers, 2003). Changes in 

sedimentary ẟ13C can, therefore, inform about changes in primary productivity. 

However, algal produced organic matter is usually indistinguishable from 

organic matter produced by C3 Calvin pathway plants in the catchment, and 

this can make separating the contribution of these sources to ẟ13C records 

complex (Meyers, 2003, 1994; Meyers and Lallier-Vergès, 1999). To 

overcome this, ẟ13C is often studied alongside Corganic/Ntotal ratios (C/N ratios), 

to allow the proportional importance of non-vascular algae compared to 

vascular plant to be considered (Meyers and Lallier-Vergès, 1999). These 

sources can be separated using C/N ratios due to the very low, if any, quantity 

of cellulose in lake algae, while vascular plants are cellulose rich (Meyers, 

2003, 1994; Meyers and Lallier-Vergès, 1999).  

These variables are also usually considered alongside organic carbon content, 

as this is an additional indicator of productivity in the environment. Total 

organic carbon content in lake sediments is the amount of organic carbon 
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sequestered that escapes remineralisation. However, the organic carbon 

content can be influenced by the sedimentation accumulation rates. In order 

to counter this, carbon content can be converted to carbon mass accumulation 

rates (CMAR) (Mackay et al., 2017; Meyers and Teranes, 2001).  

The growth of diatom isotope analyses (as discussed in chapter 5), alongside 

oxygen isotopes, includes nitrogen, silicon and carbon, which are occluded 

into diatom frustules. 13Cdiatom analyses are increasingly used to provide 

palaeoenvironmental information into the carbon cycle (Hernández et al., 

2011). Many benefits exist for undertaking ẟ13Cdiatom analyses, particularly the 

increased precision offered by undertaking analyses on a single host 

organism, as opposed to bulk carbon samples (discussed above), where there 

is uncertainty linked to the wide range of potential sources of organic carbon 

to the sediments (Barker et al., 2013; Hurrell et al., 2011). The organic matter 

contained in the diatom frustule includes organic matter in the form of 

polysaccharides, proteins and long chain polyamines (Hernández et al., 2011; 

Hurrell et al., 2011). These are thought to be protected from decomposition in 

the water column and post-depositional diagenesis, unless the diatom is 

subject to dissolution (Abramson et al., 2009; Webb et al., 2016). This means 

the organic matter bound within the frustule, should provide a reliable proxy 

for the environmental conditions at the time it was laid down (Abramson et al., 

2009). 

Currently the number of studies of ẟ13Cdiatom in lacustrine environments is small 

compared to marine settings (Hernández et al., 2011), and this is linked to 

greater complexities in factors influencing ẟ13Cdiatom analyses in lakes 

(Hernández et al., 2011). Despite this, the use of carbon isotopes has grown 

as methodological advances have progressed. In the marine realm, ẟ13Cdiatom 

values are generally considered to be influenced by primary productivity and 

the aquatic CO2 concentration (Hernández et al., 2011). In lacustrine settings 

ẟ13Cdiatom values are expected to reflect the balance between the nature and 

amount of carbon supplied to a lake, alongside the demand of the lake’s 

aquatic ecosystem for carbon (Barker et al., 2013). This is because the 

ẟ13Cdiatom value is determined by the carbon content of the lake-waters, which 

are taken up by the diatoms during cell formation, by photosynthesis. The 
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carbon that is taken up is in the form of dissolved inorganic carbon (DIC), with 

dissolved CO2 being the preferred source. However, during periods of high 

demand diatoms can utilise bicarbonate  (Giordano et al., 2005; Webb et al., 

2016), which raises their ẟ13C. In some studies, it has been possible to utilise 

this relationship to make some inferences about the relationship between 

aridity/humidity and diatom carbon sourcing (Barker et al., 2013). By 

examining the difference between ẟ13Cdiatom and measured ẟ13Cbulk, it was 

possible to determine that periods where the two were correlated occurred 

during dry periods, as diatoms depleted DIC. The relationship broke down as 

precipitation increased, as carbon was supplied from the catchment (Barker et 

al., 2013). The Baunt record has ẟ13Cdiatom, ẟ18Odiatom, and ẟ13Cbulk data 

available on the same, or closely related, samples, and this can be used to 

explore some of the points raised in chapter 5 with regards to precipitation in 

the Early to Middle Holocene. 

ẟ13Cdiatom measurements in lakes are affected by several of the factors 

discussed as influencing ẟ18Odiatom (chapter 5), including species effects (Des 

Combes et al., 2008), cell size, growth rate and metabolic pathways 

(Hernández et al., 2011). Other important factors to consider when 

undertaking ẟ13Cdiatom studies include the influence of 13CDIC (dissolved 

inorganic carbon, DIC), as this will influence the ẟ13Cdiatom values and, 

therefore, careful consideration of carbon sources is essential. Changes in 

13CDIC are influenced by alterations in dissolved organic carbon (DOC) and DIC 

entering the lake from thawing soils, and also by internal processes, such as 

autochthonous production and internal recycling (Webb et al., 2016).  

This section of the project aims to evaluate the effects of critical transitions, 

during the Early Holocene and end of the LGIT, on ecosystem functioning 

related to carbon cycling in lakes. It is anticipated that during increased periods 

of algal productivity, as discussed in chapter 4, 13Cdiatom values will increase 

(enrich), while during less productive times, 13Cdiatom values will decline 

(deplete). Increased catchment sourced 13C, which can be differentiated from 

autochthonous carbon using C/N ratios, may provide the needed organics for 

diatoms, and this may result in a breakdown between 13Cdiatom and 13Cbulk 
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relationships (Barker et al., 2013), and this will be considered by undertaking 

parallel 13Cdiatom and 13Cbulk on some samples. 

6.2 Methodology 

6.2.1 ẟ13Cdiatom Methodology 

47 samples were studied for ẟ13Cdiatom analyses. In many cases these analyses 

were undertaken on the same samples as ẟ18Odiatom analyses. All samples 

underwent cleaning as detailed in chapter 5.1.2, following the method outlined 

by (Morley et al., 2004). Particular care was taken for these samples, due to 

high concentrations of charcoal within the BNT14 core (Bezrukova pers. com.), 

which could significantly alter the results if left in the samples. To overcome 

this larger sample sizes were used and samples were sieved thoroughly at 

10μm to remove charcoal.  SEM imaging was undertaken at the Department 

of Earth Sciences, University College London, to visually check the samples 

prior to analyses. 

After cleaning, analyses were undertaken at British Geological Survey, 

Keyworth, UK., on a Costech ECS4010 elemental analyser, which was 

interfaced with a VG dual inlet isotope ratio mass spectrometer (Hernández et 

al., 2011). The samples were weighed into tin capsules and then dropped into 

a furnace at 1020°C under continuous flow of helium (Hurrell et al., 2011). An 

oxygen gas pulse is used to promote an exothermal flash oxidation of the tin 

capsule, and the gases produced by the reaction are oxidised further in the 

lower part of the furnace. Excess oxygen and water are removed and the 

remaining N2 and CO2 are passed through a GC column and a thermal 

conductivity detector (Hurrell et al., 2011). This produces an electrical signal 

that is proportional to N2 and CO2 concentrations in the helium stream, which 

the Costech software acquires and evaluates, producing the %N and %C data 

(Hurrell et al., 2011). As %N data is very small in diatom samples it is not 

reported (Hurrell et al., 2011). Following this, the helium stream carried the 

CO2 through a -90°C trap, which removes any remaining water, before being 

held at the triple-trap at -196°C, where the CO2 is frozen, and the N2 and He 

is vented to the atmosphere. The Triple-Trap was evacuated, causing the CO2 

to expand into the inlet of the mass spectrometer. A second cryogenic trap, 
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positioned directly in from of the inlet, was then used to introduce the CO2 

closer to the source, which provides sufficient pressure of the CO2, despite 

small volumes. Triple collectors on the mass spectrometer meant that CO2 ion 

beams at m/z 44, 45 could be measured simultaneously, while a dual-inlet 

allowed rapid comparison of sample CO2 with reference CO2 (Hurrell et al., 

2011). The 44/45 m/z ratios were converted to 13C/12C ratios. Each run 

contained both between and within run replicates, alongside standard samples 

from BROC and SOILA and SOILC. All values were converted to the VPDB 

scale. 

6.2.2 Bulk Sample Methodology 

In total 142 bulk samples were studied from Lake Baunt, 100 of which were 

undertaken as part of a M.Sc dissertation project (Ledger, 2017), co-

supervised in the laboratory by this author. Samples were initially placed in 5% 

HCl to remove any inorganic carbon, before undergoing 5 centrifuge rinses 

with deionised water. Samples were then freeze dried to remove remaining 

liquid, before being ground to a fine powder and stored in sealable test tubes. 

Analyses were also undertaken by combustion in a Costech ECS4010 

elemental analyser and VG Optima mass spectrometer and were converted to 

the VPDB scale using within lab standards calibrated against NBS-22. 

Replicate samples were run to ensure precision. Bulk %C samples are 

reported as carbon mass accumulation rates (g C m-2 yr-1). 

6.3 Results 

6.3.1 ẟ13Cdiatom Results 

The results for the BNT14 ẟ13Cdiatom analyses are shown in figure 6.1. These 

document several variations in measurements across the core. Low (more 

negative) values are documented at the base of the record, between ~12.5-

11.9 ka BP, although age uncertainties are large across this section (see figure 

6.1). This period is followed by a stepped rise in values to a peak at ~9.4 ka 

BP where values reach –26.1‰. Values then fluctuate between ~–27‰ and –

28.5‰ until ~8.6 ka BP, where values drop rapidly to a low of –32.3‰. This 

low value is only recorded in one sample, and is followed by a rapid rise to –

26.9, at ~8.5 ka BP, and this may, therefore, represent a very rapid transition, 
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or may highlight a potential issue with this one sample. Analysis of additional 

samples in the future could help to resolve this. Following this period, the 

record falls more gradually to a low of –30.4‰ at ~7.85 ka BP, after which, it 

gradually increases. 

6.3.2 Bulk Sample Results 

Figure 6.2 documents the bulk isotope data from the Lake Baunt sediments. 

These cover the period between ~22.0 and 7.7 ka BP.  Several shifts are seen 

in these records, with the bulk ẟ13C (figure 6.2:A) starting with high values at 

~22 ka BP, but declining rapidly to low values around –28‰ by ~21.7 ka BP.  

These lower values between –28‰ and –26‰ persist until ~20 ka BP, where 

values rise rapidly to 24.7‰ and then fluctuate between –25‰ to –24‰ until 

~17.5 ka BP. Following this, values decline more gradually to a low of –28.6‰ 

at ~16.2 ka BP. After this, values rise again to a peak of –25.8‰ at ~14.6 ka 

BP, and then values fluctuate between –26‰ to –27.5‰ for the remainder of 

the record till ~7.7 ka BP. 

The %C record (figure 6.2:B) is antiphase to the ẟ13Cbulk record, with low values 

between ~20.5 to ~17.6 ka BP, and generally higher percentages for the 

remainder of the core, although lower troughs are documented at ~14.6 ka 

BP. After this, values fluctuate around 3%. CMAR (figure 6.2:C) fluctuate 

during the lower sections of the core, between 2.5-22 g C m-2 yr-1 until ~16.8 

ka BP, where values become very low, under 5 g C m-2 yr-1, until ~14.2 ka BP, 

although there is one reading at around 10 g C m-2 yr-1 at ~14.8 ka BP. From 

~14 ka BP, CMAR rise rapidly to the largest peak in the record, which reaches 

84 g C m-2 yr-1, at ~13.7 ka BP, and this occurs as sedimentation rates 

increase rapidly, as seen in the MAR’s in chapter 3 (figure 3.18). Values are 

high until ~13.4 ka BP, after which they return to levels under 20 g C m-2 yr-1. 

By 12.3 ka BP values have fallen to under 10 g C m-2 yr-1, where they remain 

until 10.2 ka BP, after which they rise slightly to fluctuate between 10-20 g C 

m-2 yr-1, for the remainder of the record. 

The C/N ratios (figure 6.2:D) show a different structure to the other records. 

Values start at 8.3 and rise to 14.2 by ~20.4 ka BP. This is followed by a rapid 

decline to a low of 8.5 by ~19.9 ka BP, which is followed by a gradual increase. 
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This increase is interrupted by a rapid peak to 19.1 at ~14.2 ka BP, however 

this shift is only seen in 1 sample and could be an anomaly, as after this, the 

samples return to their gradually increase over this period. The gradual rise 

plateaus from ~12.9 ka BP, after which, values fluctuate between 11-14 for the 

remainder of the record.  

 

Figure 6.1: ẟ13Cdiatom record from Lake Baunt shown against age. Chronological 
uncertainty and isotopic errors are shown.
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Figure 6.2: Lake Baunt bulk carbon isotope records shown against age with chronological uncertainty and analytical error. (A) ẟ13Cbulk (B) %C 
(C) CMAR (g/per cm-2/yr-1) and (D) C/N Ratios.
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6.4 Discussion 

Throughout the record the values of the ẟ13Cbulk samples all fall between ~–

29‰ and –24‰, which highlights that they are dominated by C3 plants as the 

main carbon source (Wang et al., 2013). This is not unexpected at Lake Baunt, 

as there is no calcareous geology (see chapter 2) or C4 plants present in the 

catchment (Brincat et al., 2000; Mackay et al., 2017), and, therefore, these will 

not influence the 13CDIC. However the ẟ13Cbulk values cannot distinguish 

between algae and terrestrial C3 plants (Wang et al., 2013) and to overcome 

this issue, the C/N ratios can also be considered, as discussed in chapter 4. 

These can assist in determining between autochthonous or allochthonous 

organic matter sources (Meyers, 1994; Meyers and Lallier-Vergès, 1999), with 

algae having low C/N ratios of between 5-10 (Meyers and Lallier-Vergès, 

1999). Aquatic vegetation has much higher ratios between 20-30, while 

terrestrial vegetation sits between 20-160 (Meyers and Lallier-Vergès, 1999). 

6.4.1 The Late Pleniglacial and Heinrich 1 

The bulk carbon samples start at ~22 ka BP, allowing consideration of 

changes to carbon cycling during the latter stages of the last glacial period, 

and particularly Heinrich 1 (figure 6.3). During this early part of the record the 

ẟ13Cbulk are high and C/N ratios are low, highlighting the dominance of algae 

for sourcing organic matter, however, this shifts rapidly, as by ~22.4 ka BP, 

the ẟ13Cbulk declines sharply as the C/N ratios rise, indicating increased content 

from other sources, potentially aquatic and terrestrial vegetation. The lowest 

values in the ẟ13Cbulk and the highest in the %C are observed at the start of this 

shift, while the C/N peak is later at ~20.1 ka BP, suggesting that the changes 

documented by the C/N ratio may have a lagged response to the forcing that 

drives this change.  

 

To consider this shift further the other proxies from Baunt are considered (see 

figure 6.3). This highlights that these occur alongside shifts in the diatom 

composition and biovolumes, and changes in the TOC and BSi. As discussed 

in chapter 4, this indicates major alterations within the lake and catchment at 
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this time, and the carbon data supports previous conclusions that. following 

the LGM, this site undergoes a period of increased productivity. This is further 

supported by the CMAR, which show an initial peak at the transition from the 

LGM and then have moderate values, suggestive of high organic matter 

production and sequestration. As in chapter 4, potential external drivers for 

this shift are unclear (figure 6.4), as Siberian High strength shows a slight 

decline, but solar insolation remains low. As discussed in chapter 4, this may 

indicate a time transgressive response to improved conditions following the 

LGM, potentially with slightly warmer temperatures and a shorter ice cover 

duration, allowing increased within lake and catchment productivity, driving the 

shifts documented in the C/N ratios and ẟ13Cbulk record. 

 

The specific changes in the lake conditions, which influence the dominance of 

the main diatom species P. ocellata and A. granulata, are also likely to 

influence the ẟ13Cbulk record. Again following chapter 4, A. granulata requires 

warm summer temperatures and turbulence (Fedotov et al., 2012; Kilham et 

al., 1986) to dominate the assemblage, and this may affect the ẟ13Cbulk values 

through the influence of the boundary layer. Boundary layers are caused by 

viscous water properties and thermal regime, and are composed of a film of 

water between 0.2 to > 1mm thick that sticks to the surface of a solid (e.g. 

plants and  diatoms), and this does not participate in the general circulation of 

the water (Wang et al., 2013). During turbulent conditions, this layer is usually 

thinner, leading to more depleted ẟ13Cbulk values. Additionally turbulence can 

lead to depleted values as a result of atmospheric exchange (Wang et al., 

2013). 
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Figure 6.3:Lake Baunt carbon diatom summary (relative proportion (%) main species, P/B ratio, PCA scores, Diatom flux (x106valves/cm2/yr) and BVAR (μm3 cm-2 yr-1)) alongside TOC (% wt) and BSi (%), ẟ18Odiatom 
(VSMOW) and ẟ13Cdiatom (VPDB) and bulk carbon measurements (C/N ratio, ẟ13Cbulk (VPDB) and CMAR p/m (g C m-2 yr-1) plotted against age (cal years BP).  
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Factors that can influence 

δ13Cbulk values 

Explanation 

Water Turbulence Turbulence causes thinning of the boundary layer, 

leading to more depleted ẟ13Cbulk values (Des 

Combes et al., 2008). Turbulence can also lead to 

depleted values, as a result of atmospheric 

exchange (Wang et al., 2013). 

Planktonic/Benthic Ratio Proportional changes between benthic and 

planktonic species causes changes to ẟ13C values, 

as benthic species have higher ẟ13C (around –

26±3‰)  than planktonic species (–32±3‰) 

(France et al., 1995), and, thus, a higher proportion 

of benthic species within the lake will increase 

ẟ13Cbulk values. 

Increased C from Methane 

Sources 

CH4 has significantly lowered ẟ13C values of 

between –80 to –50 in methane gas sourced from 

themocarst Siberian lakes. It is possible these 

significantly depleted values might have an effect 

on postglacial ẟ13Cbulk and ẟ13Cdiatom values if CH4 

became a significant source of dissolved 

carbonate (Webb et al., 2016). As discussed 

elsewhere the similarity of ẟ13Cbulk across the 

glacial and into the lateglacial and Holocene 

suggest this is not the case. 

Soil Respiration Soil respiration can influence ẟ13Cbulk values. This 

is because as soils stabilise and mature, they 

increase soil respiration and supply ẟ13C depleted 

dissolved carbon dioxide to lakes, which causes 

lowering of the ẟ13C values preserved in sediments 

(Hammaklund, 1993; Mackay et al., 2012) 

Ice Cover During periods with longer durations of ice cover, 

carbon exchange with the atmosphere is limited 

and, therefore, more 13C has to be taken up, 
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opposed to 12C and consequently, values of 

ẟ13Cbulk rise. 

Increased C from diatom 

sources 

As diatom primary productivity increases, diatoms 

preferentially removed 12C from the DIC pool, and 

therefore this becomes depleted and their isotopic 

signature increases (Barker et al., 2013). 

 
Table 6.1: Factors which can influence ẟ13Cbulk values. 

 

From ~20.4 ka BP, transitions are seen in all the bulk carbon records, and 

these are also seen in the other Baunt proxies (diatoms, TOC, LOI), within 

dating errors. This shift highlights a return to autochthonous carbon sources, 

dominated by algae (see C/N ratios in figure 6.3). The ẟ13Cbulk measurements 

are higher across this section, until ~17.8 ka BP, and this occurs as diatom 

flux and biovolumes, alongside TOC and BSi are low. CMAR values are 

initially high for this period, highlighting potential in-washing of sediment from 

the landscape, and then decline to very low values, due to limited organic 

matter production in Baunt’s catchment. The higher ẟ13Cbulk values may, 

therefore, be driven by this period of reduced productivity, with less algal 

demand for dissolved CO2. The start of this period also has higher proportions 

of benthic algae, and these have more enriched ẟ13C values than planktonic 

species (France et al., 1995), and, thus, a higher proportion of these species 

within the lake may drive enriched ẟ13Cbulk values. Additionally, this period may 

have extended durations of ice cover, causing limited carbon exchange with 

the atmosphere, and therefore more 13C has to be up-taken, causing 

increased ẟ13Cbulk values (see table 6.1) 

  

As discussed in chapter 4, external drivers for the shift from a highly productive 

ecosystem between ~22.5 to ~20.5 ka BP, to a less productive ecosystem 

between ~20.5-18 ka BP are not that clear, although there is a slight increase 

in Siberian High strength, which could be driving this change. It is, therefore, 

assumed the main changes in the bulk carbon are linked to a slight 

strengthening in the Siberian High, which drives ecosystem changes within the 

landscape and may extend ice cover and reduce springtime overturning, 
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causing the shift in diatom species, which is reflected in the ẟ13Cbulk and the 

C/N ratios. The increase in benthic species during this period of enriched ẟ13C 

values may support this interpretation, as in cold conditions benthic diatom 

productivity is not as significantly affected as for planktonic species (Wang et 

al., 2013).  

 

From ~18 ka BP shifts are seen in many of the Baunt proxies, and these 

changes are also seen in the ẟ13Cbulk record at ~17.8 ka BP. The gradual 

decline in ẟ13Cbulk measurements coincides with gradually rising BSi, TOC and 

diatom biovolumes, again previously interpreted as a period of increased 

productivity (see chapter 4), or a period of increased soil erosion (see table 

6.1). CMAR are elevated through this section, supporting increased 

productivity in the environment. The ẟ13Cbulk decline may occur due to 

boundary changes, as A. granulata dominates alongside increased 

turbulence, and as a result of increasing input from vascular plants, which is 

shown by the gradually rising C/N ratios (Meyers and Lallier-Vergès, 1999), 

alongside a reduction in the benthic isotope species contribution to the ẟ13Cbulk 

data. 

 

The ẟ13Cbulk depletion also occurs alongside declining AMOC strength and 

increased East Asian Winter Monsoon strength, associated with Heinrich 1. 

These climatic changes could drive the depletion, through increased lake 

turbidity, reducing nutrient in-wash (Meyers and Lallier-Vergès, 1999). High 

CMAR, which indicate that organic matter is being preserved in the Lake Baunt 

sediments and as the C/N ratios suggest a mixed source for organics at this 

time. Initially higher CMAR until 17.2 ka BP, could suggest instability in the 

landscape affecting sediment influx, with a reduction in vegetation promoting 

sediment influx in the catchment and allowing more carbon to the lake until 

~17.2 ka BP. After this, low CMAR may be driven by increased aridity as a 

consequence of Heinrich 1. This is supported by the MARs data presented in 

chapter 3 (figure 3.18), which also suggests increased total sediment supply 

between 18-17.2 ka BP, after which time MARs are reduced. 
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As mentioned in chapter 4, this period of the Baunt record encompasses the 

aptly named mystery interval (Denton et al., 2006), and these complexities are 

shown in the proxies from Baunt. The bulk carbon signal occurs alongside 

higher productivity, suggested by increased TOC, BSi and diatom biovolume, 

which require high nutrients and warm summer temperatures (figure 6.3) 

(Fedotov et al., 2012; Kilham et al., 1986). While increased turbulence could 

be a cause of the depletion in ẟ13Cbulk values (as discussed above), climatic 

changes may be able to drive the increased productivity and increased aridity. 

While this period coincides with the Heinrich 1 event, it is possible that summer 

temperatures remain warm, however, increased summer wind strength, drove 

turbulence. Additionally, it is worth noting that this period sees higher insolation 

than earlier sections of the glacial part of the record and, thus, it is possible 

that a reduction in ice volume and permafrost in the region provides the 

nutrient input required for the higher productivity.  

 

After the depleted ẟ13Cbulk values, the ẟ13Cbulk record undergoes gradual 

enrichment, starting at ~16.2 ka BP, which occur alongside increasing A. 

granulata. Again this suggests the ẟ13Cbulk record is being influenced by 

changes within the algal community, although the continued rises in the C/N 

ratio are also indicative of a higher relative importance of carbon sourced from 

terrestrial vegetation (Wang et al., 2013). This rise occurs as AMOC recovers 

and the EAWM declines in strength, suggesting a warmer more productive 

ecosystem, however, it is notable that the ẟ13Cbulk values begin to increase to 

Lateglacial Interstadial/Holocene values before rises are seen in Asian 

speleothem records or the AMOC signal, which could be a function of sampling 

resolution and chronological controls (large uncertainties), although it could 

also reflect the less prolonged conditions imposed by Heinrich 1 in this region, 

and this may explain why other proxies (e.g. diatom biovolumes, TOC and BSi) 

don’t show a clear Heinrich 1 imprint. This shift in the ẟ13Cbulk values could, 

therefore, be linked to reduced aridity, increasing catchment vegetation. The 

stable CMAR during this period indicate that the landscape is more stable at 

this time. 
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Figure 6.4: Lake Baunt carbon diatom summary (P/B ratio, PCA scores, Diatom flux (x106valves/cm2/yr) and BVAR (μm3 cm-2 yr-1)) alongside ẟ18Odiatom (VSMOW) and ẟ13Cdiatom (VPDB) and bulk carbon 
measurements (C/N ratio, ẟ13Cbulk (VPDB) and CMAR p/m (g C m-2 yr-1) plotted against climate records for external forcing’s, including NGRIP ẟ18O signal (ppm)(Greenland air temperature) (Rasmussen et al., 

2014b), Pa/Th 238 record (AMOC strength) (McManus et al., 2004), Hematite Stained Grains (IRD signal) (Bond et al., 2001), GISP2 K+ signal (Siberian High strength) (Mayewski et al., 2004), Sunspot numbers, Hulu 
(Wang et al., 2001) and Dongge Caves ẟ18O signal (ppm) and Solar Insolation at 60°N for July (W m2)(Berger and Loutre, 1991).
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Figure 6.5: ẟ13Cdiatom record against ẟ18Odiatom record from BNT14 against age (cal BP), both shown with age uncertainties and analytical errors. 
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6.4.2 The Last-Glacial-Interglacial-Transition 

As discussed in chapter 4, the LGIT is a period known for abrupt climatic 

oscillations. Despite this, across the period associated with the Lateglacial-

Interstadial (Bolling-Allerod/GI-1) and the Younger Dryas (GS-1), the bulk 

carbon records show fairly muted responses. The greater stability across this 

period may indicate stabilised landscape conditions, with more consistent 

carbon sources, which are also suggested by the more stable C/N ratio). A 

large shift is, however, seen in the CMAR, starting at ~13.7 ka BP until ~13.4 

ka BP, although values remain relatively high until ~12.7 ka BP. This is likely 

to be driven by the interstadial conditions with melting glaciers in the 

Transbaikal region causing in-washing of sediments from the catchment. This 

is supported by the MAR data (see chapter 3; figure 3.18), which indicates 

increased sediment supply at this point. 

The ẟ13Cbulk values also show limited change across the period associated with 

the Younger Dryas, however, there is a slight decline in C/N ratios, which may 

indicate a relative increase in the proportion of organic matter from algal 

sources, potentially linked to reduced vegetation in the catchment. This is also 

seen in the CMAR, which reduces at this point, again suggesting reduced 

organic matter in the landscape, potentially due to greater aridity. A number of 

indicators suggest drier conditions and lower productivity, including biovolume 

accumulations rates, TOC, an initial shift in C/N ratios, and oxygen isotope 

values being much lower than values seen in the Early Holocene. These are 

interpreted to reflect more arid conditions, with a stronger Siberian High (see 

figure 6.4). From ~12.5 ka BP, samples are available from the ẟ13Cdiatom record 

(see figure 6.5), to allow greater consideration of the Younger Dryas period. 

The ẟ13Cdiatom values are broadly in range though the Lateglacial and Early 

Holocene, with the ẟ13Cbulk samples (–30.9‰ to –26‰ for ẟ13Cdiatom and –

27.2‰ to –25.8‰ for ẟ13Cbulk), suggesting a significant role for catchment 

carbon source on the ẟ13Cdiatom, as demonstrated in geographically broad 

modern analogue studies (Webb et al., 2016) .  The earliest section of this 

record, during the Younger Dryas, shows depleted values between ~ –30‰ 

between ~12.3-11.7 ka BP (see figure 6.6) in the ẟ13Cdiatom values and 
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interestingly ẟ13Cbulk values decline across this period. The higher ẟ13Cdiatom 

suggests lower productivity is limiting  sourcing from  bicarbonates, and there 

may be a link between aridity in the catchment and reduced carbon supply 

depleting DIC and, thus, ẟ13Cdiatom (Webb et al., 2016).      

6.4.3 The Holocene 

The Holocene period reflects the most stable period in the Baunt bulk samples 

records, with much more muted fluctuations. C/N ratios stabilise around this 

time, and this may suggest a more stable landscape with sources remaining 

more consistent, although in both records there is some variability within a 

reduced range. The Baunt diatom P/B ratio is also more stable during this time 

period, and as discussed previously, benthic species often have more 

enriched ẟ13Cbulk values than planktonic and, thus, stability in their relative 

proportions means greater stability in the ẟ13Cbulk record (France et al., 1995; 

Wang et al., 2013)(see figure 6.4).  

The stabilised conditions seen in the ẟ13Cbulk record is not reflected in the 

ẟ13Cdiatom record (see figure 6.6), which shows several large amplitude shifts, 

during the Holocene period. The variability in the ẟ13Cdiatom is also partially 

reflected in the ẟ18Odiatom record, which, as discussed in the previous chapter, 

are thought to relate to changes in precipitation amounts, warming 

temperatures and possibly precipitation source. The initial Holocene value 

increases in ẟ13Cdiatom are likely to be broadly linked to increased temperatures 

due to higher solar insolation, and increased precipitation due to a weakened 

Siberian High (figure 6.4). The sources of fluctuation in ẟ13Cdiatom in the early 

Holocene seem to relate to similar instability ẟ18Odiatom although interpretation 

is difficult, as there are not identical sample numbers across the profile, due to 

small yields in samples. Taking that into account, it is apparent that there is a 

shift in both records to higher values after 11.5 ka BP, up to 11 ka BP, reflecting 

amelioration into the Holocene and for ẟ13Cdiatom this may be reflected in 

increased DIC and reduced sourcing from bicarbonates. Bulk carbon isotopes 

are also higher at this time and C/N ratios are also suggesting more vascular 

plants providing carbon to the lake. Between 11.2 ka BP and 9.7 ka BP there 

is a drop in C/N ratios and bulk carbon isotopes, that may suggest reduced 
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nutrient supply. This is at odds with the increase in the ẟ18Odiatom values and 

could, in theory, support the idea that part of the increase in ẟ18Odiatom relates 

to the precipitation source (see chapter 5). Unfortunately, ẟ13Cdiatom samples 

are not available at sufficient resolution to test this relationship through this 

early period.  

One major change in the early Holocene record from Baunt does, however, 

have sufficient sampling resolution across several proxies to discuss these 

issues in more detail. Values recorded in the ẟ13Cdiatom, ẟ18Odiatom, ẟ13Cbulk, C/N 

ratios and CMAR records all rise, peaking ~9.3 ka BP in the ẟ18Odiatom record. 

This is the clearest change across the range of proxies in (figure 6.6) in the 

Early Holocene. In chapter 5,  it was suggested that high ẟ18Odiatom values may 

reflect warming conditions due to their overlap with similar values in Lake 

Baikal (Mackay et al., 2011), and it is possible that the changes seen across 

all of the records are a response to this warming. Very few combined ẟ13Cdiatom 

ẟ18Odiatom and ẟ13Cbulk records are available, but studies have shown a 

relationship between changes in ẟ18Odiatom and carbon cycling, as derived from 

the relationship between ẟ13Cdiatom  and ẟ13Cbulk, (Barker et al., 2013). While the 

context is very different, it is useful to examine the relationship between these 

three isotopic proxy data. In Baunt the rise in all three isotopes is unlike the 

Lake Challa example, perhaps unsurprisingly, given the different setting. What 

this rise suggests here, is that warmer conditions, as reflected in at least part 

of the ẟ18Odiatom signal (chapter 5) coincides with a period of increased 

sediment influx and external carbon sources, as represented by C/N ratios and 

CMAR. The rise in both ẟ13Cdiatom and ẟ13Cbulk suggest that the increased 

carbon supply is allowing increasing primary productivity, but DIC is sufficient 

to supply all of the carbon to the diatoms. In some of the early Holocene 

fluctuations, in between high and lower ẟ18Odiatom values, there was a close 

correspondence to the Baikal record and this was suggested to relate to both 

Baikal and Baunt responding to intrinsic forcing. Thus, it could be argued that 

this shift to increased productivity in Baunt is being externally derived. 

Following this event, first ẟ18Odiatom, and then ẟ13Cdiatom decline, while there is 

little change in the other records. On the basis of lowered ẟ18Odiatom values that 
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would be expected from glacial meltwater than precipitation, it was argued that 

this shift may reflect increased glacial melt and input of glacial water to the 

lake. The decline in ẟ18Odiatom and ẟ13Cdiatom could support this idea, with the 

possibility that the reduction in ẟ13Cdiatom, despite no change in ẟ13Cbulk, may 

mean increased sourcing of bicarbonate from the influx of glacial material. 

After this, values remain stable until a rapid shift at ~8.2 ka BP, where there is 

a short-lived decline in ẟ13Cdiatom and a more prolonged shift in ẟ18Odiatom. The 

latter coincides with changes seen in the Baikal and IRD records (chapter 5) 

and has been interpreted as a cooling event. There is limited information from 

some of the other proxies, but C/N ratios briefly drop and there is no change 

in ẟ13Cbulk. This scenario may be analogous in terms of carbon cycling to some 

of the effects seen in Lake Challa (Barker et al., 2013), as the brief shift to 

carbon sourcing from algae and drop in temperature and possibly precipitation 

shown by ẟ18Odiatom, coincides with a difference in the ẟ13Cdiatom  and ẟ13Cbulk  

values, potentially indicating a short lived shift drop in productivity in the diatom 

species. The 8.2 ka BP event is well documented through the Northern 

Hemisphere (H. Cheng et al., 2009)(H. Cheng et al., 2009), with strength 

increases seen in the Siberian High (see figure 6.4). These external drivers 

may, therefore, be causing an abrupt and short-lived period of climatic cooling, 

potentially with greater aridity, linked to stronger and prolonged blocking 

conditions induced by the Siberian High (Park et al., 2014; Tubi and Dayan, 

2013). This could be driving the abrupt shift reflected in the ẟ13Cdiatom record 

through reduced precipitation and supply of DIC.  The differences between the 

ẟ13Cbulk and ẟ13Cdiatom records may be linked to the wider sources reflected in 

the ẟ13Cbulk records (Hurrell et al., 2011), which may suggest the signal is more 

widespread. 
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Figure 6.6: Diatom Isotope Records ẟ18Odiatom and ẟ13Cdiatom against TOC, ẟ13Cbulk, C/N ratios and CMAR’s. 
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6.5 Summary 

In summary, several changes are seen in the bulk carbon and diatom carbon 

isotope records. These include the sources of organic matter across the 

BNT14 record, with some periods showing dominance of algal sources, while 

others have a more mixed signature. The ẟ13Cbulk record responds to internal 

changes in the lake, such as through turbulence and diatom assemblage 

changes, while climatic influences are also apparent, driven through Siberian 

High strength changes, which influence the regions aridity. Greater stability is 

seen in the bulk carbon records during the Holocene period, however the 

ẟ13Cdiatom record shows greater complexity across this period, with shifts 

documented associated with the Younger Dryas and 8.2 BP events, driven by 

aridity changes, associated with strengthening of the Siberian High. The 

records show significant complexity, and this will be discussed further in the 

next chapter. 
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7 Lake Baunt, Siberia and the Northern Hemisphere 

7.1 Introduction 

The proxy records from Lake Baunt have highlighted major 

palaeoenvironmental changes occurring at the forest/steppe ecotone 

boundary in southern Siberia between ~29-6 ka BP. In this chapter individual 

records are brought together from Baunt, to consider the multiproxy story of 

ecological  change. Multiproxy records from Baunt are then considered against 

wider Siberian studies, to place observed shifts into a regional context. 

Alongside this the records will be considered against important Northern 

Hemisphere climate archives, to consider changes across the hemisphere, 

allowing consideration of how climate changes propagate. Climate models will 

also be considered to discuss the current, albeit limited, attempts to 

incorporate continental Eurasian archives into understanding the drivers and 

their impacts on regional climate. 

7.2 The Middle and Late Pleniglacial, the LGM and Heinrich 2 & 1 

The Baunt record covers the last ~29 ka BP and, therefore, for the earlier part 

of this period it covers the LGM and a further intensified cooling around 

Heinrich 2 (~24-25 ka BP) (Bigg et al., 2011; Cascalheira, 2013; Hemming, 

2004), followed by a period of short-term warming (Rasmussen et al., 2014). 

In the Greenland Ice core records this covers the end of GS-3 and through GI 

2. In Baunt most of this time period is documented by low values for TOC, BSi, 

total diatom flux, and diatom biovolumes. Diatoms are dominated by P. 

ocellata, while benthic species occur in their highest relative proportion (see 

figure 7.1). These indicate that the LGM resulted in a fairly unproductive 

system in Lake Baunt, where arid conditions likely reduced the supply of 

nutrients and minerogenic material to the lake, resulting in thin snow cover, 

leading to high ice transparency, allowing P. ocellata to thrive as this species 

is able to survive under ice, assuming high light conditions (Malik and Saros, 

2016), peaking around the time of Heinrich event 2.  

This interpretation of a fairly unproductive system at this time fits well with 

results previously published in the wider Siberian literature. In Lake Kotokel, 
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conditions between 30-24 ka BP were considered to be at their driest, with no 

diatoms present, indicating an ecosystem collapse (Bezrukova et al., 2010), 

although the period between 24-22 ka BP was considered to be more 

productive, potentially due to warmer conditions (Bezrukova et al., 2010). 

Similarly, records from Lake Baikal have also been documented to have 

limited diatom preservation across this period, which has again been 

interpreted by some as a period of ecosystem collapse, as nutrients were 

limited, temperatures reduced and ice transparency was limited by clay 

particulates in the lake water (Karabanov et al., 2004), although Mackay 

(2007) suggests that dissolution processes on already low diatom 

concentrations are a more parsimonious explanation. 

The responses seen at Kotokel and Baikal, therefore, show some similarity to 

the Baunt record, with reduced algal productivity. However, unusually, diatoms 

are still preserved within the sediments of Baunt at this time, and this may be 

linked to site specific factors.  Potentially, the geothermal activity close to Lake 

Baunt (Solotchin et al., 2015) may be reducing the impact of continental 

cooling during the LGM, and this may have buffered the lake ecosystem, 

allowing algal productivity to be maintained. The period of amelioration 

recorded at Kotokel between 22-24 ka BP is also interesting, given the period 

of increased productivity documented at Baunt between 22.5-20.5 ka BP. This 

period is broadly in phase with a short lived return to interstadial conditions in 

the Greenland Ice cores, and also a period of increased EASM strength in the 

Hulu Cave (Wang et al., 2001, Rasmussen, et al., 2014).   

It is worth noting in this discussion that diatom preservation needs to be 

considered. In the case of Lake Baikal, for example, the disappearance of 

diatom species during glacial phases has been the subject of significant 

debate. While it would be generally accepted that thermal regimes, turbidity, 

and thermodynamics within the lake during cold glacial conditions would have 

reduced diatom productivity, it has been suggested that variability in 

preservation is a better explanation of the absence of diatoms in glacial times 

(Colman et al., 1995; Mackay 2007).  Dissolution in modern samples from 

Baikal is a significant issue, and correction factors for this have been produced 
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to aid palaeoproductivity reconstructions (Battarbee et al., 2005), however, 

they are not likely to be useful in glacial conditions. The reduced but continued 

productivity of algae in Baikal in glacial times has been supported by the 

identification of sterols associated with green algae, diatoms and zooplankton, 

that were present ~16-28 ka BP, although at admittedly lower levels than in 

the Lateglacial or Holocene (Mackay, 2007; Russell and Rosell-Melé, 2005). 

Taken together, these two lines of argument suggest that for Baikal the 

influence of LGM conditions can be seen to act on the diatom community, but 

the idea of complete ecosystem collapse is likely to be an oversimplification. 

Similarly, the general inferences regarding climatic downturn in Kotokel during 

the LGM are supported by indicators other than diatoms, such as pollen 

(Bezrukova et al., 2010). 

When considered against wider records (figure 7.2), it is clear that the records 

of the transition from MIS3 to MIS2, and the LGM, from Lake Baunt are 

consistent with conditions seen across the Northern Hemisphere. Greenland 

air temperatures are indicated to be low by the ẟ18O record from NGRIP, and 

these closely correspond to strong Siberian High signals in GISP2, which are 

reflected in the limited productivity documented by Baunt. The GISP2 signal 

of Siberian High strength (Fig 7.3) also shows correspondence to the Asian 

speleothems, driven by the modulating influence these systems have on each 

other, due to pressure gradients (Park et al., 2014; Tubi and Dayan, 2013). In 

Siberia the greater aridity and cooler temperatures are thought to be driven by 

the presence of large Northern Hemisphere ice sheets to the west, including 

the Fennoscandian ice sheet, which cause weakening of the flow of westerly 

winds (Katsuta et al., 2018). This may cause changes to atmospheric systems, 

by obstructing their migration, and this can intensify and extend the duration 

of systems, including the Siberian high (Zhao et al., 2017), and this in turn 

reduces productivity in these regions. 

In summary, it appears that the general conditions from Baunt during the 

transition from MIS3 to MIS2 and the LGM, are dominated by arid cold 

conditions, with long periods of ice cover. Baunt, however, shows more 

resilience in its response, being able to sustain diatom productivity throughout  
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Figure 7.1: Summarised Lake Baunt diatom assemblage alongside Planktonic/Benthic ratio, total diatom flux (x106valves/cm2/yr) shown on a logged x-axis, biovolume accumulation rates (BVAR) (μm3cm-2yr-1), Total-
Organic-Carbon (TOC) (%weight), Biogenic silica (BSi) (%), ẟ18Odiatom (VSMOW ppm) and ẟ13Cdiatom (VPDB ppm) records alongside C/N ratios, ẟ13Cbulk (VPDB ppm) and carbon mass accumulation rates (CMAR p/m) 

(g C m-2 yr-1) plotted on the Baunt chronology. 
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Figure 7.2: Lake Baunt P/B ratio, PCA axis 1 scores, Total diatom flux (x106valves/cm2/yr) shown on a logged x-axis and biovolume accumulation rates (BVAR) (μm3cm-2yr-1), ẟ18Odiatom (VSMOW ppm) and ẟ13Cdiatom 
(VPDB ppm) records, alongside ẟ13Cbulk (VPDB ppm), C/N ratios and carbon mass accumulation rates (CMAR p/m) (g C m-2 yr-1). Shown against proxies for external climate forcing’s including NGRIP ẟ18O signal 

(Greenland air temperature) (Rasmussen et al., 2014), Pa/Th238 record (AMOC strength) (McManus et al., 2004), Hematite Stained Grains (%) (IRD signal) (Bond et al., 2001), GISP2 K+ signal (ppb) (Siberian High 
strength) (Mayewski et al., 2004), Sunspots, Hulu (Wang et al., 2001) and Dongge Caves (ẟ18O signal) (Dykosko et al., 2005) and Solar Insolation from 600N for June  (W m2)(Berger and Loutre, 1991). 
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the period, which is rare. This may be linked to localised geothermal 

conditions. 

Between 22.5-20.5 ka BP, the diatom record is dominated by A. granulata, 

while TOC rises, BSi shows a short-term peak at ~ 22.1 ka BP and diatom 

biovolume increases alongside diatom flux (see figure 7.1). Bulk carbon 

samples are also available for this time period, with low ẟ13Cbulk values around 

~–27‰, C/N ratio values start around 9 and reach 14, and CMAR are low (see 

figure 7.1). The transition from the previous period of a less productivity to this 

section is quite rapid in many of the records, particularly the diatoms, TOC, 

BSi and ẟ13Cbulk. The shift in the diatom species has been discussed as being 

linked to warmer summer conditions reaching a minimum of ~17°C (Fedotov 

et al., 2012), with increased turbulence, to support the heavily silicified A. 

granulata (Kilham et al., 1986; O’Farrell et al., 2001). This species has been 

suggested to highlight increased nutrients, particularly silica and phosphorus 

(Kilham et al., 1986; O’Farrell et al., 2001), and the large shift in the C/N ratios, 

suggest these may be provided by increased organic matter from vascular 

plants (Meyers and Lallier-Vergès, 1999). The BSi peak early in this section is 

indicative of a rapid shift within the lake’s algal community, as P. ocellata 

declines and A. granulata increases, and this is supported by the initial peak 

in total diatom flux, while the peak in biovolumes is higher across the zone due 

to the larger biovolume of A. granulata, compared to P. ocellata. The median 

biovolume of A. granulata is ~3 times greater than P. ocellata.  The CMAR 

also peaks at the start of this period, and may be due to rapidly responding 

diatom communities. The slower increase in C/N ratios suggest increased  

contribution from vascular plants (Meyers, 1994), and does not match the BSi 

and CMAR, which may mean that there is an increase in productivity of aquatic 

plants in the littoral zone, and this is known to be influenced by ice cover 

(Duarte et al., 1986). The decline in ẟ13Cbulk values are also linked to changes 

within the lake system, with greater turbulence causing thinning of the 

boundary layers around the planktonic diatoms (Jørgensen and Revsbech, 

1985), while reduced quantities of benthic species may also contribute to lower 
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values, as planktonic species have lower ẟ13C ratio’s compared to benthic 

species (France et al., 1995; Wang et al., 2013) 

This section of the Baunt record has, therefore, been interpreted as a more 

productive period in the localised Baunt region, with a weaker Siberian High, 

potentially driving the increase in lake nutrients, through increased 

precipitation, while warmer summer temperatures are suggested by A. 

granulata (Fedotov et al., 2012), supported by rising C/N ratios, indicating 

increased contribution from vascular plants, possibly macrophytes. A 

significant driver of these shifts is thought to be through changes in ice cover 

duration. Earlier ice free conditions, or later onset of ice in the autumn, could 

promote the changes in the diatom assemblage by increasing the period of 

time for overturning, providing the turbulence required for A. granulata (Winder 

and Hunter, 2008). Although it is also possible that increased winds during the 

summer season, potentially due to increased westerlies reaching the area 

after the semi-permanent Siberian High dissipates, could also drive this 

change.  

When the changes through this period are considered against regional sites, 

there are several discrepancies. Lake Kotokel documents arid and cold 

conditions until ~17 ka BP, except for the period discussed in 7.1, where 

climatic amelioration is considered to occur between ~24-22 ka BP (Bezrukova 

et al., 2010). This is based on the reappearance of diatoms at this time, but is 

slightly different to Baunt, where more productive and, therefore, potentially 

warmer and wetter conditions are considered to occur later than at Lake 

Kotokel, between ~22.5-20.5 ka BP. However, the dating uncertainties at the 

start of this event at Baunt are ±600 years (95% confidence), potentially 

meaning this event could overlap in time with the event documented in 

Kotokel, and this may suggest a regional period of potentially warmer and 

wetter conditions. It is also worth considering the Lake Kotokel chronology in 

more detail when comparing the sites. The radiocarbon ages used to constrain 

the Lake Kotokel chronology are based on bulk sediment samples, and are 

considered sound by the authors, however the ẟ13C values are not reported 

and, therefore, caution is required. The authors note that there is no evidence 
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for inorganic carbonate in the lake and, thus, mineral carbon error has been 

excluded, although this is difficult to verify. The quoted uncertainties are also 

large for this record ranging from + 180 to + 460 years (95% confidence). Re-

calibration of the Lake Kotokel dates with the more recent IntCal13 curve 

(Reimer et al., 2013) has not changed the overall range of the dates (see table 

7.1), suggesting there is some overlap between the evidence for climatic 

amelioration events recorded in the two lakes, once uncertainties are taken 

into account. One issue with comparing the two records is, however, the 

different approaches used to age modelling in this thesis, versus the age 

model in Bezrukova et al.,(2010), which may mean that it is not clear if these 

two event are potentially coeval . In order to address this issue the radiocarbon 

ages from Lake Kotokel were remodelled using the same P_Sequence age 

moddeling approach, with interpolation and deposition modelling, as was used 

to develop the Lake Baunt chronology. . This model is shown in figure 7.3, and 

demonstrates that the reappearnace of diatoms in Kotokel, between 810-

880cm (Bezrukova et al., 2010) dates from 25869-22675 ka BP to 23780-

21498 ka BP. Within dating uncertainties, this overlaps comfortably with the 

Baunt ages for amelioration. However, it is worth noting that in both cases the 

uncertainties are large and, therefore, it is not possible to demonstrate 

absolutely that these represent the same event (see figure 7.4). Caution must 

also be applied here, as the reappearance of diatoms in Lake Kotokel may be 

linked to improved conditions for diatom preservation and reduced dissolution, 

rather than climatic changes. The latter parts of both records do, however, 

agree, with sustained periods of limited productivity occurring at both sites 

after the LGM. Drivers of the return to less productive conditions are tentatively 

linked to a slight increase in the Siberian High strength (see figure 7.2), which 

may have extended the period of its dominance to later in the spring, reducing 

the period available for overturning, preventing turbulence (Winder and 

Hunter, 2008) and, consequently, driving diatom assemblage changes as 

seen in Lake Baunt. A comparison to figure 7.2 suggests this period of 

increased productivity coincides, within dating uncertainty, with the warming in 

Greenland and changes to the EASM that follow Heinrich event 2. Although 
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this is a tentative correlation due to dating uncertainties, at this time, it seems 

to be the best correlation in Baunt and Kotokel to a well-known extrinsic event.   

 

 

Figure 7.3: Lake Kotokel age model produced in OxCal 4.3 (Bronk Ramsey, 2008) 
using a P_sequence depositional model
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Figure 7.4: (A) Lake Kotokel records: (1)  Pollen Summary, (2) Diatom Concentration from (Bezrukova et al., 2010) plotted by depth shown with 
the new chronology (produced for this thesis) against (B) Lake Baunt records: (1) Planktonic/Benthic Ratio, (2) PCA Axis 1 scores, (3&4) Biogenic 
Silica and Total Organic Carbon and (5&6) C/N Ratios and ẟ13Cbulk record. Banding shows the period of cross over between the two records.
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Following the period between 22.5-20.5 ka BP the records from Baunt show a 

shift back to conditions similar to those seen in the LGM:  P. ocellata dominates 

the diatom assemblage, diatom fluxes and biovolumes decline, and C/N ratios 

drop back to lower values around 8-9, while ẟ13Cbulk values are higher (7.1), 

and TOC and BSi values are also low. As with the record during MIS3/MIS2 

period and the LGM, this part of the record is suggested to be less productive 

within and around Lake Baunt.  

The end of this glacial section also encompass the ‘Mystery Interval’ (18-14.7 

ka BP) (Denton et al.,  2006) and covers some of the most complex transitions 

in the Baunt archive. This period starts with initially increasing values of P. 

ocellata, before they begin to decline around 17.5 ka BP, alongside 

proportionally increasing values of A. granulata. This occurs in combination 

with increased biovolumes, gradually rising C/N ratios and rising TOC and BSi 

values, while ẟ13Cbulk values decline. These shifts are again suggested to 

highlight more productive conditions at Baunt, with warm summer 

temperatures allowing dominance of A. granulata, with increased nutrients and 

turbulence also allowing this species to thrive (Fedotov et al., 2012; Kilham et 

al., 1986; O’Farrell et al., 2001). The changes in C/N ratios, suggest a greater 

proportion of organic matter is derived from vascular plants (Meyers and 

Lallier-Vergès, 1999), indicating that the landscape may be an important 

component for the changes in diatom assemblage in the lake. The changes in 

the ẟ13Cbulk values are also driven by these changes, with increased turbulence 

and P/B ratio changes depleting the values (Des Combes et al., 2008; Wang 

et al., 2013). 

The records within Lake Baunt, therefore, generally agree and suggest an 

initial decline in productivity, before the onset of more productive conditions, 

with overturning potentially creating the turbulence (Winder and Hunter, 2008). 

However, interpreting this becomes more complex when external sites are 

studied. This is because of the occurrence of Heinrich 1 (Chapter 1). Heinrich 

event 1 witnessed widespread deposition of IRD following extensive sea ice 

expansion and iceberg discharge from ice sheets in the Hudson straight 

(Hodell et al., 2017), resulting in freshwater forcing impacting AMOC (Hostetler 
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et al., 1999; McManus et al., 2004; Vidal et al., 1997). The Heinrich stadial 1 

period is documented to have contain widespread changes, including 

vegetation shifts (e.g. Penaud et al., 2010) and monsoon strength alterations 

(Cai et al., 2010; Stríkis et al., 2015). Siberian High strengthening is thought 

to have caused southward retreat of the East Asian Summer Monsoon (Cai et 

al., 2010) and, therefore, it would be anticipated that the ecosystem at Baunt 

would alter to reflect prolonged ice cover and aridity, as seen during the LGM. 

Figure 7.2 highlights that across this period Siberian High strength is higher 

than during the previous period, while co-occurring shifts are seen in 

corresponding systems, including the East Asian Monsoon. At Lake Baunt, the 

period coincides with rapidly changing diatom communities (as evidenced 

from changes in PCA1 scores (see Figure 7.1). However, the changes in 

diatoms and other proxy indicators unexpectedly suggest a period of warmer, 

more productive conditions. Given the dating uncertainties of ~+330 years in 

Baunt, and the significant difficulties in dating marine Heinrich layers (Hodell 

et al., 2017), it is possible  that the peak at ~18 ka BP in P. ocellata, a species 

that has been seen to thrive at Baunt during the LGM, could mark the start of 

this event, and this corresponds with the abrupt changes documented in the 

PCA. Significantly, It would also suggest that conditions in the later part of 

Heinrich 1 are much less severe.  

The response in Baunt is complicated, but comparison with other sites may 

clarify if this is caused by intrinsic or extrinsic drivers. The Heinrich 1 time 

period in Lake Baikal is characterised by carbonate muds between 17.6-17.2 

ka BP, and these are thought to be driven by dramatic runoff events in the 

Selenga river, as a result of changed precipitation during Heinrich 1 (Katsuta 

et al., 2018). This indicates that hydrological changes may have occurred in 

the region. The complexities in phasing and dating of Heinrich 1 have been 

discussed elsewhere, in terms of the driving mechanisms of the IRD event and 

climatic signal seen in a number of records. The period, generally assigned to 

the Mystery Interval, begins with warming in the Greenland Ice cores, followed 

by a gradual weakening in AMOC, leading into Heinrich 1 (Figure 7.2) 

(McManus et al., 2004). This may be the result of early melting of European 
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ice sheets weakening AMOC, before initiation of IRD from the Laurentide ice 

sheet  after ~16.5 ka BP (Hodell et al., 2017). This early phase of the Heinrich 

1 stadial coincides with cooling in Greenland and changes to the East Asian 

Monsoon, with evidence for southward movement of the ITCZ, as the Northern 

Hemisphere cools. A detailed examination of Heinrich 1 IRD in the North 

Atlantic, from IODP-U1308 (Hodell et al., 2017), suggest that there are two 

phases of IRD in the region, separated by a period of warming. The second  

IRD phase is also smaller and weaker than the initial event. Thus, there is 

evidence for a phased series of events making up Heinrich 1 and this may 

suggest that the hydrological changes in the Baikal region, and the complex 

transitions seen in Baunt, conform to a widespread global scale forcing event. 

The detail of how this may be directly expressed in Baunt are discussed below, 

with reference to climate modelling. 

7.3 The Last-Glacial-Interglacial-Transition 

The LGIT, from ~14.7 to 11.7 ka BP (Rasmussen et al., 2014), encompasses 

some of the most well studied events from the Late Pleistocene. The earliest 

period of the LGIT covers the Bølling-Allerød (GI-1) interstadial. Across this 

period in Baunt changes are more muted than in earlier sections of the record 

(see figure 7.1). The diatoms through this period show increasing proportions 

of P. ocellata, while A. granulata has an initial decline and is then fairly stable, 

and T. flocculosa has a short-lived peak in the mid-point of the interstadial 

~13.7 ka BP. This peak is also documented in the BSi record, which also has 

a rapid shift at this point, while TOC values rise across the interstadial period. 

C/N ratios continue their upward trend across this period, while the ẟ13Cbulk is 

fairly stable, although several small fluctuations do occur. The CMAR show a 

substantial shift during this period, linked to the increased sedimentation rate 

(see chapter 3). 

Collectively, the multiproxy changes documented at Lake Baunt, supports a 

warmer, wetter climate than the LGM and Heinrich 1. This is likely as warmer 

conditions would promote a longer ice free season, providing the overturning 

periods to support A. granulata, while periods of thermal stratification would 
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increasingly favour P. ocellata (Winder and Hunter, 2008). The rising C/N ratio 

alongside increased TOC, suggest increased organic matter in the landscape 

(Meyers and Lallier-Vergès, 1999), while the peak in CMAR may be due to 

sediment in washing as a result of glacier melt and potentially, permafrost 

thaw. Therefore, it appears that the Baunt proxies do show a response to the 

late-glacial-interstadial, however, this is more muted compared to some shifts 

documented earlier in the record. 

Interstadial conditions are documented by several records in the Lake Baunt 

region, with Lake Kotokel highlighting its warmest and wettest period during 

the LGIT for the past ~47 ka BP (Bezrukova et al., 2010), while others have 

inferred warmer temperatures for the region at the time, as shown by Katsuta 

et al., (2018), where the BSi record has been used to infer temperature in Lake 

Baikal, suggesting peak interstadial warming at ~14.3 ka BP, accompanied by 

progressing moisture increases, which peak at ~13.8 ka BP (Katsuta et al., 

2018). In the wider Asian region, sites including Lake Balikun, Western China, 

show responses to this interstadial, with warmer conditions and increased 

glacier meltwaters (Zhao et al., 2017), which again highlights a similar 

response to that seen in the Baunt CMAR’s. Climatic forcing of the changes 

seen between ~14.7-12.9 ka BP are linked to the reduction in Siberian High 

strength, and this is linked to the rapid increase in AMOC, following Heinrich 

1. The changes in the Siberian High, are mirrored in the increase in East Asian 

Summer monsoon strength, while increases in AMOC are also shown to be 

influencing air temperatures in Greenland (NGRIP). Therefore, it appears that 

the changes seen across this period in Baunt are linked to global patterns in 

climate. 

Between 12.7-11.7 ka BP, across the Younger Dryas in the Baunt records, 

there is a low in total diatom flux and biovolume productivity, while ẟ13Cbulk 

values show no major change. Changes in other values (TOC, BSi) are quite 

muted, although P. ocellata proportionally declines in the diatom record. In 

general ẟ18Odiatom values for this period show a muted response, and this has 

been linked to the diatoms reflecting the summertime conditions, which, for the 

Younger Dryas, have been suggested to be warm in continental Europe 
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(Schenk et al., 2018), but they are certainly lower than the later Holocene. The 

ẟ13Cdiatom are also lower than the subsequent Holocene and may reflect lower 

diatom productivity during this interstadial (see figure 7.2). It could be that the 

shift to low BSi values at the end of the interstadial, are also highlighting this 

change in diatom productivity. This highlights the complexities of these events 

being recorded, demonstrating the need for multiproxy studies. 

7.4 The Holocene 

From ~11.7 ka BP changes in many of the Lake Baunt data sets appear more 

muted, and this has been linked in many cases (e.g. chapters 4 and 6) (see 

figure 7.5), to greater stability during the Holocene. This stability is highlighted 

by stabilised C/N ratios, ẟ13Cbulk and CMAR. TOC and BSi show gradually 

increasing levels, which could be linked to greater productivity in the lake and 

catchment, possibly suggesting a progressively warmer Holocene. Despite 

many of the records suggesting greater stability, this is not reflected in the 

diatom isotopes. The oxygen isotope record through the Holocene from Baunt, 

documents considerable variability. This is considered to be driven by a 

combination of factors, where higher values are thought to be linked to 

increased solar insolation and a higher proportion of precipitation, with a 

possible Pacific influence (see Chapter 5). This is alongside extrinsic forcing 

from AMOC variations, as seen through the similarity with Lake Baikal, and 

this is discussed below, in relation to climate models of both the general 

pattern of early Holocene climate and the ability to compare models and data.  

The shifts seen in the ẟ13Cdiatom across this period also highlight changing 

conditions through the Early Holocene, however, the two records are 

substantially different. The peaks seen in the ẟ18Odiatom record, may 

correspond to the most enriched period in the ẟ13Cdiatom record, with lower 

values associated with less turbulence, driven by thermal stratification (Wang 

et al., 2013), resulting from reduced Siberian High strength, shorter ice 

durations and increased insolation, although both records may provide 

evidence for at least one episode of glacial melting. The notable decline in the 

ẟ13Cdiatom record at ~8.2 ka BP, is less clear in the ẟ18Odiatom, although, it does 

occur during a period of low values in this record. The 8.2 ka BP event is well 
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known in the Northern Hemisphere (Heiri et al., 2004; Hoek and Bos, 2007; 

Lowe et al., 2008; Mayewski et al., 2004), being linked to freshwater outbursts 

(Teller et al., 2002), causing changes to ocean salinity and cooling around the 

north Atlantic. The appearance of a change in the Baunt ẟ13Cdiatom record at 

this time may, therefore, be driven by changes linked to this event. This is likely 

to be due to rapid, short lived increases in Siberian High strength, which are 

documented in the GISP2 K+ signal (Mayewski et al., 2004) at this time (see 

figure 7.2), and could have caused climatic shifts at this point. These may have 

included increasing the ice duration, and reducing spring overturning, and this 

may indicate that the sight peak in P. ocellata could be driven by this event, 

potentially by reduced turbulence providing higher light conditions, which 

favour this species (Malik and Saros, 2016). The less clear response of this 

event, compared to earlier ones within the ẟ18Odiatom record, may be due to 

reduced Northern Hemisphere ice sheets, which may mean that changes are 

not propagated as strongly from the North Atlantic to continental Siberia. Also, 

in Baikal, there is little evidence of impacts from the 8.2 ka BP event, apart 

from on the ẟ18Odiatom, record, which suggests a period of increased aridity. 

These early Holocene shifts show similarity to abrupt changes seen at Lake 

Baikal, during the early Holocene, highlighting that both sites may be 

responding to external climate forcings, however, as discussed in chapters 5 

and 6, these shifts are not synchronous. The reasons for the variations in 

responses between Baikal and Baunt are due to several factors, particularly 

the large catchment size of Lake Baikal, which means its ẟ18Odiatom values are 

strongly tied to proportional inputs from northern versus southern rivers, which 

is, in turn, linked to glacier melt. Across Baikal’s catchment, there is a large 

~7‰ ẟ18O difference between source waters, which can drive the large 

magnitude shifts. The delayed start of the shifts in Baunt, compared to Baikal, 

may be due to the more northerly position of Baunt, particularly when 

compared against the Baikal catchment, which has a large proportion of the 

catchment to the south, due to the Selenga river. As discussed in chapter 6, 

several proxies show a synchronous shift at ~9.3 ka BP, and this, alongside 

the higher values in the ẟ18Odiatom record, is thought to suggest warmer 
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conditions, with changes occurring in the Baunt record due to glacier melt. 

Therefore, it appears that the Baunt and Baikal records are showing responses 

to many of the same forcings, but their individual records are influenced by 

internal factors, such as local glacier melt. 
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Figure 7.5: Summary of Lake Baunt change over the Holocene period, including dominant diatom assemblage alongside Planktonic/Benthic ratio, total diatom flux (x106valves/cm2/yr) shown on a logged x-axis, 
biovolume accumulation rates (BVAR) (μm3cm-2yr-1), Total-Organic-Carbon (TOC) (%weight), Biogenic silica (BSi) (%), ẟ18Odiatom (VSMOW ppm) and ẟ13Cdiatom (VPDB ppm) records alongside C/N ratios, ẟ13Cbulk 

(VPDB ppm) and carbon mass accumulation rates (CMAR p/m) (g C m-2 yr-1) plotted on the Baunt chronology. 
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7.5 Inferences from climate modelling 

The main changes in the environmental record outlined above, have been 

discussed with reference to key hemispheric and regional climate archives. In 

order to consider the overall influence of climate variables in the past, it is 

useful, to some extent, to look at the attempts over recent years to generate 

and compare climate models for this region. Such an approach is not without 

problems, as there are only a relatively small number of model simulations that 

directly target the region and often these are largely focussed on 

understanding modern climatological phenomena, such as the relationship 

between the Siberian High and the Arctic oscillation (e.g. Zhang et al., 2018). 

While such studies are potentially very interesting for understanding very 

abrupt seasonal to decadal scale changes in the region, there is not sufficient 

dating resolution to examine such changes in the LGIT. There are, however, 

a small number of studies that have developed model based simulations of 

Siberian climate, and are, therefore, relevant for discussion in relation to the 

Baunt environmental data. These comprise some studies that use large GCM 

models to evaluate a stable but important snapshot in time, such as the LGM 

(Crucifix, 2006; Gordon et al., 2000). These types of models, such as the 

Hadley Centre coupled ocean atmosphere model, Had CM3, are used for 

climate prediction and are also used in IPCC assessments (Cane et al., 1997). 

Such models are relatively well resolved spatially and have multiple layers for 

the ocean and atmosphere and, thus, are computationally expensive and 

rarely used for long transient simulations of past climate, although recent 

attempts to run such models over long time windows has added significant 

new insights into climate forcing. These highlight both the importance of the 

North Atlantic for driving abrupt climate change, along with insolation and CO2, 

but also the complexities in understanding the expression of climate forcing 

away from regions close to the main zones overturning (e.g. Peltier and 

Vettoretti 2014, Vettoretti et al., 2018).  

It is more common, however, for individual models of intermediate complexity 

to be used, either to address specific questions relating to an aspect of the 

climate system, such as the East Asian Monsoon, or for there to be a large 
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scale comparison of different models and data to test the ability of models to 

predict particular scenarios (e.g. Crucifix et al., 2012). While it is sometimes 

the case, that such exercises highlight systematic deficiencies in elements of 

the modelling, they also highlight regions where there is too little available past 

climate data for useful evaluation of the models, and also point to some 

counter-intuitive aspects of past climate (e.g. Zhang et al., 2017b). Either way, 

such models are useful for consideration in the context of this thesis, where 

they highlight potential climatological forcing factors behind observations 

made from the Baunt study, or point to the need for more palaeodata in the 

region. Key aspects of the Baunt record, where models of past climate are 

relevan, include the different boundary conditions from full glacial to 

interglacial climates and the variability in dominant wind patterns and their 

influence on hydroclimate. These are discussed below, in terms of their 

potential influence on Lake Baunt, and Siberia as a whole. 

7.5.1 Siberian Climate from the Last Glacial Maximum to the Last 

Termination 

A key feature of the Lake Baunt record is the difference in the response of the 

proxy records from full glacial conditions during the glacial time periods, 

compared to the Lateglacial and Holocene. For example, there are important 

changes in the diatom species assemblage from ~15 ka BP, including the rise 

in importance of T. flocculosa and more subtle changes that are apparent in 

the PCA scores. Similarly, the variability of bulk carbon isotopes is much more 

muted in the record after 15 ka BP, and there is a major pulse of sediment at 

~13.5 ka BP, coincident with the Lateglacial interstadial in Western Europe 

and GI-1 in the Greenland Ice cores. All of this points to very different 

prevailing conditions either side of a transition in the site that occurs 

somewhere between ~15-13 ka BP. One possible explanation for this is the 

reconfiguration of the global system after the Last Glacial maximum, and the 

move from a large to small ice sheet world (Dong et al., 1998). There has been 

significant interest in ice sheet configuration and the dynamics of planetary 

waves through model/data comparison exercises such as the PMIP project. 

Of particular relevance here is the role of atmospheric circulation and patterns, 
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and precipitation and temperature variability in Siberia. Recent work, utilising 

the CAM 3 (GCM) atmospheric model, with prescribed ice sheet and a fixed 

ocean slab, has attempted to investigate the role of ice sheets during the LGM 

on atmospheric circulation (Löfverström et al., 2014). The model utilises an 

integration of glacial, geological and model-based data for ice sheet dynamics 

(Kleman et al., 2013), and is run in a set of simulations covering key points 

from the Last Interglacial to present. To elucidate the nature of the different 

patterns of climate over the last glacial to interglacial period, the model 

reconstructs full Interglacial conditions, mid interglacial cooling (Wohlfarth, 

2013), and two periods of cooling in MIS 4 and the LGM. The model suggests 

that LGM conditions are very different in terms of ice sheet topography and 

the influence this has on atmospheric dynamics, compared to the Holocene, 

MIS5, or much of the Pleistocene. The atmospheric forcing over Siberia and 

Alaska at this time could explain the very different nature of proxy response in 

Baunt, and other records. It is suggested by the CAM 3 model that precipitation 

and air-mass patterns would be very different, with a dominant anticyclone 

over the region of Lake Baunt playing an important role in moderating the 

climate of the region. 

 One final interesting point from several studies, that is also very relevant here, 

is the influence of large LGM ice sheets on climate at this time that suggests 

a warmer and potentially drier Siberia. This has been suggested in modelling 

studies to mean that there is far less ice sheet development than might be 

expected (Löfverström et al., 2014) in the region, especially when coupled with 

the impact of increased dust, reducing albedo (Krinner et al., 2006). This is 

particularly relevant for the analyses of Lake Baunt in that it might explain the 

continued sedimentation into the lake through the LGM, without the need to 

invoke geothermal heating.  

As discussed above, the expression of the Heinrich 1 event in Baunt is 

complicated and possibly has an initial cold phase with a peak in P. ocellata 

but this is then followed by evidence from both Baunt, and other sites in the 

region (e.g. Baikal), of a wetter phase in this stadial. There are relatively few 

studies of the H1 event specifically in Siberia, but there have been modelling 
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exercises on both the expression of Heinrich events and the impact in Siberia 

of earlier Heinrich events, that are relevant to this study. One issue with 

understanding these events has been the only very recent coupling of GCM 

and ice sheet models (Roberts et al., 2014; Ziemen et al., 2018), as opposed 

to more straightforward ‘hosing experiments’ (Roche et al., 2014), using either 

GCM’s or models of intermediate complexity. This is again partly due to the 

required computational time needed for more complex models to run a 

transient simulation. The coupling of the models is necessary to more reliably 

simulate an event that is thought to be driven by ocean ice interaction 

(Broecker et al., 1992). Recently, an integrated GCM and glacial model study 

of Heinrich events has attempted to understand the nature of Heinrich events, 

through a coupled ice sheet model,  PISM,  and CMIP3 an atmosphere – 

ocean – vegetation enabled GCM (Ziemen et al., 2018) and, as such, is the 

arguably the most detailed study available. There are several interesting 

features of the simulated Heinrich events in the model that are relevant to this 

discussion. As with other modelled meltwater pulse events (below), there are 

two stages to the Heinrich event, an initial phase where an unstable ice sheet 

surges into the ocean, and a post surge phase. In the former, the model 

suggests that the meltwater pulse signal dominates the climate system, while 

the configuration of the ice sheet is more important in the post-surge phase. 

The surge phase cooling in the Arctic ocean is also promoted by increased 

sea ice cover. The model also sees a significant atmospheric response, again, 

split into a surge and post-surge phase, driven most dominantly in the surge 

phase by the meltwater pulse and in the post-surge phase by the influence on 

atmospheric dynamics of the reduced ice sheet height. The surge phase sees 

cooling and an intensification of drying across Europe and into Siberia, but the 

post surge phase sees a recovery in precipitation in Europe, and for south-

eastern Siberia, an increase in precipitation above pre-surge levels. While the 

model has some inconsistencies, not least the appearance of anomalous 

glaciers across Siberia in the initial spin up phases, the two-stage event may 

be reflected in the Baunt archive, with an initial cooling and drying, followed by 

evidence for wetter conditions. Models of intermediate complexity, focused on 

understanding the Asian monsoon during Heinrich events (Jin et al., 2007), 
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also suggest a strengthening of the westerlies during the events, and this also 

may allow for the increased productivity seen in the Baunt record, in the 

second half of Heinrich 1. 

7.5.2 The Lateglacial interstadial and the Younger Dryas 

The Lateglacial comprises the warming coming out of Heinrich stadial 1, and 

a saw-tooth cooling leading into the Younger Dryas event. The former is now 

thought to be driven by ocean circulation, as part of the bipolar seesaw and, 

though not explicitly modelled, may be linked to the salt oscillator (Vettoretti et 

al., 2018), suggested to drive D/O cycles. The expression of these is not yet 

clear for deep continental zones, with very spatially limited data model inter-

comparisons, although regionally a warming trend would be expected (Clark 

et al., 2012). The interpretation of the Baunt record at this time shows some 

evidence of interstadial conditions, with a peak in T. flocculosa, and a marked 

change in the overall diatom assemblage indicated in the PCA scores. There 

is also an influx of sediment into the lake during the Interstadial, that may 

instead relate to the loss of permafrost the area after the LGM (Tesi et al., 

2016; Velichko et al., 2011), as the region becomes a major global supplier of 

CH4 after the LGM. 

 After this time, there is a gradual decline in P. ocellata during the Younger 

Dryas. Models have now been developed for the global expression of the 

Younger Dryas. In particular, a recent global assessment of Younger Dryas 

hydroclimate, suggests it again has a two phase structure, and that the most 

significant response would be in the North Atlantic realm (Renssen et al., 

2018). This study also looked at specific regional responses to Younger Dryas 

forcing, based on an initial pulse of freshwater followed by a recovery phase. 

For Siberia, the model suggests only limited cooling of  ~1°C, but significantly 

reduced precipitation, which may explain some of the changes seen in the 

Baunt record, including the limited responses in the oxygen versus carbon 

diatom isotopes.  
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7.5.3 Early Holocene  

The early and mid Holocene in the region has been the subject of some 

data/model inter-comparisons, but the very limited sources of proxy data that 

are suitable for these comparisons mean that any conclusions are, at best, 

uncertain. There is some evidence to support the inference in Baunt that the 

recovery into Holocene conditions out of the Younger Dryas is slow, with a 

thermal optimum ~11-9 ka BP (Zhang et al., 2017b) and a gradual reduction 

across all models to the late Holocene. This is in broad agreement with the 

range of proxies across the Baunt archive. However, the multiple early 

Holocene oscillations in climate, seen in Baunt and other archives, are not yet 

the focus of many modelling studies with a wide geographic focus, although 

multiple climatic events at this time are reported for many regions (Hoek and 

Bos, 2007). There is evidence from one comparison between model output in 

the early Holocen that is relevant here, and that is the comparison between 

proxy data from Lake Baikal and a series of 20 year simulations from an 

atmospheric GCM, with fixed SST’s and constant landscape (Bush, 2005; 

Mackay et al., 2011). One climate oscillation, seen in Baunt, that has been the 

focus of a number of modelling studies, is the 8.2 ka BP event. The model 

suggests that the early Holocene sees significant seasonality and particularly 

cold winters, with this seasonality peaking around 9 ka BP, when obliquity is 

dominating and more effective humidity. Thus, there is some support from 

modelling for an unstable climate regime in the early part of the Holocene and 

a change to generally drier, warmer, and less seasonal conditions towards the 

end of the period covered by Baunt. This is interesting, as it overlaps with the 

period where there is reasonable agreement with at least part of the Baikal 

isotopic record, as well as for hydrological variability.   

The forcing, geographic expression, and timing of this event has been the 

focus of much discussion (Renssen et al., 2007). Recently, both climate model 

simulations and data/model comparison exercises suggest this is an event 

that, while short lived, has a global impact. For Siberia, model predictions of 

cooling in both summer and winter are suggested, along with reduced 

precipitation (Wiersma and Renssen, 2006). Recent modelling of multiple 
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ensembles suggests that, while this largely holds true, the impact in Siberia 

may be more muted (Wiersma et al., 2011), and may feature time-

transgressive warm and cold anomalies, with the latter being more prominent, 

after an initial short lived cooling event. One of the issues for understanding 

this event in the Baunt archive, is that it may also be superimposed on more 

gradual long term changes through the Holocene. The relatively muted nature 

of this event in a Siberian context is also supported by studies of the Holocene 

carbon dynamics in Lake Baikal, where a limited change in primary producers 

is limited (Mackay et al., 2017). 
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8 Conclusions and Recommendations 

8.1  Conclusions 

This project aimed to reconstruct the lacustrine palaeoecology of Lake Baunt, 

over the past ~30 ka BP, to understand responses to environmental change 

and wider climate forcing in southern Siberia, and place this within the context 

of broader Northern Hemisphere changes. This was, in part, to add important 

context to the existing regional studies and to assess if records, such as Baunt, 

could help to provide new information relevant for the region’s sensitivity to 

future climate change. This was based on an evaluation of the ecological, 

stratigraphic, chronological and stable isotope records developed for Baunt, 

through this research project. These data were integrated and evaluated to 

look for key periods of change within the Baunt archive and this was compared 

to regional records, notably Lakes Baikal and Kotokel. The results of this have 

been further considered against evidence of major changes in key climate 

archives from the Northern Hemisphere, to understand how this study fits 

within the framework of climate change, documented by important stratotypes, 

such as the Greenland Ice Cores. Finally, these analyses were considered 

against current prevailing theories of the major climate forcing factors, and 

formal model simulations, of how these may impact climate and environments 

in central Asia. The success of this project is now evaluated by a set of 

questions derived from these aims and objectives. 

1. Is the Lake Baunt record viable and coherent and does it show a 

series of changes across proxies? 

This project has undertaken 327 diatom analyses across the BNT14 core, 

providing a high resolution record of the diatom assemblage from Lake Baunt. 

This record is one of the best preserved assemblages of the past ~30 ka BP 

in the southern Siberian region, with low levels of dissolution across the whole 

core, and no periods of absent or very low concentrations of diatoms. 

Alongside the diatom assemblage, a range of organic and geochemical data 

were generated, including %Cbulk, C/N ratios, ẟ13Cdiatom and ẟ18Odiatom and 

some additional 14C dates for the core, and additionally detailed Bayesian age 
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modelling was undertaken. Additional data was made available for comparison 

by Russian and UK colleagues, including stratigraphic logs, TOC, BSi, isotope 

geochemistry, additional 14C ages, %TOC, C/N ratios and 13Cbulk analyses). 

All of these data were evaluated and integrated, in this thesis, to assess 

environmental impacts. 

The evaluation of these records suggested that this is a predominantly 

coherent archive, with fairly linear sedimentation rates, broad coherence 

between shifts seen in the different sedimentary and ecological proxies and 

no significant errors, or major turbidites observed. It is important to evaluate 

the integrity of the record, in a tectonically active region. However, the Baunt 

archive has presented some challenges, which have been addressed within 

this thesis. These include the two faults identified within the stratigraphy, at 

~660cm and ~990cm. However, when these were compared to TOC, BSi, 

MAR’s and a range of Bayesian depositional models, these faults do not seem 

to have had a detectable impact on the sediments and environmental record 

from Baunt. One reoccurring, issue has concerned the chronological controls 

from Lake Baunt. The final age model produced in this project is the best 

current representation of the age of the sediments in Baunt, and has been 

thoroughly evaluated through numerous iterations, and many different 

depositional scenarios. However, dating uncertainties in Baunt are variable, 

although they are predominantly centennial in scale. This variability can be 

problematic in places, because some of the changes known in key climate 

archives are extremely rapid, lasting decades to a few centuries, and, thus, 

caution has had to be applied when considering Baunt against wider records. 

However, the resolution of the Baunt chronology is not unusual for many 

records covering this period, when age models fully assess the inherent 

uncertainties. More precise models are available for Baunt, but as discussed 

during the evaluation in chapter 3, these are unlikely to be realistic and, 

therefore, have not been used.   

The detailed age modelling study highlights a further issue with the BNT14 

core, due to the lack of a set of radiocarbon dates in the upper 50cm of the 

record. It was found that there was an incompatibility between an assumed 
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present day age for the top of the core, and the radiocarbon dates, from 50cm 

down. The extrapolated trajectory up to the top of the core in any version of 

the age model based on the lower dates, suggests that the uppermost 

sediments were significantly older than present day. This finding was 

corroborated by the 210Pb dating profile, undertaken in this project, and 

additional radiocarbon dating, coupled with multiple Bayesian age modelling 

experiments. All of these suggest that due to the difficulties in coring through 

ice, there have been problems with capturing the recent Holocene sediments 

for BNT14. 

Further to these issues, the diatom assemblage from Lake Baunt, while well 

preserved, lacks a good modern analogue study, which would provide useful 

context for the palaeo assemblage. However, the study has been fortunate 

that shifts within the assemblage are notable, and species within the core are 

cosmopolitan, and, therefore, species ecologies were better understood than 

may have been the case had the assemblage contained many endemic 

species. 

2. What are the main changes seen in Baunt?  

Taken together, the Baunt record clearly documents a number of transitions 

across the record, often expressed in different ways, but in multiple proxies. 

These have been considered on the BNT14 final chronology, calibrated with 

IntCal13, and show: 

• DAZ1 ~30-22.5 ka BP: limited productivity, dominated by P. ocellata 

suggested long ice cover durations, high light intensities with limited 

particulates and low BVAR, and unstable diatom flux, with a low 

period ~24 ka BP, coincident with low BVAR. This is interpreted as 

a cold and arid period at Baunt.  

• DAZ2 ~22.5-20.5 ka BP: a shift in diatom dominance to A. granulata, 

alongside increased allochthonous organic matter, higher diatom 

fluxes and BVAR. Considered as a period of increased productivity 

within the lake and catchment, with greater spring and autumn 

overturning indicating shorter ice duration. 
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• DAZ3 ~20.5-18 ka BP: a return to less productive conditions 

dominated by P. ocellata with organics sourced from algal 

productivity. Higher ẟ13Cbulk values due to reduced turbulence. 

• DAZ4 ~ 18-15.1 ka BP: transition phase with shift from P. ocellata, 

which peaks at ~18 ka BP, to dominance of A. granulata by ~15.1 

ka BP. A range of proxies indicate increased productivity within the 

lake (BSi, diatom flux) and a clear transition is shown in the PCA. 

CMAR are low throughout this zone. 

• DAZ5 ~15.1-13.1 ka BP: Initial peak of A. granulata followed by a 

decline, and corresponding rise in P. ocellata which peaks at ~13.1 

ka BP. There is a short peak in T. flocculosa at ~14-13.6 ka BP. And 

peaks occur in BVAR/CMAR and C/N ratios rise. Additionally, the 

first data is available for ẟ13Cdiatom and ẟ 18Odiatom, with ẟ 13Cdiatom 

showing the lowest values seen in the record, while ẟ18Odiatom has 

lower values than much of the latter record. 

• DAZ6 ~13.1-6.2 ka BP: There are low levels of T. flocculosa at the 

start of the zone, which then rises throughout zone. Peak of P. 

ocellata at the start of the zone, followed by decline. Stable diatom 

flux at the start of the zone, with rising values from ~10 ka BP. 

ẟ13Cbulk values are generally stable except a shift at ~9.3 ka BP, 

coinciding with rises in CMAR and C/N ratios, which are also 

relatively stable across this period, apart from this shift. ẟ13Cdiatom 

values rise until ~9.3 ka BP and ẟ18Odiatom show a series of 

oscillations throughout the record, with greatest amplitude between 

~11-8 ka BP. A shift is observed in both records (although most 

notably in the ẟ13Cdiatom) at ~8.2 ka BP and a further paired 

oscillation is seen after this, through to ~6.5 ka BP. 

 

3. Which changes across the Baunt proxies are reflected in data from 

other records and, thus, may be driven by extrinsic forcing? 

Of the shifts outlined above, several of these correspond to changes seen in 

regional and wider records, at approximately the same time (within combined 

dating uncertainties). The period ~30-22.5ka BP corresponds with a time of 
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considerable Siberian High strength, and the periods of greatest strength 

coincide with the lowest diatom flux in this part of the Baunt data.  The EASM 

is weak during this period, with its weakest point coinciding with the strongest 

Siberian High, and lowest BVAR and diatom flux in Baunt. This timing of this 

broadly encompasses the LGM and Heinrich stadial 2, highlighting that these 

events are recorded by Baunt. This is followed by increasing diatom flux, after 

which, the diatom assemblage shifts, as described above. These changes 

coincide with increased algal productivity in Lake Kotokel and weaker Siberian 

High strength. Further afield, warming is documented in Greenland (GI-2.2 and 

GI-2.1) and strengthening of the EASM. All of this, therefore, suggests that the 

switch between unproductive to productive conditions in Lake Baunt ~22.5 ka 

BP is broadly driven by climatic changes linked to the end of the LGM and 

HE2. 

This period of increased productivity continues in Baunt until 20.5 ka BP, after 

which, a period of stability, defined by P. ocellata coincides with similarly stable 

conditions seen in GS2 in Greenland and in EASM strength and the Siberian 

High. Following this, dynamic changes are seen in a number of records, from 

both Siberia and the wider Northern Hemisphere. As described above, several 

transitions are observed in Baunt between ~18-15 ka BP, while over this time, 

changes are also seen in Lake Baikal and Kotokel. In Baikal, the period 

documents increased deposition of carbonate muds, associated with dramatic 

runoff events (Katsuta et al., 2018), while Kotokel shows increased diatom 

productivity from ~17 ka BP (Bezrukova et al., 2010). During this time, Siberian 

High strength is initially stable, with a slight weakening to the latter stages, 

while the EASM declines in strength, Greenland temperatures also decline 

and AMOC is very weak (McManus et al., 2004; Wang et al., 2001). This period 

encompasses the mystery interval and Heinrich event 1; potentially one of the 

most complex periods during the Late Quaternary. There are clear impacts on 

the climate regime, including precipitation changes, indicated by both Baikal 

and Baunt. Interestingly this fits in with climate models of a two stage Heinrich 

1 event, with changes in hydroclimate over central Asia, and recent 

observations of a complex two stage Heinrich 1 event, in the North Atlantic.  
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The next transition seen in Baunt are in DAZ 5 (broadly ~15-13 ka BP) and 

coincide with shifts in Siberian records, including a suggested warmer and 

wetter period in Kotokel, which drives increased productivity, while Baikal 

documents warming and progressive increases in moisture. These changes 

occur during the lateglacial interstadial (Bølling-Allerød/GI-1), seen in 

Greenland and across Europe and the North Atlantic.  It is strongly reflected 

as a period of high EASM and AMOC strength and reduced Siberian High 

strength.  Following this episode, changes observed within Baunt appear to be 

driven by conditions associated with the Younger Dryas, which are 

documented by reduced AMOC and EASM strength and a very strong Siberian 

High. In Baunt, there is an indication of stronger forcings during the early 

stage, with peak P. ocellata at the start, and then declining throughout. In the 

later part of the Younger Dryas the signal is also clear in ẟ13Cdiatom record, 

while this is less so for the ẟ18Odiatom data. This signal has also been noted in 

Baikal, where the later part of the Younger Dryas is associated with warmer 

conditions. These features of the Younger Dryas have been discovered in 

other palaeoclimatic records and have been suggested by transient model 

simulations. A two stage Younger Dryas has been recognised in Greenland, 

Europe, and East Asia, and is also a feature of several model simulations for 

this stadial. The lack of a clear signal in the ẟ18Odiatoms record could tentatively 

be linked to the occurrence of warm Younger Dryas summers proposed by 

Schenk et al., (2018), although the sampling resolution at Baunt is currently 

too small to make any firm conclusions. 

The Early Holocene period in Baunt sees a number of features, which are 

potentially extrinsically forced, driving changes, predominantly in the diatom 

isotopes. Generally, there is good agreement between excursions seen in 

Lakes Baunt and Baikal. These are broadly in phase with changes in the 

Siberian High and AMOC strength, suggesting that the Early Holocene climate 

of Siberia was sensitive to changes in the North Atlantic region. There is, 

however, evidence for some of the shifts in the Baunt record to be driven by 

glacial meltwater input, and are, therefore, not recorded in other sites. 
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4. Has this study achieved the overall aim of the project? 

From the above discussion, it is clear (despite some issues raised in the first 

section), that the Baunt record is recording some important responses to 

extrinsic climate forcing. This is important for two reasons. Firstly, some of 

these external climatic influences have been proposed to impact on the Lake 

Baikal record, however, because of its size and large catchment, this does not 

necessarily mean these changes are fully reflected elsewhere in southern 

Siberia, as Baikal is a very important, but unique archive. The fact that Baunt 

is recording similar events, albeit with its own expression, lends support to the 

idea that southern Siberia is very sensitive to climate forcing and that many 

events recorded in Baikal have an expression in Baunt. This is important 

because a key aim of this study was to test the influence of climate signals in 

an area remote from oceanic influences. Secondly, the sensitivity to both 

extrinsic and intrinsic factors recorded in the late last glacial and early to mid 

Holocene in Baunt, highlight the finely balanced nature of this ecosystem, 

which indicates its susceptibility to change as a result of current and future 

anthropogenic forcing. While within this project it has not possible to study the 

recent past, as initially anticipated, the fact that Baunt is so responsive to 

natural forcing is very important when considering future research (see below). 

8.2  Recommendations for future work 

Several recommendations can be made for future research, following 

completion of this project. As discussed above, issues exist within the Baunt 

archive, particularly concerning the chronological controls and lack of 

coverage over the mid to late Holocene. It is, therefore, recommended that 

further coring at Lake Baunt is undertaken, to capture the period between the 

record from the BNT13 short core (Bezrukova et al., 2017) and the start of the 

record preserved in the BNT14 core. Additionally, it has been shown in this 

project that Baunt is sensitive to changes across MIS 1, 2, and late MIS3, 

however some of the most abrupt changes in the Late Quaternary period occur 

in early periods of MIS3 (~30-60 ka BP) and the period is increasingly being 

studied, beyond the ice core and marine records, with many new models being 

produced (Peltier and Vettoretti, 2014; Vettoretti et al., 2018) to consider these 
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changes. MIS3 also includes critical periods for study of hominin distributions 

(Krause et al., 2010, 2007). As the BNT14 core did not reach the base of 

sediments in Baunt, it is likely that sediments may be preserved from earlier 

MIS3, and it is recommended that a longer core is extracted from Baunt to 

allow studies of this period. This new core should have detailed 

sedimentological work undertaken, to ensure its suitability for further analyses. 

Many of the conclusions made in this thesis have been limited due to 

chronological uncertainties, so future recommendations are made for 

additional radiocarbon dating to be undertaken BNT14 and any new cores. 

This is highly important in a tectonic region, as sedimentation may not have 

been linear, meaning dates are required at regular intervals. It is unlikely that 

there is a mineral carbon induced reservoir offset in Baunt, as there is no 

carbonate within the catchment, however, there is potential for an internal 

reservoir offset due to carbon storage within the lake. This means dating of 

modern samples is required to assess this. However, this is unlikely to be a 

major issue, as Baunt is a relatively shallow lake and even lake Baikal only 

has a ~500 modern reservoir effect. 

Analyses within this study have highlighted the potential for tephrostratigraphy 

to be considered at Lake Baunt. Occasional shards have been documented in 

some sediments from Baunt, and a routine study of these would allow the 

potential for tephrostratigraphy for this region to be assessed. If successful, 

this may provide a way for improved site to site correlations and improvements 

of chronological controls, through the building of a tephra lattice. 

The Baunt record has highlighted rapid shifts in many of its proxies, and this 

work could be furthered by undertaking higher resolution analyses, particularly 

during periods of abrupt shifts. Lengthening the ẟ18Odiatom and ẟ13Cdiatom 

records back into the last glacial, would allow further consideration of changes 

in lake carbon cycling and hydrological changes through this period, further 

improving understanding of the lake’s responses to abrupt changes, such as 

Heinrich 1. Alongside this, at the time of writing this thesis, analyses of some 

proxies from Lake Baunt (e.g. pollen), being considered by collaborators at the 

Institute of Archaeology and Ethnography, Russian Academy of Sciences, 
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Irkutsk, had not been completed and, therefore, upon completion of this 

additional work, it will be possible to integrate these records, with those 

currently available from Baunt, to further understand the ecosystem changes. 

The diatom analyses and interpretation at Baunt, as discussed above, has 

been limited due to the lack of a modern analogue study and, therefore, further 

work at the site would benefit from considering this. Alongside such a study, it 

would be beneficial to analyse the seasonal or preferably monthly precipitation 

at Baunt, to provide a year-round context of variations in its characteristics, 

particularly in terms if isotopic changes.  

Therefore, although this study has provided many new and novel insights into 

the impact of abrupt climate change in southern Siberia, like all exciting sites, 

they often throw up new and interesting questions from which to undertake 

work into the future.  
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