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Abstract

Abstract

The Indian subcontinent is characterised by a variety of climate zones ranging from the
alpine climate in Himalaya, tropical climates in central India, to arid regions in the NW
India. A variety of precipitation regimes (the SW and NE monsoon, and the winter
westerlies) and glacial meltwater contribute to the regional hydrological balance — long
term data on their variability is essential for infrastructural planning and securing food

supplies in a global warming scenario.

The present work on the lake sediments from the NW Himalaya (Tso Moriri
Lake) and the central India (Lonar Lake) involved reconstructing late Quaternary
palaeoclimate in these two diverse climate regions. The Tso Moriri Lake is located in the
climatically sensitive zone of NW Himalayas and is affected by both mid-latitude
westerlies and Indian summer monsoon (ISM), whereas Lonar Lake situated in the core
monsoon zone of India and receives moisture only from the Indian summer monsoon
(ISM). The present work involved (i) testing of climate-sensitive proxies that are useful
for climate reconstruction in high altitude regions; (ii) based on the identified proxies,
reconstruction of late Quaternary palaeoclimate, and; (iii) regional comparison to
identify spatio-temporal changes in precipitation regimes and, meltwater contributions
(for the high altitude Tso Moriri Lake).

The present work indicates that the early Holocene intensification was visible in
both NW Himalaya and central India, though the wettest phase ended earlier in the
former (ca. 8.5 cal ka) as compared to the latter (ca. 6 cal ka). The central Indian record
showed evidence of multiple abrupt events throughout the Holocene, as well as two
periods of extended drought during the late Holocene. These “extremes” do not appear to
be recorded in the high altitude Tso Moriri Lake. While chronological uncertainties
could clarify some of the differences, one possible explanation for the apparent
insensitivity of the NW Himalayan region to the “extremes” seen in peninsular India is
probably due to the buffering effect of snowmelt, westerlies, and weaker ISM during the

late Holocene.
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Kurzfassung

Kurzfassung

Der Indische Subkontinent ist charakterisiert durch eine Vielzahl an Klimazonen, welche
von alpinem Klima im Himalaya Uber tropisches Klima in Zentralindien bis zu ariden
Regionen in NW-Indien reichen. Eine Vielzahl an Niederschlagsregimes (der SW- und
NO-Monsun sowie die winterliche Westwinddrift) und glaziale Schmelzwasser tragen
zum regionalen hydrologischen Gleichgewicht bei — eine langzeitliche Datengrundlage
Uber dessen Variabilitdt ist notwendig fir infrastrukturelle Planungen und die
Sicherstellung der Nahrungsversorgung in einem Szenario globaler Erderwarmung.

Diese Arbeit tber Seesedimente aus dem NW-Himalaya (Tso Moriri Lake) und
dem zentralen Indien (Lonar Lake) beschéftigt sich mit der Rekonstruktion des
spatquartaren Paldoklimas in diesen beiden sehr verschiedenen Klimaregionen. Der Tso
Moriri Lake befindet sich in der klimatisch sensitiven Zone des NW-Himalayas und wird
sowohl von den Westwinden der mittleren Breiten als auch dem Indischen
Sommermonsun (ISM) beeinflusst, wahrend sich der Lonar Lake im Kernbereich der
monsunal beeinflussten Zone Indiens befindet und demnach Feuchtigkeit nur vom
Indischen Sommermonsun erhélt. Diese Arbeit umfasst (i) die Untersuchung geeigneter
klima-sensitiver Proxies fir die Klimarekonstruktion in héher gelegenen Regionen, (ii)
basierend auf den identifizierten Proxies die Rekonstruktion des spatquartaren
Paldoklimas und (iii) einen regionalen Vergleich zur Identifikation rdumlich-zeitlicher
Verénderungen in Niederschlagsregimes und Schmelzwasserspenden (fur den Tso Moriri
Lake in hoherer Gebirgslage).

Die Ergebnisse in dieser Arbeit zeigen, dass die friihholozéne Intensivierung
sowohl im NW-Himalaya als auch in Zentral-Indien sichtbar war, jedoch endete die
feuchteste Phase in ersterem friiher (etwa 8,5 cal ka) als in letzterem (etwa 6 cal ka). Die
Daten Uber Zentral-Indien zeigen mehrere plétzliche Ereignisse wahrend des Holozéans
sowie zwei Perioden mit zeitlich ausgedehnten Trockenphasen wahrend des spéaten
Holozdns. Diese ,,Extreme* zeigen sich nicht in den Daten des hoher gelegenen Tso
Moriri Lakes. Waéhrend chronologische Unsicherheiten einige der Abweichungen
erklaren konnten, ist eine weitere mdogliche Erklarung fur die offensichtliche
Unsensitivitdt der NW-Himalaya Region gegeniiber dieser “Extreme” auf dem
halbinselférmigen Indischen Subkontinent ein Puffereffekt durch die Schneeschmelze,
westwinddrift sowie ein schwacherer ISM wéhrend des spaten Holozéns.

(V]






Chapter 1: Introduction

Chapter 1: Introduction
1.1. Introduction

A large part of the Indian subcontinent is under the influence of the Indian summer
monsoon. Monsoon, derived from the Arabic word "mausim” (meaning season), is
defined as the seasonal reversal of the wind systems caused by the annual variation of
incoming solar radiation (Agnihotri et al., 2002; Gadgil, 2003). Monsoon may also be
associated with dry (NE monsoon) or wet (SW monsoon or commonly known as ISM)
weather. The NE monsoon brings limited rains to the southern parts of India and Sri
Lanka (Fig. 1.1a and 1.1c). However, the ISM bringing in a significant amount of rainfall
(Fig. 1.1a-b) is the driving force behind the agricultural productivity and hence the total
economy of the country (agriculture contributed 14% of total GDP of India during 2013
to 2014, source: Ministry of Agriculture, India). ISM variability, therefore has a
significant impact not only on the economy, but also on the largely rural fabric of the
Indian subcontinent, home to ca. 23% of the world’s population (World bank report-
2013). The socioeconomic importance of ISM variability is clearly demonstrated by
either recent floods in Mumbai (2005), Uttarakhand (2013), Kashmir (2014) (Singh et
al.,, 2014), or the drought in NE India, Bihar and Jharkhand in 2013 (Indian
Meteorological Department report, 2013). Historically, several famines and the mass
mortality in the last millennium were also linked to the droughts in the Indian
subcontinent (Deotare, 2006). The analyses of modern meteorological data indicated that
(i) the frequency of extreme ISM events has increased in recent decades (Goswami et al.,
2006); and (ii) there is spatial heterogeneity in the occurrence of extreme events
(Rajendran and Kitoh, 2008; Ghosh et al., 2011). However, such studies on extreme
events are based on the instrumental records covering only a few decades. Longer high-
resolution palaeoclimate records are essential for understanding the monsoon variability

on longer time scales.

Recent studies (Ponton et al., 2012; Anoop et al., 2013b; Menzel et al., 2014;
Prasad et al., 2014) have shed light on the Holocene ISM variability in the core monsoon
zone (Gadgil, 2003) of the central India. These records demonstrate extreme climate
events (centennial scale intervals of weaker ISM) during the late Holocene. The limited
palaeoclimate data from the Himalayas, which is under the influence of both the winter

westerlies and ISM precipitation, also indicates climate variability during the late

[1]



Chapter 1: Introduction

Quaternary (Hedrick et al., 2011; Anoop et al., 2013a; Leipe et al., 2014a). The NW
Indian lakes from Rajasthan and surrounding regions indicate an interval of enhanced
westerly precipitation between 7.2 and 6 cal ka (Prasad and Enzel, 2006). The stalagmite
data for the last millennium (Sinha et al., 2005) indicates decadal scale droughts in
northeastern India and the probable westerly influence during the late Holocene
(Berkelhammer et al., 2012). However, though the relative influence of these moisture
pathways has shown considerable variations in intensity and spatial extent in the past
(e.g., Herzschuh, 2006; Chen et al., 2008; Demske et al., 2009), the contribution of such
fluctuations, and the extent of ISM contribution to local hydrology in the Himalayan

region is not yet well documented.

In the following sections, | present an overview of the factors governing ISM
variability (Section 1.1.1 and 1.1.2), and summarises the available palaeoclimate
literature from the Indian subcontinent (Section 1.2.1) to lay the groundwork for my

investigations on lake sediments from the Indian subcontinent.

1.1.1. The modern climate system

The modern climate system in the Indian subcontinent is mainly controlled by two major
wind regimes. First, the Indian summer monsoon (ISM) and secondly, the mid-latitude
westerlies. Additionally, some amount (ca. 20%) of rainfall is contributed by the NE

monsoon in the southern part of the Indian subcontinent (Prasad and Enzel, 2006).

Monsoon is the seasonal reversal of the wind system caused by annual variation
of the solar insolation. In 1686, Edmund Halley first proposed the mechanism of
monsoon circulation visualizing it as a giant land-sea breeze triggered by the differential
heating of the Indian subcontinent and oceanic regions, which reverses its direction twice
a year (Kelkar, 2009). However, Simpson (1921) has criticized the giant land-sea breeze
concept, and pointed out that there was no relation between the monsoon precipitation
and the land-sea thermal contrast, as ISM is strongest in July and not in the hottest month
(i.e. May), or that the hottest regions of north-west India get limited monsoon rain
(Gadgil, 2003).

A second hypothesis links the origin of monsoon with the seasonal migration of
the intertropical convergence zone (ITCZ) over the latitude of maximum insolation

(Charney, 1969; Gadgil, 2003). During summer (June to September) due to the

[2]



Chapter 1: Introduction

maximum insolation at 23.5°N (Tropic of Cancer), the ITCZ shifts towards the low
pressure area, resulting in surface winds bringing significant amounts of precipitation
from the Indian Ocean (Arabian Sea and Bay of Bengal) to the continental parts of India
(Fig. 1.1a-b). The Arabian Sea branch first strikes the Western Ghats of India, where its
orography governs the spatial variability in the monsoon precipitation, resulting in
windward slope of the mountain range receiving heavy precipitation, whereas the
leeward side remains almost dry. After first encounter with the Western Ghats,
monsoonal winds from the Arabian Sea continue their journey towards the low-pressure
area over the Indian peninsula. The Bay of Bengal branch brings moisture to the NE
India and further moves towards the Indo-Gangetic plain following the low pressure area
extending from the Bay of Bengal to the northwestern part of India (Gadgil, 2003) (Fig.
1.1a-b). During winter (October to February) the ITCZ shift towards the low pressure
area in the south (10°N) as a result, north easterly winds (NE monsoon) bring cold and
relatively dry air into the large parts of the Indian subcontinent (Gadgil, 2007). NE
monsoon is also termed as the retreating monsoon season or the post-monsoon season in
which the zone of maximum rainfall migrates to the southern part of India (Fig. 1.1a and
1.1c).

Limited amount of precipitation is brought to the northern and northwestern parts
of India by the mid-latitude cyclones steered by the westerlies. Along with the tropical
cyclones, westerly winds move towards east and bring moisture from the Mediterranean
Sea and the Atlantic Ocean (Benn and Owen, 1998; Kaotlia et al., 2014). Upon reaching
Asia, the westerlies bifurcate into two branches due to mechanical barrier of the
Himalaya and the Tibetan Plateau (Pang et al., 2014) (Fig. 1.1a). During summer, the
westerly jet stream over north India slowly weakens and disintegrates, causing the main
westerly flow to move north into Central Asia. However, during winter the southern
branches of the subtropical westerly jet stream reforms over the northern parts of the
South Asia, bringing winter precipitation (Lockwood, 1974; Pant and Rupa Kumar,
1997).
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1.1.2. Forcing factors and teleconnections

Multiarchive, multiproxy palaeoclimate reconstructions on different timescales (decadal
to millennial) have indicated the role of various external (solar forcing) and internal (e.g.
ocean-atmospheric teleconnections) factors influencing ISM variability on different time
scales (e.g. Overpeck et al., 1996; Gupta et al., 2005; Menzel et al., 2014; Prasad et al.,

2014). A brief description of these forcing factors is given below.
a) Forcing factors:

Climate forcing factors can be either external (e.g. solar variability) or internal (e.g.
ocean circulation or land-sea thermal contrast) which operate at interannual (e.g. changes

in atmospheric composition) to million year timescales (e.g. land-sea distribution).

There are two principal components of external forcing — one related to orbital
forcing and second related to changes in solar irradiance. Milankovitch (1930) described
different orbital forcings - these include Earth’s movement around the Sun (eccentricity)
and its own axis (obliquity and precession) (see also Beer et al., 2000). Both the
obliquity and precession affect the hemispheric distribution of solar insolation over
different time scales which in turn plays a key role in the global climatic change (e.g.
Mayewski et al., 2004; Yuan et al., 2004). Another important feature of the external
forcing is the solar irradiance produced by the Sun. Due to the advanced technology
available now, direct measurement of solar activity is possible for recent times.
However, for reconstruction of past solar activity, proxy indicators e.g. cosmogenic
radionuclides (**C and °Be) have been used (Wanner et al., 2008; Muscheler et al.,
2014). The high-resolution palaeo-data from the ISM realm indicated that solar forcing is
one of the critical factors controlling ISM precipitation on millennial time scales (Prell
and Kutzbach, 1992; Neff et al., 2001; Agnihotri et al., 2002; Gupta et al., 2005,
Hiremath et al., 2014).

Internal forcing factors for ISM variability include snow cover, changes in
atmospheric composition, volcanic activity, and land-sea distribution. In connection with
the external forcing, these factors are responsible for the climate variation at decadal to
million year time scales. Snow cover has the ability to alter the surface albedo, thereby
regulating the atmospheric temperature and its moisture content (Cohen and Entekhabi,

2001). Several models suggested that there is an inverse relationship between the
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Eurasian snow cover and ISM (Dickson, 1984; Shukla 1987; Bamzai and Shukla, 1999).
Increase in snow cover over Eurasia leads to a relatively colder temperature on land
during summer because some fraction of solar energy is used for the melting snow and

evaporating water rather than heating the surface leading to weaker ISM.

Changes in the atmospheric composition can be caused by both natural (volcanic
gases, CO2, methane) and anthropogenic (fossil fuels, industrial) processes. This is one
of the significant factors that affects the global climate by varying (increasing or
decreasing) the atmospheric temperature (Officer and Drake, 1983; Pickering and Owen,
1994). The small but constant rate of increasing CO> due to land-cover, and SST changes
are responsible for a slight increase in global mean temperature since 8000 years
(Wanner et al., 2008). However, since mid-20" the increase in global temperature due to
the greenhouse gases (GHGs) is dominantly caused by human influence (Stocker et al.,
2013). Additionally, volcanic activity also has the ability to increase the mean global
temperature due to addition of GHGs in the atmosphere (Pickering and Owen, 1994). In
contrast, dominance of sulphur dioxide emission favours global cooling phenomenon
(Officer and Drake, 1983).

Another important factor, which controls the Asian monsoon circulation on
million year timescales is land-sea distribution. The uplift of the Tibetan Plateau due to
collision of Indian-Asian plate, and the closing of Paratethys (<52 myr; Rowley, 1996),
resulted in the initiation of monsoon circulation in the Asian subcontinent (Kutzbach et
al., 1993; Ruddimann and Kutzbach, 1989). Additionally, the closing of oceanic
gateways also affects the monsoon circulation (Wang et al., 2005). The weakening of the
Asian monsoon due to decreased SSTs in the Indian Ocean is attributed to the shifting of
the Australian plate, which resulted due to switching of the Indonesian throughflow from
the warm south Pacific to cold north Pacific waters (Cane and Molnar, 2001; Wang et
al., 2005).

b) Teleconnections:

The ISM is an active component of the global climate. It has the ability to interact with
other modes of climate variability. Amongst them, the most important teleconnections
linked to ISM variability are the EI Nifio Southern Oscillation (ENSO), Indian Ocean

dipole (10OD), active/break cycles (tropical mid-latitude interactions), and the North
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Atlantic Oscillation (NAQO) (Krishnan et al., 2009; Menzel et al., 2014; Prasad et al.,
2014).

The EI-Nifio/Southern Oscillation (ENSO) is a coupled system between easterly
trade winds, westerly upper atmospheric winds, and equatorial thermocline system in the
tropical Pacific Ocean (Sikka, 1980; Gadgil, 2003). The link between ENSO and ISM
influences the interannual variability of summer monsoon rainfall over India. Earlier it
was thought that in the Indian subcontinent the poor monsoon is associated with the El
Nifio years (Goswami, 2005; Gupta, 2010; Gadgil, 2014). However, this relationship has
not been constant over a period of time — recent studies have shown monsoon
precipitation can be normal even during intense El Nifio events (e.g. in 1963 AD and
1997 AD), probably due to the influence of Indian Ocean Dipole (IOD) mode in Indian
Ocean (Gadgil, 2014; Krishnaswamy et al., 2014). 10D is the anomalous state of the
ocean-atmosphere system (Saji et al., 1999; Vinayachandran et al., 2007), in which there
is an east-west temperature gradient in the Indian Ocean (Saji et al., 1999; Ashok et al.,
2001; Krishnaswamy et al., 2014). A positive 10D is characterised by higher
precipitation over the south Asia, whereas the negative 10D is linked to weaker monsoon
(Krishnan et al., 2011).

The interaction between mid-latitude westerlies and the ISM winds leads to sub-
seasonal or intraseasonal variations of the monsoon precipitation (Prasad and Enzel,
2006; Krishnan et al., 2009; Rajeevan et al., 2010). This variability is referred to as
active/break cycle (Krishnamurti and Bhalme 1976; Sikka, 1980). In central India,
during ‘active cycle’ the monsoonal rainfall increases whereas, during ‘break cycle’
weak rainfall is observed even in the peak monsoon period (Blanford, 1886). The
phenomenon of ‘breaks’ has been more important because of its relationship with the
interseasonal variability of monsoonal precipitation. During the break monsoon, the
interaction between westerlies and the monsoon in northwestern and central India pushes
the low pressure trough towards the foothills of the Himalaya, resulting in a decrease in
rainfall all over India except the Himalaya region. During a normal monsoon season,
frequent break cycles can affect crop production and lead to drought (Gadgil et al., 2003;
Rajeevan et al., 2010).

Bond et al., (in 1997 and 2001) have documented a high correlation between
solar output (production rates of the cosmogenic nuclides i.e. C!* and Be!®) and short-
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term cold events (inferred from higher concentrations of ice-rafted debris in sediments)
in the North Atlantic Ocean during the Holocene. The impact of these short-lived cooling
events was globally felt (Gupta et al., 2003; Hong et al., 2003; Fleitmann et al., 2007;
Feng and Hu, 2008; Marzin et al., 2013; Menzel et al., 2014). The North Atlantic cooling
events may have influenced the ISM by indirectly influencing the Eurasian snow cover
(Fleitmann et al., 2003). In the Indian subcontinent the millennial-scale monsoon
variability is well correlated with North Atlantic warming/cooling events (Gupta et al.,
2003; Hong et al., 2003; Fleitmann et al., 2007; Menzel et al., 2014). Additionally, the
marine core from the Arabian Sea shows that the ISM variability during MWP (Medieval
Warm Period) and LIA (Little Ice Age) was linked with the North Atlantic warm/cold
events, respectively (Gupta et al., 2003).

1.2. State of the art

A large database of marine and terrestrial climate reconstructions on ISM variability is
available from the South Asian region (Borgaonkar et al., 1996; Sinha et al., 2005; Gupta
et al., 2005; Juyal et al., 2006; Demske et al., 2009; Mischke and Zhang, 2010; Rashid et
al., 2011; Anoop et al., 2013a and 2013b; Doberschutz et al., 2013; Prasad et al., 2014;
Sridhar et al., 2014). The high-resolution tree ring and speleothem data are valuable
archives for the climate variability at centennial to decadal time scales. But the
reconstruction of moisture availability on the basis of 5'0 (Sinha et al., 2005; Yadava
and Ramesh, 2005; Tiwari et al., 2011) can be complicated by changes in storm tracks

and moisture sources (Dayem et al., 2010).

On longer time scales, both marine and lake records can provide the information
about past climate variability. The marine records from the Arabian Sea and Bay of
Bengal indicate the climate variability on millennial to centennial time scales. Sediment
cores from the Arabian Sea shows asynchronicity in their palaeo-records. The
reconstructed ISM wind strength from the western Arabian Sea (based on the percentage
of planktonic foraminifer Globigerina bulloides) is not always correlatable with

continental monsoon precipitation (Prasad and Enzel, 2006).

High-resolution lake sediments have the potential to provide information about
moisture availability and moisture sources on millennial to decadal time scales (Gasse et
al.,, 1996; Demske et al., 2009; Mischke and Zhang, 2010; Anoop et al., 2013a;
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Doberschutz et al., 2013; Leipe et al., 2014a; Prasad et al., 2014). Lake sediments
contain a wide variety of physical, chemical and biological proxies that can be used for
the palaeoclimate reconstruction. These proxies can provide the information about past
environmental conditions that, in turn are related to the climate variability. However,
each proxy has its own limitation and a different response time to the environmental
forcing (Lotter, 2014). Therefore, the investigations of lake sediments using a multiproxy
approach can provide several independent lines of evidence for environmental
reconstruction. Various proxy investigations, such as mineralogy (detrital, authigenic
evaporitic) and sedimentology can also provide the information on catchment geology,
shoreline proximity, and energy of the transporting medium. Additionally, authigenic
carbonates and pollen studies are also useful in reconstructing past hydrology identifying
moisture sources and changing vegetation (Schoell, 1978; van Zeist and Woldring, 1978;
Rashid et al., 2011) in the region.

1.2.1. Literature review: Palaeomonsoon studies

ISM variability in the south Asian continent during the Holocene epoch is evident from
several marine (Overpeck et al., 1996; Gupta et al., 2003; Staubwasser et al., 2006;
Rashid et al., 2011) and terrestrial records (Enzel et al., 1999; Phadtare, 2000; Kar et al.,
2002; Sinha et al., 2005; Yadava and Ramesh, 2005; Herzschuh, 2006; Prasad and Enzel,
2006; Chen et al., 2008; An et al., 2011; Anoop et al., 2013b; Ddberschiitz et al., 2013;
Leipe et al., 2014a; Prasad et al., 2014). These records show a complex interaction
between the ISM and mid-latitude westerlies in northern India, which leads to
hydrological changes on different time scales. However, due to the proxy limitation,
and/or a complex process of moisture transport by the two branches of the ISM (Arabian
Sea and the Bay of Bengal) and westerlies, differences in temporal resolution of the
samples, and/or uncertainty in radiocarbon dates (Prasad and Enzel, 2006; Fleitmann et
al., 2007; Wang et al., 2010; Mischke et al., 2013), the timing and extent of the monsoon
precipitation during the Holocene from the Asian continent is not always synchronous

with the nearby records (Fig. 1.2).
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Fig. 1.2: Spatio-temporal patterns of effective-moisture change from ISM domain and central Asia during
the Holocene: (a to f) Record from the central Asia (Chen et al., 2008); (g) Nal Sarovar (Prasad et al.,
1997); (h) Lunkaransar (Enzel et al., 1999); (i) Didwana Lake (Wasson et al., 1984); (j) Qunf cave
(Fleitmann et al., 2007); (k) Arabian Sea (Gupta et al., 2003); (I) Lonar Lake (Prasad et al., 2014); (m)
Tso Kar Lake (Demske et al., 2009), and; (n) Nam Co Lake (Ddberschutz et al., 2013)
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The spatio-temporal variability of regional monsoon precipitation during the
Holocene is discussed below. In the following section, | have used the subdivision of
Holocene recommended by the working group of INTIMATE (Integration of ice-core,
marine and terrestrial records) and ICS (International Commission on Stratigraphy)
(Walker et al., 2012) — here the calendar ages are referred to as ka BP (1000 yr. before

present). For the sake of consistency, | have used cal ka throughout for calendar ages.
(a) Early Holocene (11-8.2 cal ka)

The climate variability obtained from several palaeo-records on different time scales
from the monsoon dominated regions indicate strengthened monsoon during the early
Holocene (Van Campo and Gasse, 1993; Gupta et al., 2003; Hong et al., 2003; Fleitmann
et al., 2007; Demske et al., 2009; Rashid et al., 2011; Anoop et al., 2013a; Doberschitz
et al., 2013; Leipe et al., 2014a), whereas the proxy records from the westerlies domain
(arid central Asia and NW India) shows relatively less moisture availability in the region
(Fig. 1.2a-n) (Swain et al., 1983; Enzel et al., 1999; Herzschuh, 2006; Prasad and Enzel,
2006; Chen et al., 2008).

The multiproxy investigations on the lake sediments from the Lonar Lake in the
core monsoon zone of India (Gadgil, 2003), provided the evidence of relatively wetter
Holocene interval, during 11 to 6.2 cal ka (Prasad et al., 2014) then today (Fig. 1.2I).
Similarly, in NW Himalaya and Tibetan Plateau, palaeoclimate reconstructions based on
the geomorphological, geochemical and palynological studies indicated an early
Holocene wet phase (Bookhagen et al., 2005; Herzschuh et al., 2006; Demske et al.,
2009; Anoop et al., 2013a; Ddberschutz et al., 2013; Leipe et al., 2014b). The records
from the Arabian Sea (Gupta et al., 2005) and Oman stalagmites (Fleitmann et al., 2007)
linked solar forcing with Holocene monsoon precipitation (Agnihotri et al., 2002; Gupta
et al., 2003; Wang et al., 2010). However, most of the records from the south Asian
region indicate early Holocene intensification (wet phase), the period of intensification is
not always synchronous with the nearby records (Gasse et al., 1996; Herzschuh, 2006;
Demske et al., 2009; Mischke and Zhang, 2010; Wang et al., 2010). This asynchronicity
in the palaeo-records could be explaind by (i) dating uncertainties, (ii) climate sensitivity
of the proxies, and (iii) interaction between different wind regimes (Gupta et al., 2003;
Fleitmann et al., 2007; Demske et al., 2009; Mischke and Zhang, 2010; Wang et al.,
2010; Doberschutz et al., 2013; Prasad et al., 2014) (Fig. 1.2j-n).
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In contrast, the palaeo-record from the central Asia and NW India indicates
relatively less moisture. Based on geochemistry, mineralogy, and sedimentology of the
Didwana Lake sediments, Wasson et al., (1984) have suggested a moderately deep lake
with fluctuating lake levels. This is in agreement with the investigations on the
Lunkaransar Lake sediments (Fig. 1.2h) (Enzel et al., 1999) which also indicated
moderately dry conditions during the early Holocene. Similarly, the palaeo-records from
the arid central Asia also show relatively drier condition in the region (see Chen et al.,
2008) (Fig. 1.2a-f).

(b) Mid-Holocene (8.2 to 4.2 cal ka)

During the mid-Holocene, the records from the central India and NW Himalaya show
reduced moisture due to the weaker ISM precipitation (Demske et al., 2009; Rashid et
al., 2011; Anoop et al., 2013a; Achyuthan et al., 2014; Prasad et al., 2014). However, in
NW India, the centennial scale reconstruction from the sediments of Lunkaransar (ca. 7.2
to 6.0 cal ka) and Nal Sarovar Lakes (ca. 7.2 to 6.1 cal ka) inferred early to mid-
Holocene wetter climate compared to the present day (Fig. 1.2g-h). This discrepancy is
attributes to the influence of mid-latitude westerlies bringing in the winter rains during
the mid-Holocene in NW India (Prasad and Enzel, 2006). Similarly, the out of phase
relationship between the palaeo-records from the arid central Asia (ACA) and monsoonal
Asia, indicated that the ACA was wettest during the mid-Holocene (Fig. 1.2a-f)
(Herzschuh, 2006; Chen et al., 2008). The palaeo-records from the monsoon dominated
regions showed that the strength of the ISM is related to northern hemisphere insolation
maxima (Gupta et al., 2003; Herzschuh, 2006; Demske et al., 2009; Wiinneman et al.,
2010). However, the moisture variability in the westerly dominated regions was
determined largely by North Atlantic Sea surface temperatures, and regional uplift and
descent of air masses (Herzschuh, 2006; Chen et al., 2008; Lauterbach et al., 2014).

(c) Late Holocene (4.2 cal ka to recent)
The isotope investigations on the speleothem from the central India indicated the drier
condition during 3.4 to 1.9 ka and 0.7 to 0.3 ka, Gupteswar (Yadava and Ramesh, 2005;
Tiwari et al., 2009) and Dandak cave (Berkelhammer, 2010), respectively. Additionally,
the lacustrine record, based on the isotopic composition of the authigenic carbonate from
the Lonar Lake (central India) showed similar drying phase during 4.6 to 3.9 cal ka and 2

to 0.6 cal ka (Anoop et al., 2013b) (Fig. 1.2). Similarly, the palaeo-records from the
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Tibetan Plateau also showed the reduced moisture availability during the late Holocene
compare to the early or mid-Holocene (Gasse et al., 1996; Demske et al., 2009; Mischke
and Zhang, 2010; Ddoberschutz et al., 2013) (Fig. 1.2m-n). The cold event at lake
Ximencuo (Mischke and Zhang, 2010) between 4.2 and 2.8 cal ka is coeval with other
records from Garhwal Himalaya (Phadtare, 2000), Bangong Co and Sumxi Co (Gasse et
al., 1996), and Guliya ice core (Yao et al., 1997).

During the late Holocene, the climate records from the Indian subcontinent show
substantial changes on centennial to sub-centennial time scales (Fig. 1.2g-n). For
example, based on the dendroclimatic records from the Himalayan region, a decreasing
trend of atmospheric temperatures in the Himalayan region as compared to the increaing
global temperatures is observed during the late 20"century (Esper et al., 2002; Tiwari et
al., 2011). Additionally, the lack of LIA (Little Ice Age) from the western Himalaya as
compared to the central Himalaya and the other sites from the Tibetan Plateau also
indicated significant difference in the past climatic record (Tiwari et al., 2009; Mischke
etal., 2013).

1.3. Motivation and Objectives

The importance of seasonal precipitation and meltwater to the social and economic well-
being of Indian society cannot be overstated. My work largely focuses on the Tso Moriri
Lake in the high altitude Indian Himalayas. Solving the riddle past hydrological changes,
and the role of seasonal precipitation and meltwater on the large water resources stored
in this 105 m deep lake can provide clues to understanding the impact of climate change
on local hydrology. Additionally, | have also worked on the Lonar Lake in peninsular

central India to decouple the regionality of seasonal precipitation during the Holocene.
My specific objectives were

e Establishing a link between modern lake sediment properties and environmental
conditions to identify climate sensitive proxies.

e Using the identified proxies to reconstruct ISM and westerlies variability on
millennial to decadal timescales.

e Identifying the impact of seasonal precipitation and meltwater to the local
hydrological balance in the Tso Moriri Lake

To achieve these objectives my work is divided into the following three levels.
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(a) Modern investigations: “Present is the key to the past”, the famous quote, by James
Hutton, emphasises the importance of modern environmental conditions as key to
understanding past environmental changes. A crucial prerequisite for palaeo-
reconstruction is the identification of sensitive proxies. The modern investigations on the
high altitude NW Himalaya and the peninsular India involved (i) site selection; (ii)

modern limnological investigations; and (iii) identifying climate sensitive proxies.

(i) Site selection from climatically sensitive regions: In view of the spatial
heterogeneity in the modern climate and precipitation sources over India (Section
1.1), I have focussed on two lakes from different climate zones. The first site, the
Tso Moriri Lake, lies in the transitional zone between westerlies and the ISM
regime in the high altitude Himalayas. The water balance in the lake is
maintained by meltwater from glaciers and seasonal precipitation (ca. 250 mm/y)
(New et al., 2002) and relatively high evaporation (Srivastava et al., 2013). The
second site is the Lonar Lake, which is situated in the core monsoon zone of
India (Gadgil, 2003). The regional hydrology of the lake is sustained dominantly
by ISM precipitation and limited ground water discharge (Anoop et al., 2013b;
Menzel et al., 2014; Prasad et al., 2014).

(ii) Identifying modern end members and limnological investigations: Investigation
of lake physico-chemical parameters (limnology), identification of water and
sediment sources, understanding the major factors controlling the hydrochemistry
and the isotopic composition of the feeder streams and the lake water.

(iii) Proxy identification: Geochemical, sedimentological, and mineralogical analyses
of catchment and surface lake sediments to understand transport and
sedimentation processes within the lake basin in order to identify

environmentally sensitive proxies (isotopes, mineralogy, weathering indices).

(b) Reconstruction of the past hydrology (climate): Based on the identified proxies,
the reconstruction of the past hydrological conditions, and identification of periods of

extreme changes.

(c) Regional intercomparison to determine spatio-temporal variation of the past

moisture sources, and infers probable forcing mechanisms.
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1.4. Study area

1.4.1. Tso Moriri Lake, NW Himalaya

Tso Moriri (78°14°-78°25’E and 32°40°-33°02°N, >4500 m asl) is one of the largest
lakes situated in the Changthang region of Ladakh region (Chandan et al., 2008). It
extends 27 km in NS direction and 5-7 km in an EW direction (Fig. 1.3b). The lake lies
within the rain shadow region of the NW Himalaya with cold-arid to semi-arid climate
and an annual maximum temperature fluctuating between +30°C (in summer) and -40°C
(during winter) (Mishra and HumbertDroz, 1998). Annual precipitation of the Tso Moriri
region is very low, varies around ca. 250 mm (New et al., 2002). Modern data (1998-
2007) indicates that the western part of the Himalaya (Indus catchment) receives 50% of
the discharge from monsoonal rainfall during summer and the remaining 50% from snow
melt (Bookhagen and Burbank, 2010).

Tso Moriri Lake has a watershed area of approximately 2,361 km? and a lake
surface area of approximately 150 km? (Leipe et al., 2014b). The lake is closed
(endorheic), fresh to brackish water (<5.85 g/l NaCl measured in mid-summer) and
oligotrophic in nature (Chandan et al., 2008). The lake is fed by two major streams
(Gyoma from the north and Phirse Phu from south) and several ephemeral streams,

which contribute in the lake water budget.

The modern vegetation in the catchment of the lake is characterised by desert-
steppe, alpine/high and alpine steppe plant communities (e.g. Artemisia,
Chenopodiaceae, Polygonum, Oxytropis, Poaceae, Cyperaceae) (Hutchinson, 1937
Mishra and Humbert-Droz, 1998; Chandan et al., 2008; Leipe et al., 2014a, 2014b). The
Kurzok village, situated along the northwestern shore of the lake, is one of the highest
places of the world where agriculture is practiced (Hutchinson, 1937). The main
cultivated crops are barley (Hordeum), wheat (Triticum), buckwheat (Fagopyrum) and
millet (Panicum) (Bhattacharyya, 1991; Hartmann, 1999; Leipe et al., 2014b). The
shallow part of the lake basin (up to 10 m of water depth) is characterised by the aquatic
plant from Potamogeton sp. (Potamogeton pectinatus, Potamogeton perfoiatus), and

Ranunculus natans (Chandan et al., 2008).

Geologically, the lake catchment is dominated by carbonate-bearing rocks in
south and east-west extension of the lake basin (Fig. 1.3b) (Steck et al., 1998). The
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northern part of the lake is surrounded by metamorphosed gneissic complex with
characteristics ultra-high pressure (UHP) eclogite rocks, whereas the south-west part is
covered by massive, unfoliated, coarse grained granitic body (Rupshu granite) (Fuchs et
al., 1996).

1.4.2. Lonar Lake, central India

The Lonar (76°30’E and 19°58°N, ~480 m asl) is a crater lake formed by the meteoric
impact at around 570 ka (Jourdan et al., 2011) (Fig. 1.3c). The lake is closed, hyposaline
and alkaline in nature, with a mean diameter of ~1.2 km. The catchment is characterised
by Deccan basalt, intertrappean palaeosols, and Quaternary deposits (Maloof et al., 2010;
Basavaiah et al., 2013) (Fig. 1.3c). Climatically, the lake is situated in the core monsoon
zone (Gadgil, 2003) of India, and receives moisture only from the SW monsoon (ISM).
The average precipitation during the monsoon (June to September) ranges around ~680
mm, whereas the temperature during pre-monsoon period (March to June) varies around
31°C. During the monsoon and the post monsoon period the temperature ranges from 23
to 25°C (Anoop et al., 2013Db).

The modern vegetation of the Lonar crater is dominated by tropical dry
deciduous forest (Champion and Seth, 1968). Based on the abundance of different plant
species the vegetation is roughly divided into three zones. The dry deciduous forest
vegetation comprising, Azadirachta indica (local name: Neem), Tectona grandis (local
name: Sagaun), Cassia fistula (local name: Amaltas), and Wrightia tinctoria, at the outer
rim of the Lonar crater (Prasad et al., 2014). The shore region is exclusively dominated
by Prosopis juliflora (local name: Babool), whereas the region between the outer rim of
the crater and shore region is dominated by Ficus benghalesis (local name: Bargad),
Trewia nudiflora (local name: Gutel), Alangium salviifolium, etc. (Prasad et al., 2014). In
the NE part of the lake, swamp vegetation is dominant near to the mouth of Dhara
stream, whereas in the distal part of the stream large area of alluvial fan is used for the
crop plantation and cattle grazing (Fig. 1.3c). The lake is highly eutropic, which is
indicated by the dominance of phytoplankton biomass in the lake epilimnion
(Satyanaraya and Chaudhari, 2007). The common algal assemblage in the lake water is
dominated by mainly cynophyceae followed by bacillariophyceae as well as
euglenophyceae and chlorophyceae (Malu 2001; Satyanaraya and Chaudhari, 2007).

The microscopic organisms (Zooplanktons) are dominated by rotifer species (Malu,
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2001). The lake is also characterised by thermophilic, halophilic and alkalophilic bacteria

with an important role in nutrient cycling and food web (Joshi et al., 2008).
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1.5. Organisation of thesis

The organisation of my thesis is based on the investigations on modern and core
sediments from the Tso Moriri, NW Himalaya and the Lonar Lake, central India. With
the former, | have identified environment (climate) sensitive proxies, which were used

for palaeo-investigations on core sediments.

Chapter 2: “Limnology and modern sedimentation patterns in high altitude Tso
Moriri Lake, NW Himalaya — implications for proxy development” This study deals
with the geochemical and sedimentological investigations on catchment and surface lake
sediments from the Tso Moriri Lake, NW Himalaya, and evaluates the potential of
measured parameters for palaeoenvironmental (climate) reconstruction i.e. proxy

identification.

Chapter 3: “Reconstructed late Quaternary hydrological changes from Tso Moriri
Lake, NW Himalaya” provides high-resolution data from the Tso Moriri Lake, NW
Himalayas The geochemical, mineralogical and sedimentological investigations on the
core sediments reveal the climate forced hydrological variability i.e. ([Precipitation+Melt
water=I]/[Evaporation=E] (I/E) balance and lake level changes since glacial period (~26
cal ka). This reconstruction was then compared with available literature from the ISM
and westerly dominated regions to obtain the information on their spatial and temporal

variability during the Holocene in the ISM realm.

Chapter 4: “Carbonate isotopes from high altitude Tso Moriri Lake (NW
Himalayas) provide clues to late glacial and Holocene moisture source and
atmospheric circulation changes”- high-resolution isotopic (8'%0 and &%C)
investigations on authigenic carbonates (calcite/aragonite) from the Tso Moriri Lake,
NW Himalaya provide insights into the changing precipitation sources during selected
time slices during the past 15.5 cal ka.

Chapter 5: “Linking Holocene drying trends from Lonar Lake in monsoonal central
India to North Atlantic cooling events- this chapter deals with palaeoclimatic
reconstruction on centennial scale from the Lonar Lake using biogeochemistry,
mineralogy and grain size data. The centennial scale variability indicated the climate
deterioration occurred at 6.2 — 5.2, 4.6 — 3.9, and 2.0 — 0.6 cal ka, linked with the North

Atlantic cold events.

[18]
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Abstract

We report the results of our investigations on the catchment area, lake surface
sediments, and hydrology of the high altitude alpine Tso Moriri Lake, NW Himalayas
(India). Our results indicate that the lake is currently alkaline, and thermally stratified
with an oxic bottom layer. Results from hydrochemistry and isotopic composition (6*°0
and oD) of inflowing streams and lake waters show that Tso Moriri Lake is an
evaporative lake with contribution from both westerly source (snow melt) and Indian
summer monsoon precipitation. Geochemical and mineralogical investigations on the
catchment and lake surface sediments reveal the presence of authigenic aragonite in
modern lake sediment. The lithogenic components reflect the inflow and sorting
processes during transport into the lake, whereas the authigenic carbonate fraction can
be linked to the changes in ([precipitation+meltwater]/evaporation) (I/E) balance within
the lake. The spatial variability in grain size distribution within the lake surface
sediments shows that the grain size data can be utilised as a proxy for transport energy
and shoreline proximity in the lake basin. We have evaluated the applicability of
commonly applied environmentally sensitive proxies (isotopes, mineralogy, weathering
indices) for palaeoenvironmental reconstruction in the Tso Moriri Lake. Our results
show that the commonly used weathering index (Rb/Sr) is not applicable due to Sr
contribution from authigenic carbonates. The useful weathering indices in Tso Moriri
Lake are the Si/Al and the Chemical Proxy of Alteration (CPA). Since the carbonates are
formed by evaporative processes, their presence and isotopic values can be used as
indicators of I/E changes in the lake.

Keywords: Geochemistry; Lake Sediments; Palaeoenvironmental proxies; Tso Moriri
Lake; Weathering indices
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Abstract

We present the results of our investigations on the radiocarbon dated core sediments
from the Lake Tso Moriri, NW-Himalaya aimed at reconstructing palaeohydrological
changes in this climatically sensitive region. Based on the detailed geochemical,
mineralogical and sedimentological analysis, we recognise several short-term
fluctuations superimposed upon seven major palaeohydrological stages identified in this
lake since ~26 cal ka. Stage | (>20.2 cal ka): shallow lake characterised by input of
coarse-grained detrital sediments; Stage Il (20.2-16.4 cal ka): lake deepening and
intensification of this trend ca. 18 cal ka; Stage 111 (16.4 -11.2 cal ka): rising lake levels
with a short-term wet phase (13.1-11.7 cal ka); Stage IV (11.2-8.5 cal ka): early
Holocene hydrological maxima and highest lake levels inferred to have resulted from
early Holocene Indian monsoon intensification, as records from central Asia indicate
weaker westerlies during this interval; Stage V (8.5-5.5 cal ka): mid-Holocene climate
deterioration; Stage VI (5.5-2.7 cal ka): progressive lowering of lake level; Stage VII
(2.7-0 cal ka): onset of modern conditions. The reconstructed hydrological variability in
Lake Tso Moriri is governed by temperature changes (meltwater inflow) and monsoon
precipitation (increased runoff). A regional comparison shows considerable differences
with other palaeo-records from peninsular India during late Holocene.

Keywords: Authigenic carbonates; Holocene; Indian summer monsoon; Lake
Sediments; Tso Moriri Lake; Westerlies.
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3.1. Introduction

The modern climate in the Asian region is influenced by the Asian monsoon in the east
(East Asian monsoon) and south Asia (Indian summer monsoon), the mid-latitude
westerlies in central Asia, the orographic influence of the Tibetan Plateau, and the
Siberian Anticyclone (Raymo and Ruddiman, 1992; Gong and Ho, 2002; Herzschuh,
2006; Anoop et al., 2013a). The relative influence of the moisture pathways (westerlies
and the Asian monsoon) in these regions has shown considerable variations in intensity
and spatial extent in the past (e.g., Herzschuh, 2006; Chen et al., 2008; Demske et al.,
2009). The hydrological budget of the Himalayan lakes and rivers is controlled by both
the snowmelt and monsoon rainfall contribution. Modern data (1998-2007) indicates that
the western part of the Himalaya (Indus catchment) receives 50% of the discharge from
monsoonal rainfall during summer and the remaining 50% from summer melting of
snow precipitated during winter (Bookhagen and Burbank, 2010). However, the
contribution of seasonal precipitation and snowmelt to the hydrological balance of lakes
over longer time scales is not yet well documented. Additionally, prolonged droughts
have been reported from central and NE India during the late Holocene (Prasad et al.,
2014) though their impact, if any, in the NW-Himalayan region is unknown. These
lacunae need to be urgently addressed as a major percentage of the Asian population is

directly or indirectly dependent on the freshwater supplied from the Himalayan region.

In this study, we investigate core sediments from Lake Tso Moriri, NW-
Himalaya, India (78°14’-78°25’E and 32°40°-33°02°N, >4500 m asl) as a
palaeoenvironmental archive. Lakes in these high altitude regions respond to modest
environmental changes (Herzschuh et al., 2009; Mischke and Zhang, 2010; Wiinnemann
et al., 2010), and are less influenced by the local human impact. Leipe et al., (2014a)
have shown that higher Artemisia percentages in the pollen spectra and higher
Artemisia/Chenopodiaceae (A/C) values in Lake Tso Moriri sediments are linked to
increased moisture availability and have reconstructed a mean annual precipitation
(MAP) curve for the Holocene. However, the relative role of seasonality of precipitation
or meltwater to the Lake Tso Moriri hydrology is yet unknown. Our study is aimed at
palaeohydrological ~ reconstruction  using  geochemical,  mineralogical, and

sedimentological proxies from a composite core raised from the Lake Tso Moriri. We
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compare our reconstruction with other records in the monsoon and westerly domains for

a better understanding of the moisture sources (Fig. 3.1a).
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3.2. Study area

3.2.1. Regional climate

Lake Tso Moriri lies within the rain shadow region of the NW-Himalaya with summer
and winter temperature variations between 0° to +30°C and -40° to -10°C, respectively
(Mishra and Humbert-Droz, 1998). Annual precipitation in the Tso Moriri region is ca.
250 mm (Leipe et al., 2014a). Modern climate data suggest that the Lake Tso Moriri is
situated in a transitional zone affected by both the Indian summer monsoon and the mid-
latitude westerlies (Bookhagen et al., 2005; Bookhagen and Burbank, 2010).

3.2.2. Geology

The Lake Tso Moriri is situated in the Tso Moriri crystalline complex (Steck et al., 1998;
de Sigoyer et al., 2004), which is bounded by NW-SE trending belt (Zildat ophiolite
mélange of Indus-Tsangpo suture zone) to the north (Berthelsen, 1953) and sedimentary
rocks of the Tethyan Himalaya to the south (Singh et al., 2013). The northern boundary
of the lake catchment is characterised by the Puga gneiss complex comprising of
Quartzo-feldspathic augen gneiss as well as boudins of eclogites and discontinuous
layers of metasedimentary schists (Steck et al., 1998). The northeastern part of the lake is
dominated by the Lamayuru Formation (Mesozoic age), consisting of interbedded marls,
limestone, dolomites, shales and sandstone (Steck et al., 1998) (Fig. 3.1b). The lower
Proterozoic to Cambrian sediments of the Haimanta group with dominant carbonate
lithology are exposed in the southern boundary of the catchment. To the south of the
Kurzok village, the Haimanta group has been intruded by the unfoliated, coarse-grained
Rupshu granite (Fig. 3.1b) (Fuchs and Linner, 1996).

The geomorphology in the Tso Moriri catchment is dominated by glacial and
fluvial landforms; most common Quaternary sediments are characterised by alluvial and
moraine deposits (Hedrick et al., 2011). Cosmogenic °Be dating of moraine deposits
suggested that the glacial advance in Kurzok valley (~3.6x1.1 ka) is synchronous with
the glacial advancement in northern Puga valley (4.2+2.2 ka) (Hedrick et al., 2011).

3.2.3. Hydrology

Tso Moriri is one of the largest lakes situated in the Changthang region of Ladakh
(Chandan et al., 2006) with an N-S length of 27 km and E-W extent of 5-7 km. The lake
has a watershed area of ca. 2,350 km? and a surface area of approximately 150 km?. The
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modern lake is closed (endorheic) and oligotrophic (Hutchinson, 1937; Chandan et al.,
2006). Bathymetric mapping carried out during summer 2011, revealed a maximum lake
water depth of 105 m. Interannual lake level fluctuations of 1-3 m have been observed
during the last decade with high lake stands observed during June/July with contributions
from both meltwater inflow and monsoon rainfall (Leipe et al., 2014b; Mishra et al.,
2014). Lake Tso Moriri is fed by two major perennial streams, namely Gyoma in the
north, and Phirse Phu in the south (Fig. 3.1b). Additionally, several ephemeral streams,
prominent among them being the streams located in the eastern (Lungpo, Skyidlung, and
Chur Chu stream), and northwestern (Kurzok) part of the basin, also contribute to the
surface water inflow into the lake (Fig. 3.1b). The meltwater in eastern streams is
contributed by Chamser Kangri (6600 m asl) and Lungser Kangri glaciers (6650 m asl),
whereas Mentok | (6250 m asl) and Il (6210 m asl) are the source of the meltwater for

streams in the western part (Leipe et al., 2014b).

3.2.4. Modern vegetation

The modern vegetation in the vicinity of Lake Tso Moriri is characterised by desert-
steppe and alpine/high, alpine steppe plant communities (Hutchinson, 1937; Mishra and
Humbert-Droz, 1998; Chandan et al., 2008; Leipe et al., 2014a and 2014b), commonly
comprising Artemisia, Chenopodiaceae, Polygonum, Oxytropis, Poaceae, Cyperaceae
(Chandan et al.,, 2008; Dvorsky et al., 2011). Kurzok village, situated along the
northwestern shore of the lake, is one of the highest places of the world where
agriculture is practised (Hutchinson, 1937). The main cultivated crops are barley
(Hordeum), wheat (Triticum), buckwheat (Fagopyrum) and millet (Panicum)
(Bhattacharyya, 1991; Hartmann, 1999; Leipe et al., 2014b). Chandan et al., (2008), have
documented the presence of aquatic plants (Potamogeton pectinatus, Potamogeton
perfoiatus, and Ranunculus natans) on the lake bottom down to 10 m depth.

3.3. Methodology

3.3.1. Coring and core correlation

During the field expedition in June/July 2011, we retrieved two long parallel sediment
cores (Fig. 3.1b) in 2 m core sections, in 9 cm diameter liners. A 7.28 m long composite
sediment profile was developed by correlating these two long parallel core sequences
using visible macroscopic marker layers (e.g., mica and sand) and p-XRF data from core

scanning (Fig. 3.2a-b). Additionally, to better capture the water-saturated sediment
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surface, several short (ca. 15-30 cm long) cores were also recovered from the lake basin

using a gravity corer (Mishra et al., 2014).
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3.3.2. Chronology

Due to limited amount of terrestrial organic fragments, analysis of bulk organic material
or available submerged macrophytes was the only option for dating (Hou et al., 2012).
The dating of the Lake Tso Moriri core sediment is based on AMS-1*C dates on seven
bulk sediment samples, five macroscopic Potamegeton remains, and a terrestrial twig
fragment (Table 3.1; Fig. 3.2c). The samples were dated in the Poznan AMS dating
laboratory in Poland. Additionally, bulk sediment samples from the top (0-1 cm depth) of
the composite core and leaves of Potamogeton pectinatus growing in the modern lake
were radiocarbon dated to estimate the “reservoir effect” in the lake. Since the **C
content in the modern atmosphere has been changed significantly by the admixture of
large amounts of fossil fuel derived CO2 (Hou et al., 2012), calibrated **C ages of the
modern samples were calculated for the year of material formation/deposition (i.e. 2011
AD) and not for the *C concentration of the atmosphere in 1950 AD (Mischke et al.,
2013). For the conversion of the older *C dates into calendar ages, we used the online-
version of the OxCal 4.2 radiocarbon calibration program (Bronk Ramsey, 2008) using
the INTCAL 13 calibration curve (Reimer et al., 2013) (Table 3.1).

3.3.3. Laboratory methods

Geochemical (quantitative and scanning X-ray fluorescence (XRF)), mineralogical, and
sedimentological analysis were conducted on the core samples. The high-resolution X-
ray fluorescence scans were done at 1 mm resolution. Furthermore, 95 samples (1 cm
sample slices at 10-15 cm interval resolution until 415 cm, and 0.5 cm sample slices at
10 cm intervals in the lower part of the core) have been analysed for quantitative XRF,

X-ray diffraction (XRD), and grain-size distribution.

Continuous down-core XRF scanning of the sediment cores was performed using
the ITRAX core scanner. The sediment surface was carefully cleaned and covered with a
thin ultra-clean film prior to analysis. In the case of the Lake Tso Moriri sediments, the
scan was conducted using Cr-tube with a tube voltage of 30 kV, a current of 30 mA, and
an exposure time of 10 seconds. The resulting data are semi-quantitative and provide

relative down-core fluctuations in element composition as counts per second (cps).

The chemical composition of freeze-dried and powdered sediment samples was
quantitatively determined by XRF (PANalytical AXIOS) advanced analytical system.
The samples (0.35 g) were mixed with 6.65 g Fluxana and 0.5 g NH4NOs. The mixture
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was gradually heated and melted on five different burners to prepare melted glass discs,
which were used for the analysis. A Panalytical Axios Advanced wavelength-dispersive

spectrometer and matrix correction programs were used to calculate concentrations.

Powder X-ray patterns were collected using a PANalytical Empyrean powder
diffractometer with Cu Ko radiation, automatic divergent and anti-scatter slits and a
PIXcel3D detector. The diffraction data were recorded from 5° to 85° 20 via a
continuous scan with a step-size of 0.013° and a scan time of 60 s per step. Semi-
quantitative mineral contents of the samples were determined using the
AUTOQUAN/BGMN software (Bergmann et al., 1998).

The grain-size distribution of lake and catchment sediments was determined
using the Malvern Mastersizer 2000 analyser. Sample pre-treatment included the wet-
oxidation of organic matter at room temperature. Ten ml H202 (30%) was added in two
steps to approximately 0.3 g sample-aliquots in 50-ml centrifuge tubes (Sarstedt). The
excess oxidising agent was removed by repeated washing with Millipore water (18.2
MQcm), centrifugation (6000 rpm, 5 min), and suction of the supernatant. The solid
residues were suspended in 20 ml Millipore water without chemical additions. Particle
aggregates were disintegrated by hand shaking combined with a 15 min treatment in an
ultrasonic bath. A homogenous suspension aliquot was transferred into the ‘Small
Volume Sample Dispersion Unit’ of the instrument. The instrument measured the grain-
size distribution of the suspended particles from 0.02 to 2000 pum for 100 grain-size
classes. In the case of (coarse) sandy samples, the >200 pum particle fraction was
separated by sieving prior to carrying out the Laser-Particle grain-size analyses. The
content of coarse particles in the core sediment between 0 and 310 cm is generally low.
The presence of a few coarse particles (>200 um) in the suspension aliquots used for the
Laser-Particle measurements of these samples cannot be representative for the entire
sample. Therefore, we re-calculated primary analytical data of the grain-size distribution
for the particle size fraction 0.02 to 200 um. The average Relative Standard Deviations
(RSDs) of five single measurements of the Volume-weighted-means (D[4,3]) was
~0.5%.
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3.4. Results

3.4.1. Lithology

The Tso Moriri core sediments can be broadly divided into three dominant lithounits.
The bottom (728.6-585 cm) of the composite core is sandy, and is overlain by silt mixed
with variable amount of macroscopic macrophyte remains (585-425 cm). The remaining
part of the core (425-0 cm) contains largely calcareous silty clay with variable degree of
laminations. However, based on visual observations of degree and type of laminations,
and macrophyte content a more detailed classification into nine lithounits (LU) has been
made (Fig. 3.2a).

e LU-IX (728.6-585 cm): Dominated by sand with micaceous silt layer between
673 and 585 cm.

e LU-VIII (585-485.9 cm): Medium silt sized calcareous sediment, with

macroscopic macrophyte fragments.
e LU-VII (485.9-471.3 cm): Micaceous sand.

e LU-VI (471.3-425 cm): Similar to LU VIII, but characterised by well-defined

mica-rich lamination and abundance of macroscopic macrophyte fragments.

e LU-V (425-391.4 cm): Light grey medium size silt, with both indistinct and
clearly visible mica-rich laminations (1-5 mm thick). Mica laminations are more

prominent relative to LU IV.

e LU-IV (391.4-274.6 cm): Discontinuous lamination and disseminated mica in

medium grained silt.

e LU-III (274.6-190.3 cm): This unit was dominated by silty clay with continuous
black and light grey laminations (2-10 mm).

e LU-II (190.3-12.3 cm): Light to dark grey medium silt dominated sediment with
discontinuous and diffuse black and light grey laminations. Occasionally shell

fragments (<1 mm length) were found.

e LU-I (12.3-0 cm): Light brown silty sediment with alternating dark and light
laminations. The thickness of the individual laminations varies between 2 and 8

mm.
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3.4.2. Radiocarbon dating

The dates on bulk organic matter and macroscopic organic remains from Lake Tso
Moriri sediments are shown in Table 3.1; Fig. 3.2c. The radiocarbon age (3319+35 yr)
for the top sediment from the composite core (Table 3.1, sample TM 1) indicates that
there is a significant “reservoir effect” in the Lake Tso Moriri. However, *C dating of

the modern Potamogeton shows a radiocarbon age of 741+40 yr (Table 3.1, sample M1).

3.4.3. Geochemistry and mineralogy

Titanium (Ti) shows a positive correlation with Al, K and Fe (r = 0.80, 0.88, 0.82
respectively) for the entire continuous p-XRF data set. However, Si is positively
correlated with Ti (r= 0.83) only for sediments between 0-425 cm. Below this depth
there is an inverse correlation between Ti and Si (r= -0.36) (Fig. 3.3a and 3.3b).
Similarly, there is a strong inverse correlation between Ca and Ti (r= -0.83) between 0
and 425 cm depth which is absent in the lower part of the core (425-728.6 cm) (r= -
0.045) (Fig. 3.3a and 3.3c). The CaO variability determined by discontinuous
quantitative elemental data, and the carbonates (calcite and aragonite) based on
mineralogical analysis, parallels the high-resolution scanned XRF profile of Ca (Figs.
3.3c, d and f) indicating that Ca is largely contributed by the carbonates.

The dominant mineral components, quartz, muscovite, and carbonates show large
variability in the composite profile (Fig. 3.3f). In the lower part of the composite profile
(>425 cm; >16.4 cal ka), quartz and muscovite dominate. The carbonates comprise
aragonite, calcite, and small amounts of dolomite (~1-4%). Aragonite was not found in
the lake’s catchment and is an authigenic component (Mishra et al., 2014). Aragonite and
calcite are dominant in sediments between ca. 425-310 cm (~16.4-11.2 cal ka) and ca.
197-0 cm (~8.5-0 cal ka). Between ca. 310-197 cm (~11.2-8.5 cal ka) the sediments are
nearly non-calcareous. Along most of the composite core, calcite and aragonite co-vary
(Fig. 3.3f) suggesting that most of the calcite is also of authigenic origin. There are a few
sections at around 660 cm (ca. 23.5 cal ka), between 388 and 330 (13.1 to 11.7 cal ka),

and 197-84.5 cm (ca. 8.5-2.7 cal ka), where aragonite is not detectable.
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The deeper part of the composite core (>477 cm) shows large variability in the
non-calcareous detrital component. The quartz/muscovite (Qtz/Ms) ratio in the sediments
of the upper section of core (<477 cm) closely varies around 0.5. However, in the lower
sediments (below 477 cm), Qtz/Ms is highly variable and can increase up to 12 (Fig.
3.39). High Qtz/Ms ratios are typical for sediments from local granitic terrains (north and
south-west) of the lake. Above ca. 477 cm, the quartz/plagioclase (Qtz/Plg) ratio varies
around a base value of 2.8 but in deeper sediments ratios up to 8.4 occur (Fig. 3.3h).
Similarly, the muscovite/chlorite ratio (Ms/Chl) shows distinct offsets above a base level
(4.3) to 19.4 (Fig. 3.3i).

3.4.4. Grain-size distribution

Figure 3.3j, displays the grain-size data of the <200 um fraction for 5 different grain-size
classes that roughly correspond to the German classification of clay, fine-, medium-,
coarse silt, and fine sand (Muller, 1967). The variation of the volume-weighted mean
D[4,3] values in sediments below 425 cm (~37 um), is much higher than in the upper

part of core (average= 13 um) (Fig. 3.3k).

3.5. Discussion

3.5.1. Chronology

A variety of potential sources of error in organic radiocarbon ages exist, the most
important being (1) the “reservoir effect”, caused by a disequilibrium between the
atmosphere and the lake waters *C; and (2) inflow of “dead” DIC to lakes and that can
result in old *C ages for lake waters (Bjorck and Wohlfarth, 2001; Wu et al., 2010;
Mischke et al., 2013). Both (1) and (2) can result in “old ages” for modern aquatic
organic material (sample M1 in Table 3.1); and (3) contamination of samples with
reworked organic matter from the catchment (sample TM 1 in Table 3.1). The difference
in 14C ages for the living Potamegaton and modern sediment is likely due to a mixture of
allochthonous and autochthonous organic carbon present in sediments. Assuming no
change in the reservoir effect, we have used a reservoir correction of 3319 yr. for bulk
samples, and 741 yr. for macroscopic Potamegaton remains in the core. The 4C ages for
the Lake Tso Moriri sediments after correction for reservoir effect are stratigraphically
consistent (Fig. 3.2c). No reservoir correction has been carried out for the dated
terrestrial twig (TM 4 in Table 3.1) that grows in equilibrium with the ambient

atmospheric *C activity. The age-depth model of core is derived by linear interpolation
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between the calibrated ages. The radiocarbon ages are available only down to a depth of
671 cm (top of the LU-IX). In view of the lithological similarity of the sediments below
this depth (728.6-671 cm) with the upper section of LU-IX, an age extrapolation for the
basal part was done using the sedimentation rate in the upper section of the LU-1X. The
core top (0-1 cm) has been confirmed to be modern using **’Cs dating method (Mishra et
al., 2014)

We acknowledge that due to the variable detrital content, as evidenced in the
lithological changes (section 4.1), the reworked organic content could have varied in the
past and the “reservoir correction” may not have remained unchanged. Therefore, the age
model proposed here can only be considered as accurate on millennial scale and not be

used for detailed correlation of short-term (centennial or decadal) events.

3.5.2. Proxies for palaeoenvironmental changes

We examine changes in the authigenic (calcite and aragonite) and lithogenic
components, variation in the grain-size distribution, and macrophyte data to infer
changes in past lake level/hydrology. A brief summary of their significance is outlined

below.
(a) Detrital input (mineralogy and grain size)

The chemical and mineralogical composition of the lithogenic (allochthonous)
component of lake sediments documents the fluvial and surface run-off from the
catchment (Konig et al., 2003; Limmer et al., 2012; Whitlock et al., 2012). Intense
precipitation and seasonal melting of snow and ice can supply large amounts of detrital
material and dissolved ions into lakes (Peng et al., 2005; Anoop et al., 2013a). The grain-
size distribution of lake sediments varies depending on the proximity to the shoreline and
the river inlet, changes in river discharge, and lake water depth (Magny et al., 2012;
Anoop et al., 2013a). In the composite profile of Lake Tso Moriri sediments, the high
positive correlation between Al, K, and Fe, with Ti for the entire continuous XRF data
set indicates that Ti can be considered to be representative of the bulk siliciclastic input.
Quartz, muscovite, dolomite, feldspars (orthoclase, albite), chlorite, and possibly some
fraction of the calcite in the deeper sections (>585 cm; >20.2 cal ka) are of allochthonous
origin (Whitlock et al., 2012). The presence of unweathered mica-rich laminations in

lower sections of the core sediment (LU IX- below 585 cm) indicates short distance
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transport towards the coring site (Fig. 3.3f). The chemical and mineralogical composition
of the allochthonous detrital sediment can document variable contributions from local
and remote sources (Limmer et al., 2012). In the case of the Lake Tso Moriri, which fills
a basin that is surrounded by different geological units, mineralogical and geochemical
fingerprints of the sediment can potentially help to identify the local source of the detrital
deposition at the coring site (Fuchs and Linner, 1996; Steck et al., 1998; Morrill et al.,
2006).

The mineral ratios Qtz/Plg, Qtz/Ms, and Ms/Chl show variability in the lower
part of the core (>477 cm, >18 cal ka) and display only minor variations in the fine
sediments deposited after 18 cal ka (Fig. 3.3g-i). The high variability in the mineral
ratios in the older section can be linked to (i) the limited fractionation during the fluvial
transport into the lake; and (ii) distinct variability in the grain-size distribution of the
core sediments (Fig. 3.3j-k). This is consistent with the coarser grain-size distribution in
the section where the mineralogical variability is highest, suggesting deposition in a
shallow lacustrine environment (Magny, 2004; Magny, et al., 2012; Mishra et al., 2014).
Subsequently (<18 cal ka), the sediments tend to be finer and the authigenic carbonate

shows the largest variability.
(b) Authigenic carbonates

The strong inverse correlation between Ca and Ti (r=-0.83) between 0 and 425 cm depth
indicates authigenic origin of the carbonates. However, the relative lack of correlation in
the deeper sections between Ca and Ti (r= -0.045) implies some contribution from
detrital calcite. Precipitation of calcite and aragonite requires an increase in Ca®* and
COs% in lake waters to achieve supersaturation for carbonate mineral precipitation
(Stumm and Morgan, 1981). Our data on stream inflow show that these ions are brought
in into the lake by meltwater fed streams (Mishra et al., 2014). Subsequently, the
enrichment of these ions proceeds by evaporation. Beside evaporative enrichment,
photosynthetic uptake of CO; increases the concentration of COs? by shifting the CO3?-
HCOs™ equilibrium towards COs% and yields to precipitation of low-Mg CaCO; that
increases the Mg/Ca ratio of the lake water (White, 2013). In the modern oligotrophic
Tso Moriri Lake, (Hutchinson, 1937; Chandan et al., 2006) biogenic uptake of CO: is
less important and evaporative enrichment can be considered as a forcing factor for

carbonate precipitation.
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Calcite is the first carbonate mineral to precipitate in the course of evaporative
enrichment in response to high temperature (Eugster and Hardie, 1978). Precipitation of
calcite results in a relative enrichment of Mg?* versus Ca2" in the lake water - enrichment
of Mg in the lake inhibits the crystallisation of the calcite within the lake (Mucci and
Morse, 1983). With progressive evaporation, aragonite begins to precipitate in response
to an increase in the Mg/Ca ratio (Morse et al., 1997). Stein et al., (1997) document
aragonite precipitation for Mg/Ca = 4; Lippmann (1973) and Mdller and Kubanek (1976)
report onset of its precipitation for Mg/Ca > 3.5 and > 1.5. Beside evaporative
enrichment, authigenic carbonates needs the influx of Ca?" and COs*> from the
catchment. The largely coincident increase in calcite and aragonite from 20.2 cal ka to
present documents steady influx of dissolved Ca and carbonate under a strong summer

evaporative regime.

3.5.3. Palaeohydrological reconstruction using a multiproxy approach
We hypothesise that a coincident increase in detrital influx and changes in authigenic
carbonate precipitation is related to monsoon strength, warming and associated

meltwater release, that are recorded as hydrological changes within the sediments.

Between 23.5-20.2 cal ka, detrital input was high (Fig. 3.3a), and coarse sandy-
silt sediments with highly variable mineralogy (indicated by Qtz/Ms, Qtz/Plg, Ms/Chl)
were deposited indicating a shallow lake. The relatively low values for authigenic
carbonates (calcite + aragonite) prior to 16.4 cal ka (average ~11%) are likely related to
the regional colder temperatures (Thompson et al., 1997) during this period that inhibited
calcite precipitation (Haberzettl et al., 2005; Haberzettl et al., 2007), and/or reduced
chemical weathering and inflow (and hence ions) into the lake. We also note the
appearance of few macrophytes remains (P. pectinatus) ca. 20.2 cal ka accompanied by
an increase in pelagic sedimentation suggesting increasing water depth. This trend
intensifies after ca. 18 cal ka and continues until 16.4 cal ka during which macrophytes
flourished, detrital input begins to decrease, and sediments become finer in response to
increased distance from the shoreline and greater water depths (Peng et al., 2005).
Potamogeton pectinatus prefers shallow, still, clear water and can grow up to a
maximum water depth of 10 m (Kantrud, 1990) indicating that an increase in lake level

relative to the preceding stage resulted in conditions favourable for the growth of
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macrophytes. We propose that between ca. 20.2-16.4 cal ka, a shallow lake was

established but the detrital input was still significant (Fig. 3.3a and 3.3f).

The period between ca. 16.4-11.2 cal ka is characterised by a high carbonate
content (average sum of calcite and aragonite is ~36%), fine-grained sediments, absence
of macrophytes, and relatively low siliciclastic component in the sediments (Fig. 3.3a
and 3.3f) — all these characteristics point towards a rise in lake level, but the evaporative
conditions persist. This apparent contradiction is linked to increasing summer insolation
resulting in an increased meltwater inflow, coincident with higher summer evaporation
(Fig. 3.31). This is consistent with modern environment where the water chemistry data
clearly shows that, unlike inflowing meltwater streams, the Mg/Ca ratio is high (>10) in
lake waters and is suitable for authigenic aragonite precipitation (Mishra et al., 2014).
Modern study of the lake sediments show aragonite percentages of up to 65% (Mishra et
al., 2014). A short interval of decline in the authigenic calcite content, absence of
aragonite, accompanied by an increased detrital influx (Fig. 3.3a and 3.3f) is seen
between ca. 13.1-11.7 cal ka - this interval documents a freshening of the lake that could
have been caused by a combination of stronger monsoon (first intensification) and
increased meltwater inflow. There is a retreat to previous

([precipitation+meltwater=I]/evaporation=E) (I/E) following this short wet event.

The period between ca. 11.2-8.5 cal ka is characterised by a decline in
precipitation of authigenic carbonates and higher detrital input resulting from increased
meltwater inflow and runoff (Fig. 3.3a and 3.3f). We propose that this period
corresponds to intensified Indian summer monsoon, synchronous with an increase in
meltwater inflow that resulted in freshening of the lake (highest I/E in the studied
interval) and increased influx of siliciclastics during the early Holocene warming.
Summer rains would have decreased the evaporation efficiency resulting in lower lake
water salinity. Subsequently, the period between 8.5-5.5 cal ka was characterised by the
re-appearance of authigenic calcite which resulted from a decrease in freshwater
(monsoon?) inflow and a shift in hydrological balance to lower I/E (Fig. 3.3f).

After ca. 5.5 cal ka there is a further reduction in detrital input coincident with an
increase in calcite precipitation that reaches a stable maxima around 3.7 cal ka (Fig. 3.3a
and 3.3f) that persists until 2.7 cal ka when aragonite re-appears. This indicates a
decreased but largely stable inflow between 5.5-2.7 cal ka, in combination with high
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evaporation, caused an increase in Mg/Ca favouring aragonite precipitation. From 2.7 cal

ka to present, the conditions largely remain similar to today.

Summarising, the authigenic carbonates provide qualitative information on the I/E
ratio in the lake. This, in combination with sedimentological and mineralogical data
enables identification of the following hydrological stages in the study area. Stage I:
period of lake establishment (ca. 728-585 cm; >20.2 cal ka) — increased coarse-grained
detrital input with high mineralogical variability indicating a shallow lake level.
Relatively low values for authigenic carbonates are linked to the cooler conditions during
the glacial period; Stage Il: deepening of the lake (ca. 585-425 cm; 20.2-16.4 cal ka) —
characterised by climate amelioration and the growth of macrophytes; Stage IlI: rising
lake level caused by increased meltwater input in an evaporative regime resulting in an
increase in carbonate precipitation (ca. 425-310 cm; 16.4-11.2 cal ka); Stage IV: high
lake levels during the early Holocene wet phase (ca. 310-197 c¢cm; 11.2-8.5 cal ka) —
characterised by absence of aragonite and low authigenic calcite. The high fine-grained,
detrital content and low mineralogical variability likely relates to increased surficial
erosion and pelagic sedimentation in a deep lake. The high input of detrital matter is
likely caused by surficial erosion during an intensified summer monsoon; Stage V: mid
Holocene climate deterioration (ca. 197-168 cm; 8.5-5.5 cal ka) — gradual weakening of
summer monsoon with reduced detrital influx and decreasing I/E; Stage VI: (168-84.5
cm; 5.5-2.7 cal ka) -lower, but stable I/E with reduced surficial erosion and calcite
maxima; Stage VII: onset of present day conditions (ca. 84.5-0 cm; 2.7-0 cal ka) —
marked by a further decrease in lake level (lower I/E) indicated by the onset of aragonite
precipitation that continues until today.

3.5.4. Regional comparison of hydrological changes (westerlies derived snow melt vs
Indian monsoon)

In the following, we compare the reconstructed hydrological changes (I/E) from Lake

Tso Moriri with other continental and marine records from the westerlies and Indian

monsoon domains.

The Tso Moriri sediments before 20.2 cal ka are characterised by high detrital
input and low authigenic carbonate precipitation indicating colder climate and deposition
in a shallow lake. Only a few climate records are available from the Indian summer

monsoon and mid-latitude westerly domains for this interval. These records indicate
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cooler and drier climatic conditions are related to a weakened summer monsoon during
insolation minima (An et al., 1991; Berger and Loutre, 1991; Herzschuh, 2006; Rashid et
al., 2011).

The period between ca. 20.2-16.4 cal ka in Lake Tso Moriri shows climate
amelioration with conditions favourable for shallow lacustrine sedimentation coincident
with increasing insolation (Fig. 3.3l). Following the termination of the glacial maxima,
the warming resulting from a steadily increasing insolation was sufficient to trigger an
enhanced meltwater inflow into the lake (Zhang and Mischke, 2009). The climate
amelioration inferred from our record is in line with several reconstructed palaeo-records
from the Tibetan Plateau (e.g., Herzschuh, 2006; Zhang and Mischke, 2009).

In Lake Tso Moriri, the period between ca. 16.4-11.2 cal ka is marked by
increased meltwater inflow, though evaporation remains dominant factor influencing the
I/E. This interval of drier climate in Lake Tso Moriri is in agreement with palaeoclimate
data from the NW-Himalaya, Tibetan Plateau (Herzschuh, 2006; Demske et al., 2009)
and the Bay of Bengal (Rashid et al., 2011). However, within this interval there is a
short-term wetter phase during ~13.1-11.7 cal ka marked by increased detrital influx and
absence of aragonite. Many records from the monsoonal central Asia demonstrate that
the first strong intensification of the Asian monsoon circulation took place at the
beginning of the interval broadly coincident with the Bglling/Allergd warm period (Zhou
et al., 1999; Herzschuh, 2006). In view of the limited dates and reservoir correction
uncertainties associated with our record, a detailed regional correlation of short-term
events is not possible at this stage (see also section 3.5.1). However, we note that the
succession of events (older to younger): wetter (13.1-11.7) - drier (11.7-11.2 cal ka) —
early Holocene wet phase (11.2-8.5 cal ka) could be correlatable with Bglling/Allerad

(wetter)-Younger Dryas (drier)-early Holocene (wetter) periods.
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Fig. 3.4: Regional comparison of Tso Moriri climate data with other palaeoclimatic records: (a)
Authigenic mineral % (aragonite and calcite) of Tso Moriri core profile, (our study); (b) u-XRF profile of
calcium (in cps) of core sediment (our study); (c) Tso Moriri mean annual precipitation (MAP), inferred
from pollen data (based on our chronology), (Leipe et al., 2014a); (d) Nam Co Lake, Tibet (D&berschitz et
al., 2014); (e) Concentration of G. bulloides from Arabian Sea (Gupta et al., 2003); (f) 6'®0 records from
Qunf cave, Oman (Fleitmann et al., 2003); (g) Average moisture index inferred from several palaeo-
records from arid central Asia (Chen et al., 2008); (h) Cariaco Basin, Ti record indicating changing
terrestrial runoff (Haug et al., 2001).
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The onset of the wettest interval in the Tso Moriri record at ca. 11.2 cal ka
coincides with the summer monsoon intensification resulting from the northward shift of
the intertropical convergence zone (Haug et al., 2001) (Fig. 3.4h) that resulted in
increased runoff and the higher detrital influx into the lake. The monsoon precipitation
also changed the I/E balance, resulting in reduced authigenic carbonate precipitation.
This shift towards intensified monsoon is synchronous with the vegetation shift (increase
in Artemisia/Chenopodiaceae ratio) and increased moisture in the catchment of Lake Tso
Moriri and Lake Tso Kar (Demske et al., 2009; Leipe et al., 2014a) (Fig. 3.4c). This
timing of onset of the wet phase in Lake Tso Moriri is also largely comparable with the
palaeoclimate records from the Tibetan Plateau (Van Campo and Gasse, 1993;
Herzschuh et al., 2006; Mischke and Zhang, 2010; Dietze et al., 2013; Doberschiitz et al.,
2014) (Fig. 3.4d). The early Holocene monsoon intensification is also in agreement with
central India (Prasad et al., 2014), the Arabian Sea (Sirocko et al., 1993; Fleitmann et al.,
2003; Gupta et al., 2003) (Fig. 3.4e and f), the Indus catchment (Limmer et al., 2012),
and the Bay of Bengal records (Govil and Naidu, 2011; Rashid et al., 2011). The increase
in precipitation ca. 11.2 cal ka in Lake Tso Moriri coincides with the summer insolation
maximum at 30°N (Fig. 3.3l). Our data provides further evidence that changes in solar
insolation, that caused the northward shift of the intertropical convergence zone, have
been the primary trigger for the early Holocene monsoon intensification. We exclude the
possibility of intensified westerlies during the early Holocene as the records from
westerlies influenced arid central Asia (Fig. 3.4g) (Chen et al., 2008) indicate that the

lakes in the westerly influenced regions were dry or were very shallow before 8 cal ka.

In Lake Tso Moriri, the period after 8.5 cal ka was characterised by an increase in
calcite precipitation indicating decreasing I/E, coincident with decreasing solar insolation
and the southward movement of the intertropical convergence zone (Haug et al., 2001).
The gradual weakening of the summer monsoon precipitation in Lake Tso Moriri
beginning ca. 8.5 cal ka is in phase with available regional data (Van Campo and Gasse,
1993; Van Campo et al., 1996; Demske et al., 2009; Dietze et al., 2013). However, in the
period after 8 cal ka, the intensified westerlies influence in arid central Asia (Chen et al.,
2008) does not appear to have made a strong impact in the NW-Himalayas (Fig. 3.49).
Also, stronger westerlies between 7.2-6 cal ka in NW India (Enzel et al., 1999; Prasad
and Enzel, 2006), and between 6-4 cal ka in the regions north (central Asia) of Tso
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Moriri (Wang et al., 2010), did not have a strong impact in the Tso Moriri region
indicating spatio-temporal variability in precipitation seasonality (Fig. 3.4). Interestingly,
the short-term events reported from peninsular India e.g., the 4.2 ka event from NW and
central India (Anoop et al., 2013b; Dixit et al., 2014), or the impact of prolonged Indian
summer monsoon droughts, seen in the central India (Prasad et al., 2014), was not felt in
the Himalayan region probably because of (i) the southward shift of the intertropical
convergence zone had already limited the impact of monsoon weakening on the regional
hydrology; and/or (ii) the attenuating impact of westerlies and continuing meltwater

inflow.

The decrease in I/E in the Lake Tso Moriri is correlatable with the other records
from the Tibetan Plateau (Mischke and Zhang, 2010; Dietze et al., 2013), NW-Himalaya
(Demske et al., 2009; Leipe et al., 2014a), NW India (Enzel et al., 1999; Prasad and
Enzel, 2006) and central India (Anoop et al., 2013b). In Lake Tso Moriri, the final lower
I/E value characterised by the presence of aragonite sets in ca. ~2.7 cal ka and is
synchronous with the glacier advancement in the Kurzok valley (~3.6x1.1 ka) (Hedrick
et al., 2011), indicating strongly reduced meltwater input (I/E) in the lake.

3.6. Conclusions

e The geochemical, mineralogical and sedimentological investigations on Lake Tso
Moriri core reveal orbital forcing on hydrology (I/E) since ~26 cal ka.

e Evaporative enrichment was a forcing factor for authigenic carbonate (aragonite
and calcite) precipitation within the lake and can be used to infer past
hydrological variability (I/E) in the region.

e We have identified the following stages in Lake Tso Moriri - Stage I: period of
lake establishment (>20.2 cal ka); Stage Il: deepening of the lake (20.2-16.4 cal
ka); Stage Ill: rising lake levels (16.4-11.2 cal ka); Stage I1V: early Holocene wet
phase (11.2-8.5 cal ka); Stage V: mid Holocene climate deterioration (8.5-5.5 cal
ka); Stage VI: relatively lower but stable I/E, detrital input decreases indicates
reduced surficial erosion (5.5-2.7 cal ka); Stage VII: onset of modern conditions
(2.7-0 cal ka).

The reconstructed hydrological changes in Lake Tso Moriri are largely insolation
forced and are correlatable with regional records during the early Holocene.

However, they show significant differences with other records from peninsular
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India during the late Holocene, most likely related to different forcing
mechanisms governing regional hydrology.

e Except during the early Holocene when the Indian summer monsoon played a
major role in higher I/E, the hydrological budget of Lake Tso Moriri has largely
been controlled by meltwater inflow.
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Table

Table 3.1: Radiocarbon dates for the samples from Tso Moriri composite profile (TMD).
Calibaration was performed using online version of OxCal 4.2 calibaration program
(Bronk Ramsey, 2008; Reimer et al., 2013) (M1: Modern plant from the lake; TM 4:
Terrestrial plant fragment)

14C sample name Sample Bulk/Organic Composite 14Cage (yr)  Reservoir corrected Calibrated
code material (OM) depth (cm) age *C age (yr) reservoir
corrected **C
age (cal a)
Modern plant M1 Modern plant n.a* 741+40 n.a* n.a*
TM-10 ™1 Bulk 0 3319435 0 -61
TMD-1 (0-1) ™ 2 Bulk 6 3800+35 481+35 521421
TMD1 (47.5-47.8) ™ 3 Bulk 53.2 5050+40 1731+40 164351
TMD-3 (30.5) T™ 4 Twig** 171 4920+35 4920+35 5648+37
TMD-3 (48-49) TM 5 Bulk 189 10780+100 7461+100 8266+98
TMD-8 (32.3-32.6) T™ 6 Bulk 390.5 14590+80 11271+80 1314177
TMD-9(31.4) ™7 oM 440.5 15420+80 1467980 17860+113
TMD-9(39.8) T™ 8 oM 448.9 15490+80 14749+80 17947+115
TMD-10 (12.8-13.4) ™9 oM 459.9 15560+90 14819+90 18034+123
TMD-10 (40) T™ 10 oM 486.8 15620+80 14879+80 18097+113
TMD-10 (45) ™ 11 oM 491.8 15670+80 14929+80 18148+114
TMD-11 (75.7-76) ™ 12 Bulk 560.2 19160+110 15841+110 19123+146
TMD-15(5-6) ™™ 13 Bulk 671.7 23250170 19931+170 23981+211

*n.a. Not applicable

**Reservoir correction is not required for twig of terrestrial origin
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Abstract

High resolution isotopic (580 and 6-C) investigations on endogenic carbonates
(calcite/aragonite) from Tso Moriri Lake, NW Himalaya show dramatic fluctuations
during the late glacial and the early Holocene, and a persistent enrichment trend during
the late Holocene. Changes in this lake are largely governed by the [input
(meltwater+monsoon precipitation)/evaporation] (I/E) ratio, also reflected in changes in
the carbonate mineralogy with aragonite being formed during periods of lowest I/E.
Using new isotopic data on endogenic carbonates in combination with the available data
on geochemistry, mineralogy, and reconstructed mean annual precipitation, we
demonstrate that the late glacial and early Holocene carbonate 6*30 variability resulted
from fluctuating Indian summer monsoon (ISM) precipitation in NW Himalaya. This
region experienced increasing ISM precipitation between ca. 13.1-11.7 cal ka and
highest ISM precipitation during the early Holocene (11.2-8.5 cal ka). However, during
the late Holocene, evaporation was the dominant control on the carbonate 6°0.
Regional comparison of reconstructed hydrological changes from Tso Moriri Lake with
other archives from the Asian summer monsoon and westerlies domain shows that the
intensified westerly influence that resulted in higher lake levels (after 8 cal ka) in central
Asia was not strongly felt in NW Himalaya.

Key words: Carbonates; Holocene; Indian summer monsoon; Isotopes, Tso Moriri Lake
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4.1. Introduction

The Indian summer monsoon (ISM) is an important branch of the Asian monsoon and
today governs the livelihood of more than a billion people over a variety of timescales.
Long palaeo-reconstructions for ISM are available only from the marine sediments
(Schulz et al., 1998; Govil and Naidu, 2011) and do not always coincide with the
reconstructed continental hydrological maxima, which show significant spatiotemporal
variability related to precipitation seasonality and evaporation (e.g., Prasad and Enzel,
2006). The situation is particularly complicated in the Himalayan region where some of
the largest reservoirs of freshwater are stored. The precipitation in this region is provided
by both the winter westerlies and ISM (Benn and Owen, 1998; Anoop et al., 2013a;
Leipe et al., 2014a). Though the relative influence of these moisture pathways has shown
considerable variations in intensity and spatial extent in the past (e.g., Herzschuh, 2006;
Chen et al., 2008; Demske et al., 2009; Mishra et al., 2015), the contribution of such

fluctuations in the Himalayan region is not yet well documented.

Here we focus on the high altitude, pristine Tso Moriri Lake in the NW Himalaya
(Fig. 4.1). The lake is little influenced by the anthropogenic activity making it a key site
to understand past hydrological and climate variability. In this study we explore the
possibility of using the isotopic data from the endogenic carbonates found in the upper
4.15 m (ca. 15.5 cal ka) of a 7.28 m long core, in combination with previously available
sedimentological, mineralogical (Mishra et al., 2015) and pollen data (Leipe et al.,
2014a), to infer late glacial and Holocene changes in ISM precipitation in this high

altitude cold desert.

4.2. Study area

Tso Moriri is one of the largest high altitude lakes situated in the eastern part of Ladakh
region (78°14°-78°25’E and 32°40°-33°02°N, 4600 m.a.s.]) with & N-S extension of 27
km and E-W extension of 5-7 km. The catchment area (~2,350 km?) of the Tso Moriri
Lake is dominated by mainly schist, gneisses and boudins of eclogite bearing Puga
gneiss complex, Proterozoic to Cambrian metasediments, intrusive granitic body
(Rupshu granite) and marine Tethys sediments (Fuchs et al., 1996; Steck et al., 1998;
Steck, 2003; de Sigoyer et al., 2004; Singh et al., 2013) (Fig. 4.1). Annual precipitation
in the Tso Moriri region is <250 mm (http://indiawaterportal.org/met_data/).
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4.2.1. Hydrology and hydrochemistry

The maximum lake water depth is ca. 105 m. The lake is fed by a number of small
glacier streams with the major streams Gyoma in the north, Phirse Phu stream in the
south and the Korzong Chu in the west. Because the lake presently has no permanent
outlet the lake level is governed by the balance between evaporation and inflow from
precipitation, as well as long and short-term changes in melt water discharge from snow
and glaciers during the summer months (De Terra and Hutchinson, 1934; Srivastava et
al., 2013). Modern investigations using ICESat/GLAS (The Ice Cloud and Land
Elevation Satellite carrying the Geoscience Laser Altimeter System) reveal that Tso
Moriri Lake level was falling at the rate of 0.119 m/y during 2003-2009 AD (Srivastava
et al., 2013) due to higher evaporation (Lesher, 2011). A large alluvial fan to the south
limits the lake level (Leipe et al., 2014b), and a former outlet in the south has been
reported by Gujja et al., (2003) and Panigrahy et al., (2012). This, combined with the
facts that Tso Moriri is not a saline lake and a higher palaeoshoreline exists ca. 7 m
above the present lake level (Leipe et al., 2014b), suggests that the past lake level could
have been affected either through overflow or groundwater loss.

In the study area (Fig. 4.2), the westerlies derived snow has 80 and 8D values
of -16%o and -120%o respectively. The melt water streams show average &0 and SD
values of -16.6%o and -122%o, similar to the snow, indicating derivation from snow melt.
In summer the 580 and D of lake waters is ca. -3%o and -49%.. Similar trends (Fig. 4.2)
are also seen in other high altitude Tibetan lakes in this region (Bangong Co, Sumxi Co,
and Longmu Lake) indicating significant evaporative enrichment in response to the
atmospheric dryness (Gasse et al., 1991; Fontes et al., 1993; Fontes et al., 1996). The
isotopically enriched rainwater samples from the study area follow the global meteoric
water line (GMWL), whereas snow and lake water display highly depleted values (Fig.
4.2).

Hydrochemistry of feeder springs (Mishra et al., 2014) shows that the lithology of
the catchment area controls the water ionic and isotopic composition, whereas
evaporation processes control the lake water chemistry. Although the inflowing waters
are low in Mg/Ca (<1), the lake waters in summer show average Mg/Ca value of 10

(Mishra et al., 2014) which is conducive to the precipitation of endogenic aragonite.

[74]



Chapter 4: Carbonate isotopes from Tso Moriri Lake sediments

0 -
Lo
20 L 2
P 4
-40 - - 4 Ban
Lo ,‘.
A ™
£ 60
(]
%] 80
- - M Snow
LUy Stream
Rain
120 - & Lake water
TM- Tso Moriri
v ' Lo- Longmu lake
-140 4 S Ban- Bangong lake
T __ . Sum- Sumxi Co
8D=8.2*5""0+11.27 (Rozanski, 1993)
-160 T T T T |
-20 -15 -10 -5 0 )
5"°0 (%o)

Fig. 4.2: Compiled hydroisotopic data from Tso Moriri (Mishra et al., 2014); Longmu Lake (Fontes et al.,
1993); Bangong Lake (Fontes et al., 1996); Sumxi Co Lake (Gasse et al., 1991). The lake waters show
evaporitic enrichment in response to the atmospheric dryness. The snow and rain data are from isolated
events.

4.2.2. Core description and chronology

A ca. 7.28 m long core (TMD) was raised from the Tso Moriri Lake at a water depth of
105 m and radiocarbon dated (Mishra et al., 2015). A summary of these results is
presented here. The bottom (7.28-4.71 m) part of the core is sandy with intervening
occasional visible macrophyte remains, and is overlain by clayey sediment (4.71-4.25 m)
rich in visible macrophyte fragments deposited in a shallow lake (Mishra et al., 2015).
The remaining part of the core (4.25-0 m) contains largely calcareous clay with variable
degree of lamination deposited in a deep lake. Absent or limited endogenic carbonates
between 3.10-1.97 m (11.2-8.5 cal ka, Figure 4.3) indicates lowest salinity and highest
I/E. For this study we have focused only on the upper 4.15 m of the core that contains
endogenic carbonates (Fig. 4.3) identified using a combination of XRD, selected thin
sections, and inter relationships between geochemical parameters (Mishra et al., 2015).
Investigations on modern sediments indicate since the carbonates are formed by
evaporative processes, their occurrence and isotopic values can be used as indicators of
I/E changes in the lake (Mishra et al., 2014).
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The core chronology is based on radiocarbon dating of reservoir corrected bulk
organic matter and macrophyte plant remains, and terrestrial fragments (Mishra et al.,
2015). The radiocarbon dates were converted into calendar age using INTCAL 13
calibration curve (Reimer et al., 2013) and linear interpolation was used to determine
dates of intervening samples. The core top (0-1) has been confirmed to be modern using
137Cs dating method (Mishra et al., 2014).

Due to the variable detrital content (Mishra et al., 2015) the reworked organic
content could have varied in the past and the “reservoir correction” may not have
remained unchanged. Therefore, the age model used here can only be considered as

accurate on millennial scale and not be used for detailed correlation of short-term events.

4.2.3. Core mineralogy and pollen data

The positive correlation between Al, K and Fe with Ti (r = 0.80, 0.88, 0.82 respectively)
for the entire (7.28 m) continuous p-XRF data set of TMD (Mishra et al., 2015) indicates
that Ti can be considered to be representative of the bulk siliciclastic input. In the upper
4.15 m of the core there is a strong inverse correlation between Ca and Ti (r=-0.83) that,
in combination with the mineralogical data, indicates an endogenic origin for the
carbonates. In an evaporative lake, calcite is the first carbonate mineral to precipitate in
the course of evaporative enrichment (Eugster and Hardie, 1978). With progressive
evaporation, aragonite begins to precipitate in response to an increase in the Mg/Ca ratio
(Morse et al., 1997) indicating reduced input (I) (inflow+precipitation) and increased

evaporation (E) i.e. (I/E).

Leipe et al., (2014a) have shown that higher Artemisia percentages in the pollen
spectra and higher Artemisia/Chenopodiaceae (A/C) values in arid and semi-arid
environments are linked to increased moisture availability. Based on this a mean annual
precipitation (MAP) curve for the Holocene from the Tso Moriri Lake has been
reconstructed by Leipe et al., (2014a) using the relationship between the A/C ratio and

mean annual precipitation derived from the dataset from New et al., (2002) (Fig. 4.3).
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4.3. Methodology

4.3.1. Analytical methods

The core was sub-sampled in the laboratory at a continuous interval of 0.5 cm until a
depth of 3.25 m (average sampling resolution ca. 20 years between 0-11.6 cal ka) and
subsequently at an interval of 1cm until 4.15 m (average sampling resolution ca. 50 years
between 11.6-15.5 cal ka).

The stable isotope (5*Ccarb and 580carb) compositions of bulk carbonates (calcite
and/or aragonite) were determined in continuous flow mode using a Finningan
GasBenchll with a carbonate option coupled to a DELTAplusXL mass spectrometer at
the GeoForschungsZentrum Potsdam. From each sample, depending on carbonate
content, 200 to 1000 mg was loaded into 10-mL Labco Exetainer vials. After
automatically flushing with He, the carbonate samples were reacted with phosphoric acid
(100%) at 75°C for 60 min, following the analytical procedure described by Spotl and
Vennemann (2003). The isotope compositions were given relative to the VPDB standard
in the conventional delta notation, and were calibrated against two international
reference standards (NBS19 and NBS18). The standard deviation (1 sigma) for reference
analyses was £0.06%o for 8*C and +0.08%o for 5'20.

4.4. Results

4.4.1. Late glacial and Holocene changes in carbonate isotopic composition and
siliciclastic influx

The stable isotope composition of bulk carbonates of the core sediment ranges from +2.1
to +5.7%o (average ca. +3.9%o) for 6*3Ccan, and -10.1 to +3.4%o (average ca. -3.6%o) for
8*0carb. The 8*3Ceary and 5'80carn Show a strong correlation (r=0.89) for the investigated

upper 4.15 m of the core where endogenic carbonates are present.

Plots (Figs. 4.3 and 4.4) of the isotope (8*3Ccarb and 3'®Qcary) data together with
the siliciclastic (Ti, indicator of inflow, Mishra et al., 2015), endogenic carbonate
(indicator of lower I/E, Mishra et al., 2015), and pollen (A/C) reveal interesting patterns.
While the broader phases of lake evolution inferred from endogenic mineral data
(increasing carbonates and appearance of aragonite indicating progressively lower I/E
and vice versa) are also reflected in isotopic enrichment, the isotopic data shows high
amplitude changes (up to 10%o for 5180, and 5% for 513C) that are abrupt during the late
glacial and early Holocene but gradual during the late Holocene (Fig. 4.3). Highest
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siliciclastic (Ti) influx is seen between 13.1-11.7 cal ka and early Holocene (11.2-8.5 cal
ka). Generally, the trends in isotopic variability and siliciclastic influx are opposite with
depleted 8*80can intervals being characterised by higher Ti (Fig. 4.4). Interestingly, while
the re-appearance of endogenic calcite ca. 8.8 cal ka indicates reduced I/E, this change is
not unambiguously reflected in the §'80. The reconstructed MAP (Leipe et al., 2014a),
after an initial peak between 11.5-9 cal ka, shows a rather gradual reduction until 5.5 cal

ka but low values thereafter (Fig. 4.3).

We identify the following prominent intervals (Figs. 4.3 and 4.4) of isotopic

changes in the Tso Moriri core.

Interval A (13.1-11.7 cal ka): is characterised by endogenic calcite, absence of aragonite,
and high siliciclastic influx. Though data points are limited, the 8*8Ocarb is lower (-7%o)

than the preceding interval. §*80can and 8'*Cca show a high (0.91) correlation (Fig. 4.4).

Interval B (11.2-8.5 cal ka): is characterised by very low or absent endogenic carbonates,
and high siliciclastic influx. Limited §*®Ocar isotopic data show significantly depleted

(upto 10%eo) values compared to the preceding interval.

Interval C (5.5-0 cal ka): clearly differs from intervals A and B as the isotopic
enrichment trend is gradual, coupled with decreasing siliciclastic influx, and increasing
calcite percentages (interval C1) followed by the re-appearance of endogenic aragonite at
ca. 2.7 cal ka (interval C2). Here too a strong correlation (0.89) between §'®Qcar, and

S13Cearb IS SEEN.

4.5. Discussion

4.5.1. Possible factors influencing the isotopic composition of the lacustrine carbonates
Contamination by detrital carbonates is a major concern in lakes with carbonate rich
catchments, especially in the Tso Moriri region where carbonate rocks are exposed in the
southern and eastern parts. However, our investigations on isotopic composition of
catchment rocks (Mishra et al., 2014) clearly indicate that these, unlike the core
sediments, show lower isotopic values (+1.6 to +0.1%o for 83Cearr and -3.8 to -7.7%o for
5'80carb) as compared to the investigated core top (+4.6%o for 8**Ceab and -1.7%o for
5'80carb) indicating that the possibility of detrital carbonate contamination is low. In the
investigated core sediments the strong correlation (0.89) between 8*Cecarb and 8*®Ocarp

suggests an evaporative origin in a closed basin (Talbot, 1990; Fontes et al., 1996; Leng
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and Marshall, 2004). Additionally, the intervals (A and B) of most depleted isotopic
values during the late glacial and early Holocene also coincide with reduced/absent
carbonates (Fig. 4.3) further excluding any possibility of contamination by detrital

carbonate.

Leipe et al., (2014b) have raised the possibility of outflow/overflow from the
Lake Tso Moriri in Holocene and even recent times. The latter has not been confirmed
by the authors’ (AJ and ARY) observations in this region. As discussed in Section 2.1,
either sporadic lake overflow and/or loss by groundwater leakage during the entire
interval under consideration are likely. However, we note that the high correlation (0.89)
between 880 and §'3C records of endogenic carbonates (see section 4.1 above) clearly

indicates that the loss did not affect the isotopic record.

4.5.2. Interpretation of isotopic signal from endogenic carbonates

The &0 and &C records of endogenic carbonates can potentially provide
palaeoenvironmental information about biological and hydrological changes (Stuiver,
1975; Leng and Marshall, 2004). The carbon isotopic composition of lacustrine
carbonates is controlled by (i) variations in 3C/*?C values of the dissolved inorganic
carbon; (ii) CO. exchange between the atmosphere and the lake water (Whiticar et al.,
1986; Talbot, 1990; Valero- Garcés et al., 1999); (iii) photosynthesis, which selectively
removes *2C, resulting in enrichment of '3C in the dissolved inorganic carbonate. Since
Tso Moriri is an oligotrophic lake (<2% total organic carbon for the upper investigated
4.15 m of core), we conclude that the role of phytoplankton productivity in influencing

the isotopic composition of the 8**Crpic is minimal.

The &80 of lake water (and endogenic carbonates formed therein) in closed lakes
is controlled by the isotopic composition of inflowing water and precipitation
(temperature-dependent 580 values in precipitation and continental effects related to
moisture source history), altitude, and hydrological effects including evaporative
enrichment (Talbot, 1990; Leng and Marshall, 2004; Yu et al., 1997; Hren et al., 2009).
The 380 of aragonite is about 0.6%o. more positive than the $*80 of calcite formed under
same conditions (Land, 1980; Leng and Marshall, 2004).
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Fig. 4.4: Plots of 580 (a) and 6*3C (b) for carbonates from Tso Moriri core show correlation in interval A,

C1 and C2 indicating evaporative origin. The intervals A, C1 and C2 also show inverse covariance
between 00 and Ti (c) indicating that stronger ISM (depleted 6*%0) is also accompanied by increased
surficial erosion (higher Ti). Carbonates (d) were largely absent in interval B resulting in limited data.

The amplitude (upto 12%o for §*80 and 5% for §*3C) of isotopic changes in Tso

Moriri core sediments during the past 15.5 cal ka could be due to (i) changes in

temperature; (ii) different sources of precipitation; and/or (iii) changing I/E (Fontes et al.,
1996; Wei and Gasse, 1999; Leng and Marshall, 2004).

In the high altitude Himalayan region, the temperature effect cannot be completely
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excluded over the time scales under discussion. Indeed, temperature has been considered
to be the major source of isotopic variability in the Dunde Ice Cap in the Qilian Shan and
the Guliya glacier in the West Kunlun Mountains (Thompson et al., 1997). However,
temperature changes cannot singly explain the magnitude of changes in the Tso Moriri
record. General circulation model (GCM) simulations (Kutzbach and Guetter, 1986)
indicate a warming of ca. 3-5°C between 15-9 ka in the Tibetan Plateau. Assuming an
average 580 -ground temperature coefficient of ca. 0.6%0/°C (Van der Straaten and
Mook, 1983), this warming coincides with an isotopic shift of about +2 to +3%o In
precipitation (Wei and Gasse, 1999) which would also be amplified by higher
evaporation during warmer periods. On the contrary, in the Tso Moriri record, a

depletion of ca. 8 to 10%. is seen in this interval.

Since the temperature and mineralogical effects are minor (temperature-
dependent aragonite—water and calcite—water fractionations are similar (0.24%0/°C;
Epstein et al., 1953), changes in isotopic composition could have been singly or jointly
caused by changing sources, and/or hydrological balance (I/E). On the times scales under
consideration, monsoon strengthening should also be considered in the changing isotopic

composition of meteoric water.

4.5.3. Late glacial and Holocene changes in source water

A comparison of the isotopic composition of the snow, stream melt water, modern ISM
precipitation, and the lake waters clearly indicates that the glacial melt is the dominant
source of water in the modern Tso Moriri Lake and is subjected to evaporative
enrichment (Fig. 4.2, and Mishra et al., 2014). Several studies have shown that in the
monsoonal domain, -values of precipitation are correlated with the amount of summer
monsoon precipitation which is strongly depleted in heavy isotopes (Wei and Gasse,
1999; Li et al., 2009; Joswiak et al., 2010). An additional indirect effect of stronger
(weaker) summer monsoon precipitation will also be the reduction (increase) in summer
evaporation efficiency that will further augment (reduce) the depletion of &0 in

carbonates.

To investigate the possibility of intensified westerlies during intervals A and B,
we have checked the records from westerlies influenced arid central Asia (ACA) (Fig.
4.5) (Chen et al., 2008). Many lakes, including Bosten Lake, Bayan Nuur, Juyan Lake,

Gun Nuur and Hulun Nuur, were dry or were very shallow during the early Holocene
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before 8 ka. Large deep lakes, such as the Aral Sea, Issyk-Kul, and Lake Van showed
low lake levels (references in Chen et al., 2008). In view of this, we rule out increased

westerly precipitation as a factor in the §'80 depletion during intervals A and B.

Based on our own data and the available literature, we assume that (i) endogenic
carbonates form in lake surface waters close to isotopic equilibrium with summer
temperatures and water composition (Leng and Marshall, 2004) — this assumption is
reasonable as, even accounting for the small enrichment resulting from the presence of
aragonite, the measured number (580 =-1.7%o for the top 0.5cm of the Tso Moriri core)
is close to the calculated (following Anderson and Craig, 1983) value of the endogenic
calcite 3'80 value (-2.01%o); (ii) surficial erosion is highest during periods of intensified
monsoon in the poorly vegetated areas of higher Himalayas and Tibet (Fontes et al.,
1996; Anoop et al., 2013a; Doberschitz et al., 2014); (iii) intensified monsoon
precipitation in north India is associated with greater 520 depletion (Joswiak et al.,
2010).

Thus, the 580 depletion observed in intervals A and B could have been caused
by either reduced evaporation (of isotopically depleted meltwater from pre-existing
glaciers/snow) or increased (isotopically depleted) ISM contribution to the lake. Both the
scenarios are consistent with positive hydrological balance, and reduced/absent
endogenic carbonates (Fig. 4.3). However, during both these shifts, isotopic depletion is
accompanied by an abrupt increase in siliciclastic contribution (Ti) into the lake (Fig.
4.4) indicating increased surficial erosion. Interval B (11.2-8.5 cal ka) was also marked
by highest summer insolation (Berger and Loutre, 1991) which should have led to
increased evaporation (more endogenic carbonates) and enriched 30 values. On the
contrary endogenic carbonates are low/absent, and 580 shows the lowest values, MAP is
high (Leipe et al., 2014a) signifying that interval B represents highest I/E during the past
15.5 cal ka as intensified ISM would have also reduced the summer evaporation
efficiency. Since the westerlies influence was weak prior to 8 cal ka (Chen et al., 2008),
we rule out increased westerly precipitation in the 830 depletion during intervals A and
B. On the contrary, other archives from the ISM and/or east Asian summer monsoon
(EASM) influenced regions show early Holocene increase in moisture availability (Fig.
4.5) supporting our hypothesis of additional intensified ISM resulting in depleted 380

during these intervals.
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Between 8.5-5.5 cal ka there is a re-appearance of endogenic carbonates
indicating a weakening of the ISM precipitation with a slight decrease in Ti (Fig. 4.4),
while the §'80 does not show significant change indicating a stable period of relatively

high lake levels.

For the interval C there is a gradual trend of isotopic enrichment in the
carbonates, accompanied by decreasing Ti, increasing endogenic calcite (interval
C1=5.5-3 cal ka), and the re-appearance of aragonite ca. 2.7 cal ka (interval C2=3-0 cal
ka), and largely unchanged mean annual precipitation (MAP) (Leipe et al., 2014a). We
interpret this interval to have a long term interval of progressively decreasing I/E caused

by increasing evaporation.

4.5.4. Regional comparison and implications for atmospheric circulation reorganisation
The monsoon strengthening seen during intervals A and B has also been reported from
other ISM (Sinha et al., 2005; Govil and Naidu, 2011) and EASM influenced regions
indicating these to be common to the entire Asian monsoon realm. The succession of
hydrological changes (wetter followed by drier, succeeded by early Holocene wettest
period) coincides with the first strong intensification of the Asian monsoon circulation
(Lister et al., 1991; Gasse et al., 1991; Wei and Gasse, 1999; Zhou et al., 1999; Sinha et
al., 2005; Herzschuh, 2006; Zech et al., 2014). During 11.2 to 8.5 cal ka, a major
negative shift in '®Ocary (ca. 8%o) is observed. Increase in siliciclastic (Ti) input during
this period, and almost negligible amount of endogenic carbonate (higher I/E) is
consistent with the increase in solar insolation, which suggested the intensification of
Holocene moisture input (Mishra et al., 2015). Millennial-scale coupling between the
Asian monsoons and higher latitudes has previously been suggested for interglacials
(e.g., Schulz et al., 1998; Wang et al., 2001; Yuan et al., 2004) and could be manifested
through northward shifts in the mean position of the intertropical convergence zone
(Chiang et al., 2003; Lea et al., 2003) leading to deeper ISM penetration in the

Himalayan region (Sinha et al., 2005) during warmer intervals.
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The period after 8.5 cal ka, was characterised by re-appearance of endogenic
calcite, slight enrichment (average +1.2%o) in 8QOcam, reduced surficial inflow (Ti),
indicating a gradual weakening of ISM coincident with decreasing solar insolation and
the southward movement of the intertropical convergence zone (Haug et al., 2001). This
inference is also confirmed by lower MAP (Fig. 4.3) and is also seen in other monsoonal
archives (Lister et al., 1991; Wei and Gasse, 1999; Demske et al., 2009; Chen et al.,
2008). Interestingly, the post 8 cal ka intensified westerlies influence (Fig. 4.5) in arid
central Asia (Chen et al., 2008) does not appear to have made a strong impact in the NW
Himalayas as the Tso Moriri Lake shows decreasing I/E after 8.5 cal ka. The decreasing
I/E trend intensifies after 2.7 cal ka is largely due to increasing evaporation as the MAP

does not show any significant change after 5 cal ka (Leipe et al., 2014a).

Recent studies (Berkelhammer et al., 2012; Prasad et al., 2014; Dixit et al., 2014)
have also discussed the role of ocean atmosphere teleconnections (EI Nifio-Southern
Oscillation, Indian Ocean Dipole) in causing late Holocene ISM weakening in peninsular
India. The intervals of prolonged ISM drought (4.6-3.9 cal ka and 2-0.6 cal ka) reported
from central ISM regions (Anoop et al., 2013b; Prasad et al., 2014) at a first glance, do
not appear to had made any impact in NW Himalayas, probably due to the buffering
effect of glacial meltwater on the hydrological balance. We note that highest endogenic
calcite values are reached between 5.5-2.7 cal ka and highest aragonite values are
reached ca. 2.1 cal ka. However, the MAP (Leipe et al., 2014a) does not show any major
change suggesting that the mineralogical changes could have been a result of an increase

in evaporation rather than ISM variability.

4.6. Conclusions

The isotopic composition of endogenic carbonates in the Tso Moriri Lake provides
insights into the changing hydrological (I/E) during the past ca. 15.5 cal ka. We provide
evidence of (i) stepwise pattern of late glacial/Holocene transition caused by shifts in I/E
balance in NW Himalaya. This pattern is characterised by abrupt fluctuations in ISM
precipitation; (ii) the early (11.2-8.5 cal ka) Holocene warm period was characterised by
the highest I/E during the past ca. 15.5 cal ka caused by increased ISM precipitation; (iii)
The ISM began to weaken ca. 8.5 cal ka, with a stepwise intensification of the decreasing
I/E trend at ca. 5.5 and 2.7 cal ka; (iv) the westerlies precipitation never attained the level

of positive I/E balance as during the ISM intensification between 11.2-8.5 cal ka; (v) the
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NW Himalayan region is less sensitive to droughts seen in peninsular India, probably
due to the buffering effect of snow melt, and weaker late Holocene ISM in the NW

Himalaya relative to the early Holocene.
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Abstract

We present the results of biogeochemical and mineralogical analyses on a sediment core
that covers the Holocene sedimentation history of the climatically sensitive, closed,
saline, and alkaline Lonar Lake in the core monsoon zone in central India. We compare
our results of C/N ratios, stable carbon and nitrogen isotopes, grain-size, as well as
amino acid derived degradation proxies with climatically sensitive proxies of other
records from South Asia and the North Atlantic region. The comparison reveals some
more or less contemporaneous climate shifts. At Lonar Lake, a general long term climate
transition from wet conditions during the early Holocene to drier conditions during the
late Holocene, delineating the insolation curve, can be reconstructed. In addition to the
previously identified periods of prolonged drought during 4.6 — 3.9 and 2.0 — 0.6 cal ka
that have been attributed to temperature changes in the Indo Pacific Warm Pool, several
additional phases of shorter term climate alteration superimposed upon the general
climate trend can be identified. These correlate with cold phases in the North Atlantic
region. The most pronounced climate deteriorations indicated by our data occurred
during 6.2 t0 5.2, 4.6 to 3.9, and 2.0 to 0.6 cal ka. The strong dry phase between 4.6 and
3.9 cal ka at Lonar Lake corroborates the hypothesis that severe climate deterioration
contributed to the decline of the Indus Civilisation about 3.9 ka.

Keywords: Lake sediment; Indian Monsoon; Holocene; climate reconstruction; stable
carbon isotope; amino acid
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5.1. Introduction

The increasing demand for reliable climate projections due to the challenges related to
global warming calls for enhanced investigation of the relationship between climate
change and its effect on the environment. To assess future interaction between climate
and environment, it is necessary to understand their interactions in the present and past.
But, while modern observations are increasing rapidly and cover almost the whole world
in high spatial and temporal resolution, the identification and investigation of suitable
sites for palaeoclimate reconstruction is more difficult and requires great effort. Hence,
several regions still lack a sufficient cover of investigated areas to help the scientific
community in reconstructing the past climate and its influence on the former
environment. One of these regions is India, which highly depends on the annual rainfall
delivered by the Indian summer monsoon (ISM). This meteorological phenomenon
affects a human population of more than one billion and is highly sensitive to climate
change. In order to assess and to interpret potential future modifications of the Indian
monsoon system, the knowledge of Holocene monsoon variability, its extremes, and
their underlying causal mechanisms is crucial. And while terrestrial palaeo-records are
available from the northern Indian subcontinent and the Himalayan region (Gasse et al.,
1991; Gasse et al., 1996; Enzel et al., 1999; Denniston et al., 2000; Thompson et al.,
2000; Bookhagen et al., 2005; Prasad and Enzel, 2006; Clift et al., 2008; Demske et al.,
2009; Wiinnemann et al., 2010; Alizai et al., 2012), the number and length of comparable
records from central and south India are limited (Yadava and Ramesh, 2005; Caner et al.,
2007; Sinha et al., 2007; Berkelhammer et al., 2010). To address this issue, we have
investigated the Holocene sedimentation history of Lonar Lake from central India with a

special focus on centennial scale palaeoclimate reconstruction.

Based on mineralogical, palynological, and biogeochemical investigations on the
ca. 10 m long sediment core, the longest, well dated palaeoclimate archive from India’s
core monsoon zone, Prasad et al., (2014) reconstructed the broad, Holocene climatic
development of the Lonar Lake region, identified two millennial scale dry phases, and
discussed the stability of the ISM — EIl Nifio Southern Oscillation (ENSO) links and the
influence of shifts in the position of the Indo Pacific Warm Pool (IPWP) on the
prolonged droughts in the ISM realm. Here we present stable carbon and nitrogen

isotope data from Prasad et al., (2014) as well as new data from amino acid, sediment
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composition, and grain-size analysis and interpret them with respect to centennial scale,

Holocene climate variability and its tele-connections with the North Atlantic climate.

Bond et al., (2001) hypothesised a connection between North Atlantic cooling
events and cosmogenic nuclide production rates, the latter indicating small changes in
solar output. Additionally, they found virtually synchronous “quasi-periodic” ~ 1500
year cyclicity in both their palaeo-record and nuclide production rates. Thus, they
postulated a reaction of climate to small changes in solar output, which would not be
limited to the North Atlantic region but which would affect the global climate system
(Bond et al., 2001). Correlations between the high and the mid-latitude climate, as
reconstructed from Greenland ice cores (Johnsen et al., 2001; Stuiver and Grootes, 2000)
and ice-rafted debris in North Atlantic deep sea records (Bond et al., 1997), and the low
latitude tropical climate have been found in various climate reconstructions (Haug et al.,
2001; Gupta et al., 2003; Hong et al., 2003; Dykoski et al., 2005; Wang et al., 2005;
Fleitmann et al., 2007; Koutavas and Sachs, 2008) supporting the assumption that
different climate systems react to the same cause, like solar output variation, (Bond et al.,
2001; Soon et al., 2014) either independently or via tele-connections. However, since
many palaeoclimate investigations concerning the correlations between tropical climate
and North Atlantic climate were carried out in peripheral ISM regions (Hong et al., 2003;
Fleitmann et al., 2007), these records could not indicate if the change in moisture
availability was exclusively linked to an alteration in monsoonal summer rainfall rather
than to altered winter westerly precipitation. Lonar Lake is one of the very few natural
lakes located in the core monsoon zone in central India, and it is fed exclusively by
precipitation of the Indian summer monsoon and stream inflow that is closely linked to
monsoon rainfall (Anoop et al., 2013b). Additionally, available precipitation data from
the region close to Lonar Lake indicate a good correlation with the all India rainfall
record of the last century (1901 — 2002). Correlation between the all India rainfall record
(ftp://www.tropmet.res.in/pub/data/rain/iitm-regionrf.txt) and the annual precipitation
data of the meteorological stations in Buldhana, Jalna, Hingoli, and Washim
(http://www.indiawaterportal.org/met_data/) varies between 0.62 and 0.69 (p < 0.001),
making Lonar Lake a key site to investigate the connection between Indian monsoon

strength and its connection to North Atlantic climate change.
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5. 2. Study site

Lonar Lake is a closed basin lake situated at the floor of a meteorite impact crater
that formed during the Pleistocene (~ 570 + 47 ka) on the Deccan Plateau basalts
(Jourdan et al., 2011). The lake is located at Buldhana District in Maharashtra, central
India at 19.98° N and 76.51° E (Fig. 5.1). The meteorite crater has a diameter of ca. 1880
m, and the almost circular lake covers an area of about 1 km2. The modern crater floor is
located at ca. 470 m above sea level, which is around 140 m below the rim crest
elevation. The inner rim wall is fairly steep with slopes of 15° — 18° in the east and up to
~ 30° in the west and south-west (Basavaiah et al., 2014).
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Fig. 5.1: A) Regional overview and location of Lonar Lake; B) Study area showing the coring site

Lonar Lake is located in the ‘core monsoon zone’ of the Indian summer monsoon
(Gadgil, 2003). The south-west monsoon from June to end of September is characterised
by strong winds and brings in average rainfall of ~ 700 mm. Precipitation during
December to April occurs only in rare cases. The temperature can exceed 40°C before
the onset of the monsoon and declines during the monsoon phase to an average of

approximately 27°C. The post monsoon from October to February is characterised by
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relatively low temperatures at an average of 23°C (http://indiawaterportal.org/met_data/).
The lake is fed by surface runoff during the monsoon season and three perennial streams
that are closely linked to monsoon rainfall as indicated by tritium dating (Anoop et al.,
2013b). Two of them, the Dhara stream and the Sitanahani stream are entering the crater
from the north-east. They have formed the Dhara Canyon, an erosive incision, and have
built up an alluvial fan into the lake. Today this fan is used for agricultural plantation.
The Ramgaya stream, the third stream feeding the lake, springs from the inner crater wall
and enters the lake from the eastern shore. Nowadays the three streams are diverted
towards the Dhara fan to irrigate the agricultural fields. Water discharge is only
conducted by evapotranspiration; no outflowing stream is present and no loss due to
seepage occurs as the lake level is below the local groundwater level (Nandy and Deo,
1961).

The modern lake is ca. 6 m deep, brackish, alkaline, and eutrophic with
permanent bottom water anoxia (Basavaiah et al., 2014). The eutrophication promotes
phytoplankton blooms especially during and subsequent to the monsoon when nutrients
are washed into the lake. The algal assemblage is primarily made up of cyanophyceae
(Badve et al., 1993). Thermophilic, halophilic, and alkalophilic bacteria in numbers of
102 to 10* viable cells/ml (Joshi et al., 2008) and methanogenic archaea (Surakasi et al.,
2007) were reported from Lonar Lake. The lake lacks most zooplankton species and
higher organisms. The zooplankton community within the lake consists of ciliates,
culicid larvae, and rotifers (Mahajan, 2005). Only few exemplars of the ostracod Cypris
subglobosa and the gastropod Lymnea acuminate have been observed in the lake (Badve
etal., 1993).

The vegetation of the inner crater walls changes from the upper part near the rim
crest to the bottom part close to the lake shore. The upper part of the inner crater walls is
covered by drought tolerant grass and thorn shrub species, further down grows teak
(Tectona grandis) dominated dry deciduous forest, and the bottom part of the inner crater
walls is overgrown by semi evergreen forests. The alluvial fan, which has formed due to
riverine erosion in the north-east of the lake, is used for crop plantation and cattle
grazing. The fan is characterised by vegetation cover of grasses, sedges, and crop plants
like banana (Musa x paradisiaca), millet (Setaria italica), corn (Zea mays), custard-
apple (Annona reticulata), and papaya (Carica papaya) (Menzel et al., 2013).
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5.3. Methods and material

5.3.1. Sampling

Two parallel ca. 10 m long cores were retrieved in May-June 2008 at 5.4 m water depth
using a UWITEC sediment piston corer. The cores were opened in the laboratory; a
composite core was constructed and sub-sampled in 0.5 cm resolution using L-channel
sampling procedure. All samples despite those for grain-size analyses were freeze-dried

and ground manually in an agate mortar.

5.3.2. Analytical methods

The total carbon (TC), total nitrogen (TN), and total organic carbon (TOC) contents and
the 5'°N and §™C.rq isotopic composition were determined using an elemental analyser
(NC2500 Carlo Erba) coupled with a ConFlowlll interface on a DELTAplusXL mass
spectrometer (ThermoFisher Scientific). The isotopic composition is given in the delta
(6) notation indicating the difference, in per mil (%o), between the isotopic ratios of the
sample relative to an international standard: & (%o) = [(Rsample / Rstandard) — 1] X 1000. The
ratio and standard for carbon is 3C/*2C and VPDB (Vienna PeeDee Belemnite) and for

nitrogen °N/YN and air N, respectively.

For TC, TN and 8N determination, around 20 mg of sample material was loaded
in tin capsules and burned in the elemental analyser. The TC and TN contents were
calibrated against acetanilide whereas for the nitrogen isotopic composition two
ammonium sulphate standards (e.g. IAEA N-1 and N-2) were used. The results were
proofed with an internal soil reference sample (Boden3). Replicate measurements
resulted in a standard deviation better than 0.1% for N and 0.2%o for 5*°N.

The TOC contents and §3Corg values were determined on in situ decalcified
samples. Around 3 mg of sample material was weighted into Ag-capsules, dropped with
20% HCI, heated for 3 h at 75°C, and finally wrapped into the Ag-capsules and measured
as described above. The calibration was performed using elemental (Urea) and certified
isotopic standards (USGS24, IAEA CH-7) and proofed with an internal soil reference
sample (Boden3). The reproducibility for replicate analyses is 0.1% for TOC and 0.2%o
for 83Corg.

Inorganic carbon (IC) was defined as the difference between TC and TOC. IC was

converted to carbonate by multiplying with 8.33, since calcium carbonate was the only
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carbonate phase detected in the sediments despite three distinct zones of the core where
gaylussite crystals were found (1.58 to 4.22 m, 6.42 to 7.60 m, 9.10 to 9.25 m). These
crystals were handpicked under microscope prior to analyses. The percentage of
lithogenic material in the sediments was calculated using the formula:

Lith (%) = 100% — (total organic matter [%] + carbonate [%])

Analyses of AA and HA were carried out on a Biochrom 30 Amino Acid
Analyser according to the method described by Lahajnar et al., (2007). Briefly, after
hydrolysis of the samples with 6 mol L HCI for 22h at 110°C under a pure argon
atmosphere, HCI was removed from an aliquot by repeated evaporation using a vacuum
rotating evaporator (Bichi 011) and subsequent dissolution of the residue in distilled
water. After evaporating the aliquot three times, the residue was taken up in an acidic
buffer (pH: 2.2) and injected into the analyser. The individual monomers were separated
with a cation exchange resin and detected fluorometrically according to the procedure
described by Roth and Hampai, (1973). Duplicate analysis of a standard solution
according to this method results in a relative error of 0.1 to 1.3% for the concentration of
individual AA monomers. Duplicate measurement of a sediment sample revealed a
relative error of < 1% for AA and HA concentrations, < 10% for molar contribution of
low concentrated (< 1 mol%) AA monomers, and < 2.5% for higher concentrated (> 1

mol%) AA monomers.

Grain-size distribution of the core samples was determined using a Malvern
Mastersizer 2000 analyser. The pre-treatment of sediments included the wet-oxidising of
the organic matter and the chemical dissolution of carbonates at room temperature. Ca.
0.3 g freeze-dried sample aliquots were treated with 10 ml H2O> (30%) which was added
in two steps. The excess oxidising agent was removed by repeated washing with
Millipore water (18.2 MQcm), centrifugation (6000 rpm, 5 min), and suction of the
supernatant. The carbonates of the solid residues were dissolved by the addition of 3.5
ml 1 M HCI overnight. The solid residues were repeatedly washed (see above) and
suspended in 20 ml Millipore water. The de-acidified samples were kept in an ultrasonic
vibrator for 15 min to disaggregate all grains. The instrument measured the grain-size of
the suspended particles from 0.02 to 2000 um for 100 grain-size classes. The content of
coarse particles (> 200 um) in the small aliquots exposed to measurement cannot be
representative for the entire sample. Therefore, we re-calculated the volume-percentage
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for the grain-size fraction 0.02 to 200 um.

5.3.3. Statistical method

To assess the interrelation of climatic changes in central India and the North Atlantic
region as well as the concurrence of climate changes in central India and the solar output
we have calculated the major frequencies in our climate proxy data as well as the
correlation between our proxy and the *C production rate. Before the spectral analysis,
the long term climate trend was removed from the whole time series by applying a
Gaussian kernel based filter with a kernel bandwidth of 500 years. The spectral analysis
is then performed as the Fourier transform of the auto-correlation function. Since the
sampling of the time series is irregular, the auto-correlation estimation is also based on a
Gaussian kernel (bandwidth of 0.5 years), allowing us to directly apply this method
without preceding interpolation (Rehfeld et al., 2011). A statistical test was performed to
create a confidence interval for the found spectrum. For the test, we have fitted an auto-
regressive process of first order (AR1) to the unfiltered original time series, created
10,000 realisations of this AR1 process, and applied the same kernel based high-pass
filter as for the original time series. From these 10,000 realisations, we calculated the
power spectra by Fourier transform of the auto-correlation function and estimated the
90% confidence interval (software NESToolbox for MATLAB used).

5.3.4. Chronology

The age model for the core is based on 19 AMS *C dated samples of wood, leaves,
gaylussite crystals, and bulk organic matter (Table 5.1; Prasad et al., 2014). The oldest
dated sample of the core shows an age of 11016 + 161 cal a, suggesting that the core
covers the complete Holocene sedimentation history of Lonar Lake. The radiocarbon
dating was carried out at Poznan radiocarbon laboratory, Poland. Since the catchment
geology comprises carbonate free basaltic rocks of the Deccan Traps, no correction for
hard water effect was conducted. However, the elevated salinity and pH in combination
with stratification of the water body led to an ageing of the bulk organic matter samples
(Prasad et al., 2014). Calibration of the *C dates was carried out using the program
OxCal, interpolating with the INTCALO4 and NH3 calibration curves (Bronk Ramsey,
2008).

[96]



Chapter 5: Linking Holocene drying trend from Lonar Lake to North Atlantic cooling events

5.3.5. Mineralogical and biogeochemical proxies

Our reconstruction of the climatic history of the Lonar Lake region and its comparison to
the North Atlantic region is mainly based on lithogenic contribution to the sediments,
grain-size, atomic organic carbon to total nitrogen ratio (C/N), §**Corg, *°N, and amino
acid derived indices. The C/N, 8Corg, and 3'°N data were reported and interpreted with
respect to climate variability and climatic tele-connections of the Lonar Lake region with
the Pacific by Prasad et al., (2014). Additionally, the occurrence of evaporitic gaylussite
crystals in the sediments, as reported by Anoop et al., (2013b), was used for the climate
reconstruction. The mechanisms driving the changes in the parameters are shortly

summarised in the following sections.
a) Lithogenic contribution

The lithogenic contribution to lake sediments mostly depends on the erosion that takes
place in the catchment area, transport energy, and shore line proximity (Koinig et al.,
2003; Magny et al., 2012). The intensity of erosion at a lake, which is not affected by
temperatures below the freezing point, is mostly driven by the amount of rainfall, the
occurrence of heavy rainfall events, and the density of vegetation that prevents erosion
(Kauppila and Salonen, 1997; Anoop et al., 2013a). Human interferences like
deforestation, agricultural land use, and construction activity must be considered as
potential causes of enhanced erosion especially in the younger past (Wilmshurst, 1997).
Counterintuitive, phases of enhanced precipitation potentially triggering stronger erosion
do not necessarily coincide with elevated lithogenic percentages in the lake sediments.
This is due to the spreading of vegetation during climatically wet phases, but can also be
controlled by changes in lake level. During wet phases, the lake level increases, which
also increases the distance between a sampling site and the lake shore. Thus, high
proportions of the eroded material from the catchment are deposited relatively close to
the shore in shallow water and do not reach the deeper sampling site. These mechanisms
seem to dominate at Lonar Lake, since time slices of the Lonar core that show strong

evidence of dry climate coincide with high lithogenic contribution to the sediments.

Thus, the lithogenic contribution seems to be a good proxy for the climate
reconstruction at Lonar Lake with high values indicating low lake level during drier

climate and low values indicating high lake level during wetter climate.
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b) Grain-size
The grain-size of lake sediments depends much on the source of the sediment load. But if
the source of the sediments does not change, the grain-size can give information about
changes in the hydrodynamics of inflowing streams, the amount of precipitation, the
occurrence of heavy rainfall events, seasonality, shore line or sediment source (e.g., river
mouth) proximity, changes in the internal hydrodynamics (e.g., currents), and external
factors affecting the catchment erosion (McLaren and Bowles, 1985; Sun et al., 2002;
Peng et al., 2005). The sorting of the sediments can be used to reconstruct the transport

distance and the rate of deposition.

The grain-size data are particularly useful for the broad, Holocene climate
reconstruction at Lonar Lake since they depend on changes in monsoon strength.
However, for the reconstruction of smaller scale climate variability, the resolution of
grain-size data might not be high enough, especially in the lower part of the core, where

sedimentation rates are low.

c) C/N
The C/N ratio is often used to determine the source of organic matter (OM) in lake and
coastal sediments (Meyers, 1997). Since aquatic OM is relatively enriched in nitrogen
rich proteins, and vascular plant OM is relatively enriched in nitrogen depleted lignin
and cellulose, the ratio of carbon to nitrogen is much lower in aquatic OM than in OM of
terrestrial origin. C/N ratios of 4-10 indicate the origin of aquatic OM source, whereas
C/N ratios of >20 typically indicate dominant contribution of terrestrial plants (Meyers
and Ishiwatari, 1993). However, the use of C/N ratios as OM source indicator can be
biased since C/N ratios can be altered during degradation. This can shift the C/N ratio to
higher values if the degraded OM is enriched in labile nitrogen rich compounds like
proteins, peptides, and free amino acids, which are most abundant in planktonic OM. On
the other hand, OM of terrestrial origin tends to become relatively depleted in carbon
during degradation, since nitrogen deficient components like carbohydrates and lipids are
preferentially decomposed (Meyers and Lallier-Verges, 1999). Nevertheless, these
alterations are usually of minor magnitude; hence, the source information of the C/N

ratio is mainly preserved.

At the modern Lonar Lake, soils show a tendency towards low C/N ratios

(Menzel et al., 2013). This is related to the aforementioned preferential degradation of
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nitrogen depleted components in combination with the immobilisation of re-mineralised
nitrogen, which can be absorbed by clay minerals in the form of NH4™ (Mengel, 1996;
Sollins et al., 1984). This effect has the strongest influence on sediments that show low
TOC contents.

The C/N ratio does not provide much direct information for the climate
reconstruction. It is particularly useful for determining the OM source, which is not
much climate dependent. During wet conditions, more terrestrial OM might be washed
into the lake due to denser vegetation and stronger rainfall, but this could also cause
more nutrient in-wash into the lake promoting the production of aquatic OM. Thus, the
C/N ratio cannot be used as a climate proxy but identifies changes in OM source and
supports the interpretation of other palaeoclimate proxies that are affected by changes in
OM source.

d) 513Corg

813Corg in lake sediments is influenced by the abundances of land plant OM and aquatic
OM in the sediments. The 8*3C of terrestrial OM is mainly driven by the percentage of
plants using the Cz pathway and plants using the C4 pathway of CO> assimilation. Cs
plants show 83C values of -23 to -35%o, whereas C4 plants have 5'°C values of -10 to -
16%o (O'Leary, 1988). Cz plants are more abundant during wet conditions whereas Cs

plants usually spread during phases of dry climate (Tieszen et al., 1979).

313C of the aquatic OM depend on the §3C of dissolved inorganic carbon (DIC)
and on the concentration of CO2(ag.) in the photic zone. Lower pCO(ag.) leads to
reduced fractionation during CO> uptake by phytoplankton, and thus to *C enrichment in
aquatic OM (Lehmann et al., 2004). The factors controlling the isotopic composition of
DIC in Lonar Lake are i) the aquatic productivity driven by nutrient supply to the lake,
ii) redox conditions of surface sediments and lake water, determining the mechanisms
and inorganic products of OM decomposition, iii) the pH of lake water, shifting the
equilibrium of the three types of DIC (CO2(aq.), HCOs, and COs%), iv) the development
and stability of lake stratification, affecting the exchange of DIC between the photic and
aphotic zones, and v) CO2 degassing caused by lake level decline during climatically dry
phases. Generally, factors enriching the DIC in °C are linked to eutrophication, dryer

climate, and lake stratification. In highly productive lakes, *C deficient OM is
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transported into the sediments, leaving the DIC in the photic zone enriched in C
(Hodell and Schelske, 1998). This effect can be expedited by strong lake stratification,
hampering the convection of lake water, and thus the transport of 3C depleted COx,
which is produced during OM degradation mostly in the aphotic zone, into the photic
zone. Additionally, eutrophic conditions and lake stratification support the development
of anoxia in deep waters. This causes the production of highly *3C depleted methane
during OM degradation, which can escape the lake system in gaseous state if it is not re-
oxidised. Methanogenesis in anoxic sediments is accompanied by the release of 3C
enriched CO; at the expense of *C depleted methane. Thus, if methane is degassed from
the lake water and not re-oxidised, anoxia leads to enriched 8'3C values of lake water
DIC (Gu et al., 2004). In response to dryer climate, evaporation intensifies and the lake
level lowers; this increases the salinity, and thus the alkalinity and pH of lake water.
Under highly alkaline conditions, the equilibrium of the three types of DIC shifts
towards HCO3™ and COs%, which are enriched in **C compared to CO2(ag.) (Zhang et al.,
1995). Under these CO2(aq.) depleted conditions, the growth of phytoplankton capable
of using HCOs as carbon source is promoted producing 3C enriched aquatic OM
(Stuiver, 1975). Additionally, exceeding evaporation can cause supersaturation of
carbonate in the lake water, and consequently CO> degassing, which is accompanied by
an increase in 513C of DIC (Lei et al., 2012).

Since 513C increases under dry conditions in both aquatic OM and terrestrial OM,
it is a good climate proxy in our record. The only limitation is the influence of lake water
anoxia, which more likely occurs in a deeper lake during wet conditions or as a
consequence of eutrophication. The anoxia can cause a change in 6*C of aquatic OM
due to methane degassing or methane oxidation, factors that disappear in a shallow oxic

lake.
e) N

The introduction and cycling of nitrogen in lakes involves several dissolved inorganic
nitrogen (DIN) species and transformation processes, associated with more or less strong
isotopic fractionation. Thus, §°N of OM in lakes can exhibit highly diverse values,
linked to several processes. Usually, plankton discriminates against N during DIN
uptake, with the exception of plankton that is capable of fixing molecular nitrogen
(Talbot and Leerdal, 2000). Hence, phases of intense phytoplankton blooms are

[100]



Chapter 5: Linking Holocene drying trend from Lonar Lake to North Atlantic cooling events

associated with increased 5!°N values of DIN in the photic zone. Comparable to carbon
uptake, low concentrations of DIN lead to reduced isotopic fractionation of plankton,
amplifying the increase of *°N during phases of high aquatic productivity (Peterson and
Fry, 1987). However, the most important processes in determining the °N values of
DIN, and thus in §'°N of aquatic OM are the conversion processes of the different DIN
species. The most prominent processes are nitrification, denitrification, and ammonia
volatilisation, which are associated with strong fractionation factors. Nitrification occurs
under oxic conditions and results in N depleted nitrate and *N enriched ammonium,
whereas denitrification, occurring under anoxic conditions, leads to °N enrichment of
nitrate at the expense of N depleted molecular nitrogen. The strongest fractionating
process most probably affecting the DIN pool of Lonar Lake is ammonia volatilisation.
This process becomes important in aquatic environments showing high pH values (>9).
Under these conditions, the equilibrium between ammonium and ammonia shifts towards
ammonia, which is significantly depleted in N compared to ammonium (20-35%o) and
can escape the water column in gaseous state (Casciotti et al., 2011). Thus, ammonia

volatilisation leads to increasing 5:°N values of the remaining DIN in lake water.

Even though terrestrial OM does not contribute as much to the §*°N variability in
lake sediments as to 5%Corg due to the fact that terrestrial OM has much lower nitrogen
contents than aquatic OM, changes in 8*°N during phases of low aquatic productivity and
high terrestrial OM contribution to the sediments can indicate shifts in the vascular plant
and soil nitrogen isotopic composition. In general, 3*°N of soil and terrestrial plant OM
increases with increasing temperature and decreasing precipitation (Amundson et al.,
2003).

The use of 3*°N as a proxy for climate reconstruction at Lonar Lake is limited
since 8*°N values of aquatic OM depend on the redox conditions of lake water with high
values occurring under anoxic conditions but also increasing due to high pH. And
whereas anoxic water is more likely accompanying high lake levels during wet
conditions, the pH increases during dry conditions when ions become concentrated in the
shrinking water body. Additionally, terrestrial OM shows a wide range of 3'°N values
due to different nitrogen uptake mechanisms, making it difficult to interpret in terms of

climate variability.
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f) Amino acids

The monomeric distribution of the amino acids is commonly used to determine the state
of OM degradation in sediments. For the assessment of the OM degradation state, we
have calculated the Lonar degradation index (LI), which was first calculated for modern
Lonar Lake sediments on the basis of the molar percentages of 19 amino acids (Menzel
et al., 2013). The LI compares the amino acid assemblage of the core samples with the
data set of Menzel et al., (2013), which includes fresh OM like plankton and vascular
plants, moderately degraded sediment trap and surface sediment samples, and highly
degraded soil samples from Lonar Lake and its catchment. The calculation of the LI
follows the approach of the degradation index (DlI) calculation developed by Dauwe and
Middelburg (1998) and Dauwe et al., (1999):

LI=>

{vari —AVGvar

xfac.coef,
STDvar

where, var; is the original mole percentage of each amino acid in the sample, AVGvar;
and STDvar; are the arithmetic average and the standard deviation and fac.coef.; is the
factor coefficient of the first axis of a principle component analysis (PCA) of the
individual amino acids in the data set of Menzel et al., (2013). Negative values indicate
less degraded and positive values more degraded state of the OM compared to the

average of the reference data set.

The second amino acid derived proxy we used is a ratio of individual amino acids
that are relatively enriched during aerobic degradation and amino acids that are relatively
enriched during anaerobic degradation, named Ox/Anox:

Ox/AOX :Asp + Glu+ g-Ala + y-Aba + Lys
Ser + Met + lle+ Leu+ Tyr + Phe

This ratio has been applied to the modern Lonar Lake sediments (Menzel et al.,
2013) to evaluate the redox conditions during OM degradation and is based on a study of
Cowie et al., (1995).

The amino acid derived indices seem to be good proxies for climate
reconstruction as they can be used to identify phases of aerobic degradation within the

sediments. Especially during wet phases that induce a deep anoxic lake, elevated values
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of theses indices identify relatively short-term, dry anomalies. Highest values are most
probably related to subaerial degradation, and thus to phases of lake desiccation. In rare
cases, the indices could be biased by input of eroded soils, which would cause elevated
values. In addition, eutrophication causes low LI and Ox/Anox values due to strong

aquatic production and the consequent development of lake water anoxia.

5.4. Results and discussion

The results of our investigation of the biogeochemical and lithological properties of the
Holocene sediments from Lonar Lake are shown in Fig. 5.2. The percentages of the
different grain-size classes indicate sediments dominated by clayey silt with few
exceptions showing sandy silt (Fig. 5.3). The sandy silt samples are from 863 to 900 cm
depth (10.5 to 7.8 cal ka). Based on the changes in biogeochemical properties, lithology,
and sedimentation rate, Prasad et al., (2014) have identified the large scale climate
development over the whole Holocene as well as two phases of prolonged drought. Here
we present several shorter phases of climate changes superimposed on the large scale
trend. The identified phases of drier and wetter climate can be correlated with other
Asian palaesomonsoon records and palaeoclimate records from the North Atlantic region.
A detailed description is given below (section 5.4.2) after a summary of the large scale
climate development with additional remarks regarding the grain-size and amino acid
data.

5.4.1. Large scale Holocene climate transition

The general long term palaeoclimate trend at the climatically sensitive Lonar Lake
reconstructed by Prasad et al., (2014) starts with a drying period that probably coincides
with the Younger Dryas at ~ 11.4 cal ka, which marks a dry period prior to the beginning
of the Holocene in many geological records of India and adjacent regions (Overpeck et
al., 1996; Bar-Matthews et al., 1997; Wei and Gasse, 1999; Gasse, 2000; Wang et al.,
2001; Morrill et al., 2003; Sharma et al., 2004; Dykoski et al., 2005; Demske et al.,
2009). Median grain-size of this section is low indicating low energy transport, which is
probably due to dry conditions with reduced sediment input by run-off and precipitation
fed streams and enhanced aeolian deposition. High LI values indicate strongly degraded
OM in these sediments, and the high Ox/Anox ratios point to subaerial decomposition of

the OM. Thus, the bottommost sediment section most likely represents a palaeosol.
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The beginning of the Holocene is marked by a transition from dry to wet climate
with an abrupt increase in monsoon strength after ~11.4 cal ka (Prasad et al., 2014). The
phase of monsoon onset and strengthening is reflected in the sediments by high
lithogenic input, which was eroded from the sparsely vegetated crater walls and
transported to the dried out lake bed. The values of the biogeochemical parameters and
the grain-sizes are comparable to those of the underlying soil, and thus indicate high
contribution of eroded soil material to the sediments. On top of this section, few
gaylussite crystals can be found, denoting a drier phase at ~ 11.1 cal ka.

Subsequently, the early Holocene between 11.1 and 6.2 cal ka is characterised by
wet conditions (Fig. 5.4). The sediments of this section show low lithogenic contribution,
and consequently low sedimentation rates. Thus, the section represents a deep lake with
less eroded material reaching the sampling site. A deep lake developed quickly after 11.1
cal ka as is obvious from seasonally laminated sediments (Prasad et al., 2014). The
median grain-size values indicate a shift to medium silt, and thus to slightly coarser
material. This might be due to higher energy transport during strong rainfall events. The
aquatic productivity was low during this phase, as shown by the high C/N ratios (mean =
30.1), which denote dominant contribution of terrestrial OM. Since 9.9 cal ka the '3Corg
values stabilised on a relatively low level (mean = -20.9%o) indicating a C3 dominated
vegetation in the catchment of the lake. The predominantly low LI and Ox/Anox values
of the section and the increasing 8°N values between 9.1 and 6.2 cal ka point to

extended anoxia in the water column and the sediments.
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Fig. 5.3: Ternary diagram showing the percentages of the different grain-size classes (clay, silt, sand) of the
analysed sediment samples of the Lonar Lake core sediment.

The time slice between 6.2 and 3.9 cal ka is regarded as being a transitional phase
between wet climate during the early Holocene and dry climate during the late Holocene. This
time slice shows two drying phases accompanied by strong water body reduction between 6.2
and 5.2 cal ka and between 4.6 and 3.9 cal ka, respectively. The former drying phase is most
obvious from high 8Corg and 8N values, whereas the latter shows elevated lithogenic
contribution and gaylussite crystal precipitation (Fig. 5.4), which indicates strongest lake level
decline.

Following the climate transition between 6.2 and 3.9 cal ka, evidence of relatively dry
climate persists until today. Elevated 8*Corg Values, lithogenic contribution, Ox/Anox ratios,
and finer median grain-sizes indicate drier conditions compared to the early Holocene. The
lithogenic contribution and the Ox/Anox ratios denote a shallow lake, and the **Corg Values
imply a dominance of C4 catchment vegetation. The grain-size data indicate weaker monsoon
rains causing lower transport energy. Additionally, the alluvial fan in the north-east of the
lake might have been exposed due to the lower lake level, possibly reducing the velocity of
the streams that enter the lake from the north-east and east. Probably, this effect has also
reduced the distance between the sampling site and the source of fine sediment (alluvial
fan/stream mouth) causing a shift to finer grain-sizes and increasing the sedimentation rate. A
phase of exceedingly dry conditions is indicated by the reoccurrence of evaporitic gaylussite

crystals between 2.0 and 0.6 cal ka (Anoop et al., 2013b; Prasad et al., 2014). The climate
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information of the younger part of the core might be mirrored to some extent due to
anthropogenic interferences, as for example eutrophication and deforestation. A persistent
decrease in C/N ratio since 1.3 cal ka indicates permanently elevated nutrient supply to the
lake, which cannot be observed in the older parts of the core. Thus, a natural source of these
additional nutrients seems unlikely. Since ca. 0.8 cal ka strong anthropogenic interference is
evident from several near shore temples that have been built during the Yadavan rule

approximately in the 12" century (Malu et al., 2005).

In general, the impact of long term Holocene climate change on palaeolimnology
becomes notably obvious from the §Cqrg, lithogenic contribution, and grain-size values in
our record and quite well delineates the insolation curve since the end of the Younger Dryas
(Fig. 5.4), which additionally seems to drive the position of the summer Inter-Tropical
Convergence Zone (ITCZ), and thus the strength and northwards extent of the summer
monsoon rainfall (Fleitmann et al., 2007). One point that might be questioned is the
characteristic of the climate deterioration at 6.2 cal ka, which is reflected in the Lonar Lake
record by a sharp increase in 8*Corg, and thus points to an abrupt change, which was also
reported from other records (Morrill et al., 2003). Nevertheless, we believe that this abrupt
change is related to short-term climate variability and that the sudden increase in 8**Corg at 6.2
cal ka most likely represents the transgression of a threshold in annual precipitation that led to
the decline in terrestrial Cs plant vegetation and the increase in C4 plant contribution. Also,
the changes in lake level as displayed by the lithogenic content in the sediments show a
relatively smooth transition from a deep to a shallow lake. Additionally, the relatively short-
term of the interval of drying between 6.2 and 3.9 cal ka is obvious from the subsequent
change to wetter conditions indicated by subaquatic sedimentation and the disappearance of
the gaylussite minerals. Thus, the transition from generally wet to drier climate after the
Holocene climate optimum seems to occur gradually, and abrupt changes in the
biogeochemical parameters are due to relatively short-term climate anomalies as postulated by
Fleitmann et al., (2007) and reported from several regions (Hodell et al., 1999; Gupta et al.,
2003; Hong et al., 2003; Gupta et al., 2005; Demske et al., 2009; Wiinnemann et al., 2010).
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Fig. 5.4: Long term Holocene climate trend at Lonar Lake as interpreted from our data: Comparison of median
grain-size (A); lithogenic contribution (B); 6'*Corq values (C) (Prasad et al., 2014); and summer (JJA) insolation
at 20° N (D) (Berger and Loutre, 1991). Error bars indicate the standard deviation range (20) of calibrated
radiocarbon dates.

5.4.2. Centennial scale Holocene climate variability

Besides the large scale millennial climate trend, several smaller centennial scale climate
variations can be reconstructed from the Lonar Lake bioclastic record. While the role of
ENSO and shifts in the position of the Indo Pacific Warm Pool (IPWP) in causing the
prolonged droughts during 4.6 to 3.9 and 2.0 to 0.6 cal ka have been discussed by Prasad et
al., (2014), the short-term climate variability identified in our new dataset cannot be explained
by the same mechanism necessitating the search for alternative causal mechanisms. Several
studies have identified links between Asian monsoon and North Atlantic palaeoclimate with
cold events in the North Atlantic region, as identified by ice-rafted debris in deep sea cores
(Bond et al., 1997 and 2001), being linked to decreases in monsoon strength over Asia (Gupta
et al., 2003; Hong et al., 2003; Dykoski et al., 2005; Fleitmann et al., 2007; Wang et al.,
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2005). Nearly all Bond events are isochronally reflected by indications of short-term changes
in monsoon strength in the proxies from Lonar Lake sediment core (Fig. 5.5). Since the
centennial scale climate variations at Lonar Lake are reflected in different proxies and not all
proxies show every phase of climate change, we calculated a Bioclastic Climate Index (BCI)
that combines the Holocene course of the independent and climatically sensitive 8'3Corg,
lithogenic contribution, and combined amino acid proxy values. Since the variations in §°N
and C/N values within the Lonar Lake record seem not to be predominantly driven by climate
change or at least are considerably biased by other processes (see sections 5.3.5. (c) and (e)),
we did not include them into the BCI calculation. The BCI shows the deviation from the mean
values given in percent of the maximum variation of the respective proxy in the data set

according to the formula:

ARC,, (%) + Alith (%) + 0.5 X [ALI (%) + AOX/Anox (%)]
3

BCI (%) =

with high values indicating drier and low values indicating wetter conditions. We used half of
the sum of the LI and Ox/Anox values to not overstate the variability in amino acid data as
both values are calculated from the same data set, and thus are not fully independent. Further,
linearly interpolated values for the amino acid derived proxies were used as these proxies
were measured in a lower resolution than §'3Cqrg and lithogenic contribution. Since the BCI
also shows the long term palaeoclimate trend, a detrended curve was calculated to emphasise
the centennial scale palaeoclimate variations (Fig. 5.6). The applicability of the BCI in
reconstructing changes in precipitation is corroborated by its negative correlation (-0.55; p <
0.01), despite human interferences at Lonar Lake in modern times, with the all India rainfall
record (ftp://www.tropmet.res.in/pub/data/rain/iitm-regionrf.txt) by applying a low-pass filter
to the rainfall data and the Gaussian kernel based correlation analysis (NESToolbox for
MATLAB used; Rehfeld et al., 2011). In addition to the BCI, the occurrence of evaporitic
gaylussite crystals (Anoop et al., 2013b) was used to interpret the climatic changes at Lonar
Lake since the gaylussite crystals exclusively indicate changes in Lonar Lake hydrology
related to reduced available effective moisture.
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Fig. 5.5: Comparison of our data of lithogenic contribution (4), C/N ratio (B), Ox/Anox ratio (C), LI (D), 6N
(E), and §"Corq (F) to the percentage of haematite stained grains (G) in core MC52, a climate record from the
North Atlantic region (Bond et al., 2001). C/N, 8Corg, and 6*°N were reported by Prasad et al., (2014);
gaylussite crystal occurrence was reported by Anoop et al., (2013b). Numbers O — 8 designate cold events in the
North Atlantic region (Bond events). Grey shaded intervals denote periods that are interpreted to be phases of
climate deterioration at Lonar Lake. Error bars indicate the standard deviation range (26) of calibrated
radiocarbon dates.
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Largely, the changes in the de-trended BCI are coincident with the intervals of
increased ice rafted debris in the North Atlantic (Bond et al., 2001). The oldest of the
Holocene cooling events in the North Atlantic region, the Bond event 8, can be correlated
with the occurrence of gaylussite crystals in the Lonar Lake core on top of the section that
represents the phase of climate transition and monsoon onset after the soil formation (Fig.
5.5). The Bond event 7 is concurrently correlated to a double-peaked increase in 8**Corgand to
an increase in lithogenic contribution. The §Corg increases are interpreted as changes in
terrestrial vegetation to more C4 plant abundance, indicating drier conditions. The subsequent
decrease in 513Corg denotes the transition to Cs plant domination, and thus wetter conditions
during the early Holocene. A concurrent climate variation to Bond event 6 is indicated by
elevated LI and Ox/Anox values as well as high 8°N values (Fig. 5.5). The amino acid based
indices reveal an increase in oxygen supply to the sediments at 9.15 cal ka, and the pollen
record points to a dry phase, during which the whole sediment section of this subunit became
exposed to oxic or even subaerial conditions, since only few pollen that are resistant to
aerobic decomposition are preserved in the sediments older than 9.2 cal ka (Riedel & Stebich,
in preparation). Enhanced oxygen supply could also be responsible for the elevated §°N
values, since an increase in 8°N during aerobic degradation was reported from in vitro
(Lehmann et al., 2002) as well as from in vivo (Freudenthal et al., 2001) investigations. A
drying trend in the Asian tropical region during this so called 9.2 ka event was reported before
and also related to a cooling trend in the North Atlantic region (Dykoski et al., 2005;
Fleitmann et al., 2008). Elevated LI, Ox/Anox, and lithogenic contribution values in the Lonar
Lake core comparable to the values at 9.2 cal ka can be found during 8.2 — 7.7 cal ka (Fig.
5.5). This phase correlates within dating uncertainties with a cool phase in the North Atlantic
situated at the early stage of Bond event 5. The relatively short cool phase during the early
stage of Bond event 5 is also known as the 8.2 ka event. Similar to the 9.2 ka event, a cooling
trend in the North Atlantic region was accompanied by a drying trend in monsoon-influenced
Asia (Alley et al., 1997; Wang et al., 2005). It is widely accepted that the cooling during the
8.2 ka event was caused by a pulse of freshwater that burst out of the Lakes Agassiz and
Ojibway through the Hudson Straight, which weakened the thermohaline Atlantic meridional
overturning circulation, thus leading to the climate anomaly (Barber et al., 1999; Teller et al.,
2002; Kendall et al., 2008). The peak at the later stage of Bond event 5 is correlated with
elevated 8'3Corg values and an increase in lithogenic contribution (Fig. 5.5). Elevated LI,
Ox/Anox, and lithogenic contribution at 6.45 cal ka correlate within dating uncertainties with
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a cool phase at the beginning of Bond event 4. The following intensification of the North
Atlantic cold spell (Bond event 4) and the Bond event 3 are reflected by the most obvious
centennial scale climate changes shown by our data. These two phases constitute the climate
transition from generally wet to generally drier conditions during the mid-Holocene (see
section 5.4.1) at 6.2 — 5.2 cal ka and 4.6 — 3.9 cal ka, respectively, which is consistent with
reports of southward migration of the ITCZ, monsoon weakening, and related drying trends
from various locations of the Asian monsoon realm (Enyel et al., 1999; Morrill et al., 2003;
Parker et al., 2004; Prasad and Enzel, 2006; Staubwasser and Weiss, 2006; Fleitmann et al.,
2007; Demske et al., 2009; V. Prasad et al., 2014). The older phase, concordant with Bond
event 4, is characterised by a strong increase in 8*3Corg With two sudden shifts, the first by ~
8%o at about 6.2 cal ka and the second by ~ 4%, at about 5.7 cal ka. The second shift in §**Corg
is accompanied by an increase in 8'°N of ~ 2%o. The increase in §*Corg is most likely linked
to two major factors. A shift in terrestrial vegetation from Cz dominance to more Cs
contribution seems to explain the increase in 6Corg at 6.2 cal ka since S. Sarkar (in
preparation) found an increase in §*3C of long chain n-alkanes. The second increase in §*Corg
at 5.8 cal ka results in 3*Corg Values that even exceed the values of C4 land plants, and thus
the second shift cannot be explained by a further change in the terrestrial fraction of the OM
alone. Hence, the elevated 8**Corg Values seem to be related to a change in the aquatic system.
A reasonable explanation is an increase in pH, as a result of an increased salt concentration in
the water during lake level decline in response to relatively dry conditions, and a related shift
in the dominant photosynthetic inorganic carbon source from CO2 to HCOz (Prasad et al.,
2014). The assumption that elevated pH is responsible for the 8*3Corg increase is corroborated
by the concurrent increase in 8°N. In anoxic waters, which most probably were present
during the related time as indicated by the low Ox/Anox ratios, high pH causes ammonia
volatilisation that leads to a 8N increase of aquatic OM (Casciotti et al., 2011). After 5.2 cal
ka, the 8Corg and 8°N values gradually decrease, which could indicate a slightly wetter
period from 5.2 to 4.6 cal ka but which could also be due to the disappearance of the anoxic
water layer as a response to further lake level decline. Subsequently, the dry phase between
4.6 and 3.9 cal ka, which has been correlated with an expansion of the IPWP (Prasad et al.,
2014) but also partly correlates with Bond event 3, does not show as elevated §*3Corg and 8°N
values as the previous dry episode. This seems to be related to the disappearance of the anoxic
water layer, and hence the lack of ammonia volatilisation, producing °N enriched
ammonium, and the lack of methanogenesis, producing *C enriched CO,. The strongest

indications for dry climate during this period are the occurrence of evaporitic gaylussite
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crystals throughout this zone (Anoop et al., 2013b) and the elevated lithogenic content in the
sediments indicating low lake level. However, the decreased 53Corg Values are responsible for
the lower BCI values during this time slice even though the occurrence of gaylussite crystals
indicates drier conditions compared to the time slice 6.2 to 5.2 cal ka (Fig. 5.6). Subsequently,
the only Bond event that does not show a marked complement in the Lonar Lake record is
Bond event 2 between ca. 3.5 and 2.7 cal ka. This might be due to the fact that generally drier
conditions had been established after the very dry period correlated with Bond events 4 and 3.
Thus, the wetter period during ca. 3.9 to 3.5 cal ka did not provide enough excess in
precipitation over evaporation to establish a high lake level with strong anoxic hypolimnion
and vegetation dominated by Cs plants. Hence, if the period between 3.5 and 2.7 cal ka was
drier at Lonar Lake compared to the period 3.9 to 3.5 cal ka, no significant changes in our
proxies could be expected as long as the lake does not desiccate. Nevertheless, two minor
positive shifts in 8*3*Corg and contemporaneous increases in the amino acid derived indices
result in two BCI peaks that possibly indicate drier conditions at Lonar Lake corresponding to
the double-peaked North Atlantic cooling event during Bond event 2 (Fig. 5.6). The following
period of strong evidence of climate deterioration at Lonar Lake is again marked by evaporitic
gaylussite crystals and was dated at an age of 2.0 — 0.6 cal a (Anoop et al., 2013b; Prasad et
al., 2014). Thus, it can be correlated with Bond event 1 but exceeds the time span of the Bond
event by about 500 years, which is in accordance with the report of decadal scale famines in
India during the 14" and 15" century (Sinha et al., 2007). However, this strong drying event
is also coincident with an increase in ENSO like conditions (Moy et al., 2002; Rein et al.,
2005) in the Pacific (Prasad et al., 2014) suggesting complex links to the North Atlantic and
to the Pacific forcings. The dry climate of this period, as indicated by the gaylussite
precipitation, is not well reflected in the BCI. This is due to the eutrophication, which causes
the development of lake water anoxia and a related descent of the amino acid derived proxy
values. The BCI indicates an abrupt transition to wet climate at 1.3 cal ka (Fig. 5.6), which is
due to the biased amino acid indices. Thus, the BCI values during the phase of strongest
anoxia between 1.3 and 0.3 cal ka, as indicated by the Ox/Anox ratio, are shifted to lower
values, hence indicating wetter climate than actually prevailed. Finally, Bond event 0 is
concurrently correlated to increased §*Corg and lithogenic contribution values between 440
and 240 cal a (Fig. 5.5). Again, anthropogenic interference cannot be ruled out here in the
younger part of the core. But, since the two-step increase in §'3Corg at 440 and 260 — 245 cal a
and the subsequent decrease in 8*3Corg correlate with two minima in solar activity, the Sporer

Minimum and the Maunder Minimum, and a subsequent increase in solar activity, it seems
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likely that these changes are driven by monsoon strength weakening during the ‘Little Ice
Age’ (Bond event 0) and the subsequent climate amelioration (Anderson et al., 2002;
Agnihotri et al., 2008).
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Fig. 5.6: Comparison between the Bioclastic Climate Index (BCI) (A), the detrended BCI (B), the climate record
from the North Atlantic Region (C), and the detrended and smoothed *C production rate (D) (Bond et al., 2001).
Detrending of the BCI was performed by applying a Gaussian kernel based filter with a kernel bandwidth of 500
years to the values of the time slice <11.14 cal ka The values of the time slice > 11.14 cal ka were adjusted by
subtracting the lowest value of this time slice from the data since a rapid shift in BCI values at 11.14 cal ka
occurs. Red and blue colour fills indicate relatively dry and wet phases, respectively. Error bars indicate the
standard deviation range (20) of calibrated radiocarbon dates.

Multiple proxies (Prasad et al., 2014; this study) indicate that there are both tropical
and high latitude influences on the ISM that can be finally linked to solar variability. The fact
that all phases of climate cooling in the North Atlantic region identified by Bond et al., (2001)

are largely contemporaneously (within dating uncertainties) accompanied by climate
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deteriorations at Lonar Lake, as inferred from changes in BCI and evaporative gaylussite
crystal precipitation, indicates that the North Atlantic and the Indian monsoon climate
systems were linked during the Holocene. Evidence for contemporaneous climate variability
in the Asian tropics and the North Atlantic region during the Holocene has also been reported
from annually laminated, precisely dated stalagmites (Liu et al., 2013). A reasonable
explanation for such a concurrent linkage is an atmospheric tele-connection, which has the
potential to connect the two systems without substantial delay. Coupled ocean-atmosphere
climate simulations could show that cooling of the northern hemisphere results in reduced
summer monsoon rainfall over India (Broccoli et al., 2006; Pausata et al., 2011). This is due
to the development of an asymmetric Hadley cell accompanied by a southwards shift of the
ITCZ, which causes an enhanced net energy (heat) transport from the tropics to the cooled
northern hemisphere (Broccoli et al., 2006). Such a southwards shift of the ITCZ would lead
to weaker-than-normal Asian summer monsoon, and thus might be the mechanism
responsible for the Asian-North Atlantic climate connection indicated by our data. Another
mechanism that might have contributed to the connection could be the effect of northern
hemisphere cooling on Eurasian snow cover if the cold phases recorded in the North Atlantic
region have caused enhanced snow accumulation over Eurasia. Modern observations and
model calculations show that extent and duration of Eurasian snow cover affect the Asian
monsoon system (Bamett et al., 1989; Bamzai and Shukla, 1999). Prolonged Eurasian snow
cover during spring cools the overlying air since energy is used to melt the snow and to
evaporate the melt water instead of warming the land surface, thus having a downwind effect
on South Asian landmasses and weakening the thermal gradients between land and ocean,

which causes a weaker-than-normal summer monsoon (Barnett et al., 1989).

The reason for the North Atlantic cooling events might be reduction in insolation
triggered by reduced solar output. This was postulated by Bond et al., (2001) who found that
the North Atlantic cooling events correlate with smoothed and detrended *C and °Be
production rates (**C shown in Fig. 5.6), which are inversely correlated with solar output
(Beer, 2000). They also found a ca. 1500 year periodicity of the palaeoclimate variation in
their record, which is in agreement with palaeoclimate variations reconstructed from other
records (see Mayewski et al., 2004) and the link between periodicities in climate archives and
solar activity (Soon et al., 2014). To compare these findings with our data, we have calculated
the major frequencies in our climate proxy data as well as the correlation between the BCI
and the *C production rate. Before the spectral analysis, the long term climate trend was
removed from the whole time series by applying a Gaussian kernel based filter with a kernel
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bandwidth of 500 years. The correlation between the detrended *C production rate (Bond et
al., 2001) and the detrended BCI is relatively high (0.63), thus supporting the hypothesis that
climate variability in India is influenced by changes in solar irradiance (Gupta et al., 2005).
The power spectral analysis revealed a 1519 year periodicity besides 120 year, 274 year, 435
year, and 822 year periodicities in our data set (Fig. 5.7). Thus, a periodicity in climate
variability similar to the “1500-year cycle” observed by Bond et al., (2001) is present in our
record and corroborates the connection of the North Atlantic and the Indian monsoon
palaeoclimates. The other periodicities seem to be related to solar cycles. The periodicities of
120 and 435 years equal eccentricity periodicities (122 and 432 years), whereas the 822 year
cycle might be related to precession and obliquity cycles of 840 years (Loutre et al., 1992).
Due to the difference, it is questionable if the 274 year cycle in our data set is related to the
245 year cycle of eccentricity, obliquity, and precession (Loutre et al., 1992), but the
possibility should not be excluded. In summary, we conclude that while IPWP forcings are
important in causing millennial scale periods of prolonged dryness during the mid and late
Holocene in central India (Prasad et al., 2014), the subtle short-term changes identified by the

BCI indicate the presence of North Atlantic forcings as well.
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Fig. 5.7: Powerspectrum indicating the most prominent periodicities within the Bioclastic Climate Index data
set. The blue line represents the 90% confidence level of statistical significance.

5.4.3. Implication for the archaeological history

Our palaeoclimate reconstruction from Lonar Lake gives some clues according to the ongoing
discussion about the role of mid-Holocene climate change on the de-urbanisation and
abandonment of most Mature Harappan cities in the Indus valley region and the dislocation of

settlements during the Late Harappan phase after 3.9 cal ka especially to the western Ganga
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Plains (Possehl, 1997). Singh, (1971) postulated that the development and expansion of the
Harappan Civilisation was strongly related to favourable climate conditions and to severe
climate deterioration during its decline. However, Possehl, (1997) and Enzel et al., (1999)
proposed that the influence of climate to the fate of the Harappan Civilisation was minimal or
absent. But, since the capture of rivers that contributed to the water supply of the Harappan
cities caused by tectonic activity during the time of Harappan decline could not be confirmed
(Clift et al., 2012) and since almost all of these rivers were monsoon fed (Tripathi et al., 2004;
Giosan et al., 2012) vulnerability of the urban Harappan sites to weakened monsoon seems
likely. And while Staubwasser and Weiss (2006) argue for a direct link between the decline of
the Harappan Civilisation and the relatively short dry episode at about 4.2 cal ka, others
hypothesise that the gradual climatic decline between ~ 5 and 4 cal ka caused an adaption of
the cultivation methods to reduced summer monsoon rainfall (Gupta et al., 2006; Madella and
Fuller, 2006; MacDonald, 2011) and related diminution in seasonal flooding (Giosan et al.,
2012).

Our data support the view that the rise of the Harappan Civilisation did not occur
during a phase of wettest climate (Enzel et al., 1999) but that the development of the huge
cultural centres was more likely linked to the climate deterioration during the transition from
the wetter early Holocene towards the drier late Holocene. A similar development was
reconstructed for the rise and fall of the Mayan cities in Central America where the spread of
urban centres coincided with a phase of declining humidity between 1.3 and 1.15 ka and the
abandonment started subsequently at ~ 1.15 ka probably due to persistent dry conditions
(Kennett et al., 2012). The development of highly populated centres in the Indus Valley was
possibly due to the reduction of annual rainfall and the concentration of cultivable acreage
along the rivers that provided enough water for agriculture in the form of seasonal flooding to
supply the resident population. The fact that diminished available effective moisture at Lonar
Lake between 4.6 and 3.9 cal ka correlates well with other records from the Asian monsoon
realm (Hong et al., 2003; Gupta et al., 2005; Demske et al., 2009; Winnemann et al., 2010)
displays the supra-regional character of this drying trend and corroborates the assumption that
the climatically sensitive sites especially in the relatively dry regions of the western Harappan
territories were forced to adapt to severe shortages in water supply as for example to rivers
that became ephemeral. A consequent change in agricultural strategy towards cultivation of
crops that called for a more extensive land use and could not support the highly populated
centres seems to be a reasonable explanation for the gradual decline of the Harappan
Civilisation.
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5.5. Conclusions

The analyses of the C/N, §%*Corg, 5!°N, lithogenic contribution, grain-size, and amino acid
degradation indices LI and Ox/Anox ratio values in combination with the evaporitic
gaylussite crystals from the sediment core samples of the climatically sensitive Lonar Lake
revealed several environmental and hydrological changes during the Holocene that can be
related to climate shifts.

The long term Holocene climate development at Lonar Lake shows three phases. The
first phase is characterised by dry conditions at about 11.4 cal ka followed by a transition to
wetter conditions during the time of monsoon onset and strengthening (~ 11.4 — 11.1 cal ka).
The second phase comprises the early Holocene and shows wet conditions with high lake
level and C3 dominated catchment vegetation. A subsequent transition to drier conditions
occurs between ca. 6.2 and 3.9 cal ka. The late Holocene represents the third phase, which is
characterised by relatively dry conditions as indicated by lower lake level and terrestrial
vegetation with high C4 plant contribution. Comparison of these findings with other climate
records from South Asia and the North Atlantic region displays a strong similarity, with
strong monsoon phases in Asia correlating with warm periods in the North Atlantic region
and weak monsoon correlating with colder climate in the North Atlantic region (Johnsen et
al., 2001). These climatic conditions seem to be closely related to the northern hemisphere
insolation, which additionally seems to drive the position of the ITCZ, and thus the

northwards extent of the summer monsoon rainfall (Fleitmann et al., 2007).

The long term climate trend is superimposed by several shorter term climate
fluctuations. Some of these fluctuations have also been observed in other high-resolution
climate records from Asia, and they can be correlated with the North Atlantic Bond events
(Bond et al., 1997 and 2001). The correlation is the same as observed for the long term trend
with cold periods in the North Atlantic correlating with dry periods over South Asia and vice
versa. All the 9 Bond events during the Holocene are isochronally (within dating
uncertainties) reflected in the Lonar Lake record. This point to a connection between the two
climate systems or to an identical trigger of climate variability. The fact that the Bioclastic
Climate Index (BCI) quite well delineates the solar output proxy C production rate (Bond et
al., 2001) corroborates the assumption that variations in solar activity triggered centennial
scale variability of the Indian monsoon climate during the Holocene. However, the amplitude
of the BCI not solely depends on the centennial climate variability but is also influenced by

the long term Holocene climate variability, other tele-connections (e.g., Pacific climate;
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Prasad et al., 2014), local climate phenomena, changes in environmental conditions, and
anthropogenic interferences. Thus, the amplitude of the BCI curve does not always reliably

display the absolute strength of climate variability.

With respect to the archaeological record from India and Pakistan, our results support
the hypothesis that the rise of the Harappan Civilisation was linked to the climate
deterioration during the transition from wetter climate of the early Holocene to drier climate
of the late Holocene. We believe that the decline of the urban centres especially in the western
Harappan territories might best be explained by a gradual reduction of summer monsoon
between ~ 4.6 and 3.9 cal ka and a consequent adoption of new agricultural practices and

crops that demanded a social adjustment.
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Table

Table 5.1: Radiocarbon ages from the Lonar Lake core; first published by Prasad et al.,
(2014). Calibration of the C dates was carried out using the program OxCal, interpolating
with the INTCALO4 and NH3 calibration curves (Bronk Ramsey, 2008).

Lab No. Material Composite Depth 14C date (20) Calendar age range

(cm) (*Cyn) (20)

(cal yr)

Poz 44133 Bulk 0 116.79 £ 0.84 -55 to -59
Poz 44142 Wood 20 143.51 + 0.0086 -16 to -28
Poz 44143 Bulk 107.88 £ 0.76
Poz 27189 Wood 163.5 564 + 60 669 to 505
Poz 41602 Bulk 760 = 360
Poz 41605 Gaylussite crystal 266 1105 £ 60 1076 to 944
Poz 27190 Wood 266.5 1105 £ 60 1079 to 947
Poz 41603 Bulk 1075 + 60
Poz 41604 Wood 267.5 1100 + 60 1086 to 950
Poz 41607 Wood 383.5 184070 1924 to 1624
Poz 27236 Wood 482 231570 2696 to 2192
Poz 44141 Bulk 511.5 2680 £ 70 2944 to 2580
Poz 44226 Bulk 612 3470 £ 70 3867 to 3531
Poz 27237 Wood 778 4185+ 70 4911 to 4583
Poz 27191 Wood 820 4600 + 120 5479 to 4867
Poz 41611 Wood 870 7420 + 80 8396 to 8096
Poz 27193 Wood 870.5 7460 = 180 8412 to 8104
Poz 27194 Wood 872 7410 = 200 8476 to 8100
Poz 27373 Wood 882.5 8880 = 120 10197 to 9529
Poz 27253 Wood 899 8990 + 160 10707 to 9867
Poz 27238 Leaf 902 9740 = 100 11274 to 10670
Poz 27192 Wood 904 9570 = 200 11338 to 10694
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Chapter 6: Conclusions and Future Perspectives
6.1. Conclusions

My thesis is a compilation of four separate manuscripts, dealing with the monsoon variability
during the late Quaternary period. The primary aim was to identify climate sensitive proxies,
and apply them to reconstruct palaeo-environment/climate for developing a better
understanding of the monsoon-westerlies dynamics in the ISM realm. Specifically, the

following objectives were addressed:

1. Establishing a link between modern lake sediment properties and environmental conditions
to identify climate sensitive proxies.

My study dealt with the geochemical, organic, mineralogical and sedimentological
investigations of the catchment and the lake surface sediments from the Tso Moriri Lake,
(NW Himalayas), and evaluated the potential of measured parameters for
palaeoenvironmental reconstruction i.e. proxy identification. Additionally, hydrochemical
analysis of the lake and feeder stream waters and investigation of surface sediments was
undertaken to obtain information on the present limnological status and factors controlling the
modern sedimentation processes within the lake. The Tso Moriri Lake basin showed a distinct
thermal stratification and an oxygenated bottom, which could be linked to the mixing of the
lake waters. Hydrochemistry of feeder springs showed that the lithology of the catchment area
controls the water ionic composition, whereas evaporation processes control the lake water
chemistry. The influence of evaporation is evident from the presence of authigenic aragonite
in lake surface sediments, and enrichment of stable isotopes (8D and §'20) in the lake waters
when compared to the inflow streams and precipitation. Based on our investigations, several

independent proxies have been developed for the palaeoenvironmental reconstruction.

e The authigenic carbonates and Sr/Ca ratio can be used to infer changes in salinity.

e Distinction between authigenic and allochthonous organic matter based solely on C/N
values is difficult in this oligotrophic lake, limiting the application of organic isotopes
for palaeoenvironmental reconstruction.

e Grain size variability within the lake basin reflects the energy and mode of transport
and can also be used as an indicator of shoreline proximity during shallow lake
phases.

e Due to dynamic transport processes within the lake and the variation in the grain size
of the sediments, Si/Al and CPA (Chemical Proxy of Alteration) were selected as

useful weathering indices.
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2. Using the identified proxies to reconstruct ISM and westerlies variability on millennial to
decadal timescales.

My results provided a high-resolution palaeoclimate reconstruction from the Tso Moriri Lake,
NW Himalaya. The geochemical, mineralogical and sedimentological investigations on the
core sediments revealed the climate forced hydrological variability i.e. ([Precipitation+Melt
water=I]/[Evaporation=E]) (I/E) and lake level changes since glacial period (~26 cal ka).
Based on, autochthonous and allochthonous mineralogy, abundances of macrophytes and
grain size variability, multiple hydrological stages were identified in the Tso Moriri Lake
(Chapter 3).

My work indicated that the early Holocene intensification was visible in both NW
Himalaya and central India though the wettest phase ended earlier in the former (ca. 8.5 cal
ka) as compared to the latter (ca. 6 cal ka). The central Indian Lonar Lake record showed
evidence of multiple abrupt events throughout the Holocene, as well as two periods of
extended drought (4.6-3.9 cal ka and 2.0-0.6 cal ka) during the late Holocene. These
“extremes” do not appear to be recorded in the high altitude Tso Moriri Lake, probably due to
the buffering effect of snowmelt, stronger westerlies, and/or weaker ISM influence in the NW

Himalaya during the late Holocene.

3. Identifying the impact of seasonal precipitation and meltwater to the local hydrological

balance.

The selection of two lakes from climatically different regimes enabled an interesting
comparison. The lake level in Tso Moriri is controlled by meltwater and limited seasonal
precipitation. The Lonar Lake lies in the core monsoon zone, and the lake level is primarily
governed by ISM and limited groundwater inflow. As discussed above, while the early
Holocene ISM intensification could be seen in both the lakes, the meltwater plays a prominent
role in governing the hydrological balance in the high altitude Tso Moriri Lake. Even during
the early Holocene wet phase when the ISM impact was strongest in the Himalayan region,
the reconstructed mean annual precipitation of ca. 600-700 mm (Leipe et al., 2014a) is not

sufficient to sustain a deepwater lake in this region.

Regional comparison of reconstructed hydrological changes from Tso Moriri Lake
with other archives from the Asian summer monsoon and westerlies domain shows that the
intensified westerly influence that resulted in higher lake levels (after 8 cal ka) in central Asia

was not strongly felt in NW Himalaya. Additionally, during the late Holocene, the droughts

[123]



Chapter 6: Conclusions and Future Perspectives

and events observed in monsoon dominated region are not unambiguously visible in the NW,

Himalaya.

6.2. Future Prospects

Identifying the regional impact of past climate change, inferring their causal mechanisms,
with a view to prediction in a global warming scenario, is one of the key challenges of the
21st century, with serious implications for future economic development, societies, and the
environment. An extensive database of well dated, long term climate record is essential to
reduce uncertainty in climate predictions by testing and refining climate models. My work on

two lakes has highlighted several additional points to be pursued in future:

e Increasing the spatial coverage of the palaeo-data in the ISM realm for obtaining a
better understanding of the past climate variability. These, in turn, should be compared
to the database from the East Asian monsoon realm to understand overall Asian

monsoon variability.

e Marine-terrestrial comparison to understand the role of teleconnections in causing
extreme events.
e Monitoring: Quantification of palaeo-data using modern monitoring (sediment traps

and hydro-meteorological data).

e Palaeoclimate simulations of different duration and different time slices are needed to
understand the typical circulation anomalies responsible for the occurrence of

extremes (floods and droughts) and identify the physical causal mechanisms.
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Appendix

Appendix
Table S2.1: *¥'Cs activity from sediment core TM-10 (see Fig. 2.1a for sample location)
Depth_top Depth_base 137Cs activity +%Cs error Sample Measurement
(cm) (cm) (Ba/kg) (Ba/kg) weight (g) time (days)
0 1 4.8 1.6 1.05 35
1 2 20.5 1.7 0.84 28.9
2 3 9.8 3.1 0.52 25
3 4 4.2 1.9 0.53 74.9
4 5 -0.1 3.2 0.36 49.1
9 10 1.3 3.7 0.6 13
14 15 -0.7 2.3 0.51 49
19 20 3.3 5.7 0.69 3.9

Table S2.2: CaCOs free-based data was calculated from the raw data presented in main text

(Chapter 2)

(a) Mineralogy of catchment samples (CaCO3-free based)

Sample  Quartz Muscovite Chlorite  Orthoclase  Plagioclase  Musovite/Chlorite
L-35 57.7 10.1 4.1 3.7 24.4 25
L-21 64.8 9.4 35 5.4 16.9 2.7
L-36 66.0 9.9 3.5 4.8 15.8 2.8
TMS-7 61.8 6.9 1.7 9.1 20.6 4.0
TMS-9 54.9 19.0 0.0 6.8 19.3 -
L-23 51.5 18.8 7.3 5.2 15.3 2.6
L-24 72.0 0.0 7.2 3.9 16.9 0.0
L-26 59.8 20.1 6.2 3.8 10.1 3.2
TMS-21 47.0 23.1 9.6 9.0 11.2 24
L-31 55.5 12.8 5.2 7.3 19.2 2.5
TMS-14 51.5 26.6 75 0.0 14.4 3.6
L-33 56.7 16.5 7.2 5.0 10.2 2.3
L-41 55.5 20.7 6.5 3.9 13.3 3.2
L-38 61.0 13.9 4.9 4.9 15.3 2.8
L-17 50.6 20.6 6.6 4.0 18.2 3.1
L-8 50.7 8.2 4.3 7.0 29.7 1.9
L-13b 50.9 5.2 4.8 4.0 35.1 1.1
L-13c 422 135 6.3 5.8 30.3 2.1
TMS-3 46.3 12.0 144 3.9 20.2 0.8
TMS-29 57.9 16.0 4.8 7.1 14.2 3.3
L-44 57.7 18.6 6.2 7.6 9.9 3.0
Average 55.8 14.4 5.8 5.3 18.1 25
RSD (%0) 12.4 44.6 48.7 38.4 37.0 37.5
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(b) Mineralogy of Lake sediment (CaCOs-free based)

Quartz Muscovite  Chlorite  Plagioclase Mus/Chl Water
depth (m)

TM-05 23.1 48.8 154 12.6 3.2 72
TM-6 32.3 32.3 35.5 0.0 0.9 40
TM-08 25.0 52.1 12.5 10.4 4.2 75
TM-9 23.5 49.0 27.5 0.0 1.8 62
TM-10 21.6 51.1 19.6 7.7 2.6 105
T™M-11 22.0 50.8 18.6 8.5 2.7 90
TM-12 23.4 54.7 14.1 7.8 3.9 84
TM-13a 22.4 48.3 20.7 8.6 2.3 77
TM-14a 26.9 46.3 17.9 9.0 2.6 50
Average 245 48.2 20.2 7.2 2.7

RSD (%) 12.8 12.6 33.6 57.0 35.1

(c) Lake sediment (CaCO3 free) normalised with catchment sediments (CaCO3 free)

Quartz Muscovite Chlorite Plagioclase

TM-05 0.4 34 2.7 0.7
TM-6 0.6 2.2 6.1 0.0
TM-08 0.4 3.6 2.2 0.6
TM-9 0.4 34 4.7 0.0
TM-10 0.4 3.6 3.4 0.4
TM-11 0.4 35 3.2 0.5
TM-12 0.4 3.8 24 0.4
TM-13a 0.4 34 3.6 0.5
TM-14a 0.5 3.2 31 0.5
Average 0.4 3.3 3.5 0.4
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