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Abstract

Abstract

The Indian subcontinen$ characterisedby a variety of climate zones ranging from the
alpineclimatein Himalaya,tropical climates in central India, to arid regions the NW

India. A variety of precipitation regimes (the SW and NE monsoon, and the winter
westerlies) and glaciaheltwater contribute to the regial hydrological balancé long

term data on their variability is essentiat infrastiuctural planning and securing food

supplies in a global warming scenario.

The presentvork on the lake sediments from the NW Himalayaq Moriri
Lake) andthe central India (Lonar Lake)nvolved reconstructing late Quaternary
palaeoclimate in these two diverse climate regidhg. Tso Moriri Lake is located in the
climatically sensitive zone of NW Himalayas and is affected by bothlatitdde
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 presenwork involved (i) testing of climatsensitive proxies that are useful
for climate reconstruction in high altitude regions; (igsed on the identified proxies,
reconstruction oflate Quaternary palaeoclimatand; (iii) regional comparison to
identify spatio-temporal changes in precipitation regimes and, meltwater contributions
(for the high altitude Tso Moriri Lake).

The present workndicates that the early Holocene intensification was visible in
both NW Himalaya and central India, though the wettestsphended earlier in the
former (ca. 8.5 cal ka) as compared to the latter (ca. 6 cal'lkearentral Indian record
showed evidence of multiple abrupt events throughout the Holocene, as well as two
periods of extended drought during the late Holocenes he fe xt r e mes 0 do
be recordedn the high altitude Tso Moriri LakeWhile chronological uncertainties
could clarify some of the differencespne possible explanation for thapparent
insensitivity of theNW Hi mal ayan r egi cenintpenindulardndidis x t r
probably due to the buffering effect of snowmuelesterliesand weaker ISM during the

late Holocene.

[I1]
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Kurzfassung

Kurzfassung

Der Indische Subkontinent ist charakterisiert durch eine VielzaKliamazonen, welche

von alpinem Klima im Himalaya uber tropisches Klima in Zentralindien bis zu ariden
Regionen in NWndien reichen. Eine Vielzahl an Niederschlagsregimes (der 8\W
NO-Monsun sowie die winterliche Westwinddrift) und glaziale Schmelzwasagen

zum regionalen hydrologischen Gleichgewicht besine langzeitliche Datengrundlage
Uber dessen Variabilitat ist notwendig fir infrastrukturelle Planungen und die
Sicherstellung der Nahrungsversorgung in einem Szenario globaler Erderwarmung.

Diese Arbeit Uber Seesedimente aus dem-Niwalaya (Tso Moriri Lake) und
dem zentralen Indien (Lonar Lake) beschaftigt sich mit der Rekonstruktion des
spatquartaren Palaoklimas in diesen beiden sehr verschiedenen Klimaregionen. Der Tso
Moriri Lake befindet sib in der klimatisch sensitiven Zone des N¥Wnalayas 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 befindatl demnach Feuchtigkeit nur vom
Indischen Sommermonsun erhélt. Diese Arbeit umfasst (i) die Untersuchung geeigneter
klima-sensitiver Proxies fur die Klimarekonstruktion in hoher gelegenen Regionen, (ii)
basierend auf den identifizierten Proxies die Rekmktion des spatquartéren
Paldoklimas und (iii) einen regionalen Vergleich zur Identifikation rAurdestlicher
Veranderungen in Niederschlagsregimes und Schmelzwasserspenden (fir den Tso Moriri
Lake in hoherer Gebirgslage).

Die Ergebnisse in dieserrbeit zeigen, dass die frihholozéne Intensivierung
sowohl im NWHimalaya als auch in Zentrfthdien sichtbar war, jedoch endete die
feuchteste Phase in ersterem friher (etwa 8,5 cal ka) als in letzterem (etwa 6 cal ka). Die
Daten Uber Zentrdhdien zeigermehrere plétzliche Ereignisse wahrend des Holozéans
sowie zwei Perioden mit zeitlich ausgedehnten Trockenphasen wahrend des spaten
Hol ozans. Diese AExtremefi zeigen sich nic
Moriri Lakes. Wahrend chronologische Unsidigiten einige der Abweichungen
erklaren konnten, ist eine weitere mogliche Erklarung fur die offensichtliche
Unsensitivitat der N\WHimalaya Region gegenuber dies@Extrema auf dem
halbinselférmigen Indischen Subkontinent ein Puffereffekt durch die Ssbmelze

westwinddriftsowie ein schwacherer ISM wahrend des spaten Holozans.

[IV]






Chapter 1: Introduction

Chaplkemntroducti on
1.1. Introduction

A large part of the Indian subcontinentusader the influence othe Indian summer
monsoon.Monsoon, derived from the Arabic wordnausini (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). Monsoay aiso 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 1.1djlowever, the ISM bringing in a significant amount ahfall

(Fig. 1.1ab) 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)SM variability, theefore has a
significant impact not only on the economy, but also on the largely rural fabric of the
Indian subcontinent, home to ca.%23 o f the worl dodés pop-ul atio
2013). The socioeconomic importance of ISM variability is clearly dematetir 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, 2013jistorically, several famines and the mass
mortality in the last millennium were also linked to the droughts in the Indian
subcontinent (Deotare, 2008he analyses of mode meteorological data indicaté¢at

() 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., 20HQwever, such studies on extne

events are based on the instrumental records covering only a few decades higimger
resolutionpalaeoclimataecords are essential for understanding the monsoon variability

on longer time scales.

Recent studies (Ponton et al.,, 2012; Anoop et all3B0Menzel 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 IndiBhese records demonstrate extreme climate
events (centennial scale intervals of weaker ISM) duttieglate Holocenelhe limited
palaeoclimate data froitine 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., 2Q013zpe et al., 2014ajThe NW

Indian lakes from Rajasthan and surrounding regions indicate an intereahahced
westerly precipitation between 7.2 afidal ka (Prasad and Enzel, 2006). The stalagmite
data for the last millennium (Sinha et al., 2008Jlicatesdecadal scale droughts in
northeastern India and thprobable westerly influence during the late Holocene
(Berkelhammer et al., 2012{lowever, though the relative influence of these moisture
pathways has shown considerable variations in inte@asity 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 folloning 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 lakeegliments from the Indian subcontinent.

1.1.1. Thenodernclimate system

The moderrclimate system in the Indian subcontinent is mainly controlled by two major
wind regimesFirst, the Indian summer monsoon (ISM) and secondly, thelatitdde
westerlies.Additionally, some amount (ca. 26 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 systmsed by annual variation
of the solar insolation. In 1686, Edmund Halley first proposed the mechanism of
monsoon circulation visualizing it as a giant leseh breeze triggered by the differential
heating of the Indian subcontinent and oceanic regwwhigh reverses its direction twice
a year (Kelkar, 2009). However, Simpson (1921) has criticized the gianrséanbreeze
concept, and pointed out that there was no relation between the monsoon precipitation
and the langsea thermal contrast, as ISM isostgest in July and not in the hottest month
(i.,e. May), or that the hottest regions of nentbst India get limited monsoon rain
(Gadgil, 2003).

A second hypothesis links the origin of monsoon wlith seasonal migration of
the intertropical convergenceorze (ITC2 over the latitude of maximum insolation

(Charney, 1969; Gadgil, 2003Puring 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 bniggsignificant amounts of precipitation
from the Indian Ocean (Arabian Sea and Bay of Bengal) to the continental parts of India
(Fig. 1.1ab). The Arabian Sea branch first strikes the Western Ghats of India, where its
orography governs the spatial variéilin the monsoon precipitation, resulting in
windward slope of the mountain range receiving heavy precipitation, whereas the
leeward side remains almost drpfter first encounter with the Western Ghats,
monsoonal winds from the Arabian Sea continuer floeirney towards theow-pressure

area over the Indian peninsulBhe Bay of Bengal branch brings moisture to the NE
India and further moves towards the Ir@angetic plain following the low pressure area
extending fromthe Bay of Bengal to the nowtlesten part of India (Gadgil, 2003) (Fig.
1.1ab). 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 thedian subcontinent (Gadgil, 200ME
monsoon is also termed as tiegreatingmonsoonseason or the pestonsoon season in
which the zone of maximum rainfall migrates to the southern part of Indial(Eaand

1.1c).

Limited amount of precipitatiorsibrought to the northern and northwestern parts
of India by themid-latitude cyclones steered by the westerlfeng with the tropical
cycloneswesterly winds move towards east and bring moisture from the Mediterranean
Seaand the Atlantic OcearBénnand Owen, 1998; Kotlia et al., 2014)pon reaching
Asia, the westerlies bifurcate into two branches due to mechanical barrier of the
Himalaya and the Tibetan Plated®a(g et al., 2014(Fig. 1.1a). During summer, the
westerly jet stream over northdia slowly weakens and disintegrates, causing the main
westerly flow to move north int€entral Asia.However, during winter the southern
branchesof the subtropical westerly jet stream reforms over the northern parts of the
South Asia, bringing winter preciption (Lockwood, 1974; Pant and Rupa Kumar,
1997).
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1.1.2. Forcing fatorsand teleconnections

Multiarchive, multiproxy palaeoclimate reconstructions on different timescales (decadal
to millennial) have indicated the role of various external (solar forcing) and internal (e.g.
oceanatmospheric teleconnections) factors influencing ISM variabilitgitfierent 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 factorsgisen below.
a) Forcing factors:

Climate forcing factors can be either external (e.g. solar variabdityipternal (e.g.
ocean circulation or landea thermal contrast) which operate at interannual (e.g. changes

in atmospheric composition) tillion yeartimescales (e.g. larska distibution).

There are twa@rincipal components of external forcirigone related to orbital
forcing and second related to changes in solar irradiditankovitch (1930) described
different orbital forcingst hese i ncl ude Ear t h o eccentictye me nt
and its own axis (obliquity and precession) (see also Beer et al.,, 2@dth 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 dknwdange (e.qg.
Mayewski et al., 2004; Yuan et al., 2008nother important feature of the external
forcing is the solar irradiancproduced by the SurDue to the advanced technology
available now, direct measurement of solar activity is possible faenrettmes.
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).Thehigh-resolutionpalaeedata from the ISM realm indicated thataolorcing 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 variabilitynclude snow cover, changes in
atmospheric composition, volcanic activity, and laea distribution. In connection with
the external forcing, these factors are responsible for the climate variation at decadal to
million year time scales. Snow covieas he ability toalter 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 (Dickson849Shukla 1987; Bamzand Shukla1999).
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, C@ methane) and anthropogenic (fossil fuels, industrial) processes. This is one
of the significant factors that affects the global climate by varying (increasing or
decresing) the atmospheric temperature (Officer and Drake, 1983; Pickering and Owen,
1994).The small but constant rate of increasing.@Qe to lanecover, and SST changes
are responsible for a slight increase in global mean temperature &€eyears
(Wanne et al., 2008)However, since mi®0" the increase in global temperature due to
the greenhouse gases (GHGSs) is dominantly caused by human infl&¢odee( 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 monsoorrcaiation on
million year timescales is largka distributionThe uplift of the Tibetan Plateau due to
collision of IndiarAsian plate, and the closing of Paratethys (<52 myr; Rowley, 1996),
resulted in the initiation of monsoon circulation in the Asiahcentinent (Kutzbach et
al., 1993; Ruddimann and Kutzbach, 198@dditionally, the closing of oceanic
gateways also affects the monsoon circulation (Wang et al., Z0@&weakening of the
Asian monsoon due to decreased SSTs in the Indian Oceanbistattrio 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 activeomponent 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 El Nifio Southern Oscillation (ENSO), Indian Ocean
dipole (IOD), actve/break cycles (tropicamid-latitude interactions), and the North
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Atlantic Oscillation (NAO) (Krishnan et al., 2009; Menzel et al., 2014; Prasad et al.,
2014).

The EINifio/Southern Oscillation (ENSO) is a coupled system between easterly
trade winds, wsterly 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 thoughthat 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 ti me
precipitation can & 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). IOD is the anomalous state of the
oceanatmosphere syste($aji et al., 1999; Vinayachandran et al., 20t which there
is an eastest temperature gradient in the Indian Ocean (Saji et al., 1999; Ashok et al.,
2001; Krishnaswamy et al., 2014). A positive IOD is characterised by higher
precipitation over theasith Asia, whereas the negative IOD is linked to weaker monsoon
(Krishnan et al., 2011).

The interaction between midtitude westerlies and the ISM winds leadsut
seasonabr intraseasonal variations of the monsoon precipitation (Prasad and Enzel,
2006; Krishnan et al., 2009; Rajeevan et al., 2010). This varialslieferredto as
active/break cyclgKrishnamurti and Bhalme 1976; Sikka, 1980). In central India,
dur iactigec§ycl ed6 the monsoonal rainfal]l i ncr e
week rainfall is observedeven in the peak monsoon period (Blanford, 1886). The
phenomenon of Obreaks® has been more i mpo
interseasonal variability of monsoonal precipitati®@uring the break monsoon, the
interactionbetween 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 regiduring 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 nuclige€!* and Be'%) and short
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term cold events (inferred from higher concentrations ofaf&d debris in sediments)
in the North Atlantic Ocean during the Holocene. The impact of theselstsaticooling
events was globally felt (Gupta et al., 2003; Hong et al.326itmann et al., 2007,
Feng and Hu, 2008; Marzin et al., 2013; Menzel et al., 201 .North Atlantic cooling
events may have influenced the ISM by indirectly influencing the Eurasian snow cover
(Fleitmann et al., 2003)In the Indian subcontinenthe millenniatiscale 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., 28dd)tionally, the
marine core from the Arabian Sea shows that 8\ 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 reconstructiotf&\Vbwariability 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; Doberschuwat,e2013; Prasad et al., 2014,
Sridhar et al., 2014)The high-resolutiontree ring and speleothem data are valuable
archives for the climate variability at centennial to decadal time scBlgs.the
reconstruction of moisture availability on the basigiO (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 timescalespoth marine and lake records can provide the information
about past chate variability. The marine records from the Arabian Sea and Bay of
Bengalindicate theclimate variability on millennial to centennial time scal&sdiment
cores from the Arabian Sea shows asynchronicity in their pateods. The
reconstructed ISM wid strength from the western Arabian Sea (based on the percentage
of planktonic foraminifer Globigerina bulloide¥ is not always correlatable with

continental monsoon precipitation (Prasad and Enzel, 2006).

High-resolution lake sediments have the potrid 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; Prasaal.,e014).Lake sediments
contain a wide variety of physical, chemical and biological proxies thabearsedor

the palaeoclimate reconstruction. These proxies can prévedenformation about past
environmental conditionghat, in turn are related to the climate variability. However,
each proxy has itewn limitation and a different response time to the environmental
forcing (Lotter, 2014). Therefore, the investigations of lake sediments using a multiproxy
approach can prade several independent lines of evidence for environmental
reconstruction. Various proxy investigations, such as mineralogy (detrital, authigenic
evaporitic) and sedimentology can also prouideinformation on catchment geology,
shoreline proximity, anagnergy of the transporting mediurAdditionally, 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., 21) 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; Déberschitz et al., 2013;
Leipe et al.,, 2014a; Prasad et al., 20IAhese records show a complex interaction
between the ISM andmid-latitude westerlies in northern India, which leads to
hydrological changes on different time scalelewever, due to the proxy limitation,
and/or a coplex 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., 200r; 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. }.2
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Fig. 1.2: Spatictemporal patterns oéffectivemoisture 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., 1§84)unf 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 LRkédrschutz et al., 2013)
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The spatietemporal variability of regional monsoon precipitation during the
Holoceneis discussedelow. In the following section, | have used the subdivision of
Holocene recommended by the working group of INTIMATE (Integration octare,
marine and teestrial 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 throtdighoalendar ages
(a) Early Holocene (118.2cal ka)

The climate variability obtained from several palaecords 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; Hdng2608; Fleitmann

et al., 2007; Demske et al., 2009; Rashid et al., 2011; Anoop et al., 2013a; Déberschitz
et al., 2013; Leipe et al., 2014a), whereas the proxy records from the westerlies domain
(arid central Asia and NW India) shows relatively lessstuwe availability in the region

(Fig. 1.2an) (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 Ind{&adgil, 2003), provided the evidence of relatively wetter
Holocene interval, during 11 to 6.2 cal ka (Prasad et al., 2014) then today (Fig. 1.2l).
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., 20bYyecords
from the Arabian Sea (Gup# 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., 201®owever most of the records from the south Asian
region indicate early Hocene 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 palaeaecords 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;Do6berschutz et al., 2013; Prasad et al., 2014) {Fgn).
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In contrast, the palae®cord from the central Asia and NW India indicates
relatively less moisture. Based on geochemistry, mineralogy, and sedimentology of the
Didwana Lake sediments, Wassetal., (1984) have suggested a moderately deep lake
with fluctuating lake levels. This is in agreement with the investigations on the
Lunkaransar Lake sediments (Fi§j.2h) (Enzel et al., 1999) which also indicated
moderately dry conditions during therlgaHolocene. Similarly, the palagecords from
the arid central Asia also show relatively drier condition in the region (see Chen et al.,
2008) (Fig.1.2&f).

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

During the midHolocene, the records from the central Indied 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, i
NW India, the centennial scale reconstruction from the ssalisrnof 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 {Eg:h). This discrepancy is
attributesto the influence of midatitude westerlies Imging in the winter rains during

the midHolocene in NW India (Prasad and Enzel, 20@jnilarly, the out of phase
relationship between the palasrords from the arid central Asia (ACA) and monsoonal
Asia, indicated that the ACA was wettest during tméd-Holocene (Fig. 1.28)
(Herzschuh, 2006; Chen et al., 200Bhe palaeaecords 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; Demské,2009; Winneman et al.,
2010). However, the moisture variability in the westerly dominategions was
determinedargely by North Atlantic Sea surface temperatures, and regional uplift and
descent of air masses (Herzschuh, 2006; Chen et al., 2008rhah 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
conditionduring 3.4 to 1.9 ka and 0.7 to 0.3 ka, Gupteswar (Yadava and Ramesh, 2005;
Tiwari et al., 2009) ad Dandakcave (Berkelhammer, 2010), respectivefdditionally,
the lacustrine record, based on the isotopic composition of the authigenic carbonate from
theLonar Lake (central India) showed similar drying phase during 4.6 to 3.9 cal ka and 2
to 0.6 calka (Anoop et al., 2013b) (Fig. 1.2Kimilarly, the palaewecords from the
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Tibetan Plateau also showed the reduced moisture availability during the late Holocene
compare to the early or midolocene (Gasse et al., 1996; Demske et al., 2009; Mischke
and Zhang, 2010; Doéberschutz et al., 2013) (Fig. r®mThe 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), ad Guliya ice core (Yao et al., 1997).

During the late Holocene, the climate records from the Indian subcontinent show
substantial changes on centennial to -sebtennial time scales (Fidl..2g-n). For
example, based on tlendroclimaticrecords from the Himalayan regiondacreasing
trend of atmospheric temperatures in the Himalayan region as compared to the increaing
global temperatures is observed during the late@tury (Esper et al., 2002; Tiwari et
al., 2011).Additionally, the lack of LIA (Little Ice Age) from thevestern 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
et al., 2013).

1.3.Motivation and Obijectives

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 tigelle past hydrological changes,

and the role of seasonal precipitation and meltwater otatge water resources stored

in this 105m deep lake can provide clues to understanding the impact of climate change
on local hydrology. Additionally, | have sd worked on the Lonar Lake in peninsular

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

1 Establishinga link between modern lake sediment properties and environmental
conditions tadentify climate sensitive proxies

1 Using the identified proxies teeconstruct ISM and westerliesvariability on
millennial to decadal timescales.

1 Identifying theimpact of seasonal precipitation and meltwaterto the local
hydrological balancen the Tso Moriri Lake

To achieve these objectives my work is divided into the following three levels.
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(a) Modern investigations:fiPresent is the keytothepast t he f amous quot
Hutton, emphasises the importance mmbdern environmental contlons askey to
understanding past environmental changes. A crucial prerequisite for -palaeo
reconstruction is the identification of sensitive proxie#se modern investigatieon the

high altitude NW Himalaya and the peninsular India involved (i) sitecgen; (ii)

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

(i) Site selection fromclimatically sensitiveregions: In view of the spatial
heterogeneity in thenodernclimate and precipitation sources over India (Section
1.1),1 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 ikke
maintainedby 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, whihsituatedin the core monsoomone of
India (Gadgil, 2003). Theegional hydrology of the lake is sustained dominantly
by ISM precipitationand limitedground waterdischarge (Anoop et al., 2013b;
Menzel et al., 2014; Prasad et al., 2014).

(ii) 1dentifying modern end members alminological investigationsinvestigation
of lake physicechemical 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.

(iif) Proxy identification:Geoclemical, 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, weathewces)

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

extreme changes.

(c) Regional intercomparison to determine spatitemporl variation of thepast

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 (7 8 A-T 88250 E a3n3dA 0RDAN4 0 6 & Drie(of the lamest
lakes situated in the Changthang region of Ladakh region (Chandan et al., 2008). It
extends 27 km in NS direction aned/%m in an EW direction (FidL.3b). The lake lies
within the rain shadow region of the NW Himalaya with ealfidl to semiarid climate
and an annual maximum temperature fluctuating between +30°C (in summef0agd
(during winter) (Mishra and HumbertDroz, 1998hnual precipitation of the Tso Moriri
region is verylow, varies around ca. 250 mm (New et al., 2002)dern data (1998
2007) indicates that the western part of the Himalgydus catchment) receives% ®f
the discharge from monsoonal rainfall ithgr summer and the remaining%Gdrom snow
melt (Bookhagen and Burbank, 2010)

Tso Moriri Lake has a watdred area of approximately 2,361 km@nd a lake
surface area of approximately 150 %ifLeipe et al., 2014b). The lakis closed
(endorheic), fresh to brackish water (<5.85 g/l NaCl measured irstmuiner) and
oligotrophic in nature (Chandan et al., 2008heTlakeis fed by two major streams
(Gyomafrom the north andPhirse Phu from south) and several ephemeral streams,

which contributein 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.drtemisia,
Chenopodiaceae, Polygonum, Oxytropis, Poaceae, Cypera¢eagghinson, 1937,
Mishra and HumbetDroz, 1998; Chandan et al., 2008; Leipe et al., 2014a, 20THhb).
Kurzok village, situated along the ribwestern shore of the lake, is one of the highest
places of the world where agricultuis practiced (Hutchinson, 1937).The main
cultivated crops are barleyH¢rdeun), wheat Triticum), buckwheat Fagopyrum and
millet (Panicun) (Bhattacharyya, 1991Hartmann, 1999; Leipe et al., 2014@@he
shallow part of the lake basin (up to 10 m of water depth) is characterised by the aquatic
plant from Potamogeton sp(Potamogeton pectinatu$otamogeton perfoiatiis and

Ranunculus natan&handan et al., 2008).

Geologically, the lake catchment is dominated by carbepedeing rocks in
south and eastest extension of the lake basin (Fig3b) (Steck et al.,, 1998)he
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northern part of the lake is surrounded by metamorphosed gneissic complex with
characteristis ultrahigh pressure (UHP) eclogite rocks, whereas the seatt part is
covered by massive, unfoliated, coarse grained granitic body (Rupshu grande$ et

al., 1996).

1.4.2. Lonar Lake, central India

TheLonar 76 A30O6E and 19 Aisa®Bodaier, lake-fdrdedl bynthe anstéojic
impact at around 570 ka (Jourdan et al., 2011) (E8r). The lakeis closed hyposaline

and alkaline in nature, with a mean diameter of ~1.2 km. The catchment is characterised
by Deccan basalintertrappeampala@sols, and Quaternary deposits (Maloof et al., 2010;
Basavaiah et al., 2013) (Fi$).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 precipitatiorudng the monsoon (June to September) ranges around ~680
mm, whereas the temperature during-mr@nsoon 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., 2013b).

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 zohks. dry deciduous forest
vegetation corprising, Azadirachta indicalocal name: Neem)Tectona grandiglocal
name: Sagauny;assia fistulglocal name: Amaltas), and/rightia tinctorig at the outer
rim of the Lonar crater (Prasad et al., 20I#)e 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 dominatedFgus benghalesiglocal name: Bargad),
Trewia nudiflora(local name: Gutel)Alangium salviifoliumetc. (Prasad et al., 2014n
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 (Fiy3c). The lake is highlyeutropic 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 mainlycynophyceae followed by bacillariophyceaeas well as
euglenophyceaand chlorophyceag(Malu 2001; Satyanaraya and Chaudhari, 2007).
The microscopic organisms (Zooplanktorsse dominatedby rotifer species (Malu,
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2001). The lake is also characterised by thermophilic, halophilial&atbphilicbacteria

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

The organisation oimy thesis isbased onthe investigationson modern and core
sedimentdrom the Tso Moriri, NW Himalaya and the Lonar Lake, central InWéh
the former, | have identified environment (climate) sensigikaies, whichwere used

for palaeeinvestigations on core sediments.

Chapter 22A Li mnol ogy and modern sedimentati on
Moriri Lake, NW Himalaya 1 implicationsf or pr oxy dTaéiy sudyodpalee nt 0
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 palaeoenvironmentam#td) reconstruction i.e. proxy

identification.

Chapter 3:fiReconstructed late Quaternary hydrological changes from Tso Moriri
Lake, N W Hpravidek higlrrasolution data from the Tso Moriri Lake, NW
HimalayasThe geochemical, mineralogical and seginwological investigations on the
core sedimentsweal the climate forced hydrological variability. ([Precipitation+Melt
water=I]/[Evaporation=E] (I/E) balance and lake level changes since glacial period (~26
cal ka). This reconstruction was then coarpd 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: iiCarbonate isotopes from high altitude Tso Moriri Lake (NW
Himalayas) provide clues to late glacial and Holocene moisture source and
atmospheric ci r e thigherdsolutiom i scchtaniiPecs a n(Re) U
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:fiLinking 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 vayiahdicated the climate
deterioration occurred at 6125.2, 4.61 3.9, and 2.0 0.6 cal ka, linked with the North

Atlantic cold events.

(18]
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Chapteri mhiol ogy and modern sedim
high altitude Tso Moriiimpl Lake ] o
for proxy devel opment

Praveen K Mishrd, A. Anoop, A. Jehangit, Sushma PrasddP. Menzel G. Schettler, R.
Naumann, S. Weist N.Andersef A.R. Yousut, B. Gayé

1Helmholtz Centre Potsdam, GFZ German Research Centre for Geosciences, Potsdam, Germany
2Department of Earth Sciencésdian Institute of Science Education and Research, Kolkata, India
3Department of Environmental oce and Centre of Research for Development, University of Kashmir,
India

4Institute for Earthand Environmental Science, University of Potsdam, KabknechtStrale 245,

14476 Potsdam, Germany

5Universitat Hamburg, Institute of Biogeochemistry &tarine Chemistry, Hamburg, Germany

6 UFZ Centre for Environmental Research, Dept. Catchment Hydrology, Halle, Germany

"Kiel University, Leibniz Laboratory for Radiometric Dating and Stable Isotope Research, Kiel,
Germany

Manuscript status: Published in Fundamental and Applied Limnology DOI:
http://dx.doi.org/10.1127/fal/2014/066dor full acess of this chapter please refer to
given DOI).

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 thake is currently alkaline, and thermally stratified
with an oxic bottom layeResul ts from hydrochemi $8ry and
and Uu0D) of i nfl owing streams and | ake wa
evaporative lake with contribution from both westerly source (snow melt) and Indian
summer monsoon precipitatio@eochemical and mineralogical investigations on the
catchment ad lake surface sediments revehaé 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 thehanges 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 shoréne proximity in the lake basin. We have evaluated the applicability of
commonly applieegenvironmentally sensitive proxies (isotopes, mineralogy, weathering
indices) for palaeoenvironmental reconstruction in the Tso Moriri Lake. Our results
show that thecommonly 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 tH@éhemical Proxy of Alteratio(CPA). Since the carbonates are
formed by evapative processes, their presence and isotopic values can be used as
indicators of I/E changes in the lake.

Keywords: GeochemistryLake Sedimentdalaeoenvironmental proxiegso Moriri
Lake Weathering indices
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SUniversitat Hamburg, Institute of Biogeochemistry and Marine Chemistry, Hamb

Germany

SIndian Institute of Geomagnetism, Navi Mumbai, India

Manuscript status: Published irQuaternaryinternational. D®:
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Abstract
We present the results of our investigations tbe radiocarbon dated core sediments
from the Lake Tsdoriri, NW-Himalaya aimed at reconstructingalaeohydrological
changes in this climatically sensitive regioBased on the detailed geochemical,
mineralogical and sedimentological analysisye recognise seeral shortterm
fluctuations superimposed upon seven mpgiaeohydrologicaktages identified in this
lake since ~26 cal keStage | (>20.2 cal ka): shallow lake characterised by input of
coarsegrained detrital sediments; Stage Il (2018.4 cal ka): &ke deepening and
intensification of this trend ca. 18 cal ka; Stage Il (1614.2 cal ka): rising lake levels
with a shortterm wet phase (13.11.7 cal ka);Stage IV (11.:B.5 cal ka): early
Holocene hydrological maxima and highest lake levels infetoeave resulted from
early Holocene Indian monsoon intensification, as records from central Asia indicate
weaker westerlies during this interyaédtage V (8.%.5 cal ka): midHolocene climate
deterioration; Stage V(5.5-2.7 cal ka) progressivelowering of lake leve] Stage VII
(2.7-0 cal ka): onset of modern conditiori$ie reconstructed hydrological variability in
Lake Tso Moriri is governed by temperature chan@esltwater inflow) and monsoon
precipitation (increased runoff). A regional comsan shows considerable differences
with otherpalaearecordsfrom peninsular India during late Holocene.

Keywords: Authigenic carbonates; Holocene; Indian summer monsodmke
Sediments; Tso Moriri Laké&/esterlies.
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3.1. Introduction

The moderrclimate in the Asian region is influenced by the Asian monsoon in the east
(East Asian monsoon) and south Asia (Indian summer monsoon), théatihide
westerlies in central Asia, the orographic influence of the Tibetan Plateau, and the
Siberian Anticyclme (Raymo and Ruddiman, 1992; Gong and Ho, 2002; Herzschuh,
2006; Anoop et al., 2013ajhe relative influence of the moisture pathways (westerlies
and the Asian monsoon) in these regions has shown considerable variations in intensity
and spatial extent ithe past (e.g., Herzschuh, 2006; Chen et al., 2008; Demske et al.,
2009).The hydrological budget of the Himalayan lakes and riieerontrolledby both

the snowmeltand monsoon rainfaiontribution Modern data (1992007) indicates that

the western pa of the Himalag (Indus catchment) receives%®f the discharge from
monsoonal rainfall dumg summer and the remaining %0from summer melting of
snow precipitated during winter (Bookhagen and Burbank, 20H@wever, the
contribution of seasonal prediation and snowmelt to the hydrological balance of lakes
over longertime scaless not yet well documentedidditionally, prolonged droughts

have been reported from central and NE India during the late Holocene (Prasad et al.,
2014) thoughtheir impact, if any, in the NWHimalayan region is unknown. These
lacunae need tbe urgently addressess 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
Hi mal aya, I-h8IA2506E78AABRA0RDMN40060>4500 m as
palaeoenvironmental archiveakes in these high altitude regiorsspond to modest
environmental changes (Herzschuh et al., 2009; Mischke and Zhang, 2010; Winnemann
et al., 2010), and are less influenced by the local human impsape et al., (2014a)
have shown thathigher Artemisia percentages in the pollen spectra and higher
ArtemisidChenopodiaceadA/C) values in Lake Tso Moriri sediments are linked to
increased moisture availability and have reconstructed a mean annual precipitation
(MAP) curve forthe HoloceneHowever, the relative role of seasonality of precipitation
or meltwater to the Lake Tso Moriri hydrology yset unknown.Our studyis aimedat
palaeohydrological reconstruction using geochemical, mineralogical, and

sedimentological proxiesdm a composite coraised from the Lake Tso MoririVe
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compareour 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 theain shadow region of the N\Mimalaya with summer

and winter temperature variations betweertd+30 C and-40 to -10 C, respectively
(Mishra and HumbetDroz, 1998).Annual precipitation in the Tso Moriri region is ca.
250 mm (Leipe et al., 2014dYloden 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 Sigoyeret al., 2004), which is bounded BWW-SE trending belt (Zildat ophiolite
mélange of Indug sangpo suture zone) to the north (Berthelsen, 1953%edichentary
rocks of the Tethyan Himalaya to the south (Singh et al., 20h&).northern boundary

of the lake catchment is characterised hg Puga gneiss complex comprising of
Quartzefeldspathic augen gneiss as well as boudins of eclogites and dismurgi
layers of metasedimentary schisigck et al., 1998 he nortleastern part of the lake is
dominated by the Lamayuru Formation (Mesozoic age), consisting of interbedded marls,
limestone, dolomites, shales and sandstone (Steck et al., 19983.(FQ.The lower
Proterozoic to Cambrian sediments of tHaimantagroup with dominantcarbonate
lithology are exposedn the southern boundary of the catchment. To the south of the
Kurzok village, theHaimantagroup has been intruded by thefoliated coasegrained
Rupshugranite (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 ,aR011).Cosmogenict®Be dating ofmoraine deposits
suggested that the glacial advance in Kurzok valley (~3.6+1.1 ka) is synchronous with
the glacial advancement in northern Puga valley (4.2+2.2Hexrick 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 an3®llength of 27 km and-B/ extent of 57 km. The lake
hasa watershed area of ca. 2,350%and a surface area of approximately 15¢.Kfne
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modern lakes closed(endorheic) and oligotrophic (Hutchinson, 1937; Chandan et al.,
2006). Bathymetric mapping carriedit duringsummer 2011, revealednaaximumlake

water depthof 105 m. Interannual lake level fluctuations of3lm have been observed
during the lastlecade 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, nan@gmain the

north, and Phirse Phu in the south (Fig. 3.1bAdditionally, several ephemeral streams,
prominent among them being the streams located in the eastern (Lungpo, Skydtling,
Chur Chu stream), and nowibstern (Kurzok) part of the basin, also contribute to the
surface vater inflow into the lake (Fig3.1b). 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 irthe 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
HumbertDroz, 1998; Chandaet al., 2008; Leipe et al., 2014a and 2014b), commonly
comprising Artemisia, Chenopodiaceae, Polygonum, Oxytropis, Poaceae, Cyperaceae
(Chandan et al., 2008; Dvorsky et al.,, 201Kurzok village, situated along the
northwestern shore of the lake, is oot the highest places of the world where
agriculture is practised (Hutchinson, 1937). The main cultivated crops are barley
(Hordeumn), wheat {riticum), buckwheat FEagopyrum) and millet Panicun)
(Bhattacharyya, 1991; Hartmann, 1999; Leipe et al., 20CHandan et al., (2008), have
documented the presence of aquatic plametgmogeton pectinatus, Potamogeton
perfoiatus, and Ranunculus natqms the lake bottom down to 10 m depth.

3.3. Methodology

3.3.1. Coring and core correlation

During the field expeditin 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 macraopic marker layers (e.g., mica and sand) aiXRJlr data from core

scanning (Fig. 3.28). Additionally, to better capture the wataturated sediment
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surface, several short (ca.-836 cm long) cores were also recovered from the lake basin

using a gravitycorer (Mishra et al., 2014).

Fig.3. 2: (a) Litholog of the composite core; (b) Correlation usingKRF data (Ca, counts per second) and marker layers (das

lines); (c) Age depth model of the core.
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