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Abstract

The monsoon is an important component of the Earth’s climate system. It played
a vital role in the development and sustenance of the largely agro-based economy
in India. A better understanding of past variations in the Indian Summer
Monsoon (ISM) is necessary to assess its nature under global warming scenarios.
Instead, our knowledge of spatiotemporal patterns of past ISM strength, as
inferred from proxy records, is limited due to the lack of high-resolution paleo-
hydrological records from the core monsoon domain.

In this thesis I aim to improve our understanding of Holocene ISM variability
from the core ‘monsoon zone’ (CMZ) in India. To achieve this goal, I tried to
understand modern and thereafter reconstruct Holocene monsoonal hydrology, by
studying surface sediments and a high-resolution sedimentary record from the
saline-alkaline Lonar crater lake, central India. My approach relies on analyzing
stable carbon and hydrogen isotope ratios from sedimentary lipid biomarkers to
track past hydrological changes.

In order to evaluate the relationship of the modern ecosystem and hydrology of
the lake I studied the distribution of lipid biomarkers in the modern ecosystem
and compared it to lake surface sediments. The major plants from dry deciduous
mixed forest type produced a greater amount of leaf wax n-alkanes and a greater
fraction of n-Cs; and n-Css alkanes relative to n-Ca7 and n-Cag. Relatively high
average chain length (ACL) values (29.6-32.8) for these plants seem common for
vegetation from an arid and warm climate. Additionally I found that human
influence and subsequent nutrient supply result in increased lake primary
productivity, leading to an unusually high concentration of tetrahymanol, a
biomarker for salinity and water column stratification, in the nearshore
sediments. Due to this inhomogeneous deposition of tetrahymanol in modern
sediments, I hypothesize that lake level fluctuation may potentially affect aquatic
lipid biomarker distributions in lacustrine sediments, in addition to source
changes.

I reconstructed centennial-scale hydrological variability associated with changes
in the intensity of the ISM based on a record of leaf wax and aquatic biomarkers
and their stable carbon (613C) and hydrogen (8D) isotopic composition from a 10 m
long sediment core from the lake. I identified three main periods of distinct
hydrology over the Holocene in central India. The period between 10.1 and 6 cal.
ka BP was likely the wettest during the Holocene. Lower ACL index values (29.4
to 28.6) of leaf wax n-alkanes and their negative 613C values (—34.8%o to —27.8%o)
indicated the dominance of woody Cs vegetation in the catchment, and negative
dDwax (average for leaf wax n-alkanes) values (—171%o0 to —147%0) argue for a wet
period due to an intensified monsoon. After 6 cal. ka BP, a gradual shift to less
negative 813C values (particularly for the grass derived n-Cs1) and appearance of
the triterpene lipid tetrahymanol, generally considered as a marker for salinity
and water column stratification, marked the onset of drier conditions. At 5.1 cal.
ka BP increasing flux of leaf wax n-alkanes along with the highest flux of
tetrahymanol indicated proximity of the lakeshore to the center due to a major
lake level decrease. Rapid fluctuations in abundance of both terrestrial and
aquatic biomarkers between 4.8 and 4 cal. ka BP indicated an unstable lake
ecosystem, culminating in a transition to arid conditions. A pronounced shift to
less negative 6!3C values, in particular for n-Csi (—25.2%0 to —22.8%0), over this



period indicated a change of dominant vegetation to Cs4 grasses. Along with a
40%o increase in leaf wax n-alkane 8D values, which likely resulted from less
rainfall and/or higher plant evapotranspiration, I interpret this period to reflect
the driest conditions in the region during the last 10.1 ka. This transition led to
protracted late Holocene arid conditions and the establishment of a permanently
saline lake. This is supported by the high abundance of tetrahymanol. A late
Holocene peak of cyanobacterial biomarker input at 1.3 cal. ka BP might
represent an event of lake eutrophication, possibly due to human impact and the
onset of cattle/livestock farming in the catchment.

The most intriguing feature of the mid-Holocene driest period was the high
amplitude and rapid fluctuations in dDwax values, probably due to a change in the
moisture source and/or precipitation seasonality. I hypothesize that orbital
induced weakening of the summer solar insolation and associated reorganization
of the general atmospheric circulation were responsible for an unstable
hydroclimate in the mid-Holocene in the CMZ.

My findings shed light onto the sequence of changes during mean state changes
of the monsoonal system, once an insolation driven threshold has been passed,
and show that small changes in solar insolation can be associated to major
environmental changes and large fluctuations in moisture source, a scenario that
may be relevant with respect to future changes in the ISM system.
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Zusammenfassung

Der Monsun ist ein wichtiger Bestandteil des Klimasystems der Erde. Er spielte
in der Entwicklung und im Lebensunterhalt der weitgehend agrarisch gepragten
Wirtschaft in Indien eine wesentliche Rolle. Ein besseres Verstdndnis von
vergangenen Schwankungen im Indischen Sommermonsun (ISM) ist notwendig,
um dessen Wesen unter dem Einfluss globaler Erwidrmungsszenarien zu
bewerten. Stattdessen ist unser Wissen uber rdumlich-zeitliche Muster der
vergangenen ISM Intensitit, wie sie aus Proxydaten abgeleitet wird, aufgrund
des Mangels an hochauflésenden paldohydrologischen Datensédtzen aus der
Kernmonsunregion sehr eingeschriankt.

In dieser Arbeit versuche ich unser Verstidndnis tber die ISM Variabilitat im
Holozén in der Kernmonsunregion in Indien zu verbessern. Um dieses Ziel zu
erreichen habe ich versucht, zunéchst die rezente und danach die holozéane
monsunale Hydrologie durch das Studium von Oberflachensedimenten und eines
hochaufgelosten Sedimentkerns aus dem salzhaltigen-alkalischen Lonar
Kratersee, Zentralindien zu verstehen. Mein Ansatz stiitzt sich auf der Analyse
stabiler Wasserstoff- und Kohlenstoffisotopenverhéltnisse von sedimentiren
Lipid Biomarkern, um vergangene hydrologische Veranderungen zu verfolgen.
Um die Beziehung des modernen Okosystems mit der Hydrologie des Sees zu
bewerten, untersuchte ich die Verteilung von Lipid Biomarkern im rezenten
Okosystem und verglich sie mit den Oberflichensedimenten des Sees. Die
bedeutendsten Pflanzen aus dem trockenen Laubmischwaldtyp erzeugten eine
groflere Menge an Blattwachs n-Alkanen und einen groferen Anteil von n-Cs;
und n-Css Alkanen im Verhéltnis zu n-C27 und n-Cg9. Die relativ hohen
durchschnittlichen Werte der Kettenldngen (29.6-32.8) fiir diese Pflanzen
scheinen fiir die Vegetation in einem ariden und warmen Klima weit verbreitet
zu sein. Zuséatzlich fand ich heraus, dass der menschliche Einfluss und eine
nachfolgende Nahrstoffzufuhr zu einer Erhéhung der Priméarproduktion im See
fihren, die in einer ungewohnlich hohen Konzentration von Tetrahymanol,
einem Biomarker fiir Salzgehalt und Schichtung der Wassersdule, in den
Sedimenten des Uferbereichs resultiert. Aufgrund dieser inhomogenen
Ablagerung von Tetrahymanol in rezenten Sedimenten vermute ich, dass
Seespiegelschwankungen  moglicherweise  aquatische  Lipid  Biomarker
Verteilungen in limnischen Sedimenten, zusitzlich zu Anderungen in deren
Herkunft, potentiell beeinflussen.

Ich habe die hundertjahrig-lange hydrologische Variabilitat, die mit
Veranderungen in der Intensitidt des ISM verbunden ist, auf der Basis von
Blattwachs Lipid Biomarkern und ihrer stabilen Kohlenstoff- (613C) und
Wasserstoffisotopenzusammensetzung (6D) ausgehend von einem 10 m langen
Sedimentkern aus dem See rekonstruiert. Ich habe drei Hauptphasen von
signifikanter Hydrologie im Holozén in Zentralindien identifiziert. Die Periode
zwischen 10.1 und 6 cal. ka BP war wahrscheinlich die feuchteste wahrend des
Holozéns. Geringere durchschnittliche Kettenldngen Indexwerte (29.4 bis 28.6)
von Blattwachs n-Alkanen und ihre negativen 513C Werte (—34.8%o0 bis —27.8%o)
wiesen auf die Dominanz von holziger Cs Vegetation im Einzugsgebiet hin, und
negative 6Dwax (Durchschnitt fiir Blattwachs n-Alkane) Werte (-171%o0 bis —
147%0) stehen fir eine feuchte Periode in Verbindung mit einem verstarkten
Monsun. Nach 6 cal. ka BP fiihrte eine allmahliche Verschiebung zu weniger
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negativen 0613C Werten (insbesondere fiir Gras abgeleitete n-Cs1) und das
Vorkommen von Triterpen Lipid Tetrahymanol, allgemein als Indikator fir
Salzgehalt und Wassersdulenstratifizierung verwendet, zum Beginn von
trockeneren Bedingungen. Um 5.1 cal. ka BP deutete ein erhohter Fluss von
Blattwachs n-Alkanen in Zusammenhang mit dem hochsten Fluss von
Tetrahymanol auf eine bedeutende Absenkung des Seeufers durch den Riickgang
im Seespiegel. Rasche Schwankungen in der Menge von terrestrischen und
aquatischen Biomarkern zwischen 4.8 und 4 cal. ka BP wiesen auf ein instabiles
Seetkosystem hin, das in einem Ubergang zu ariden Bedingungen kulminiert.
Eine bedeutende Verschiebung zu weniger negativen 613C Werten in dieser
Periode, insbesondere fiir n-Cs1 (—25.2%0 bis —22.8%0), zeigte einen Wandel in der
dominanten Vegetation hin zu C4 Grasern. Zusammen mit einem 40%o. Anstieg in
den 8D Werten der Blattwachs n-Alkane, der wahrscheinlich von weniger
Niederschlag und/oder hoherer Evapotranspiration der Pflanzen ausgelost
wurde, interpretiere ich diese Periode als die trockenste der letzten 10.1 ka.
Dieser Ubergang fiithrte zu lang anhaltenden spitholozénen ariden Bedingungen
und zur Ausbildung eines dauerhaften salzhaltigen Sees. Dies wird durch ein
hohes Vorkommen von Tetrahymanol unterstiitzt. Ein spatholozédner Hochstwert
in der Zufuhr blaualgenhaltiger Biomarker um 1.3 cal. ka BP kénnte ein Ereignis
der Eutrophierung des Sees darstellen, wahrscheinlich in Verbindung mit dem
menschlichen Einfluss und dem Beginn der Rinder- und Viehzucht im
Einzugsgebiet.

Die faszinierendsten Merkmale der trockensten Periode im mittleren Holozan
waren die hohe Amplitude und rasche Fluktuationen in den 8Dwax Werten,
wahrscheinlich in Verbindung mit einer Veridnderung in der Herkunft der
Feuchtigkeit und/oder Saisonalitit im Niederschlag. Ich vermute, dass eine
orbital induzierte Abschwichung der sommerlichen Solarstrahlung und eine
damit verbundene Umstellung der allgemeinen atmosphérischen Zirkulation fir
ein 1instabiles Hydroklima im mittleren Holozdn in der Kernmonsunregion
verantwortlich waren. Meine Ergebnisse liefern den Aufschluss iber die Abfolge
von Veranderungen wiahrend der mittleren Zustandsidnderungen des
Monsunsystems, sobald ein  einstrahlungsgetriebener Schwellenwert
tiberschritten ist, und sie zeigen, dass kleine Anderungen in der solaren
Einstrahlung mit markanten Umweltverdnderungen und gro3en Schwankungen
in der Herkunft der Feuchtigkeit einhergehen, ein Szenario, das in Bezug zu
zukunftigen Veranderungen des ISM Systems relevant sein konnte.
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Chapter 1 Introduction

1. Introduction
1.1 Climate over the Indian subcontinent: Monsoon and its
significance

The monsoon, a tropospheric low-level wind circulation, is a characteristic
climatic feature within the Tropics (Clift and Plumb, 2008) including the Indian
subcontinent (Gadgil, 2003). According to the traditional view, this wind system 1is
generated due to large-scale pressure gradients that result from the land-sea
thermal contrast (Webster et al., 1998). The alternative hypothesis considers that
seasonal changes in maximum insolation and related shifts in the position of the
Intertropical Convergence Zone (ITCZ) lead to the reversal of wind directions and
thus the word ‘monsoon’ (arabic: ‘mausim’ = season) was used for this wind system
(Gadgil, 2003). The monsoon in Asia is the strongest monsoon system of the world,
and can be divided into two strongly non-linear interacting subsystems: the East
Asian monsoon and the Indian (South Asian) monsoon (P. Wang et al., 2005). The
meteorological consequences of the monsoon, leading to rainfall seasonality, directly
affect the livelihood of more than 2.5 billion people especially on the Indian
subcontinent.

In the summer months of June to September (JJAS) a low-pressure cell is located
over the Tibetan Plateau and the ITCZ migrates northwards over the Indian
landmass (Fleitmann et al.,, 2007). Simultaneously high solar radiation over the
cloud free subtropical oceans (e.g., over the Indian Ocean basins: Arabian Sea and
Bay of Bengal) results in strong convection of moist air leading to vertical ascent of
warm water vapour. The water vapour is then transported towards the continents
within the near surface, cross-equatorial southwesterly (SW) winds, due to strong
pressure gradient between the Tibetan Plateau and Southern Indian Ocean
(Fleitmann et al., 2007). Due to different factors such as coastal convergence and
orographic uplifting of the moisture, intensive and prevailing rainfall events occur
especially over Western Ghats, northeastern India and southern slopes of
Himalayas (Fig. 1.1a). During the winter months from December to February (DJF)
surface winds are mainly northeasterly (NE) that bring predominantly cold and dry
continental air from the interior of Asia originating from the persistent Siberian
High. In addition, mid-latitude cyclones steered by the Westerlies can have a major
impact mainly on the arid regions of northwestern India (Fig. 1.1b; Prasad and
Enzel, 2006).

The most important feature in the meteorology of India is the seasonal rainfall
associated with the SW or summer monsoon wind (Gadgil, 2003). Summer monsoon
rainfall (ISM: Indian summer monsoon, as used throughout this work) was and still
1s largely responsible for the development and sustenance of the large agro-based
economy in the subcontinent (Gadgil et al., 2005). Thus, knowledge of the timing
and magnitude of past variations of monsoonal rainfall is essential to better
understand forcing mechanisms and to predict its response to anthropogenic climate
change (Anoop et al., 2013a). Apparent changes in the frequency and magnitude of
extreme events (such as floods and droughts) (Goswami et al., 2006a; Malik et al.,
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2012) and their spatial inhomogeneity in recent decades (Ghosh et al., 2011) have
raised concerns about the predictability of regional monsoonal precipitation and its
impact on society. Longer, high-resolution paleoclimate records are crucial for
understanding monsoon variability over longer timescales (Berkelhammer et al.,
2010).

In this thesis I aim to understand modern and thereafter Holocene monsoonal
hydrology, by studying a sedimentary record from the saline-alkaline Lonar crater
lake, central India. My approach relies on reconstructing stable water isotope ratios
from sedimentary proxy data to track past hydrological changes.
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Fig. 1.1. Climatological land surface rainfall for GPCC52 data set (Becker et al., 2013) from 1901—
2009 (mm/day; shaded colours) and lower tropospheric wind vectors at 850 hPa for ERA-Interim
reanalysis data set (Dee et al., 2011) from 1989-2011 for summer (JJASP) (left) and winter (DJF¢)
(right) monsoon. White circles mark the location of Lonar Lake.

aGlobal Precipitation Climatology Centre Version 5, gridded rainfall reanalysis data set based on
monthly global land surface stations (0.5°x0.5° spatial resolution)

bJune-July-August-September; cDecember-January-February

1.2 Monsoon: temporal variability and forcing

Temporal variability of the monsoon can occur over tectonic, orbital and sub-
orbital timescales (P. Wang et al., 2005). Assessment of past monsoon variability
depends on suitable proxies, which can be related to either monsoon winds (e.g.,
direction, strength etc.) or monsoonal precipitation. In the following I review the
current state of knowledge on past monsoonal variability with a focus on the ISM
over these timescales and the possible forcing mechanisms.

1.2.1 Tectonic time-scale (106-107 years)

The longest timescale of monsoon variability is related to the evolution of the
monsoon itself forced by tectonically controlled geographic and topographic changes
(P. Wang et al., 2005).

Himalayan-Tibetan plateau uplift is the tectonic factor most widely discussed for
Asian monsoon evolution. In General Circulation Model (GCM) experiments

2
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orographic features with elevations of at least 50% of today in the Tibet-Himalayan
region were necessary for the monsoonal patterns to be induced by solar forcing
(Prell and Kutzbach, 1992). Records of monsoon upwelling in Arabian Sea (Prell et
al., 1992), dating of faults on Tibetan Plateau uplift/extension (Molnar et al., 1993)
as well as modeling studies indicated that intensified uplift of the Tibetan Plateau
around 8 Ma was responsible for enhanced aridity in the Asian interior and onset of
the Asian monsoon (Prell and Kutzbach, 1997; An et al., 2001). However with
subsequent studies, our knowledge of age and the evolution of the monsoon systems
remain still deficient and more of long term records are needed (P. Wang et al.,
2005).

1.2.2 Orbital time-scale (10%10° years)

Orbital-scale monsoon variability seems mainly to be driven by two primary
forcing factors: 1. orbital induced variations in insolation (external) and 2. changes
in global ice volume (internal). Analysis of orbital-scale monsoon variability, mainly
for the Indian monsoon system, started with the studies on long marine core(s) with
proxies as (. bulloides from Arabian Sea (Prell, 1984a, b). The author found that
within the precession band, summer-monsoon maxima was in phase with 5180
minima and lagged northern hemisphere (NH) summer insolation maxima by ca. 5.5
ka, due to the influence of terrestrial ice sheets on albedo and sensible heating over
Asia. Solar radiation, modified by albedo feedbacks, is responsible for heating of the
continent and therefore creation of the pressure gradient between Asia and the
Indian Ocean. More studies on proxy records and modeling followed to understand
the relationships between monsoon strength, NH insolation and glacial boundary
conditions (Prell and Van Campo, 1986; Prell and Kutzbach 1987). In order to
remove the influences of non-monsoon processes from multi-proxy studies had been
initiated (Clemens et al., 1991), that found monsoon sharing different variances in
precision and obliquity bands. It can be summarized, from the subsequent studies
that in addition to glacial boundary conditions monsoon strength can also be
influenced by ocean-atmospheric interactions.

1.2.3 Sub-orbital time-scale (103 years and less)

Variability on sub-millennial timescales in the monsoonal system was detected as
a result of studies on high-resolution archives such as varved marine sediments, ice-
cores, speleothems etc. (Schulz et al., 1998; Thompson et al., 2000; Fleitmann et al.,
2003). Additionally, the teleconnections to high latitude climate forcings can be
studied by comparison of such reconstructions with the Arctic, Antarctic and
Greenland ice core records (Gupta et al., 2003; Y. J. Wang et al., 2005). The role of
external drivers (e.g., solar flux variability), internal feedbacks among climate
components or teleconnections is an active part of current monsoon research (P.
Wang et al., 2005).

ISM variability on Dansgaard-Oeschger (DO) timescales (~1500 years) during last
glaciation was identified from proxy data of marine sediment records from the
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Arabian Sea and the Bay of Bengal (Sirocko et al., 1993, 1996; Schulz et al., 1998;
Kudrass et al., 2001). These records identified intensified summer monsoons during
interstadials, and increased winter monsoons during stadials.

Climate teleconnections such as to North Atlantic SSTs (sea surface temperature)
have also been found to influence the ISM variability on interannual to millenial
timescales with warm (cold) phases in the North Atlantic linked to increased
(reduced) precipitation on the Indian subcontinent (Gupta et al., 2003; Fleitmann et
al., 2003; Zhang and Delworth, 2006; Rajeevan and Sridhar, 2008). The
teleconnection between North Atlantic and the ISM is hypothesized to be operating
through changes in the meridional temperature gradient across the Indian
subcontinent, and the subsequent shift in the position of the ITCZ and changes in
the intensity of the ISM (Goswami et al., 2006b; Li et al., 2008).

Wintertime snow cover over Eurasia and the Himalaya was found to influence the
ISM (Shukla and Mintz, 1982). Since snow cover can affect the thermal contrast
between land and ocean by altering surface albedo and the moisture content,
stronger (weaker) winter seasons over the Eurasian and Himalayan region tend to
be followed by less (more) than average summer monsoon rainfall over India (Dash
et al., 2005; Mamgain et al., 2010).

Many studies have identified external factors such as solar flux variability as a
driver for small-scale variability of the ISM (Neff et al., 2001; Agnihotri et al., 2002;
Burns et al., 2002; Fleitmann et al., 2003). Changes in solar flux influence the
vertical temperature gradient in the Tropics leading to enhanced convection in the
oceans and an intensified monsoon (Kodera, 2004). Alternatively changes in solar
radiation can affect the monsoon through changes in Hadley circulation or El Nifo-
Southern Oscillation (ENSO) (Haigh, 1996). A combination of both mechanisms
(Meehl et al., 2009) has also been suggested for how solar flux variability influences
ISM (Berkelhammer et al., 2010).

Among the recurring climate modes with similar periodicities as the ISM, the
ENSO phenomenon has received considerable attention. ENSO seems to be linked to
ISM variability on inter-annual and also multidecadal timescales (Krishna Kumar
et al., 1999; Wang and An, 2002). Instrumental data indicate that a significant
reduction (increase) of ISM rainfall and subsequent drought conditions over India
are frequently accompanied by an El Nino (La Nina) event over the Pacific due to a
shift in the zonal Walker circulation (Goswami, 2005; Ummenhofer et al., 2011).
However recent studies reveal the weakening of this inverse relationship between
ENSO and ISM rainfall in recent decades (Krishna Kumar et al., 2006).

Similar to SST anomalies over the North Atlantic (AMO: Atlantic Multidecadal
Oscillation) or the Pacific Oceans (e.g., ENSO), an inter-annual mode of variability
in Indian Ocean SSTs, the Indian Ocean Dipole (I0D) (Saji et al., 1999), can also
influence the ISM (Ashok et al.,, 2004). A positive (negative) mode of IOD is
characterized by higher SSTs and precipitation in the western (eastern) Indian
Ocean (Krishnan et al., 2011).

The relationship among these different monsoon drivers is still poorly understood.
For example the role of ENSO modifying the effect of solar flux variability or the
impact of North Atlantic SSTs on the ISM as well as the combined effect of ENSO
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and IOD on the ISM (Ashok et al., 2004) is still under discussion.

The intraseasonal ISM variability (from 3—7 days, 10-20 days and 30—60 days) is
characterized by intermittent periods of enhanced and deficient precipitation known
as “active” and “break” spells respectively (Gadgil, 2003). A “break” like situation is
evoked due to intrusion of cold and dry northwesterly (NW) winds from the mid-
latitudes and subtropical regions of west-central Asia into the northwestern India
(Krishnan and Sugi, 2001). Advection of cold and dry NW winds into the monsoon
region leads to abnormal tropospheric cooling, reduces the meridional temperature
gradient and therefore weakens the monsoon convective activity. During break
cycles large amount of rainfall occur over the central-eastern parts of the Himalayan
foothills and a decrease in rainfall in central India (Vellore et al., 2014). Recent
studies found that the monsoon can be ‘locked’” with persistent active/break
domination over longer timescales as well (Sinha et al., 2011).

1.3 Holocene ISM variability

Paleoclimate studies on Holocene ISM variability from terrestrial as well as
marine archives are summarized here. In general, as found in many Arabian Sea
marine records and also in terrestrial records from the peripheral domain, ISM
started to intensify in the early Holocene (~11-8 cal. ka BP), following increasing
temperature in the NH (Sirocko et al., 1993; Overpeck et al., 1996; Jung et al., 2002;
Fleitmann et al., 2003; Ivanochko et al., 2005). It is broadly accepted that the
monsoonal maximum lagged behind the insolation maximum due to glacial
boundary conditions in the NH (Fleitmann et al., 2007; Y. Wang et al., 2010). After
the initial phase of intensification, ISM strength weakened. However the nature of
the ISM weakening during Holocene is one of the questions that is still under
discussion. There remained two contrasting hypotheses regarding the nature of the
ISM weakening during Holocene: 1. abrupt weakening of the ISM at ~5-4.5 cal. ka
BP 2. gradual weakening of the ISM following the decrease of NH summer
insolation (Fleitmann et al., 2007).

The marine records from eastern Arabian Sea showed an opposite trend i.e
increase in the monsoon strength during Holocene, as reflected from decreasing
salinity/ increased freshwater input at the southern tip of India or increasing P-E
balance (Sarkar et al., 2000; Govil and Naidu, 2010) compared to records from
western Arabian Sea (Gupta et al., 2003; Fleitmann et al., 2003) and Bay of Bengal
marine (Govil and Naidu, 2011) and continental (Berkelhammer et al., 2012)
records. This inconsistency among the records points to the variability on regional
scale in the temporal development of the ISM over the Holocene.

In addition to the millennial scale changes in the ISM intensity the higher
frequency changes in ISM strength during Holocene are linked to solar flux
variability or NH temperature changes (Gupta et al., 2003; Fleitmann et al., 2003).
A Sr isotope record from a marine core in the Arabian Sea off Somalia reported an
unstable transitional period from 8.5 to 6 cal. ka BP, characterized by decadal-scale
high-amplitude variations in the evaporation/precipitation balance over the horn of
Africa (Jung et al., 2004).



Chapter 1 Introduction

The majority of paleomonsoon reconstruction in India was carried out on
lacustrine sediments and lake level studies from northwestern India (Singh et al.,
1974; Bryson and Swain, 1981; Wasson et. al., 1984; Prasad et al., 1997; Enzel et al.,
1999; Dixit et al., 2014). Centennial scale reconstructions of Holocene climate
indicated wetter climate during the early and mid-Holocene with highest lake levels
at ~7.2—-6.0 cal. ka BP, likely as a consequence of more winter rains from the mid-
latitude Westerlies, followed by the onset of aridity at ~5.3 cal. ka BP (Prasad and
Enzel, 2006).

Recent records from northwestern Himalaya allow us for the assessment of
climate variability from the region, receiving precipitation from both the ISM and
Westerlies (Demske et al., 2009; Anoop et al., 2013a). In northwestern Himalaya
palynological core studies from Tso Kar Lake (Demske et al., 2009) showed a strong
ISM period (~11-9 cal. ka BP) followed by a weaker epoch and cooler climate (~9-8
cal. ka BP). A drier interval (~8.7-8.1 cal. ka BP), characterized by reduced hill
slope erosion, river discharge, and sediment load has been reported from the Sutle;j
valley in the northwestern Himalaya (Bookhagen et al., 2006). The reconstruction
from Spiti paleolake sediments indicated weaker ISM with cooler conditions during
~7.6—6.8 cal. ka BP (Anoop et al., 2013a) while the Tso Kar record indicated weaker
ISM with moderate Westerlies during the same period (Demske et al., 2009). The
period (~6.8-6.1 cal. ka BP) in the Spiti region was characterized by warmer climate
with intensified ISM, also supported from record from Tso Kar basin (Demske et al.,
2009).

Periods of intensified monsoon during the Holocene have been identified from the
formation of landslide-dammed lakes in the Sutlej valley region (Bookhagen et al.,
2005). Additionally several phases of century-long weak ISM phases during the
Holocene have been associated with the formation of fluvial terraces through
enhanced incision (Bookhagen et al., 2006).

In northeastern India a pollen record from a swamp from the lower Brahmaputra
flood plain of Assam indicated relatively warmer and wetter conditions until 8.3 cal.
ka BP (Dixit and Bera, 2012). A speleothem stable isotope record from northeastern
India showed abrupt shift (decadal scale) towards century-long drier conditions at
~4 cal. ka BP (Berkelhammer et al., 2012).

Compared to other locations paleoclimate records from central India are scarce.
Pollen based reconstructions on centennial scale from a central Indian lake
indicated enhanced monsoon and warmer condition between 7.1-4.6 cal. ka BP that
was followed by weakening monsoon (Quamar and Chauhan, 2012). A marine record
from Bay of Bengal, representing regional climate variability in the Godavari
catchment reported a humid early Holocene climate, followed by a gradual increase
in aridity-adapted vegetation until 1.7 cal. ka BP and prominent after 4 cal. ka BP
(Ponton et al., 2012).

In summary, our knowledge of spatiotemporal patterns of past monsoon strength
over the subcontinent remains incomplete, since no high-resolution continuous
Holocene record from continental India exists. There remained inhomogeneity on
regional scale in the temporal development (over the Holocene) of the ISM but the
general trends were similar (except in eastern Arabian Sea) with a significant
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decrease in ISM strength in mid-Holocene and protracted arid conditions during the
late Holocene (4 ca. BP onwards). Most importantly, the question about the nature
of the ISM weakening is still under discussion (i.e., abrupt (at ~5—4.5 cal. ka BP) vs.
gradual).
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Fig. 1.2. Compilation of Holocene ISM variability from ISM domain. A: Locations of the records, B:
Records: a. Jung et al., 2004; b. Gupta et al., 2003; c. Fleitmann et al., 2003; d. Sarkar et al., 2000; e.
Prasad and Enzel, 2006; f. Demske et al., 2009; g. Berkelhammer et al., 2012; h. Ponton et al., 2012.

1.4 The stable isotopic composition of lipid biomarkers and their use
as paleohydrological proxy

1.4.1 Factors controlling the stable isotopic composition of water in hydrological
cycle

The stable isotopic composition of oxygen and hydrogen in water (5!80 and 3D
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valuesd) within the hydrological cycle and its spatial distribution has become a
powerful tracer for identifying fluxes within the hydrological cycle, and in particular
the sources and transport pathways of moisture (Bowen, 2010; Sachse et al., 2012).

Variations in the oxygen and hydrogen isotopic composition of meteoric waters
can be explained partly by Rayleigh-type processes during evaporation and
condensation (Craig, 1961; Gat, 1996). Briefly, water vapour evaporated from
seawater is depleted in the heavy water isotopes due to higher vapour pressure of
lighter isotopologues (1H2160). Heavier isotopologues (:HD160) tend to accumulate in
liquid than in vapour phase. Therefore precipitation, due to condensation of vapour,
1s enriched in heavier isotopes relative to the vapour, leaving the remaining vapour
depleted in heavier 1sotopes.

Factors controlling evaporation-condensation and therefore temporal and spatial
patterns of stable isotopes in precipitation can result in continental, temperature
and amount effects (Dansgaard, 1964). The continental effect would result in the
depletion of water isotopes in precipitation, in inland of continents, due to
progressive rain out from air masses moving from ocean over the continents. The
temperature effect is particularly prominent across regions of strong temperature
variability such as polar regions, since isotopic fractionation between vapour and
condensate i1s temperature-dependent. The temperature effect would result in
progressive depletion of water 1isotopes 1in precipitation with decreasing
temperature. In tropical regions a negative correlation was found between isotopes
in precipitation and rainfall amount, known as the amount effect. Amount effect is
characterized by progressive depletion of water isotopes in precipitation with
increasing amount of precipitation. Several physical factors such as convection
intensity and cloud height, drop-size of rainfall and re-evaporation of raindrops etc.
leading to amount effect have been discussed (Breitenbach et al., 2010). However,
the mechanisms behind the amount effect are not completely understood (Kurita et
al., 2009; Dayem et al., 2010).

A distinct empirical relationship between 6180 and 6D in precipitation is
observed, known as Global Meteoric Water Line (GMWL, 8D = 8x5180+10, r2>0.95),
first established for fresh surface waters and then for precipitation itself (Craig,
1961; Rozanski et al., 1993). This is due to the fact that the oxygen and hydrogen
stable isotopes in water molecules are intimately associated. Since some effects such
as moisture recycling or evaporation can cause deviation, a Local Meteoric Water
Line (LMWL) better describes rainwater isotopes of a location. Valuable information

about the hydrology over a region can be derived from comparison of rainwater
1sotopes data with the GMWL.

d(Isotopic composition is expressed as & (in per mil), § = (Rsample — Rstandard)/ Rstandard, where R is the
ratio between heavier/rare and lighter/common isotopes. § represents the relative deviation of R in
the sample from a standard)

1.4.2 Factors controlling the stable isotopic composition in lipid biomarkers

The stable isotopic composition of meteoric waters from the geological past can be
preserved in various archives (e.g., ice-cores, speleothems, tree rings, lake

8
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sediments) (Thompson et al., 2000; Y.J. Wang et al., 2001; Jahren and Sternberg,
2003; Tierney et al., 2008). Among these archives mentioned above, sedimentary
records from lakes have become common for studying past changes in terrestrial
hydrology. Since bulk sediments from lake represent mixture of components (e.g.,
carbohydrates, amino acids, lipids etc.), use of elemental and isotopic composition of
bulk sediments from lakes as robust proxies are limited (Krishnamurthy et al.,
1995).

More recently lipid biomarkers from lake sediments have been analyzed to study
terrestrial ecology and environmental change (Castaneda and Schouten, 2011).
Lipids produced by all organisms, are ubiquitous in lake sediments and because of
their relative stability can be preserved over geological timescales. Since different
organisms produce different lipids, the presence of certain lipids in sediments can be
used to identify their sources within a lake catchment. In addition to the
information about sources of biomarkers the analysis of lipid biomarker
distributions in lake sediments can provide insight into changes in lacustrine and
catchment ecosystem and hydrology over time (Schwark et al., 2002; Romero-Viana
et al., 2012). For example, long chain n-alkanes (with 27 to 35 carbon atoms) are
produced as leaf wax constituents of terrestrial higher plants (Eglinton and
Hamilton, 1967; Cranwell et al., 1987). Changes in the abundance of leaf wax
compounds can be used mainly as proxies for transport of terrigenous organic
matter (OM) to the lake (Meyers, 2003). However, factors such as surficial erosion in
the catchment and vegetation cover may influence flux of leaf wax compounds in the
sediments (Sarkar et al., 2014). For the aquatic component, compositional variations
in aquatic lipids can be used to assess changes in the lake ecosystem. For example,
variations in the abundance of the cyanobacterial biomarkers, such as n-
heptadecane can be used as proxies for changes in primary productivity. The role of
human influence and subsequent nutrient supply in changing lake primary
productivity should be considered while assessing changes in lake enviroment from
abundance of aquatic compounds.

Additionally the stable carbon and hydrogen isotopic composition of such
biomarker compounds (expressed as 613C and 6D values) have emerged as a
powerful tool that can provide detailed insights into ecosystem and hydrological
change (Castaneda and Schouten, 2011). Since stable carbon isotopic composition of
leaf wax compounds clearly differ between Cs and C4 plants (Sinninghe Damsté et
al., 2011) due to differences in carbon assimilation pathways (Eglinton and Eglinton,
2008), the 813C values of terrestrial biomarkers can provide information about
changes in catchment vegetation (e.g., C3/Cs vegetation) (Feakins et al., 2005;
Eglinton and Eglinton, 2008). C4 vegetation has an ecological advantage under
aridity, high temperature, and low atmospheric pCO2 conditions over Cs plants
(Eglinton and Eglinton, 2008). Therefore, 513C records are often used as a proxy for
aridity (Ponton et al., 2012). However, supply of leaf wax compounds (long chain n-
alkanes) from different sources can affect 313C values in the sediments, which may
not be associated with changes in the vegetation in the catchment. For example,
long chain n-alkanes (with 27 to 35 carbon atoms) are produced as leaf wax
constituents of terrestrial higher plants but also of emerged macrophytes growing in
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the lake (Eglinton and Hamilton, 1967; Cranwell et al., 1987; Ficken et al., 2000;
Gao et al., 2011). Significant input from emerged macrophytes can affect 513C values
in the sediments (Douglas et al., 2012). Therefore an understanding of changes in
source/vegetation with other proxies (e.g., pollen) can be useful for interpretation of
813C values in the sediments.

From 613C of aquatic biomarkers the carbon source of individual compounds and
carbon cycling through the ecosystem can be assessed. The carbon isotopic
composition (513C) of compounds from primary producers, such as cyanobacteria
should reflect the carbon isotopic composition of dissolved inorganic carbon (DIC).
Lake water DIC can become enriched in 13C as a result of increased primary
productivity in an aquatic system, as this would preferentially remove 12C into
biomass and thus enrich 13C in the lake water DIC (Meyers, 2003). Another possible
origin of the 13C enriched carbon source for organisms producing n-heptadecane
could be HCO3 ions in alkaline lakes that are characterized by less negative 613C
values (Meyers, 2003). Therefore possibility of changes in lake water chemistry
should be considered for interpretation of 613C values of aquatic compounds in the
sediments.

Although relatively new, 3D values of lipid biomarkers are increasingly applied as
proxy to detect changes in paleohydrology, as the ultimate hydrogen source of any
photosynthetic organism is environmental water. As such, 8D values of terrestrial
biomarkers can be used to detect changes in the processes that affect the isotopic
composition of precipitation (see above), such as moisture source or rainfall amount.
Recent researches have shown that leaf wax lipid 6D values record
evapotranspiration in soils (Smith and Freeman, 2006) and higher plants leaves
(Kahmen et al.,, 2013a; Kahmen et al., 2013b). Additionally differences in
photosynthetic pathways (Cs and C4) used by plants and plant functional types (such
as trees, shrubs or grasses) can lead to distinct 6D values among plants growing at
the same location under the same climatic condition (Hou et al., 2007; Sachse et al.,
2012). Therefore it is important to take possible changes in vegetation in to
consideration while interpreting leaf wax lipid 6D wvalues, as indicator for
hydrological changes.

0D values of biomarkers derived from aquatic organisms, such as in algae, in
general also record the 6D values of the water source used by the organism. 6D
values of lipids from aquatic organisms can be used to detect changes in the
processes that affect the D/H fractionation between environmental and intracellular
water, such as temperature, salinity or growth rate (Sachs, 2014). Culture and field
experiments indicate that D/H fractionation (1) increases with increasing
temperature, (2) decreases with increasing salinity, and (3) changes with changing
N-controlled growth rate, differently for different lipids (acetogenic vs. isoprenoid)
(Sachs, 2014). However not many studies are available on the role of growth-rate
changes on 8D values.

10
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1.5 Precipitation characteristics of the study region

Currently no precipitation amount or isotope data are available to assess the
precipitation characteristics in Lonar region. However, existing time series from
adjacent region, such as Sagar (23°49'N, 78°45’E, 551 m a.s.l.), Madhya Pradesh (ca.
486 km NE of Lonar), allow for an estimation of the main factors controlling
precipitation 8D and 580 values in central India. Lonar is located in the border of
the zone referred to as Central India (CI) (Hoyos and Webster, 2007) where oxygen
isotopic variability in precipitation is characterized by the amount effect
(Bhattacharya et al., 2003; Yadava et al., 2004; Kumar et al., 2010).
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Fig. 1.3. Plot of "0 versus rainfall for Sagar, Madhya Pradesh (modified after Kumar et al., 2010).

The Lonar region receives precipitation mainly from the Arabian Sea (AS) branch
of the monsoon. It is suggested that transport of moisture from the Bay of Bengal
(BoB) can occur, with a longer transport pathway, during post monsoon (September;
Sengupta and Sarkar, 2006). The contribution from the BoB branch of the monsoon,
as possible for Lonar’s central location in peninsular India, has not been assessed
yet.
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Fig. 1.4. Location of Lonar Lake (red circle) in the ‘monsoon zone’ (Gadgil, 2003) marked by the blue
dashed line. Envelopes in dark and light blue represent storm-tracks from Bay of Bengal (BoB) in
monsoon and post monsoon, respectively; the smaller arrow represents the Arabian Sea (AS) branch
(modified after Sengupta and Sarkar, 2006). Modern seawater 6180 values are indicated for Arabian
Sea and Bay of Bengal (from Kumar et al., 2010).
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In order to determine the moisture source areas for Lonar, an ensemble of
backward air mass trajectories has been calculated using the Hybrid Single-Particle
Lagrangian Integrated Trajectories (HYSPLIT) ARL trajectory tool database of
NOAA (Draxler and Rolph, 2014). Trajectories for time periods of 96 h were
computed at the lower troposphere (1500 m a.s.l.) for the pre monsoon, the monsoon
(ISM), the post monsoon and the winter monsoon seasons of 2010 and 2013
respectively, with highest amount of rainfall in recent years. These trajectories show
that winter monsoon and post monsoon air masses can reach Lonar from the BoB
while ISM air masses, which bring 85% of annual precipitation (Sontakke et al.,
2008) arrive mainly from AS (Fig. 1.5).

T

Winter Monsoon (Jan.)

Pre-Monsoon (April) \

Fig. 1.5. Four day backwards trajectories for air parcels during selected rainfall events affecting
Lonar (asterisk) during the monsoon (ISM, 11.6.13), post monsoon (11.11.10), pre monsoon (19.4.13)
and winter monsoon (23.1.13) seasons, calculated using an ensemble (24 members) of the Air
Resources Lab Hysplit Program, to represent moisture source for the region.

1.6 Scope of this study

Periods of increased monsoon wind strength inferred from marine records did not
seem to always coincide with increased precipitation over nearby continental regions
(Prasad and Enzel, 2006). Therefore, continental records of paleomonsoon are
necessary to evaluate the nature of ISM on land. Further, high-resolution records

12



Chapter 1 Introduction

would be useful to understand the Holocene monsoon variability on timescales
relevant to human societies and to identify the effect of human influence on the
environment in the past. This can potentially help in modeling monsoon behaviour
in a global warming scenario and better planning the land-use pattern in future.
However, few high-resolution Holocene records from continental archives, such as
speleothems exist, but these are not continuous and not from the core ‘monsoon
zone’ (CMZ), (MZ: Gadgil, 2003).

Lonar Lake, from where the record studied in this thesis, 1s situated within the
core Indian ‘monsoon zone’ (CMZ). There, variations in rainfall intensity show a
strong correlation with the variations in Indian summer monsoon rainfall intensity
as a whole (Gadgil, 2003). Thus a paleohydrological record from that region can be
considered as representative for paleomonsoon variability.

There remained several open questions that needed to be addressed before the
investigations on Lonar core sediments could be undertaken e.g., what are the
biochemical properties of Lonar Lake surface sediments? Are they spatially
heterogeneous? What are the controls behind biochemical properties in surface
sediments and to what extent organic geochemaical proxies represent the modern day
ecosystem? Can the link between contemporary processes and biochemical
properties of the sediments be identified to select sensitive proxies? Additionally the
investigations on Lonar core sediment was undertaken to answer broad research
questions. How did the ecosystem and hydrology changed due to change in monsoon
strength on the continent during Holocene? What was the nature of this mid-
Holocene transition on the continent?

In order to use lipid biomarker abundances and distributions as proxies for
paleoenvironmental changes, I performed a detailed analysis of modern day
conditions and tested the extent to which organic geochemical proxies represent the
modern day ecosystem. Based on this study I attempt to assess the processes that
control the distribution of leaf wax and aquatic biomarkers in modern surface
sediments. High aquatic and bacterial productivity, and the detailed study about
catchment vegetation in the modern lake sediments, helped me to better understand
stable isotope and biomarker sources in the lake sediments. The potential of lipid
biomarkers and their stable isotope ratios as suitable hydrological proxies, and
Lonar Lake sediment as a suitable climate archive will be discussed in detail in this
thesis. Then I attempt to document the change in hydrology and ecosystem of the
lake and its catchment area over Holocene, as a response to climate (monsoon)
change, by determining the change in biomarker concentration and their stable
1sotope composition (C, H).

Few marine as well as continental records, mainly from the peripheral areas of
the ISM realm, have indicated a largely insolation driven, gradual transition from
early Holocene wet to late Holocene arid conditions (Gupta et al., 2003; Fleitmann et
al., 2003). The nature and the timing of the onset of this transition (abrupt or
gradual) are still under discussion (Fleitmann et al., 2007). It was also suggested
that the shift of mean latitudinal position of ITCZ (due to a change in insolation)
over the Holocene was associated with significant changes in hydrological cycle
(Fleitmann et al., 2007 and the references therein). However the associated changes
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in continental hydrology and ecosystem changes were not studied. As such, it is
difficult to evaluate the nature of this mid-Holocene transition on land.

The new high-resolution Holocene record from Lonar Lake, which is presented in
this thesis, will shed light on the nature of this transition, along with its onset, in
the core monsoon zone. In addition, the application of a combination of isotope
proxies (613C and dD) of terrestrial and aquatic biomarkers will deliver new insights
into changes in the lake as well as the catchment environment along with the effect
of human influence on the lake environment.

Specifically, the focuses of my study discussed in the following chapters were:

(1) Methodology for lipid biomarker and stable isotope analysis of Lonar Lake
sediment (chapter 2)

(1) Exploring the spatial variability of lipid biomarker distributions in the
catchment and the sediments of Lonar Lake (chapter 3)

(111) Reconstructing changes in hydrology and monsoon over the Holocene from
concentration as well as isotopic composition (813C, dD) of terrestrial and aquatic
biomarkers (chapter 4)

(iv) Comparison of results from lipid biomarker and isotope based reconstructions
with other multi-proxy approaches (chapter 5)

1.7 Summary

My thesis comprises of three separate manuscripts dealing with the relationship
of ecosystem and hydrology in modern times and a hydrological reconstruction for
these relationships during the Holocene from Lonar Lake in the CMZ, India. The
key findings from my thesis are summarized below.

Studies based on geochemical proxies, both from surface and core sediments,
found Lonar Lake a sensitive continental archive for ‘monsoonal’ India (Anoop et al.,
2013b; Menzel et al.,, 2013). In order to use lipid biomarker abundances and
distributions as proxies for such changes, I performed a detailed analysis of modern
day conditions and tested the extent to which organic geochemical proxies represent
the modern day ecosystem. Additionally, I evaluated the spatial variability in lipid
biomarker distributions in the surface sediments to estimate the fidelity of
paleoenvironmental reconstruction based on a single long core.

Aquatic and terrestrial lipid biomarkers in modern lake surface sediments
provided a detailed picture of the lake ecosystem and its catchment area. Terrestrial
vegetation and lake surface sediments were characterized by relatively high average
chain length (ACL) index values (29.6-32.8) of leaf wax n-alkanes, consistent with
suggestions that plants in drier and warmer climates, as in Lonar today, produce
longer chain alkyl lipids than plants in cooler and humid areas. The triterpene
tetrahymanol, representative of a specific microbial community, occurred in
unusually large amounts in surface sediment and benthic microbial mat samples. I
concluded that increased primary productivity related to human influence caused
these unusually high concentrations of tetrahymanol, especially in the nearshore
lake sediments.

14



Chapter 1 Introduction

Results indicated that a single core from the depocentre of the lake best
represents the average variability in terrigenous biomarkers in the lake basin.
However, this study also showed that other factors, such as lake level fluctuation
might affect the abundance of aquatic biomarkers such as tetrahymanol in a core
from a central location within the lake, since this compound was found in higher
concentrations in nearshore modern sediments. This should be taken into account
for a valid paleolimnological interpretation of sediment core data.

Along with the understanding the modern ecosystem, I reconstructed centennial-
scale hydrological variability associated with changes in the intensity of the ISM
based on a record of lipid biomarkers (terrigenous and aquatic) and their stable
carbon (613C) and hydrogen (5D) isotopic composition from a 10 m long sediment core
from the lake. The period between 10.1 and 6 cal. ka BP was likely the wettest
during the Holocene: lower ACL index values (29.4 to 28.6) of leaf wax n-alkanes
and their negative 813C values (—34.8%0 to —27.8%0) indicated the dominance of
woody Cs vegetation in the catchment, and negative 6Dwax values (—171%o to —147%o)
argue for a wet period due to an intensified monsoon. After 6 cal. ka BP, a gradual
shift to less negative 813C values for n-alkanes (particularly for the grass derived n-
Cs1) and appearance of the triterpene lipid tetrahymanol, generally considered as a
marker for salinity and water column stratification, marked the onset of drier
condition. At 5.1 cal. ka BP increasing flux of leaf wax n-alkanes along with the
highest flux of tetrahymanol indicated proximity of the lakeshore to the lakecenter
due to major lake level decrease. Rapid fluctuations in abundance of both terrestrial
and aquatic biomarkers between 4.8 and 4 cal. ka BP indicated an unstable lake
ecosystem, culminating in a transition to arid conditions. A pronounced shift to less
negative n-alkane 613C values, in particular for n-Cs; (—25.2%0 to —22.8%0), over this
period indicated a change of dominant vegetation to C4 grasses. Along with a 40%o
increase in leaf wax n-alkane 8D values, which likely resulted from less rainfall
and/or higher plant evapotranspiration, we interpreted this period to reflect the
driest conditions in the region during the last 10.1 ka. This transition led to
protracted late Holocene arid conditions and a permanent saline lake. This is
supported by the high abundance of tetrahymanol. A late Holocene peak of
cyanobacterial biomarker input at 1.3 cal. ka BP might represent an event of lake
eutrophication, possibly due to human impact and the onset of cattle/livestock
farming in the catchment.

A unique feature of this record was the presence of a distinct transitional period
between the wet early Holocene and the dry late Holocene. The mid-Holocene period
was charaterized by high amplitude and rapid fluctuations in §Dwax values, probably
due to a change in the moisture source and/or precipitation tracks. We suggest that
the mid-Holocene weakening of the ISM was not gradual, but highly variable. We
hypothesized that orbital induced weakening of the summer solar insolation and
associated reorganization of the general atmospheric circulation were responsible for
an unstable hydroclimate in the mid-Holocene in the CMZ. Only after a certain
threshold in the intensity of solar insolation was passed, hydrological conditions
stabilized. As such transitions from one hydrological state into another due to small
changes 1in solar insolation can be associated with major environmental
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changes/large fluctuations in moisture source, a scenario that may be relevant with
respect to future changes in the ISM system.

From multi-proxy investigations (inorganic geochemical and pollen) on the same
sediment core from Lonar Lake, two phases of severe aridity (between 4.6-3.9 and
1.5-0.6 cal. ka BP) have been identified following an early Holocene wet phase.
These periods of severe aridity coincided with intervals of higher solar irradiance.
Possibly the regional warming in the Indo-Pacific Warm Pool (IPWP) played an
important role in causing aridity through changes in meridional overturning
circulation and position of the anomalous Walker cell. Further, the first settlements
in central India coincided with the onset of the first phase of aridity and agricultural
populations flourished between those two phases of aridity.
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2. Methods

In this chapter the methodology used for lipid biomarker and stable isotope
analysis will be presented. An overview of the applied workflow is shown in Fig. 2.1.
The discussed methods have been employed to obtain the data discussed in the
following chapters.

In order to analyze lipid biomarkers in samples (leaves, microbial mats,
particulate organic matter (POM) or sediment samples), total lipids (TLE: total lipid
extracts) were extracted with organic solvents. All samples, except sediment
samples, were extracted by ultrasonication, while sediment samples were extracted
using an accelerated solvent extractor (ASE).

TLEs obtained after extraction consist of a complex mixture of compounds
belonging to different compound classes. Prior to instrumental analysis they were
separated into compound classes using a solid-phase extraction (SPE) technique,
which separated TLEs into fractions of compounds with different polarity, namely
an aliphatic hydrocarbon fraction, an alcohol fraction and a fatty acid fraction.

Individual compounds in these fractions were identified and quantified using gas
chromatography (GC). The GC system used in this work was connected to two
detectors, namely a flame ionization detector (FID) and a mass selective detector
(MSD) via a splitter. Identification of compounds was based on comparison of mass
spectra with published data.

The stable carbon and hydrogen isotopic compositions of organic compounds (lipid
biomarkers) were determined using a GC, which was connected to an isotope ratio
monitoring mass spectrometer (IRMS) via a chemical reaction interface. Different
chemical reaction surfaces and their operating temperatures were used according to
the element of interest, i.e., a pyrolysis interface for hydrogen and a combustion
interface for carbon. Thus, the organic compounds were converted to gases, namely
COz2 and Hz for $13C and 8D determination, respectively, which then were analyzed
for their 1sotope ratios.

|§amp|e| —)M —)l |ola| ||p|a exlracls| -_ m
ASE

SPE

l
EETEET T [ earon |(_[
GCRMS [Quantification]
GC-FID-MS

Fig. 2.1. Schematic workflow used for lipid biomarker and stable isotope analysis.
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2.1 Sample preparation, extraction and SPE fractionation

In this study leaf, bacterial mat, particulate organic matter (POM), surface and
core sediment samples were extracted for lipid biomarker analysis. Prior to
extraction, 2—4 g of each mat or sediment samples was freeze-dried. Filters
containing POM were also freeze-dried. Leaves were air-dried and cut into small
pieces using an electric grinding system. Mat and sediment samples were
homogenized in a mortar before lipid extraction.

All samples, except surface sediment samples, were extracted by ultrasonication,
with 30 ml (leaves) and 50-100 ml (mat) of dichloromethane (DCM)/MeOH, 9:1) for
30 min. Sediment samples were extracted using an accelerated solvent extractor
(Dionex ASE 350) with a mixture of dichloromethane (DCM/methanol, 9:1) at 100 °C
and 103 bar (1500 psi) for 15 min in 2 cycles. Total lipid extracts (TLEs) were passed
through activated copper pipette columns to remove elemental sulphur.

After addition of internal standards (5c-androstane, 5a-androstan-36-ol and
erucic acid) the TLEs were separated on SPE silica gel columns (ca. 2 g of silica gel
60, 230—-400 mesh) into three fractions of different polarity, namely an aliphatic
hydrocarbon (eluted with 10 ml of n-hexane), an alcohol (eluted with 15 ml of
DCM/acetone (9:1)) and a fatty acid fraction (eluted with 10 ml of DCM/methanol

(5:1)).

2.2 Gas chromatographic-mass spectrometric (GC-MS) analysis of lipid
biomarkers

Major alcohol compounds, like tetrahymanol, were present in very high
concentrations and could be detected without derivatization on the used GC-MS
system. Fraction one and two (containing aliphatic hydrocarbons and alcohols,
respectively) were measured on a GC-FID/MSD system for compound identification
and quantification. The GC-FID/MSD system consisted of an Agilent 7890A gas
chromatograph equipped with a flame ionization detector (FID) and an Agilent
5975C mass selective detector. The system used a programmable temperature
vaporization (PTV) inlet with split injection (5:1), a fused silica capillary column
(Agilent DB-5MS) (Iength 30 m, inner diameter 0.25 mm and film thickness 0.25
um) with helium as carrier gas. 1ul of the sample was injected into the GC. The
temperature of the injector was 70 °C while the temperature of the oven was kept
constant for 2 min at 70 °C. Subsequently the oven was heated to 280 °C at 7 °C/min
and then to 320 °C at 3 °C/min (15 min isothermal). Identification of compounds was
based on comparison of mass spectra with published data.

2.3 Compound-specific stable isotope analysis
2.3.1 Compound-specific 613C analysis

The stable carbon isotope composition (513C) of biomarkers was measured on a GC
system (Agilent 6890N) coupled via a combustion interface (GC-C III), to a
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Thermofisher Scientific (model 253) isotope ratio mass spectrometer (GC-irm-MS) at
GFZ Potsdam. The system used a PTV inlet with split injection (1:1), a fused silica
capillary column (Agilent Ultral) (length 50 m, inner diameter 0.2 mm and film
thickness 0.33 um) with helium as carrier gas. 1-3 ul of the sample was injected into
the GC. The temperature (T) programs for the injection and GC oven/column are as
follows: Injector T-program: 230 °C (Start-T), with 700 °C/ min up to 300 °C (hold for
the complete run); Oven T-program: 40 °C (Start-T) hold for 2 min with 4 °C/ min up
to 300 °C (hold for 45 min).

For tetrahymanol analysis, the system used a PTV inlet with split injection (1:1),
a capillary column (BPX5) (length 50 m, inner diameter 0.2 mm and film thickness
0.25 upm) with helium as carrier gas. 3 ul of the sample was injected into the GC. The
temperature (T) program for the GC oven/column was as follows: Oven T-program:
80 °C (Start-T) hold for 1 min, with 15 °C/ min up to 250 °C, 1 °C/ min up to 310 °C
(hold for 15 min).

GC-irm-MS analyses were run in triplicate. Calibration of isotope analysis was
performed by injecting several pulses of CO3 at the beginning and at the end of each
GC run. Isotopic ratios are expressed as 813C values in per mil. 813C values of
compounds measured in laboratory reference scale were converted to the Vienna Pee
Dee Belemnite (V-PDB) scale using a linear regression function derived from the
relationship of measured values and known values in V-PDB scale, for the
compounds of a certified standard between sample runs. The average standard
deviation for standards over sequences was between 0.5 and 1.8%o and for samples it
was 0.5%o.

2.3.2 Compound-specific 0D analysis

The stable hydrogen isotope (6D) composition of biomarkers was measured on a
GC system (Agilent 6890N) coupled via a pyrolysis interface, to a Thermofisher
Scientific (Delta V Plus) isotope ratio mass spectrometer (GC-irm-MS) at GFZ
Potsdam. The system used a PTV inlet with split injection (1:3), a capillary column
(Agilent Ultral) (length 50 m, inner diameter 0.2 mm and film thickness 0.32 pm)
with helium as carrier gas. 1-3 pl of the sample was injected into the GC. The
temperature (T) programs for the injection and GC oven/column are as follows:
Injector T-program: 230 °C (Start-T), with 700 °C/ min up to 300 °C (hold for the
complete run); Oven T-program: 40 °C (Start-T) hold for 2 min with 4 °C/ min up to
300 °C (hold for 45 min).

For tetrahymanol analysis, the system used a PTV inlet with split injection (1:1),
a capillary column (DB-FFAP) (length 60 m, inner diameter 0.25 mm and film
thickness 0.25 pm) with helium as carrier gas. 3 ul of the sample was injected into
the GC. The temperature (T) program for GC oven/column is as follows: Oven T-
program: 80 °C (Start-T) hold for 1 min, with 15 °C/ min up to 250 °C, 1 °C/ min up to
310 °C (hold for 15 min).

GC-irm-MS analyses were run in triplicate. Calibration of isotope analysis was
performed by injecting several pulses of Hz at the beginning and at the end of each
GC run. Isotopic ratios are expressed as 6D values in per mil. 6D values of
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compounds measured in laboratory reference scale were converted to the Vienna
Standard mean ocean (VSMOW) scale using a linear regression function derived
from the relationship of measured values and known values in VSMOW scale, for
the compounds of a certified standard (Mix A obtained from Arndt Schimmelmann,
University of Indiana) between sample runs. The average standard deviations for
standards and samples were 3%o.
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Abstract

The basin-scale spatial variability in lipid biomarker proxies in lacustrine
sediments, which are established tools for studying continental environmental
change, has rarely been examined. It is often implicitly assumed that a lake
sediment core provides an average integral of catchment sources. Here we
evaluated the distribution of lipid biomarkers in a modern ecosystem and
compared it with the sedimentary record. We analyzed lipid biomarkers in
terrestrial and aquatic organisms and in lake surface sediments from 17 locations
within the saline-alkaline Lonar crater lake in central India. Terrestrial
vegetation and lake surface sediments were characterized by relatively high
average chain length (ACL) index values (29.6-32.8) of leaf wax n-alkanes,
consistent with suggestions that plants in drier and warmer climates produce
longer chain alkyl lipids than plants in cooler and humid areas. A heterogeneous
spatial distribution of ACL values in lake surface sediments was found: at
locations away from the shore, the values were highest (31 or more), possibly
indicating different sources and/or transport of terrestrial biomarkers. In
floating, benthic microbial mats and surface sediment, n-heptadecane,
carotenoids, diploptene, phytol and tetrahymanol occurred in large amounts.
Interestingly, these biomarkers of a unique bacterial community were found in
substantially higher concentrations in nearshore sediment samples. We suggest
that human influence and subsequent nutrient supply resulted in increased
primary productivity, leading to an unusually high concentration of tetrahymanol
in the nearshore sediments.

In summary, the data showed that substantial heterogeneity existed within the
lake, but leaf wax n-alkanes in a core from the center of the lake represented an
integral of catchment conditions. However, lake level fluctuation may potentially
affect aquatic lipid biomarker distributions in lacustrine sediments, in addition to
source changes.

Keywords: Lonar crater lake, lipid biomarker proxies, spatial variability, n-
alkanes, tetrahymanol, catchment vegetation, human influence
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3.1 Introduction

Lake sediments are exceptional archives of past environmental and climatic
changes (Trauth et al., 2005; Martin-Puertas et al., 2012; Melles et al., 2012).
Along with other geochemical proxies, such as the elemental and isotopic
composition of bulk sediments, the analysis of lipid biomarkers has become an
established tool for paleoecological and paleoenvironmental studies (Hanisch et
al., 2003; Eglinton and Eglinton, 2008; Xu and Jaffé, 2008; Castaneda and
Schouten, 2011). A prerequisite for a robust interpretation of such
paleoenvironmental records is a comprehensive understanding of lipid biomarker
sources and transport from within the catchment area, and additionally of the
effect of human influence on the lake environment in the relatively recent past.

Lipids as natural products of all organisms are ubiquitous in lake sediments
and, because of their relative inertness, can be preserved over geological
timescales. Since different organisms produce different lipids, the presence of
certain lipids in sediments can be used to identify their sources within a lake
catchment. For example, aquatic organisms (bacteria, algae and aquatic
macrophytes) produce short to mid-chain n-alkanes, whereas long chain n-
alkanes are almost exclusively produced by terrigenous higher plants (Eglinton
and Hamilton, 1967; Cranwell et al., 1987; Ficken et al., 2000; Gao et al., 2011).
The analysis of lipid biomarker distributions in lake sediments can therefore
provide insight into changes in a lake ecosystem and its catchment over time.
Changes in the abundance of biomarkers in sediments can be used as a proxy for
changes in primary productivity and/or transport of terrestrial organic matter
(OM), respectively (Holtvoeth et al., 2010). Since changes in the lake ecosystem
and catchment are often driven by environmental and climatic factors, such
records can be used to detect paleoclimatic shifts (Schwark et al., 2002; Romero-
Viana et al., 2012; Sachse et al., 2006).

In general, changes in a specific proxy over time determined from a single
sediment core are used for the reconstruction of past environmental conditions.
Use of a single sediment core, mainly from the center of a lake, has been debated
(Wang et al., 2009 and references therein) since significant spatial variability in
sediment proxies from lake sediments has long been identified (Hilton et al.,
1986). Understanding the basin scale variability, especially for sedimentation
pattern, has been emphasized (Lamoureux, 1999). Instead of basin scale
heterogeneities, proxies related to the amount of materials rather than to their
rate of deposition, were found to better represent the mean conditions (Wang et
al., 2009).

For lipid biomarkers, two main processes can lead to substantial proxy
heterogeneity within a lake basin. First, lipid production may not be equal in all
source organisms, leading to over or under representation of certain components
in sediments, and secondly transport into the archive may favor certain
ecosystem components. These effects have the potential to significantly affect the
interpretation of paleoclimatic conditions using these proxies. Despite these
important constraints, spatial proxy heterogeneity for lipid biomarkers in lake
systems has not been investigated. Hence, can the analysis of a single core be
representative of the spatial variability in lipid biomarker proxies within a lake
and should paleoclimatic reconstruction using lipid biomarker proxies be based
on such a single core?
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To evaluate possible variations in lipid biomarker distributions and its causes,
we studied sediments from Lonar crater lake (Fig. 3.1) in central India (19°58’N,
76°30’E; Buldhana district, Maharashtra State, India). The lake lies within the
Indian ‘monsoon zone’, the variation in rainfall over the region showing a strong
correlation with the variation in the Indian summer monsoon rainfall (Gadgil,
2003). It 1s an alkaline saline lake characterized by high autochthonous
productivity, which is attributed to a unique microbial community (Surakasi et
al., 2010; Antony et al., 2013). High aquatic and bacterial productivity, as well as
the availability of a detailed study of catchment vegetation, make it an ideal site
for understanding biomarker sources in the sediments. In addition, the well-
constrained modern seasonality in rainfall is expected to control physical
properties of lake water and primary productivity, as well as terrestrial OM
transport to the lake. The crater basin has a small catchment area, so
predominantly local/site-specific signals were expected to be recorded in the
sediments.
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Fig. 3.1. Location of Lonar Lake; map of Lonar crater lake showing sampling locations of floating
mat, benthic mat and surface sediment samples.

Changes in physical conditions in the water column and the catchment
ecosystem over time, as recorded via geochemical proxies, make Lonar Lake a
sensitive continental archive for ‘monsoonal’ India (Anoop et al., 2013b; Menzel et
al., 2013). In order to use lipid biomarker abundances and distributions as
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proxies for such changes, we performed a detailed analysis of modern day
conditions and tested the extent to which organic geochemical proxies represent
the modern day ecosystem. Finally, we evaluated the spatial variability in lipid
biomarker distributions in the surface sediments to estimate the fidelity of
paleoenvironmental reconstruction based on a single long core.

3.2 Material and methods

3.2.1 Study site, modern environment and hydrology

The lake lies within a crater formed by a meteorite impact on the Deccan trap
basalts (Fredriksson et al., 1973). The near-circular crater has a diameter of 1.8
km and a depth of 150 m, with steep sides (Fredriksson et al., 1973). The rim is
ca. 30 m above the surrounding plains (Fudali et al., 1980). The crater formation
age 1s debated, 4567 ka being suggested on the basis of the thermoluminescence
of impact glass (Sengupta et al., 1997). Radiocarbon dating of histosol suggested
11.65 ka as a maximum age (Maloof et al., 2010). A significantly older age of 570
+ 47 ka was determined from 40Ar/39Ar dating of melt rock samples (Jourdan et
al., 2011).

The lake is alkaline and saline (pH 10.5, salinity 10.5; La Touche, 1912;
Jhingran and Rao, 1958; Nandy and Deo, 1961). It has a mean diameter of 1.2
km and is 5 m deep. The alkalinity is attributed to Na2COs and NaHCOs3, formed
by evaporative enrichment (Nandy and Deo, 1961). The lake is in the semi-arid
region of central India, with an average annual rainfall of 760 + 50 mm. In the
region, the seasonality in the monsoon system results in two general climatic
periods: (1) a wet season from June to the end of September (summer
monsoon/southwest monsoon), with an average rainfall of 670 £ 40 mm and (i1) a
dry season from early October to June. The temperature during summer 1is
around 31 °C, but may increase up to 45 °C; summer monsoon and winter
temperatures average 27 °C and 23 °C, respectively (Anoop et al., 2013b). Summer
monsoonal rainfall is the major contributor of fresh water to the closed basin lake,
although two springs supply fresh water throughout the year. Currently, water
from these springs is diverted to agricultural fields. Tritium dating indicated
modern to sub-modern age for ground water (Anoop et al., 2013b). There are
reports of complete drying out of the lake and formation of thick salt crusts on the
lake bed during exceptionally dry years in the mid-1980s (Badve et al., 1993). The
seasonal influx of water and evaporation control the chemical properties of the
lake water, such as alkalinity and salinity, which in turn affect the
autochthonous OM production by thriving cyanobacterial blooms (Surakasi et al.,
2010). In recent years, the lake has become increasingly eutrophic, which has
been attributed to climatic factors, such as an increase in rainfall amount (Badve
et al., 1993). However, agricultural activity and the presence of ca. 800 years old
temples at the lake shore suggest that anthropogenic activity may also have been
a factor in the eutrophication.

The crater rim is characterized (Fig. 3.2a) by belts of thornshrub (T'S) and dry
deciduous mixed forest (DDM), which is also a common vegetation type in the
Buldhana district (Champion and Seth, 1968). Like the forest in the Lonar
catchment, teak (Tectona grandis) is the main tree species of this forest type and
occurs in nearly all forest communities (Diwakar and Sharma, 2000). A
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permanent delta has developed at the outflow of major springs at the
northeastern shore of the crater. The delta is currently used for the farming of a
variety of plants, including banana (Musa x paradisiaca), maize (Zea mays) and

millet (Sorghum halepense, Setaria italica).

Aquatic vegetation consisting of the emerged macrophytes Cyperaceae and a
Typha sp. is abundant mainly near the alluvial fan and with sporadic occurrence

(for e.g., Juncaceae) near the shore of other parts of the lake.

Fig. 3.2. (a) Map of Lonar Lake showing crater vegetation belts and ACL (in oblique numbers) in
surface sediment samples. (b) Leaf wax n-alkane composition [both concentration of individual rn-
alkanes and distribution (ACL)] in representative vegetation samples from in trees and grasses
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3.2.2

Vegetation mapping and field sampling

3.2.2.1 Modern vegetation mapping

To map the crater vegetation, 16 line transects from the lake shore to the
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crater rim at randomly selected parts in the crater were laid during three field
surveys in 2011 and 2012. Along these transects, individual coverage (%) of
arboreal plants was measured using visual estimation of vegetation cover (Floyd
and Anderson, 1987). A relatively uniform vegetation structure and species
composition within the different vegetation types was observed. From this,
vegetation was extrapolated to the whole crater and mapped using high
resolution aerial pictures.

3.2.2.2 Modern vegetation

Vegetation samples (leaves) from the dominant vegetation were collected
during two field campaigns in 2011 and 2012. Plant samples, representative of
catchment vegetation, were selected on the basis of the results from the
vegetation survey conducted during the same field campaigns (Fig. 3.2a and Tab.
A.1). We sampled ca. 10 leaves from each single specimen and pooled them. All
the leaves collected had been exposed to the sun, except for the plants like
Prosopis and Annona, which were growing under shady conditions.

3.2.2.3 Aquatic plants

The major aquatic plant was the emerged macrophyte Cyperus laevigatus,
which was abundant near the alluvial fan. We sampled leaves from several
plants and discuss these under “terrigenous lipids” due to the similarity in their
leaf wax distributions with those of land plants.

3.2.2.4 Floating mat and water

Nearshore floating microbial mats were collected from different locations (Fig.
3.1 and Tab. A.2) with a phytoplankton net (mesh size 125 um) during different
seasons (April, 2010 and February, May and October, 2011). Water (6 1 and 4 1),
collected in February 2011 from different depths (above and below the redox
boundary at 0.5 and 4 m) was filtered onto pre-combusted glass fiber (GF)
Whatman filters with a handheld vacuum pump to collect particulate OM (POM).

3.2.2.5 Surface sediments and benthic mats

Surface sediment samples from 17 locations within the lake (Fig. 3.1 and Tab.
A.3) were collected in May 2008 using a Wildco Ponar type grab sampler with a
maximum penetration depth of ca. 5-7 cm. Surface sediments from 3 additional
locations [A10 (1), A10 (2) and O11] were obtained during collection of lake
bottom water using a water sampler. Two of these [A10 (1), A10 (2)] were
collected in April 2010 and the other (O11) in October 2010. In the samples a
distinct layer of dark green OM was present above the sediment, which most
probably represented a benthic microbial mat. We therefore subsampled this
layer and discuss it in the following as a benthic microbial mat.

3.2.3 Sample preparation, biomarker identification and quantification

Ca. 2—4 g of dried leaf, microbial mat, POM or surface sediment samples were
extracted for lipid biomarkers. Leaves were air-dried and cut into small pieces
using an electric grinding system. Mat and sediment samples were freeze-dried
and homogenized in a mortar before extraction. All samples, except surface
sediment samples, were extracted by ultrasonication, with 30 ml (leaves) and 50—
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100 ml (mat) of dichloromethane (DCM)/MeOH, 9:1) for 30 min. Surface sediment
samples were extracted using an accelerated solvent extractor (Dionex ASE 350)
with DCM/MeOH, 9:1) at 100 °C and 103 bar (1500 psi) for 15 min in 2 cycles.
Each total lipid extract (TLE) was passed through an activated Cu pipette
column to remove elemental S.

After addition of internal standards (5a-androstane, 5a-androstan-3B-ol and
erucic acid) the TLE was separated on an SPE silica gel column (ca. 2 g silica gel
60, 230—400 mesh) into three fractions (1-3) of different polarity, namely an
aliphatic hydrocarbon fraction (eluted with 10 ml n-hexane), an alcohol fraction
(15 ml DCM/Me2CO, 9:1) and a fatty acid fraction (10 ml DCM/MeOH, 5:1). Major
alcohols, like tetrahymanol, were present in high concentration and could be
detected without derivatization using gas chromatography-mass spectrometry
(GC-MS). Fractions 1 and 2 were measured using GC-flame ionization detection-
mass selective detection (GC-FID-MSD) for compound assignment and
quantification. The GC-FID-MSD system consisted of an Agilent 7890A gas
chromatograph and an Agilent 5975C mass selective detector. The system used a
programmable temperature vaporization (PTV) inlet with split injection (5:1), an
Agilent DB-5MS column (30 m, inner diameter 0.25 mm and film thickness 0.25
Im) with He as carrier gas; 1 pl of sample was injected. The injector temperature
was initially held at 70 °C and after 2.5 min the temperature was increased at
720 °C/min to 300 °C; the GC oven temperature program started at 70 °C (held 2
min) and then to 280 °C at 7 °C/min and then to 320 °C (held 15 min) at 3 °C/min.
Compound assignment was performed by comparison of mass spectra with our
own biomarker database and published data.

3.3 Results
3.3.1 Terrigenous biomarkers

3.3.1.1 Abundance and distribution of leaf wax n-alkanes in modern vegetation

Mid-chain and long chain n-alkanes (Css to Css) were found in the aliphatic
hydrocarbon fraction of modern vegetation samples (Tab. A.1). Summed
concentration of the major (odd numbered) long chain n-alkanes in leaves ranged
from ca. 30 to 900 pg/g dry wt., with the highest concentration (Fig. 3.2b) in the
leaves of two DDM forest trees (1. grandis and Azadirachta indica with 600 and
900 ng/g dry wt., respectively). Among the grasses (Poaceae), the average
concentration of n-alkanes was significantly lower (avg. 44-210 pg/g dry wt.)
than for trees and shrubs.

The average chain length (ACL) index (concentration weighted average chain
length for n-alkanes, > n x Cn/Y Cn, where n = number of carbons; here n = 23-35
and Cn = concentration of the n-alkane) of the plants varied between 29.6 and
32.8. The highest ACL index value of 32.8 was found in teak and in the
prominent shrub Prosopis juliflora, which grows all around the lake (Fig. 3.2).
The grasses showed ACL values (31.1 + 0.3) similar to trees (31.0 + 0.3), with the
exception of grass from thornshrub vegetation with a value of 30.4). The
difference in values between grasses and trees/shrubs was not statistically
significant (Students ¢-test), possibly due to the low number of samples. The
prominent emerged macrophyte (C. laevigatus) analyzed that was abundant near
the alluvial fan showed an ACL value of 31.0.
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Despite similar ACL values, the distribution of long chain n-alkanes was quite
variable. For example, several plants [A. indica, Wrightia tinctoria and the grass
from thornshrub (TS) vegetation] showed the same ACL index value of 30.4, but
were characterized by strikingly different distributions of n-alkanes (Fig. 3.2b).
In A. indica n-C29 and n-Cs; were present in equal amount, whereas in W.
tinctoria the concentration of n-Cs; was higher than that of n-Cag. Furthermore,
other plants, such as P. juliflora and T. grandis, produced almost exclusively n-
Css, whereas plants like S. italica showed a broader distribution, with the highest
abundance of n-Cs; (Fig. 3.2b).

3.3.1.2 Abundance and distribution of leaf wax n-alkanes in lake surface
sediments

The most prominent biomarkers of terrestrial origin in the 17 surface
sediments were long chain n-alkanes with 25 to 35 carbons (Tab. A.3). The major
homologues, in order of decreasing abundance, were Cq9, Cs1, Css and Cz7. They
showed a concentration of up to 24 pg/g dry sediment (summed concentrations of
major odd long chain n-alkanes). Even numbered long chain n-alkanes were
present, but often in amounts too low for quantification. Overall, the sediment
extracts showed a clear predominance of odd long chain n-alkanes. For samples
from different locations within the lake, substantial variability in absolute
concentration was observed. In general, long chain n-alkanes showed a higher
concentration (17-23 ng/g dry sediment) near the northwestern, eastern and
southern shores of the lake (Fig. 3.3a). The maximum amount was in nearshore
samples, whereas samples away from the shore were characterized by
substantially lower amounts (ca. 50% of nearshore samples; Fig. 3.4). The ACL
index (here covering carbon numbers 25 to 35, since n-Co3 was not present in
surface sediments) in the surface samples ranged from 30.0 to 31.6, with a mean
of 30.8 and a standard deviation of 0.6 (Fig. 3.4).

The distribution of long chain n-alkanes was different between nearshore
samples (1 to 9) and samples away from the shore (10 to 17), with the exception
of nearshore samples 1 and 6 and sample 11 away from the shore. In summary,
nearshore samples showed distributions dominated by n-C29 whereas samples
away from the shore were dominated by Cs; and Css (Fig. 3.5). The difference in
distribution between nearshore and “away-shore” samples was not statistically
significant (Students ¢-test), again possibly due to the limited number of samples.
At locations away from the shore (such as samples 10-17, except 11) ACL index
values were higher than at nearshore (31 or more; Fig. 3.2a), indicating the
dominance of C31 and Css relative to C27 and Cgg, in “awayshore” samples.

3.3.2 Aquatic biomarkers

3.3.2.1 Abundance and distribution of biomarkers in floating and benthic
bacterial mats and particulate OM (POM)

Bacterial mat samples contained mainly n-heptadecane (n-Ci7), carotenoids (B3-
carotene and its homologues/isomers), diploptene [1703,21Bhop-22(29)-ene], phytol
(3,7,11,15-tetramethylhexadec-2-en-1-0l) and tetrahymanol (gammaceran-303-ol;
Tab. A.2). A high concentration of n-heptadecane (up to 1650 ug/g) was found in
floating mat samples, especially in one collected in October 2011 (Fig. 3.6). On
the other hand, tetrahymanol was the major biomarker in benthic mat samples
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(Fig. 3.6), with a concentration >2500 pg/g.

POM contained only n-heptadecane at up to 50 pg/l and phytol, whereas
tetrahymanol was not detected in the filtered POM from the lake water (Tab.
A.2).

3.3.2.2 Abundance and distribution of aquatic biomarkers in lake surface
sediments

The most abundant biomarkers in all surface samples were tetrahymanol and
the corresponding ketone, gammaceranone (gammaceran-3-one). Total
tetrahymanol concentration (summed concentration of tetryhymanol and
gammaceranone) was unusually high and varied from ca. 37 to 1000 ug/g dry
sediment at various locations (Fig. 3.3d). Gammaceranone was most probably
related to tetrahymanol. However, it is not clear, if it was the oxidation product
of tetrahymanol or present as such in the source organism (Sinninghe Damsté et
al., 1995), so the concentrations were summed. The relative proportion of
gammaceranone vs. tetrahymanol did not show any significant spatial variation
(Fig. 3.3d). Gammaceranone constituted on average 9.1% of the summed
concentration (with a standard deviation 2.9) and was similar to that in the
microbial mat samples, where gammaceranone constituted on average 8.7% of
the summed concentration. In both benthic microbial mat and surface sediment
samples, total tetrahymanol concentration showed the highest values near the
eastern shore of the lake, the area of discharge of the two major perennial
springs, and also at the western shore (Fig. 3.3d). Total tetrahymanol
concentration clearly showed lower values in the center of the lake.

Other major biomarkers of aquatic origin included n-heptadecane, phytane
(2,6,10,14-tetramethylhexadecane), diploptene, moretene [176-moret-22(29)-ene;
Fig. 3] and fernene (fern-8-ene; Tab. A.3). Although carotenoids were not present
in all samples, they showed a wide variability in abundance and were present in
high amount in some locations, such as at the eastern and western shore (Fig.
3.3¢).

In summary, most of the aquatic biomarkers were present in high
concentration in nearshore samples, particularly at the eastern and western
shore (tetrahymanol and carotenoids) but also at the southern shore (n-
heptadecane, diploptene and moretene), but exhibited low concentration in
samples away from the shore (Fig. 3.3).
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3.4 Discussion
3.4.1 Terrestrial biomarkers

3.4.1.1 Factors influencing biomarker composition in higher terrigenous plants

The ACL index from sediment cores is sometimes applied to detect vegetation
or even climate changes over time (Hughen et al., 2004). Surveys of modern
plants showed that grasses (C4) have consistently higher values than trees (Cs)
(Rommerskirchen et al., 2006) and that hydrological conditions (Scheful} et al.,
2003; Hoffmann et al.,, 2013) and to a lesser extent temperature (Tipple and
Pagani, 2012) can affect ACL values. As such, along with vegetation type, the
combined effect of temperature and humidity seems to control the leaf wax
composition at most locations, but the direction of that change can be distinct for
different plants (Hoffmann et al., 2013).

Due to the relatively low number of sampled plants, we cannot provide a
complete discussion about the possible difference of concentration/ ACL index
values among trees and grasses (Fig. 3.7a) at the site. Still, the high ACL values
(29.6-32.8) of leaf wax n-alkanes from modern vegetation sampled at the lake
and in its catchment, situated in a drier and warmer environment, corroborate
the findings from most studies discussed above.

The ACL index from the lake surface sediments also showed relatively high
values, ranging between 31.8 and 30.0 (mean 30.8 + 0.1), in agreement with our
data from modern plants around the lake, although with a lower variability,
likely reflecting the integrative character of the lake sediments. Thus ACL values
of n-alkanes in the lake sediments reflected the range found in modern
vegetation and, as being relatively high, seem typical for arid and warm
conditions.
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3.4.1.2 Spatial patterns of leaf wax n-alkane abundances in sediments as a
consequence of soil erosion

In the lake sediments the concentration of individual leaf wax derived long
chain n-alkanes varied with sampling location, although the vegetation cover was
evenly distributed around the lake — with the exception of the agricultural fields
and telmatic vegetation near the alluvial fan (Fig. 3.2a). It is thus unlikely that
the highest concentration of terrigenous compounds (total terrigenous) near the
northwestern shore (sample 8) was due to different vegetation sources. Therefore,
higher terrigenous plant input as a result of stronger erosion and less vegetation
cover on the steep crater walls in the NW of the crater was likely responsible for
the higher than average concentration of long chain n-alkanes in this area.
Stronger erosion was also supported by higher Al concentration in sediments
from this part of the lake (Basavaiah et al., personal communication). On the
other hand, terrigenous input from perennial springs may have resulted in a
greater input of long chain n-alkanes near the eastern shore (sample no. 1). High
C/N values in these sediments also implied the presence of a higher amount of
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terrestrial than algal material in this part of the lake (Basavaiah et al., personal
communication). As such, the delivery of terrigenous OM to the lake seems to be
driven mainly by surficial fluvial discharge to the lake and terrestrial OM
constitutes the major source in nearshore sediments.

3.4.1.3 Spatial patterns of leaf wax n-alkane distributions in sediments as a
consequence of distinct plant sources?

The higher abundance of C3; and Css relative to Ca7 and Cag, as expressed in
higher ACL values (>31), for the samples away from the shore (Fig. 3.7b) could
indicate different sources and/or transport mechanisms for these n-alkanes to the
sediment. For example, eolian transport could deliver n-alkanes from plants
which grow further away in the hinterland to the lake. While the nearshore
samples receive plant material from within the crater, overprinting a possible
eolian signal, the samples away from the shore could contain a larger fraction of
eolian-transported leaf wax. However, an assessment of n-alkane distributions
and in particular, concentration in plants from the region, as well as in aerosols
around the lake would be needed to test this hypothesis. Comparison of n-alkane
distributions in plants and lake sediments revealed that patterns in nearshore
sediments were similar to those from plants like A. indica (which produced a
high amount of long chain n-alkanes) and thus may constitute the major sources
in nearshore samples. On the other hand, leaf wax n-alkanes of the most
abundant plants, like P. juliflora and T. grandis, which constitute about 15% and
20% of the vegetation in the crater, respectively, and are the major source of Css,
could be the origin of n-alkanes in sediments away from the shore. By comparing
leaf wax lipid distributions with pollen distributions in lake surface sediments
(Riedel and Stebich, unpublished results), we tried to test this hypothesis. While
pollen from Azadirachta was frequently distributed within the lake, pollen from
Tectona was conspicuously absent from the lake sediments, with the exception of
a few nearshore samples. Pollen from Prosopis was found mainly in nearshore
samples. The apparent mismatch between the distribution of pollen and leaf wax
n-alkanes within the lake may be due to different transport mechanisms of pollen
and leaf wax n-alkanes to the sediment.

In addition, emerged macrophytes could also constitute a substantial source of
long chain n-alkanes in the nearshore samples, as these plants grew especially
close to the alluvial fan (Fig. 3.2a). The emerged macrophyte C. laevigatus was
characterized by ACL values of 31.0, comparable with some of the sediment
sample ACL values near the alluvial fan (Fig. 3.2a). Therefore, the concentration
of long chain n-alkanes in the area closer to the alluvial fan may be significantly
influenced by emerged macrophyte input.

While we aimed to sample the most abundant plants to obtain a representative
set of samples characterizing the vegetation at Lonar, we may have missed some
important species and therefore an important leaf wax n-alkane source, during
the vegetation sampling. In particular, the large range in n-alkane abundance in
the sampled plants suggests that only few species may dominate the sedimentary
n-alkane signal.
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3.4.1.4 Integration of leaf wax n-alkane abundance and distribution in the
deepest part of the lake

In the deepest part of the lake, long chain n-alkane concentration (total
terrigenous) and ACL values were characterized by values of 6.7 ng/g dry
sediment and 31.0 (sample no. 15), respectively. These are similar to the average
values for all surface samples (8.3 nug/g dry sediment and ACL value of 30.8).
Thus, despite the wide spatial variability in leaf wax n-alkane concentration
across the lake, the deepest part seemed to integrate the properties from all
locations within the lake. Hence, considering the terrigenous biomarkers, the
deepest part of the lake did indeed provide an integral over the lake catchment
and would be the most suitable location to retrieve a long core for climate
reconstruction.

3.4.2 Aquatic biomarkers

3.4.2.1 Bacterial and ciliate communities as the major source of aquatic
biomarkers in the lake sediments

Based on the presence of tetrahymanol, diploptene and moretene in the
benthic mats, we conclude that these compounds originate from a benthic
microbial mat community. The major source of n-heptadecane seems to be a
cyanobacterial community, as it was found in substantial amount only in floating
cyanobacterial mats (Fig 3.6).

Tetrahymanol was by far the most abundant lipid in all the surface sediment
samples and benthic mats. It occurs in a variety of environments, widely so in
marine sediments (Ten Haven et al., 1989; Venkatesan et al., 1990) and
frequently in saline lakes (Thiel et al., 1997; Kristen et al., 2010), but also in
freshwater lakes (Xu and Jaffé, 2009; Holtvoeth et al., 2010; Castaneda et al.,
2011). It is the primary lipid in marine and freshwater ciliates (Mallory et al.,
1963; Harvey and McManus, 1991) and is believed to act as membrane rigidifier
in these protozoa (Ourisson et al., 1987). It was also proposed that ciliates,
especially in the absence of a supply of dietary sterols, thrive on bacteria and
synthesize tetrahymanol (Sinninghe Damsté et al., 1995). The common
occurrence and similar distribution of tetrahymanol and n-heptadecane in Lonar
sediment samples (Fig. 3.3b and d) suggests a common origin, either from the
same species or from a microbial community. While there are no reports of a
single organism producing both n-heptadecane and tetrahymanol, we hypothesize
that tetrahymanol-producing ciliates feed on cyanobacteria synthesizing n-
heptadecane. The absence of algal sterols from sediments and algae in the lake
floating mats (Surakasi et al., 2010) also points to bacteriovory of the ciliates and
their possible dependence on a cyanobacterial food source.

Another possible source of tetrahymanol is the purple non-sulfur bacterium
Rhodopseudomonas palustris (Kleemann et al., 1990). Gene sequences belonging
to purple non-sulfur bacteria have also been detected in mats from Lonar Lake
(Surakasi et al.,, 2010). Purple non-sulfur bacteria could co-occur with
cyanobacteria in the mats and as such could also be an additional source of
tetrahymanol in the lake sediments. n-Heptadecane is produced by a variety of
algae and phototrophic bacteria (Cranwell et al., 1987). It occurred in large
amount in Lonar Lake floating microbial mats (see Fig. 3.6) and in POM. In
addition, B-carotene, the second most abundant compound in the sediments, is
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prominent in primary producers such as cyanobacteria (Bullerjahn and Sherman,
1986; Masamoto et al., 1987).

Another bacterial biomarker in the lake sediments and benthic mats was
diploptene (Kannenberg and Poralla, 1999), which can be produced by the same
organisms synthesizing tetrahymanol (from defunctionation of diplopterol, an
1somer of tetrahymanol; Venkatesan, 1989). Diploptene and moretene have also
been identified in soils (Prahl et al., 1992) and in soil-bacteria (Rosa-Putra et al.,
2001). However, the limited soil development around Lonar Lake due to the arid
climate and the high concentrations of these compounds in the benthic mats,
make a substantial input from soil in this case unlikely.

Diploptene has also been attributed to a methanotrophic origin (Rohmer et al.,
1984). The occurrence of moretene, closely related to diploptene, is apparently
also connected to the activity of methanotrophic bacteria (Uemura and
Ishiwatari, 1995; Blumenberg et al., 2009). There are reports of methanotrophic
and methylotrophic activity in the lake (Antony et al., 2010). However, on the
basis of high 813C values for these biomarkers (Prasad et al., unpublished results)
a methanotrophic origin for diploptene, moretene or tetrahymanol appears
unlikely.

3.4.2.2 Spatial patterns of aquatic biomarker abundance in sediments reflect
nutrient supply

The highest concentrations of the major aquatic biomarkers (tetrahymanol and
carotenoids) were found on the eastern and western shores. Currently, the area
near the eastern shore is heavily influenced by human activity as a result of
agriculture in the alluvial fan. Due to the presence of one of the most active
temples on the western shore of the crater (Fig. 3.1), human impact is significant.

It 1s therefore possible that anthropogenic activity increased nutrient supply to
the lake and led to a proliferation in primary productivity (cyanobacteria) and
hence benthic mat organisms feeding on the cyanobacteria, along the eastern
shore and western shore. Consequently, human influence may at least be partly
responsible for the extraordinarily high concentration of tetrahymanol in the
nearshore samples.

It has been suggested that greater precipitation in the late 1980s and
subsequent reduction in lake water salinity accompanied by nutrient loading was
responsible for the algal bloom in the lake (Badve et al., 1993). Based on these
few years of observations, the conclusion of a role of climate in eutrophication
would be biased. Currently, data about lipid biomarkers from sediments over a
considerable time period are lacking. The reduction in lake water salinity after
the monsoon and the increased supply of nutrients to the lake during monsoonal
rains may be responsible for these blooms on a seasonal basis.

3.4.3 General implications for paleolimnological studies

In general, we found substantial heterogeneity in biomarker composition in
the surface sediments, which was, however, averaged in the center of the lake, in
particular for leaf wax n-alkanes. Nevertheless, the results have implications for
a robust paleolimnological interpretation of biomarker distributions and
abundance in lacustrine sediments. The finding that aquatic biomarkers, such as
tetrahymanol and carotenoids were concentrated mainly in nearshore samples
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and showed much lower concentration in the central part of the lake, where a
deep sediment core would be taken, has implications for the interpretation of
downcore changes in the abundance of these lipids. For example, a change in lake
level and consequently shoreline proximity of the central core location could
change the concentration of these biomarkers, without any change in the
productivity of the source organisms. Therefore, unlike terrigenous biomarkers,
lake level fluctuation may potentially affect aquatic lipid biomarker abundance in
lacustrine sediments, in addition to source changes.

On the other hand, terrestrial biomarkers showed a slightly different
distribution depending on location, which was likely influenced by different plant
sources. As such, a change in long chain (leaf wax) n-alkane composition or ACL
index in the sediment core could be due to a change in source/transport of these
biomarkers without any change in catchment vegetation. Similar results that
certain proxies better represent catchment-scale variability compared with
others, have also been observed from investigation of the spatial heterogeneity of
lake sediments proxies (Dong et al., 2012), but other than lipid biomarkers. We
therefore suggest that, in order to reliably interpret changes in lipid biomarker
distributions from a downcore record, the factors governing their distribution in
the modern lake environment should be thoroughly studied.

3.5 Conclusions

We conducted a study to understand the origins of heterogeneity of lipid
biomarker distributions in lake surface sediments from Lonar Lake and have
shown that aquatic and terrestrial lipid biomarkers provide a detailed picture of
the lake ecosystem and its catchment area.

The major plants from dry deciduous mixed forest type produced a greater
amount of leaf wax n-alkanes and a greater fraction of n-Cs; and n-Css alkanes
relative to n-Ca7 and n-Csgg. The relatively high ACL values (29.6-32.8) for these
plants seem common for vegetation from an arid and warm climate.

The composition of leaf wax lipids such as long chain n-alkanes in sediments
represents the distribution of these compounds in the catchment vegetation. The
similarity in average ACL values for vegetation and sediments and the lower
variability found in the sediments compared with modern plants, highlights the
integrative capacity of lake sediments for these compounds.

The triterpene tetrahymanol, representative of a specific microbial community,
occurred in unusually large amount in surface sediment and benthic microbial
mat samples. Due to its spatial distribution in the lake surface sediments, we
conclude that it was derived from benthic microbial mats growing in nearshore
areas. Other biomarkers, such as diploptene and carotenoids, may be also related
to this mat ecosystem in the lake. On the contrary, n-heptadecane originated
from floating microbial mats in the lake. Additionally, we conclude that increased
primary productivity may be related to human influence causing, an unusually
high concentration of tetrahymanol, especially in the nearshore lake sediments.

Our results indicate that a single core from the depocentre of the lake best
represents the average variability in terrigenous biomarkers in the lake basin.
However, our study also shows that other factors, such as lake level fluctuation
may affect the abundance of aquatic biomarkers in a core from a central location
within the lake and should be taken into account for a valid paleolimnological
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interpretation of sediment core data.
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Abstract

A better understanding of past variations of the Indian Summer Monsoon (ISM),
that plays a vital role for the still largely agro-based economy in India, can lead to
a better assessment of its potential impact under global climate change scenarios.
However, our knowledge of spatiotemporal patterns of ISM strength is limited due
to the lack of high-resolution, continental paleohydrological records. Here, we
reconstruct centennial-scale hydrological variability during the Holocene
associated to changes in the intensity of the ISM based on a record of lipid
biomarker abundances and compound-specific stable isotopic composition of a 10
m long sediment core from saline-alkaline Lonar Lake, situated in the core
‘monsoon zone’ of central India.

We identified three main periods of distinct hydrology over the Holocene in central
India. The period between 10.1 and 6 cal. ka BP was likely the wettest during the
Holocene. Lower ACL (average chain length) index values (29.4 to 28.6) of leaf wax
n-alkanes and their negative 013C values (-34.8%0 to —27.8%) indicate the
dominance of woody Cs vegetation in the catchment, and negative 6 Dwax values (-
171%o to —147%) argue for a wet period due to an intensified monsoon. After 6 cal.
ka BP, a gradual shift to less negative 613C values for n-alkanes (particularly for
the grass derived n-Csi1) and appearance of the triterpene lipid tetrahymanol,
generally considered as a marker for salinity and water column stratification,
mark the onset of drier condition. At 5.1 cal. ka BP increasing flux of leaf wax n-
alkanes along with the highest flux of tetrahymanol indicate a major lowering of
the lake level. Rapid fluctuations in abundance of both terrestrial and aquatic
biomarkers between 4.8 and 4 cal. ka BP indicate an unstable lake ecosystem,
culminating in a transition to arid conditions. A pronounced shift to less negative
n-alkane 613C values, in particular for n-Csi (=25.2%o to —22.8%o), over this period
indicates a change of dominant vegetation to Cs4 grasses. Along with a 40%o
increase in leaf wax n-alkane 6D values, which likely resulted from less rainfall
and/or higher plant evapotranspiration, we interpret this period to reflect the
driest conditions in the region during the last 10.1 ka. This transition led to
protracted late Holocene arid conditions and the presence of a permanent saline
lake, supported by the high abundance of tetrahymanol. A late Holocene peak of
cyanobacterial biomarker input at 1.3 cal. ka BP might represent an event of lake
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eutrophication, possibly due to human impact and the onset of cattle/livestock
farming in the catchment.

A unique feature of our record is the presence of a distinct transitional period
between 4.8 and 4 cal. ka BP, which was characterized by very variable 6Dwax
values and tetrahymanol flux. Variable 6Dwax values possibly represent a shift in
monsoon moisture sources or seasonality between the wet early Holocene and the
dry late Holocene. We hypothesize that orbital induced weakening of the summer
solar insolation and associated reorganization of the general atmospheric
circulation led to an unstable hydroclimate during the mid-Holocene, with
frequent change in precipitation source or seasonality.

Our findings shed light onto the sequence of changes during mean state changes of
the monsoonal system, once an insolation driven threshold has been passed, and
show that small changes in solar insolation can be associated with major
hydroclimate changes, a scenario that may be relevant with respect to future
changes in the ISM system.

Keywords: Indian Summer Monsoon; Holocene; Lonar Lake; lipid biomarkers;
compound-specific stable isotopic composition

4.1 Introduction

The Indian monsoon is an important component of the Earth’s climate system.
More than 15% of the world’s population lives in areas affected by the monsoon.
Rainfall from the Indian summer monsoon (ISM) was and still is largely
responsible for the development and sustenance of the largely agro-based
economy on the Indian subcontinent (Gadgil et al., 2005). The ISM is predicted to
change under global warming (Goswami et al., 2006a; Malik et al., 2012), but the
magnitude and regional consequences of these changes are uncertain (Ghosh et
al., 2011). Thus, knowledge of the magnitude and timing of past ISM variation on
regional scales is crucial to better predict its response to anthropogenic climate
change (Prasad et al., 2014). Marine as well as continental records, mainly from
the peripheral realm of the ISM, have indicated a largely insolation-driven
smooth transition from early Holocene wet to late Holocene arid conditions
(Fleitmann et al., 2003; Gupta et al., 2003; Fleitmann et al., 2007; Ponton et al.,
2012). However, no high-resolution Holocene records from continental archives
exist, particularly from the core ‘monsoon zone’ (CMZ), (MZ: Gadgil, 2003), that
allows to evaluate the nature of this transition on land. Here, we reconstruct
centennial-scale hydrological variability associated to changes in the intensity of
the ISM over the Holocene, based on aquatic and terrestrially sourced lipid
biomarkers and their stable carbon and hydrogen isotopic composition (513C and
3D values), of a 10 m long sediment core from saline-alkaline Lonar Lake (Fig.
4.1). Lonar Lake lies in the CMZ in central India and is currently the only lake
providing a continuous Holocene sediment record in this region (Prasad et al.,
2014).
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Fig. 4.1. Location of Lonar crater lake in the ‘monsoon zone’ (Gadgil, 2003) marked by the blue
dashed line. Envelopes in dark and light blue represent storm-tracks from Bay of Bengal (BOB)
in monsoon and post-monsoon, respectively; the smaller arrow represents the Arabian Sea (AS)
branch (modified after Sengupta and Sarkar, 2006). Modern seawater 6180 values are indicated
for Arabian Sea and Bay of Bengal (from Kumar et al., 2010).

The general trends in the temporal development of the ISM are well known for
the Indian Ocean basins based on the analysis of several marine sediment cores
(Fleitmann et al., 2003; Gupta et al., 2003; Fleitmann et al., 2007), revealing a
significant decrease in monsoon strength around 5-4.5 cal. ka BP and protracted
arid conditions during the late Holocene. In contrast, the associated changes in
continental hydrology and ecosystems are not explored. In our present study we
apply organic geochemical proxies on a sediment core from the closed-basin
precipitation fed Lonar Lake, to assess the consequences of the change in ISM
mean state at around 5—4 ka BP, directly on the Indian subcontinent.

From previous multi-proxy investigations on the same sediment core from
Lonar Lake, which we investigate here, two phases of severe aridity (between
4.6-3.9 and 1.5-0.6 cal. ka BP) have been identified following an early Holocene
wet phase (Prasad et al., 2014). In addition, these available data on Holocene
climate changes (Prasad et al., 2014) as well as investigations of the modern
catchment and lake environment (Menzel et al., 2013; Basavaiah et al., 2014;
Sarkar et al., 2014; Menzel et al., (under revision)) provide us with a well-
constrained modern framework in which the biomarker and isotope data can be
interpreted.

In this study we specifically focus on the transition from wet to dry conditions
during mid-Holocene to obtain additional information on monsoon hydrology
during the change from early Holocene wet to late Holocene dry conditions.
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4.1.1 Organic geochemical proxies as indicators of paleoclimate changes

4.1.1.1 Biomarkers

The potential to separate the aquatic and terrestrial response of lake
ecosystem changes using techniques such as elemental and isotope geochemistry
as proxies is limited since bulk sediments represent a mixture of many
components (Krishnamurthy et al.,, 1995). Among newer techniques, lipid
biomarkers and their stable isotope ratios have recently been applied in
investigating the hydrological changes. Due to higher source-specificity of
individual compounds relative to bulk material/sediment, the analysis of
biomarkers from lake sediments has become a useful tool for studying terrestrial
ecology and environment (Castaneda and Schouten, 2011). In addition to the
information about sources of the biomarkers, the analysis of their temporal
distribution in lake sediments can provide insight into changes in lake and
catchment ecosystem and hydrology over time (Schwark et al., 2002; Romero-
Viana et al., 2012).

For example, long chain n-alkanes (with 27 to 35 carbon atoms) are produced
as leaf wax constituents of terrestrial higher plants but also of emerged
macrophytes growing in the lake (Eglinton and Hamilton, 1967; Cranwell et al.,
1987; Ficken et al., 2000; Gao et al., 2011). Changes in the abundance of leaf wax
compounds can be used mainly as proxies for transport of terrigenous OM to the
lake (Meyers, 2003). The average distribution of long chain n-alkanes differs
between plant types, especially among Cs trees, grasses and Cy4 grasses (Eglinton
and Eglinton, 2008). Average ACL index values of Cs trees and grasses for
tropical vegetation from southern Africa varied between 29.43 + 0.70 and 30.01
+ 0.93 respectively whereas Cs grasses showed higher ACL values of 31.26 +
0.98, (Rommerskirchen et al., 2006). Therefore changes in ACL can potentially
record changes in vegetation type such as trees and grasses, which would be
prominent for a change between Cs trees and C4 grasses. For the aquatic
component, compositional variations in aquatic lipids can be used to assess
changes in the lake ecosystem. For example, variations in the abundance of the
cyanobacterial biomarkers, such as n-heptadecane can be used as proxies for
changes in primary productivity.

Based on previous work on modern surface sediments from the Lonar Lake we
have assessed processes that control the distribution of leaf wax n-alkanes or
aquatic biomarkers, respectively (Sarkar et al., 2014). For example, strong
surficial erosion in the catchment due to sparse vegetation cover may result in
higher flux of leaf wax compounds whereas lake level fluctuation may potentially
affect aquatic biomarker distributions in lacustrine sediments.

Abundant biomarkers of aquatic origin in modern Lonar Lake sediments are
tetrahymanol, diploptene and moretene, likely derived from a benthic bacterial
mat community whereas the major source of n-heptadecane seemed to be floating
cyanobacterial mats (Sarkar et al., 2014). Among different biological origins of
tetrahymanol (Prasad et al., 2014 (suppl. mat.); Sarkar et al., 2014), predatory
ciliates appear to be the most relevant in sedimentary records (Mallory et al.,
1963; Harvey and McManus, 1991) and in Lonar Lake surface sediments (Sarkar
et al., 2014). A similar distribution of tetrahymanol and moretene/diploptene in
Lonar surface sediment samples suggested a common origin, either from the
same species or from a microbial community.
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4.1.1.2 Carbon and hydrogen isotopes

The analysis of the stable carbon and hydrogen isotopic composition of these
biomarker compounds (expressed as 613C and 6D values) has emerged as a
powerful tool that can provide detailed insights into ecosystem and hydrological
development (Tierney et al., 2008; Rach et al., 2014).

With the help of 613C values of long chain n-alkanes changes in vegetation
(e.g., Cs trees/C4 grasses) can be detected (Sinninghe Damsté et al., 2011), since
313C values of these leaf wax compounds clearly differ between Cs and C4 plants
(Rommerskirchen et al., 2006; Tipple and Pagani, 2010) due to differences in the
carbon assimilation pathways (Eglinton and Eglinton, 2008). From 813C values of
aquatic biomarkers the carbon source of individual compounds and carbon
cycling through the ecosystem can be assessed. 813C values of lipids from primary
producers, such as cyanobacteria, would reflect carbon isotopic composition of
DIC (dissolved inorganic carbon), which can be affected by factors such as
productivity or salinity (alkalinity) in the lake. On the other hand 83C values of
lipids from heterotrophic organisms would reflect carbon isotopic composition of
their food sources.

3D values of biomarkers are increasingly applied as a proxy to detect changes
in paleohydrology, as the ultimate hydrogen source of any photosynthetic
organism 1s environmental water. As such, 8D values of leaf wax biomarkers can
be used to detect changes in the processes that affect the isotopic composition of
precipitation, such as moisture source or rainfall amount. Recent research has
shown that leaf wax lipid 8D values can additionally be affected by
evapotranspiration in soils (Smith and Freeman, 2006) and higher plants leaves
(Kahmen et al., 2013a; Kahmen et al., 2013b). Differences in photosynthetic
pathways (Cs and C4) used by plants and plant functional types (such as trees,
shrubs or grasses) can lead to distinct 6D values among plants growing at the
same location under the same climatic condition (Sachse et al., 2012). 8D values
of biomarkers derived from aquatic organisms in general also record the 86D
values of the water source used by the organism, but can additionally be affected
by processes such as salinity or growth rate (Sachs, 2014).

4.1.2 Study site, modern hydrology and vegetation

Lonar Lake in central India (19°58'N, 76°30’E; Buldhana district, Maharashtra
State, India) lies within a small crater (diameter: 1.8 km; depth: 150 m) and was
formed by a meteorite impact on the Deccan trap basalts (Fredriksson et al.,
1973). The site is extensively described in Prasad et al. (2014) and Sarkar et al.
(2014). Briefly, Lonar Lake i1s small (diameter: 1.2 km; depth: 5 m) and alkaline—
saline (pH 10.5, salinity 10.5; La Touche, 1912; Jhingran and Rao, 1958; Nandy
and Deo, 1961). The lake is located in the semi-arid region of central India, with
an average annual rainfall of 760 + 50 mm. Two general climatic periods, due to
seasonality in the monsoon system, are: (i) a wet season from June to the end of
September (summer monsoon/southwest monsoon), with an average rainfall of
670 = 40 mm and (i1) a dry season from early October to June.

Belts of thornshrub and dry deciduous mixed forest characterize the crater
rim. The aquatic biocenosis predominantly consists of floating cyanobacterial
mats and emerged macrophytes, which are abundant mainly near an alluvial fan
in the NE of the crater.
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4.2 Material and methods
4.2.1 Sediment core and age model

In May-June 2008 a 10 m long composite core was retrieved from Lonar Lake
during a joint scientific expedition between I1G, Mumbai and GFZ, Potsdam. The
core was retrieved at a water depth of 5.4 m, using a UWITEC Sediment Piston
corer (Anoop et al., 2013b; Prasad et al., 2014).

The core chronology/age model is based on 4C AMS dating of wood, leaf,
gaylussite and bulk material from the core sediment (Anoop et al., 2013b; Prasad
et al., 2014).

4.2.2 Sample preparation and lipid biomarker analysis

For extraction of lipid biomarkers, the sediment core was sub-sampled initially
for every 10 cm, resulting in 44 samples. Later 26 additional subsamples were
included to improve sampling resolution during the transitional period (4.8—4 cal.
ka BP) and also the early Holocene period. Subsamples of 2 cm thickness
represented a time span ranging from 8-20 years until 5.1 cal ka to 60-120 years
in older sediments.

Ca. 2—4 g of sample, freeze-dried and homogenized, were extracted using an
accelerated solvent extractor (Dionex ASE 350) with a mixture of
dichloromethane (DCM)/methanol (9:1) at 100 °C and 103 bar (1500 psi) for 15
min in 2 cycles. After removal of elemental sulphur (passing through activated
copper pipette columns) and addition of internal standards (5a-androstane, 5a-
androstan-3B-ol and erucic acid) the total extracts were separated on SPE silica
gel columns (ca. 2 g of silica gel 60, 230—400 mesh) into three fractions of
different polarity, namely an aliphatic hydrocarbon (eluted with 10 ml of n-
hexane), an alcohol (eluted with 15 ml of DCM/acetone (9:1)) and a fatty acid
fraction (eluted with 10 ml of DCM/methanol (5:1)).

Major alcohols, like tetrahymanol, were present in very high concentrations
and could be analyzed without derivatization on our GC-MS system. Fraction one
and two (containing aliphatic hydrocarbons and alcohols, respectively) were
measured on a GC-FID/MSD system for compound identification and
quantification. The GC-FID/MSD system consisted of an Agilent 7890A gas
chromatograph equipped with a flame ionization detector (FID) and an Agilent
5975C mass selective detector. The system used a programmable temperature
vaporization (PTV) inlet with split injection (5:1), a capillary column (Agilent DB-
5MS) (length 30 m, inner diameter 0.25 mm and film thickness 0.25 um) with
helium as carrier gas. 1 ul of the sample was injected into the GC. The
temperature of the injector was 70 °C and after 2.5 min the temperature was
mcreased at 720 °C/min to 300 °C; while the temperature of the GC oven was kept
constant for 2 min at 70 °C initially. Subsequently the oven was heated to 280 °C
at 7 °C/min and then to 320 °C at 3 "C/min (15 min isothermal). Identification of
compounds was based on comparison of mass spectra with published data.
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4.2.3 Compound-specific stable carbon and hydrogen isotope analysis

The stable isotope composition of long chain n-alkanes was measured on 32
samples (for 813C) and 36 samples (for 6D). Since the study focus was on the
analysis of n-alkane 6D values, not all samples could be analyzed for their 313C
values as well, since sample material was exhausted. The stable isotope
composition of n-heptadecane could be determined on 27 samples (for 613C) and
24 samples (for 6D). The stable isotope composition of tetrahymanol was
measured on 8 samples (for 813C, 3D).

The stable carbon isotope composition (613C) of biomarkers was measured on a
GC system (Agilent 6890N) coupled via combustion interface (GC-C III), to a
Thermo Scientific MAT 253 isotope ratio mass spectrometer (GC-irm-MS). The
system was equipped with a programmable temperature vaporization (PTV) inlet
using split injection (1:1) and a fused silica capillary column (Agilent Ultral)
(length 50 m, inner diameter 0.2 mm and film thickness 0.33 pm). Helium was
used as carrier gas. 1-3 ul of the sample were injected into the GC. The
temperature (T) programs for the injection and GC oven/column were as follows:
PTV injector T-program: 230 °C (Start-T), with 700 °C/ min up to 300 °C (hold for
the complete run); Oven T-program: 40 °C (Start-T) hold for 2 min. with 4 °C/ min
up to 300 °C (hold for 45 min).

For tetrahymanol, the system was equipped with a PTV inlet using split
injection (1:1) and a fused silica capillary column (BPX5) (length 50 m, inner
diameter 0.2 mm and film thickness 0.25 um). Helium was used as carrier gas. 3
ul of the sample were injected into the GC. The temperature (T) program for GC
oven/column was as follows: 80 °C (Start-T) hold for 1 min, with 15 °C/ min up to
250 °C, 1 °C/ min up to 310 °C (hold for 15 min).

GC-irm-MS analyses were run in triplicate. Calibration of isotope analysis was
performed by injecting several pulses of COz at the beginning and at the end of
each GC run. Isotopic ratios are expressed as 813C values in per mil. §13C values
of compounds measured in laboratory reference scale are converted to the Vienna
Pee Dee Belemnite (V-PDB) scale using a linear regression function derived from
the relationship of measured values and known values in V-PDB scale, for the
compounds of a certified standard between sample runs. The average standard
deviation for standards over sequences was between 0.5 and 1.8 and for samples
it was 0.5.

The stable hydrogen isotope composition (8D) of biomarkers was measured on
a GC system (Agilent 6890N) coupled via pyrolysis interface to a Thermo
Scientific Delta V Plus isotope ratio mass spectrometer (GC-irm-MS). The system
was equipped with a PTV inlet using split injection (1:3) and a fused silica
capillary column (Agilent Ultral) (length 50 m, inner diameter 0.2 mm and film
thickness 0.32 pm). Helium was used as carrier gas. 1-3 ul of the sample were
injected into the GC. The temperature (T) programs for the injection and GC
oven/column were as follows: Injector T-program: 230 °C (Start-T), with 700 °C/
min up to 300 °C (hold for the complete run); Oven T-program: 40 °C (Start-T)
hold for 2 min. with 4 °C/ min up to 300 °C (hold for 45 min).

For tetrahymanol, the system was equipped with a PTV inlet using split
injection (1:1) and a fused silica capillary column (DB-FFAP) (length 60 m, inner
diameter 0.25 mm and film thickness 0.25 um). Helium was used as carrier gas. 3
ul of the sample were injected into the GC. The temperature (T) program for GC
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oven/column was as follows: 80 °C (Start-T) hold for 1 min, with 15 °C/ min up to
250 °C, 1 °C/ min up to 310 °C (hold for 15 min).

GC-irm-MS analyses were run in triplicate. Calibration of isotope analysis was
performed by injecting several pulses of Hs at the beginning and at the end of
each GC run. Isotopic ratios are expressed as 6D values in per mil. 6D values of
compounds measured in laboratory reference scale are converted to the Vienna
Standard mean ocean (VSMOW) scale using a linear regression function derived
from the relationship of measured values and known values in VSMOW scale, for
the compounds of a certified standard between sample runs. The average
standard deviations for standards and samples were 3.

4.2.4 Precipitation, isotope data and backward trajectory analysis

Currently stable isotope data for precipitation are not available from the Lonar
region but from the adjacent Sagar region (23°49'N, 7845’E, 551 m a.s.l.),
Madhya Pradesh (ca. 486 km NE of Lonar). Monthly rainfall data for the Sagar
station (WMO code: 42671) is archived in the database of the Global Historical
Climate Network (GHCN version 2), available at Climate Explorer of the Royal
Netherlands Meteorological Institute (climexp.knmi.nl). Rainfall isotope data
from Sagar is provided by ITAEA/WMO (Global Network of Isotopes in
Precipitation GNIP database; isohis.iaea.org) and also published in Kumar et al.
(2010).

In order to determine the moisture source areas and their isotope fingerprint
for Sagar an ensemble of backward air mass trajectories has been calculated
using the Hybrid Single-Particle Lagrangian Integrated Trajectories (HYSPLIT)
ARL trajectory tool database of NOAA. Trajectories for time periods of 96 h were
computed at the lower troposphere (1500 m a.s.l.) for the pre-monsoon, the
monsoon (ISM), and the post-monsoon seasons, for the years with existing
precipitation isotopes data (2003 to 2005).

4.2.5 Pollen analysis

Pollen analysis was undertaken on 125 samples representing a temporal
resolution of 100 to 150 years from 9,130 to 5,000 BP and 40 years between 5,000
and 0 years BP. Sediment samples were prepared using KOH; HCL; HF and hot
acetolysis-mixture. All samples were sieved with 200 and 5 pm mesh gauze. At
least 600 pollen grains were counted per sample. Identification of palynomorphs
1s based on Nayar (1990); Tissot et al. (1994); the web-based pollen atlas for the
Australasian realm (APSA Members 2007); and the pollen collection for south
Asia at Senckenberg Research Station of Quaternary Palaeontology, Weimar,
Germany.

4.3 Results
4.3.1 Higher terrestrial plant biomarkers

4.3.1.1 Abundance and distribution of leaf wax n-alkanes in the core
Long chain n-alkanes (Cgs to Css) were abundant throughout the core. Since
sedimentation rate varied in the sediment core (Prasad et al., 2014) we express
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the abundance of compounds as annual fluxes, i.e., concentrations normalized to
sediment amount and deposition time [pg/g dry sediment/year].

The total flux of leaf wax n-alkanes (summed flux of major (odd-numbered)
long chain n-alkanes with 25 to 35 carbons) was stable and low at ca. 0.2 pg/g dry
sediment/yr. from 10.1 cal. ka BP to 5.2 cal. ka BP. The flux abruptly increased to
values up to 1.2 ng/g dry sediment/yr. at 5.1 cal. ka BP. A higher flux of leaf wax
n-alkanes persisted until recent time, however, with few lower values shortly in
between (at 4.3 and 0.2 cal. ka BP and between 3.5 to 2.9 cal. ka BP) (Fig. 4.2c).

The ACL index (concentration weighted average chain length for n-alkanes,
YnxCn/Y Cn, where n = number of carbons; here n = 25-35 and Cn =
concentration of the n-alkane) remained relatively low and varied between 28.6
and 29.4, from 10.1 to 4.8 cal. ka BP. The ACL index showed a slight increasing
trend reaching values up to 31.0 from 4 cal. ka BP onwards, with intervening
periods of lower values as 28.4, 29.2 and 29.5 at 3.5, 1.3 and 0.3 cal. ka BP,
respectively (Fig. 4.2d).

Between 4.6 and 4.1 cal. ka BP the ACL index varied significantly from 29.8 to
28.2.

4.3.1.2 Stable carbon isotopic composition (613C) of long chain n-alkanes in the
core

Here we report 613C values of major n-alkanes with 27, 29 and 31 carbon
atoms. While overall trends of changes in n-alkane 6!3C values were consistent,
significant differences in the temporal variations of 613C values for the individual
homologues existed. Over the core, long chain n-alkane 6!3C values showed
similar covariance among each other (i.e., n-Cg7 with n-C29 and n-Cs1) (correlation
coefficient (r): r = 0.7, p<0.05). 613C values of n-Ca7, n-Ca9 and n-Cs: were
consistently more negative (—34.5%o to —27.8%o) from 10.1 to 4.8 cal. ka BP. From
4.8 ka BP onwards the 613C values of the individual compounds showed markedly
different responses. 813Cc27 values increased towards less negative values (up to —
23.8%0) between 4.8 and 4 cal. ka BP and remained at these values until today.
d13Cc29 values showed less variability over the core. While more negative (—33.3%o
to —29.1%0) from 10.1 until 5.1 cal. ka BP they increased to values of —26.5%0 at
4.5 cal. ka BP before decreasing again to values around —28.2%o0 which remained
relatively constant until modern times. 813Ccs1 values showed a prominent shift
of ~12%o from —34.8%0 to —22.7%0 after 6 cal. ka BP until 4.5 cal. ka BP and
remained less negative (between —22.8%0 and —25.2%0) until 4 cal. ka BP (Fig.
4.2e), before decreasing again to values around —27.5%., where they remained
until today.

4.3.1.3 Stable hydrogen isotopic composition (0D) of long chain n-alkanes in the
core

Here we report 6D values of major n-alkanes with 27, 29 and 31 carbon atoms.
Over the core, 6Dc27 values showed higher covariance with 6Dc29 values (r = 0.9,
p<0.05) than 6Dc31 (r = 0.7, p<0.05). 8Dcs1 values were enriched in D (e
enrichment factor; difference of 6D values; ec3i1—c27 varied from ~ 35 to 4) until 2.2
cal. ka BP (Fig. 4.2f). 8Dcg27 and 8Dc29 values were relatively stable between 9.9 to
5.7 cal. ka BP and varied between —145%0 to —160%., with few very negative
values (up to —177%o) in between. These values from 6Dc27 and 8Dc29 showed a
shift to more negative values around —172%. after 5.7 cal. ka BP but again
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became less negative (—136%o) at 5.1 cal. ka BP. 8Dc27 and 6Dc29 values showed a
shift from —175%0 to —135%0 from 5.1 to 4.4 cal. ka BP. These values became
relatively stable around —122%o to —141%o from 3.5 cal. ka BP onwards (Fig. 4.2f).
Between 4.4 and 4 cal. ka BP these values fluctuated between —145%0 and —
180%o.
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Fig. 4.2. Flux of major biomarkers and their stable isotopic composition (813C, D) at Lonar Lake
during the Holocene, along with other proxies (pollen and Al). a. abundance (%) of pollen from
grasses, b. abundance (%) of pollen from aquatic plants, c. flux of leaf wax n-alkanes, d. ACL, e.
313C of long chain n-alkanes, f. 3D of long chain n-alkanes and dDwax, g. flux of Al (normal counts);
boxes represent zones where evaporites (gaylussite crystals) were found (modified from Prasad et
al., 2014), h. flux of n-Ci7, 1. 613C and 8D of n-Ci7, j. flux of total tetrahymanol (tnol), k. 313C and
3D of tetrahymanol (tnol). Unit for fluxes of all biomarkers is pg/g dry sediment/year.
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4.3.2  Aquatic biomarkers

4.3.2.1 Abundance of aquatic biomarkers in the core

As for the leaf wax biomarkers, the abundance of all aquatic compounds has
also been expressed as annual flux. Aquatic biomarkers were virtually absent (or
present only in trace amounts) before 6 cal. ka BP.

Similar as observed in modern surface sediments from Lonar Lake (Sarkar et
al., 2014) the most abundant biomarkers found in the upper core section were
tetrahymanol and the corresponding ketone gammaceranone. Tetrahymanol was
absent before 10.1 cal. ka BP and its concentration (and flux) started to increase
only after ca. 6 cal. ka BP onwards. Tetrahymanol reached its first maximum
abundance at 5.1 cal. ka BP with total (summed for tetrahymanol and
gammaceranone) concentration and flux of 1060 pg/g dry sediment and 52.3 nug/g
dry sediment/yr., respectively, which persisted until 3.7 cal. ka BP (Fig. 4.2)).
Between 4.6 and 3.9 cal. ka BP total tetrahymanol concentrations and fluxes
varied significantly and reached maximum values of up to ca. 1600 pg/g dry
sediment and 126 ug/g dry sediment/yr., respectively. After continuing with lower
values, tetrahymanol concentration (or flux) started to increase from 1.4 cal. ka
BP onwards and reached values of 482 pg/g dry sediment (137 pg/g dry
sediment/yr.) in recent times.

As in surface sediments (Sarkar et al., 2014), other major biomarkers of
aquatic origin in the core included n-heptadecane, diploptene, moretene, fernene
and carotenoids (Tab. B.1). Additionally, some compounds were observed in
smaller amounts such as phytenes, hopenes, phytols and hopanol.

The flux of n-heptadecane (n-Ci7) began to increase later compared to that of
tetrahymanol, i.e., after ca. 5.1 cal. ka BP. n-Heptadecane showed peaks of very
high concentration or flux of up to ca. 113 pg/g dry sediment or 13.7 ug/g dry
sediment/yr., once at 4.2 cal. ka BP and between 1.3 to 0.5 cal. ka BP (Fig. 4.2h).
During both periods, other short chain n-alkanes such as n-Cis, n-Ci6 and n-Cis
were also identified in higher concentrations (up to 5.2, 2.8 and 1.1 pg/g dry
sediment respectively).

The flux of tetrahymanol was up to two orders of magnitude higher compared
to that of moretene, diploptene, fernene, n-heptadecane and carotenoids,
respectively (Tab. B.1).

Over the period from 6 cal. ka BP until today, the flux of tetrahymanol showed
the highest covariance with that of moretene and diploptene (correlation
coefficient (r): r = 0.8 and 0.9, p<0.05), moderate covariance with that of fernene
and phytenes (r = 0.6 and 0.7, p<0.05), and no significant covariance with n-
heptadecane and carotenoids). While n-heptadecane and carotenoids showed a
different pattern, diploptene, moretene, phytenes and to some extent fernene
showed a similar pattern of concentration/flux as of tetrahymanol over the core.
n-Heptadecane showed a covariance with phytenes (r = 0.4, p<0.05) and no
significant covariance with carotenoids and fernene.

4.3.2.2 Stable carbon isotope composition (013C) of aquatic biomarkers in the
core

Although only measured on selected samples, with a focus to cover the

transition between early and late Holocene, 613C of all the aquatic biomarkers in
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the core showed less negative values (> —30%o). Further 613C of all the aquatic
biomarkers in the core did not show any significant covariance with their
respective concentrations/fluxes.

d13C values of tetrahymanol varied between —17.2%0 and —7.2%.. We observed
enrichment in 13C (from —15.7%o0 to —7.2%0) for tetrahymanol during the period
between ca. 5.1 to 4 cal. ka BP (Fig. 4.2k).

d13C values of n-heptadecane varied between —31.6%0 and —3.9%o0. Enrichment
in 13C (from —17.1%0 to —6.6%0 and —13.7%0 to —3.9%0) of n-heptadecane was
evident after 6 and 5.1 cal. ka BP, with a maximum value of —3.9 %o at 4.8 cal. ka
BP (Fig. 4.21). 613C values of n-heptadecane did not vary significantly between 4.5
and 0.8 ka BP with an average value of —17.5%.

4.3.2.3 Stable hydrogen isotope composition (6D) of aquatic biomarkers in the
core

3D values of n-heptadecane varied substantially between —173%0 and —64 %eo.
As for 813C a trend of enrichment in D of n-heptadecane was also evident starting
from 9.9 cal. ka BP. 613C and 8D values for n-heptadecane showed covariance (r =
0.8, p<0.05), with less negative 813C values corresponding to less negative 6D
values. The maximum enrichment in D revealed by less negative 6D values (-
64%o0 to —72%0) was observed for n-heptadecane during the period between ca. 5.6
to 5.1 cal. ka BP (Fig. 4.21). The period after until 4 cal. ka BP was characterized
by more negative 6D values of n-heptadecane, with the most negative value at 4.0
cal. ka BP (—-154%o). Afterwards another trend in depletion in D continued until
1.0 cal. ka BP.

3D values of tetrahymanol from 5.1 cal. ka BP onwards, varied between —175%o
and —154%o. A trend of enrichment in D of tetrahymanol was evident from 4.5 to
4.0 cal. ka BP (Fig. 4.2k).

4.4 Discussion
4.4.1 Environmental sensitivities of stable isotope based proxies

4.4.1.1 0613C values of leaf wax n-alkanes as an indicator of vegetation type and
aridity

The stable carbon isotopic composition (613C) of leaf wax compounds (long
chain n-alkanes) is determined by plant’s specific photosynthetic pathway (such
as Cs and C4) and the isotopic composition of atmospheric CO2 (Farquhar et al.,
1989) among other factors. Accordingly 613C values of leaf wax compounds have
been used to reconstruct past changes in the abundance of Cs vs. C4 vegetation
(Feakins et al., 2005; Eglinton and Eglinton, 2008). C4 vegetation has an
ecological advantage under aridity, high temperature, and low atmospheric COq
conditions over Cs plants (Eglinton and Eglinton, 2008). Therefore, sedimentary
leaf wax 613C records are often used as a proxy for aridity (Ponton et al., 2012).
813C values of leaf wax n-alkanes from Lonar Lake sediments might represent
prevailing hydro-climate in the catchment, as reflected in dominant
photosynthetic pathways used (such as Cs vs. Cy).

4.4.1.2 6D values of leaf wax n-alkanes as indicator of P-E balance
The stable hydrogen isotopic composition (8D) of leaf wax compounds (long
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chain n-alkanes) is determined by the 6D values of plant (leaf) water, which in
turn i1s controlled by 6D values of environmental water (Sachse et al., 2012;
Kahmen et al., 2013a; Kahmen et al., 2013b), which to a large extent 1is
influenced by the moisture source and precipitation amount (especially in the
tropics) (Dansgaard, 1964). Drier conditions therefore should result in D-enriched
n-alkanes, because of less rainfall and stronger plant transpiration and vice
versa. Therefore 6D values of long chain n-alkanes from Lonar Lake sediments
are expected to reflect the isotopic composition of precipitation, modified by
evaporation. We interpret the variability of 8Dwax values (concentration weighted
average 6D values of long chain n-alkanes) rather than individual 6D values of
long chain n-alkanes, as representing largely hydrological changes.

4.4.1.3 Variations in 013C values of aquatic biomarkers as a consequence of
changes in lake water salinity

Cyanobacteria, which are the major source of n-heptadecane in Lonar lake
sediments (Sarkar et al., 2014), are photosynthetic organisms. Therefore the
carbon isotopic composition (613C) of n-heptadecane should reflect the carbon
1sotopic composition of dissolved inorganic carbon (DIC). Less negative 613C
values of n-heptadecane would suggest a 13C enrichment of lake water DIC. Lake
water DIC can become enriched in !3C as a result of increased primary
productivity in an aquatic system, as this would preferentially remove 12C into
biomass and thus enrich 13C in the lake water DIC (Meyers, 2003). However, in
Lonar Lake sediments no covariance of flux and 813C values for n-heptadecane
was observed, which would be extected under the above described scenario.

Another possible origin of the 13C enriched carbon source for organisms
producing n-heptadecane could be HCOs ions in alkaline lakes that are
characterized by less negative 613C values (Meyers, 2003). The unusual
enrichment in 13C observed for n-heptadecane can then be explained fully by the
utilization of a 13C-enriched carbon source by cyanobacteria indicating increasing
lake water alkalinity and likely also salinity. Therefore changes in 613C values of
n-heptadecane in Lonar Lake likely reflect lake water salinity and pH related
changes in the lake water.

Since we interpret tetrahymanol as originating from predatory ciliates
occurring in the biocenosis, it can be assumed that the carbon isotopic
composition of this lipid would reflect the carbon isotopic composition of the
utilized prey (i.e., bacteria and hence their carbon source). The similarity of 613C
values of tetrahymanol and n-heptadecane, more so than with moretene-
diploptene, suggests that tetrahymanol-producing ciliates depend, at least partly,
on cyanobacteria synthesizing n-heptadecane.

4.4.1.4 Variations in 8D values of aquatic biomarkers as consequence of change
in lake water hydrology

The hydrogen isotopic composition of photosynthesizing organisms depends on
the hydrogen isotopic composition of the lake water (fed by precipitation) (Sachse
et al., 2012), where less negative 8D values would reflect drier conditions through
stronger lake water evaporation. However, salinity of the lake water exerts
additional control on the hydrogen isotopic composition of cyanobacterial
biomarkers via decrease of isotopic fractionation (between lipid and source
water), resulting in even more deuterium enriched lipids (Sachse and Sachs,
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2008), therefore amplifying the proxy response to dry conditions. Less negative
dD values for n-heptadecane would indicate an influence of increased salinity.
Higher growth rate of organisms can also exert an influence on the hydrogen
1sotopic composition of certain lipids via increase of isotopic fractionation
(between lipid and source water), resulting in strongly deuterium-depleted lipids
(Sachs, 2014). Since we observed unusually high concentrations for n-
heptadecane over the period between 1.3 to 0.5 cal. ka BP, we consider growth
rate changes of cyanobacteria could be relevant with respect to the abundance of
their biomass deposited in a sediment sample intregrating up to 20 years.
Therefore more negative 6D values for n-heptadecane, at times when n-Ci7
concentrations in the sediment were high, might indicate an increase of isotopic
fractionation (between lipid and source water), which could result from higher
growth rate of their producers.

4.4.2 Holocene climate (lake level) changes from biomarkers and their stable
isotopes

Based on stable isotope based proxies from biomarkers, we identified three
periods of distinct hydrology over the Holocene.

4.4.2.1 The early Holocene period between 10.1 and 6 cal. ka BP

The early Holocene period between 10.1 and 6 cal. ka BP was characterized by
most negative 613C values of leaf wax n-alkanes (—34.8%0 to —27.8%o0) in the
studied sedimentary record, relatively low ACL values (29.4 to 28.6) and lower
flux of long chain n-alkanes. These proxies indicate predominance of woody Cs
vegetation in the catchment. Reduced supply of terrigenous OM to the lake might
imply less erosion in the catchment due to thicker vegetation cover and less
transport of terrigenous OM into the lake due to higher water levels (Sarkar et
al., 2014). 6Dwax values of long chain n-alkanes were relatively constant with
values of around —158%o during this period. No biomarker evidence for halophilic
microbial communities was found in this core section, which is prominent in the
biomarker record of the modern lake (Sarkar et al., 2014). $13C values of n-Ci7
were mostly low, with up to —31.6%o, during the study period.

Together with previously published data from the Lonar Lake sedimentary
record such as pollen and geochemical proxies (Prasad et al., 2014), these data
indicate a positive precipitation-evaporation (P-E) balance in the catchment and
a higher lake level, as a consequence of an intensified summer monsoon, in
agreement with previous studies/ published data from the Indian Ocean basins
(Fleitmann et al., 2003; Ponton et al., 2012).

4.4.2.2 The mid-Holocene period between 6 and 4 cal. ka BP

After ca. 6 cal. ka BP, a gradual shift to less negative 613C values (up to ~12%.),
particularly for n-Csi, indicates a replacement of Cs vegetation, development of
open Cs grassland and therefore onset of drier conditions. In addition an
increasing flux of biomarkers like tetrahymanol at the same time likely marked
the onset of saline conditions in the lake. An increase in lake water salinity/pH
was also evident in proxies measured on bulk sediments (less negative 313Cpux
and 61°N values) at ca. 6.2 cal. ka BP (Prasad et al., 2014).

After the onset of more arid conditions at ca. 6 cal. ka BP, we observed an
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abrupt increase in the fluxes of leaf wax n-alkanes and tetrahymanol at 5.1 cal.
ka BP (Fig. 4.2¢ and j). At 5.2 cal. ka BP an increase in detrital influx of
aluminum (Al) (Fig. 4.2g) and an almost 8-fold increase in sedimentation rate
was observed (Prasad et al., 2014). These proxies point to a drastic decrease in
the lake level and as such in shoreline proximity of the coring location. The flux
of tetrahymanol showed a significant correlation (r = 0.5, p<0.05) with flux of Al.
Therefore we hypothesize that higher transport of lipids from the shore in a
smaller lake might be contributing to the large fluxes of these lipids.

The highest 613C and 8D value of n-heptadecane (-3.9%0 and —-64%o
respectively) observed at 5.5 cal. ka BP indicate likely the most alkaline and
saline lake conditions and therefore suggest onset of the driest period. The time
span between 4.8 and 4 cal. ka was characterized by the least negative 813C
values for long chain n-alkanes (—22.7%o to —25.2%0) and some less negative 6Dwax
values (~ —140%0) compared to the early Holocene, suggesting widespread
occurrence of C4 grasses and a negative (P-E) balance in the catchment. As such,
this likely was the driest period in central India during the last 10.1 ka. The
presence of a distinct zone of evaporitic carbonate (gaylussite) crystals between
4.6 to 3.9 cal. ka BP provides additional support for this interpretation (Anoop et
al., 2013b, Prasad et al., 2014). Peak concentration and flux of the cyanobacterial
biomarker n-heptadecane coincided with this drier period (at 4.3 cal. ka BP) and
therefore possibly represented events of lake eutrophication, driven by more
saline conditions: persistent saline conditions in the lake provided an opportunity
for blooming of halophilic cyanobacteria in the ecological niche, reflected by
unusually high fluxes of n-heptadecane. Carbon isotope values of tetrahymanol
showed a steep trend of enrichment in 13C during this period. While
tetrahymanol 8D values may reflect several hydrogen sources, since it is derived
from non-photosynthetic organisms, it is interesting to note that the maximum
enrichment in D and 13C of tetrahymanol occurs at the same period (5—4 cal. ka
BP), likely also reflecting the effect of lake water salinity on 8D of tetrahymanol.

This period was also characterized by large swings in terrigenous as well as
aquatic biomarker fluxes. To explain the fluctuations of biomarker proxy data
two scenarios can be envisioned. First, proximity of the shoreline to the lake
center reached its threshold limit and then a smaller decrease in lake level
resulted in excessive supply of tetrahymanol from the lakeshore. Alternatively,
this period was characterized by episodic but strong rainfall events, resulting in
higher fluxes of tetrahyamnol due to higher surficial erosion and nutrient supply
from the catchment to the lake. Strong rainfall events causing stronger erosion
could also result in higher fluxes of leaf wax n-alkanes. However due to the
relatively low number of samples for this period, we cannot examine the
covariance of fluxes of tetrahyamnol with leaf wax n-alkanes.

An intriguing feature of the period 4.8—4 cal. ka BP is the high amplitude and
rapid fluctuations in 8Dwax values between 20%o0 and 40%., sometimes over a
period of only ca. 40 years. While short-term fluctuations may be an artifact of
the higher sampling resolution during this period, counter intuitively we
observed some of the most negative 6Dwax values during the Holocene (up to —
180%o0) during the driest period between 5 and 4 cal. ka BP. Since all other
organic and inorganic proxy data from that period characterize it as the driest
period during the Holocene it is unlikely that these changes in 6Dwax were a
consequence of changes in evapotranspiration. In addition, to achieve a 40%o
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difference in plant source water 6D (i.e., leaf water) under similar temperatures
would require a 50% change in relative humidity (Kahmen et al., 2013b), which
would have resulted in contrasting humid and arid phases, which is not
supported by any other proxy data during this period. Therefore, the only
explanation for the high amplitude fluctuations in 8Dwax during this period
supported by multi-proxy data is a change in the isotopic composition of moisture
and/or precipitation tracks, due to a different origin.

4.4.2.2.1 Monsoon source shifts during the drying mid-Holocene

Here we explore the possible mechanisms for changing moisture sources
during the mid-Holocene. For example changing ENSO variability can result in
changes in isotopic composition of moisture over India, with up to 2%o increase in
8180 values (1.e ~ 16%o in 6D) during El Nifno events (Ishizaki et al., 2012). ENSO
activity was relatively weak before 4 ka BP (Moy et al., 2002; Rein et al., 2005;
Conroy et al., 2008) but started to increase in frequency and intensity after 4 ka.
However, more frequent El Nino events would have resulted in increasing
precipitation 6D values (Ishizaki et al., 2012) during that time, which is contrary
to our observations.

Air masses for modern-day rainfall events in Lonar during different seasons
show that in addition to ISM summer monsoonal rainfall sourced mainly from
the Arabian Sea (AS), generally drier air is also delivered from the NW region of
India, the Bay of Bengal (BoB), or the NE region of India during the rest of the
year (Sarkar et al., unpublished). An enhanced influence of any of these three
potential moisture sources (NW, BoB and NE) versus the regular ISM rainfall
sourced from the AS would result in a change in precipitation 6D values. In order
to characterize the seasonality of moisture sources and associated precipitation
1sotopic values in the CMZ, we analyzed modern day IAEA-GNIP data available
from the nearest location Sagar and carried out a back trajectory analysis. Back
trajectories of air masses during monsoon months show that more negative
precipitation 6D values are often associated with a moisture source from the BoB
(Fig. 4.3), in addition to the major summer monsoonal rainfall sourced mainly
from the AS.

Due to the large influx of monsoonal runoff from Himalayan rivers to the BoB
the average seawater isotopic composition of the BoB is ~1%o depleted in 8180 (or
~8%o depleted in 6D) with respect to the AS (Kumar et al., 2010). An enhanced
transport of moisture from the BoB, which occurs mostly today in post-monsoon
(Sept. and Oct.) (Sengupta and Sarkar, 2006) would also result in more negative
precipitation 6D values in the CMZ, due to a longer transport pathway. We
therefore presume that during the mid-Holocene transition AS sourced ISM
summer rainfall was often strongly reduced and precipitation in the CMZ had
different sources. This scenario would result in arid condition and more negative
3Dprecip values in the CMZ, coherent with our observations.
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Fig. 4.3. Monthly rainfall and 8Drain variablility at Sagar from 2003 to 2005 (left panel) and four
day backwards trajectories for air parcels during selected rainfall events affecting Sagar
(asterisk) during Monsoon (3 right panels), calculated using an ensemble (24 members) of the Air
Resources Lab Hysplit Program, to represent moisture source for the region.

In order to test our hypothesis of a possible effect of changing moisture sources
during the mid-Holocene transition, we compare two Holocene monsoon records,
one from Oman cave speleothem and the other from Mawmluh cave speleothem,
NE India (Fig. 4.4).
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Fig. 4.4. Holocene ISM variability from ISM domain. Locations of the records (inset), records:
Current study, Fleitmann et al., 2003, Berkelhammer et al., 2012.
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Due to their locations the Oman cave speleothem receives moisture exclusively
from the AS whereas the Mawmluh cave lies within the reach of BoB sourced
moisture, but also receives AS sourced ISM moisture during the summer months
(mean 8180 of —7.2%0) (Breitenbach et al., 2010).

During the post-monsoon months, when less precipitation falls, the moisture
source area is exclusively the BoB, characterized by more negative 5180 values.
Interestingly the Mawmluh cave record showed large fluctuations in 880 values
(Berkelhammer et al., 2012) not observed in the 680 record from Oman during
the period between 5.5 and 4 ka, possibly reflecting alternating BoB and AS
moisture sources in addition to drier conditions at Mawmluh cave.

We therefore argue, that the high variability of 6Dwax along with the most
negative 8Dwax during the mid-Holocene was a result of changing moisture
sources, due to strongly reduced or even completely absent ISM rainfall. As such,
the transition from early Holocene wet to late Holocene dry conditions in central
India was not gradual, but characterized by high-amplitude hydroclimate
fluctuations, with at times probably a complete failure of summer monsoonal
rainfalls, especially between 5 and 4 ka BP.

Such a mid-Holocene transition has been recognized throughout the Asian
monsoon domain, but its nature is debated. Morrill et al. (2003) discussed an
abrupt (century scale) change in ISM while Fleitmann et al. (2007) argued for
gradual weakening of the ISM during the Holocene. The weakening of the ISM in
the CMZ at Lonar started between 6 cal. ka BP, as such at the same time (~6.3
ka BP) that has been postulated for the orbital induced reduction in solar
insolation (Fleitmann et al., 2003; Ponton et al., 2012) and as observed in records
throughout the Indian Ocean. However, contrary to other records in the CMZ
around the Arabian Sea we observed a distinct period characterized by
hydrological variability.

Since the high amplitude fluctuations of 8Dwax Were observed over a short
period only we hypothesize that such instability may only occur under certain
threshold conditions of radiative forcing, which pushed the monsoonal circulation
system to changes from a relatively stable wet to stable dry mode. Thus we
suggest that orbital induced weakening of the summer solar insolation and
associated reorganization of the general atmospheric circulation led to the
unstable hydroclimate in the mid-Holocene. Abrupt climatic changes during the
mid-Holocene (~4.5 to 5.0 cal. ka) have also been observed in many records from
the Tropical areas supporting the notion of instability of tropical atmospheric
circulation patterns. A pronounced shift in ecological conditions during the mid-
Holocene (ca. 4 ka BP) was reported from tropical Africa and South America
(Marchant and Hooghiemestra, 2004), and African lakes experienced major lake
level drops at ~4.5 cal. ka and did not re-expand to the previous levels (Gasse,
2000). A decrease in vegetation and an increase in aeolian dust transport in
North Africa were suggested as earlier at ~5.5 cal. ka (deMenocal et al., 2000).
Though slightly earlier in Lonar, the mid-Holocene unstable transition condition
appeared as wide-spread in the tropics.

4.4.2.3 The late Holocene period from 4 cal. ka BP onwards

From 4 cal. ka BP onwards less negative 813C values for long chain n-alkanes,
particularly for n-Ca7 (—25.1%0 minimum) indicate that the catchment vegetation
became mixed Cs and C4 type, such as a forest with grassy ground). An almost

56



Chapter 4 Monsoon source shifts during the drying mid-Holocene

40%0 1increase 1n 06Dwax values relative to the early Holocene, indicates
substantially drier conditions in the catchment. All these proxy data along with
sustained higher flux of tetrahymanol indicate protracted late Holocene arid
climate, in agreement with previous paleoclimate reconstructions throughout the
ISM realm.

Over this period, the flux of leaf wax n-alkanes did not show a significant
correlation with flux of Al. It is reasonable to assume that the flux of leaf wax n-
alkanes might have been influenced by other factors, in addition to surficial
erosion and lake level changes. In addition to terrigenous input, long chain n-
alkanes can also be sourced from emerged macrophytes, which are common near
the alluvial fan in the modern lake (Sarkar et al., 2014). Pollen spectra reveal
that abundance (%) of pollen from telmatic plants started to increase after 4 cal.
ka BP (Fig. 4.2b). Therefore the flux of leaf wax n-alkanes might have been
influenced by surficial erosion and lake level changes initially, but later got
influenced by combination of surficial erosion and within the lake by leaf wax
input from macrophytes. A comparison of the ACL index with pollen spectra
reveals a striking resemblance between variability of ACL and abundance (%) of
pollen from macrophytes, from 3.7 cal. ka BP onwards (Fig. 4.2b and d). Higher
ACL values during periods with higher macrophyte abundance probably indicate
that longer chain n-alkanes such as n-Cg9 and n-Cs; were also sourced from
emerged macrophytes. Further, the prominent emerged macrophyte (C.
laevigatus) abundant near the alluvial fan was analyzed and showed a higher
ACL value of 31.0 (Sarkar et al., 2014). Increasing input from emerged
macrophytes, from 4 cal. ka BP onwards, is also supported by the observation of
different 813C values for the different long chain n-alkane homologues. 813C
values for n-Ca7 were influenced by the catchment vegetation (as % of C4 plants)
compared to 813C values for n-Csg and n-Cs;, which do not reflect the C4 signal in
the catchment. Therefore less negative 813C values for n-Ca7 (~ —24%0), which is
terrigenous, reflects C4 occurrence in the catchment vegetation, as opposed to
013C values for n-Co9 and n-Cs1 (~ —27.9%0 and —27.5%0 respectively) of aquatic
origin.

Persistent higher fluxes of n-heptadecane along with more negative 8D value
(up to —173%0) represent another episode of lake eutrophication from 1.4 to 0.8
cal. ka BP, probably from human influence in the catchment. An increase in
human impact was also evident from increase of herb pollen in the sediment and
therefore spread of herbaceous taxa in the catchment (Prasad et al., 2014).

4.5 Conclusions

With our high-resolution Holocene record from continental India we
successfully reconstructed the timing and magnitude of past ISM variation and
related changes in the hydrology. Early Holocene wet conditions due to an
intensified monsoon shifted to arid conditions during the late Holocene with a
mid-Holocene unstable transition period in between.

In particular, we show that:

- The early Holocene (until 6 cal. ka BP) was wet, characterized by woody
vegetation in the catchment, as evident from more negative 313C values of long
chain n-alkanes. The near absence of bacterial biomarkers typical for saline
lakes, pointed towards a fresh water lake. All these proxies indicate a positive P-
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E balance, coherent with the intensified ISM.

- From 6 cal. ka BP, an increase in C4 grass abundance inferred from a gradual
shift of 5613C values in leaf wax biomarkers, in particular of n-Cs; coupled with an
increase in the abundance of tetrahymanol, a biomarker for salinity marked the
onset of drier conditions and the establishment of a saline/alkaline lake.

- The onset of lake shallowing at 5.1 cal. ka BP increased the flux of leaf wax n-
alkanes, along with the first highest flux of tetrahymanol triggered by increased
nutrient supply and shoreline proximity.

- 813C leaf wax n-alkanes reached the least negative 313C values between 4.8 to 4
cal. ka BP indicating maximum C4 abundance and the driest period. The mid-
Holocene dry period was characterized by variation in the flux of major
biomarkers including tetrahyamanol, indicating either a threshold condition in
lake level decrease or periods of variable nutrient supply and surficial erosion
due to episodic rainfall events.

- A reduction in aridity from ca. 4 cal. ka BP onwards resulted in mixed (Cs and
C4) catchment vegetation with less negative 613C values. An almost 40%o increase
in dDwax values relative to the early Holocene indicates a substantially lower P-E
balance in the catchment. All these proxy data along with sustained higher flux
of tetrahymanol indicate a protracted late Holocene arid climate and a saline
lake.

The most intriguing feature of the mid-Holocene driest period was the high
amplitude and rapid fluctuations in 6Dwax values, probably due to a change in the
1sotopic composition of source and/or precipitation tracks. We suggest that the
mid-Holocene weakening of the ISM was not gradual, but highly variable. As
such transitions from one hydrological state into another due to small changes in
solar insolation can be associated with major environmental changes/ large
fluctuations in moisture source, a scenario that may be relevant with respect to
future changes in the ISM system.
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Abstract

Concerns about the regional impact of global climate change in a warming
scenario have highlighted the gaps in our understanding of the Indian Summer
Monsoon (ISM, also referred to as the Indian Ocean summer monsoon) and the
absence of long-term palaeoclimate data from the central Indian core monsoon
zone (CMZ). Here we present the first high resolution, well-dated, multiproxy
reconstruction of Holocene palaeoclimate from a 10 m long sediment core raised
from the Lonar Lake in central India. We show that while the early Holocene onset
of intensified monsoon in the CMZ is similar to that reported from other ISM
records, the Lonar data shows two prolonged droughts (PD, multidecadal to
centennial periods of weaker monsoon) between 4.6-3.9 and 2-0.6 cal ka. A
comparison of our record with available data from other ISM influenced sites
shows that the impact of these PD was observed in varying degrees throughout the
ISM realm and coincides with intervals of higher solar irradiance. We
demonstrate that (i) the regional warming in the Indo-Pacific Warm Pool (IPWP)
plays an important role in causing ISM PD through changes in meridional
overturning circulation and position of the anomalous Walker cell; (ii) the long
term influence of conditions like El Nino-Southern Oscillation (ENSO) on the ISM
began only ca. 2 cal ka BP and is coincident with the warming of the southern
IPWP; (iii) the first settlements in central India coincided with the onset of the
first PD and agricultural populations flourished between the two PD, highlighting
the significance of natural climate variability and PD as major environmental
factors affecting human settlements.

Keywords: Indian summer monsoon, ENSO, prolonged droughts, Holocene,
Lonar Lake
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5.1 Introduction

The ISM is a major component of the Asian monsoon system (Wang et al.,
2005). While considerable data is available on Holocene East Asian monsoon
variability (e.g., Yancheva et al., 2007; Dong et al., 2010; Wohlfarth et al., 2012;
Chawchai et al., 2013), not much is known about the ISM that affects climate
throughout south Asia, and as such the livelihood of more than a billion people in
largely agriculture dependent societies (Krishna Kumar et al., 2011) over a
variety of timescales. The devastating socio-economic impacts of droughts (a
deficit of 10% below the long term mean rainfall) in the ISM realm are well
documented (Mooley and Parthasarathy, 1982; Sinha et al., 2011), yet little is
known about the dynamical processes underlying these natural catastrophes.
ENSO is commonly linked to droughts in the ISM realm — the weakening of this
relationship in recent decades has implications on the predictability of the ISM
(e.g., Krishna Kumar et al.,, 1999). While indirect indicators of “ENSO-like”
(ENSO-]) activity during the Holocene over multidecadal to centennial scales are
available (Moy et al., 2002; Rein et al., 2005), testing the long term stability of
the link between ENSO-1 conditions with the ISM has not been possible as long
term palaeoclimate reconstructions exist mostly from the peripheral ISM regions
(Enzel et al., 1999; Staubwasser et al., 2003; Berkelhammer et al., 2012). There
are no continuous well-dated Holocene palaeoclimate records from central India,
the core of the monsoon zone (CMZ) (Gadgil, 2003).
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Fig. 5.1. (a) Location of sites discussed in the text-1: 8180 from Oman Stalagmite (Fleitmann et
al., 2003); 2: Marine core with catchment in Godavari delta (Ponton et al., 2012); 3: Lonar Lake
(our study); 4: 6180 from Mawmluh cave stalagmite (Berkelhammer et al., 2012); 5: Hyongong
peat (Hong et al., 2003). (b) Geology of the Lonar Lake (after Maloof et al., 2009) and position of
the core.

Here we present the first well-dated Holocene palaeoclimate reconstruction
from the CMZ of central India. Our archive, Lonar Lake, is the only long term
“rain gauge” for central India (Fig. 5.1a) and its sedimentary record is used here
to reconstruct the long term regional palaeomonsoon variability in high-
resolution. This lake is the only natural lake in central India as most of this
region is covered by the Deccan basalts and lacks natural lakes, with the
exception of Lonar crater that was formed by a meteorite impact ca. 570 ka
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(Jourdan et al., 2011) on the ~65 Ma old (Fredriksson et al., 1973; Milton et al.,
1975) basalt flows of the Deccan Traps. Currently, this crater contains a shallow
(6 m deep, 1.2 km diameter) saline lake. We also compare the Lonar record with
the reconstructed ENSO-1, and sea surface temperature (SST) changes in the
IPWP to examine the forcing mechanisms behind extended droughts in the ISM
realm.

5.1.1 Study area

5.1.1.1 Geology

Lonar crater is a near-circular depression (Fig. 5.1b) with a rim to-rim
diameter of 1.8 km and an average depth of around 135 m from the rim crest to
the lake level. The lake is fed by surface runoff from ISM precipitation and three
perennial streams (Dhara, Sitanahani and Ramgaya). Since the lake has no
outlet, the water level 1s presently controlled by the balance between
evapotranspiration and precipitation, plus discharge from the groundwater fed
springs. Tritium dating (Anoop et al., 2013b) indicated a modern to sub-modern
age for the groundwater. This is consistent with the local observations that a
succession of below average rainfall results in partial or, as in AD 1982 (single
year), a complete drying of the lake.

5.1.1.2 Modern climate, hydrology, and hydrochemistry

The modern-day rainfall in the Lonar region is mostly provided by the Arabian
Sea branch of the southwest monsoon (Sengupta and Sarkar, 2006).
Temperatures during the pre-monsoon period are around 31 °C, but may increase
up to 45 °C; southwestmonsoon and post-monsoon temperatures average 27 °C
and 23 °C respectively. The average summer monsoon rainfall is ca. 680 mm.

The Lonar Lake is a closed (endorrheic), hyposaline, and alkaline lake
(Jhingran and Rao, 1958; Joshi et al., 2008). The lake is stratified with an anoxic
bottom layer below 4 m water (AD 2011) depth with pH values between 9.5 and
10.4. The water level in Lonar Lake fluctuates in response to ISM precipitation
with higher lake level during stronger monsoon years with input from both the
surface runoff and groundwater (Komatsu et al., in press). During the dry season,
the evaporation from the lake exceeds the input resulting in the significant drop
of the lake level (Komatsu et al., in press). The 680 and 6D of the inflowing
streams range from -2.1 to -3.1%o0 and -15.4 to -21.4%o respectively. However, the
lake waters showed relatively enriched values for 880 and 8D fluctuating
between +4.2 to +5.5%0 and +14.7 to +21%o respectively. Similarly, 83Cpic was
enriched (+11 to +14.8%0) in lake waters and relatively depleted (between -9.9
and -12.6%o) in the inflowing streams indicative of biological productivity and
evaporative enrichment in lake waters (Anoop et al., 2013b).

5.1.1.3 Modern vegetation

Lonar crater is located within the Southern Tropical Dry Deciduous Forest
biome sensu Champion and Seth (1968). Our investigations indicate that the
landscape outside the crater is heavily influenced through grazing, fuel cutting
and agriculture, thus only shrubby thorn-vegetation occurs with Acacia spp.,
Annona squamosa, Senna auriculata, and Ziziphus mauritiana. Forest
vegetation inside Lonar crater is roughly divided into three zones, which form
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concentric belts. The crater slope between ca. 500 and 560 m asl is vegetated with
tropical dry deciduous forest vegetation comprising teak (Tectona grandis),
Azadirachta indica, Cassia fistula, Wrightia tinctoria, and Butea monosperma.
Vegetation on the crater ground is dominated by Prosopis juliflora, with an
admixture of Alangium salviifolium, Ficus benghalesis, Trewia nudiflora,
Ailanthus excelsa, etc. The lakeshore i1s solely vegetated with Prosopis juliflora.
The north-eastern part of the crater ground is used for agricultural purposes.
Except in the dense and shady forest vegetation on the crater ground, the open
character of vegetation on the crater slopes and outside Lonar crater promotes a
rich understory dominated by Poaceae and various herbs of the Fabaceae,
Asteraceae, and Acanthaceae families. The mouth of the Dhara rivulet features
extensive stands of swamp vegetation comprising Cyperaceae and Typha sp.
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Fig. 5.2. (a) Lonar litholog. Two prominent evaporite gaylussite horizons indicate drier conditions.
Symbols adjacent to the lithology indicate the position of dated samples: blue circles: terrestrial
fragments, yellow circles: bulk organic matter, and brown circles: dated gaylussite. (b) Age model
of composite Lonar profile, derived from the P_Sequence depositional model implemented in
OxCal 4.1 (Bronk Ramsey, 1999, 2008). The coloured shading represents the 20 probability range.
Individual AMS 14C dates obtained from bulk organic matter, terrestrial fragments, and
gaylussite crystal are displayed as calibrated 20 probability functions. (¢) Correlation using
marker layers. (d) Evaporitic gaylussite crystal.

5.2 Sample collection and methodology
5.2.1 Coring, documentation and correlation
Two long cores, with an offset of 50 cm were raised from the Lonar Lake in

May-June AD 2008 using a floating platform and a UWITEC piston corer.
Samples were collected in 1-2 m long plastic liners with an inner diameter of 9
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cm. The cores were opened and the lithology documented in detail in the
laboratory. The correlation between cores was achieved using a combination of at
least two of the three parameters: marker layers, magnetic susceptibility, and
XRF scanner data. The overlap between cores ranged from a few centimeters to
tens of centimeters. A continuous composite core of 10.04 m is now available from
the Lonar Lake (Fig. 5.2a) and has been subdivided into 14 lithostratigraphic
units (Table 5.1 in Supplementary Online Material (SOM)-1).

522 Thin section preparation

A continuous set of overlapping petrographic thin sections (10 cm long) from
selected core sections was prepared for microfacies analyses from the composite
part following the method described by Brauer and Casanova (2001). Thin-
section images were obtained with a digital camera (Carl Zeiss Axiocam) and the
software Carl Zeiss Axiovision 2.0.

5.2.3 Chronology

We have collected terrestrial wood samples throughout the core to obtain a
radiocarbon chronology (Fig. 5.2b, Table 5.2 in SOM-1). We have also selectively
dated the carbonate crystals, bulk organic matter, and leaf fragments along with
the wood fragments to ascertain the possibility of errors arising from reworked
samples and/or any “hard water effect”.

For age modelling, we have used the P_Sequence method from OxCal (e.g.,
Bronk Ramsey 1999, 2008; Blockley et al., 2008). This method recognises that
many processes are in fact a series of events and can be modelled by using
representative information on the relationships between individual events. This
model requires the estimation of the factor (k) which is the relationship between
the events and the overall stratigraphical process — a high value for k& would
rigidly constrain the data and would be suitable for very simple sedimentary
processes with little change in the sedimentation rate, whereas a low k value
would be the opposite.

5.2.4 Isotope analyses

The stable isotope compositions of bulk (gaylussite was removed by
handpicking under the microscope) carbonates (63Ccary and 8180ca) were
determined using a Finnigan GasBenchll with carbonate option coupled to a
DELTAplusXL mass spectrometer, following the analytical procedure described
in Spo6tl and Vennemann (2003). The TC, TN, and TOC contents and the 61°N and
813Corg 1sotopic compositions were determined using an elemental analyser
(NC2500 Carlo Erba) coupled with a ConFlowlIl interface on a DELTAplusXL
mass spectrometer (Thermo Fischer Scientific). Subsamples (0.5 c¢cm thickness)
were collected for isotope (organic and carbonate) analyses representing a time
resolution ranging from <10 years between 0 and 5.5 cal ka to multidecadal (ca.
10—80 years) in older sediments.
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5.2.5 XRF core scanning

Continuous down-core X-ray fluorescence (XRF) scanning of the sediment core
surface was performed using the Avaatech XRF Core Scanner III. The tube
voltage was operated at 10 kV, with 5 mm resolution, and the X-PIPS SXP5C-
200-1500 detector from Canberra to allow obtaining the elemental abundances of
major elements (Al, Si, Ca, K, Fe, Ti and Mn). The data was normalised using the
calculated sedimentation rate.

5.2.6  Lipid biomarker and stable isotope (013C) analysis

The sediment core was sub-sampled (70 samples) for extraction of lipid
biomarkers. Subsamples (2 cm thickness) represented a time resolution ranging
from 8-20 years until 5.1 cal ka to 60—120 years in older sediments. Ca. 2—4 g of
samples, freeze-dried and homogenized, were extracted using an accelerated
solvent extractor (Dionex ASE 350) with a 9:1 mixture of dichloromethane and
methanol. After removal of elemental sulphur (passing through activated copper
pipette columns) and addition of internal standards the total lipid extracts
(TLEs) were separated on SPE silica gel columns into fractions of different
polarity. Fractions (containing alcohols) were measured on an Agilent GC-
FID/MSD system for compound identification (comparison of mass spectra with
published data) and quantification.

The stable i1sotope (613C) composition of tetrahymanol was measured on a GC
system (Agilent 6890N) coupled via combustion interface (GC-C III), to a Thermo
Fischer Scientific (model 253) isotope ratio mass spectrometer (GC-IRM-MS).
Calibration of isotope values was performed by injecting several pulses of COz at
the beginning and at the end of each GC run and by measurement of certified
standards between sample runs. GC-IRM-MS analyses were run in triplicate
with standard deviations better than 0.5%.. Isotopic ratios are expressed as 613C
values in per mil relative to the Vienna Pee Dee Belemnite (V-PDB) standard.

5.2.7  Pollen analysis

Pollen assemblages were studied at a resolution of 1 cm between 878 and 870
cm composite core depth, 2 cm between 870 and 794 ¢cm and 10 cm between 790
cm and the composite core top. In total, 120 sediment samples were analysed,
representing a time resolution between 150 and 40 years. Samples were treated
with HF and hot acetolysis mixture and sieved on 200 um and 5 pm following the
standard guidelines of Faegri and Iversen (1989). All samples were spiked with
Lycopodium marker grains (Stockmarr, 1971). At least 600 pollen grains were
counted per sample. For identification of the pollen types, the reference collection
of the Senckenberg Research Station Weimar, the pollen atlas for Maharashtra
(Nayar, 1990), and a web-based pollen atlas for the Australasian realm (APSA
Members, 2007) were consulted.
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5.3 Results
5.3.1 Chronology

The core chronology is based on AMS dating (Fig. 5.2b and Table 2 in SOM-1)
of wood, leaf, gaylussite, and bulk material from the sediments. The radiocarbon
dates on terrestrial fragments (wood, twigs and leaf) and a gaylussite crystal (see
Section 3.2) are in stratigraphic order. Paired radiocarbon dates obtained on bulk
sediments and terrestrial fragments at the same depth show similar ages (within
errors) except for the single paired sample at 383.5 cm where the date on bulk
material is significantly older (Table 2 in SOM-1). Only two bulk organic matter
dates between 511-612 cm lie on the trend formed by the dates on terrestrial
fragments. The magnitude of the “ageing” of bulk organics is not constant
throughout the profile and ranges from ca. 450 to 1500 years. The apparent
“older” ages for the bulk sediments could be caused by several factors, potentially
the most important being hard water effect (Fontes et al., 1996; Bjorck and
Wohlfarth, 2001). However, the absence of carbonate outcrops in the region
eliminates the overestimation of bulk 14C due to hard water effect. Because the
Lonar Lake shows high salinity, stratification, and high pH, the apparent
“ageing” could be most likely caused by lack of equilibration with the atmosphere.
The coincidences of some of the older ageswith zones of gaylussite crystals (high
pH, stratification, and salinity) also support such a scenario.

We have excluded the dates that are obvious outliers (see Table 2 in SOM-1).
For the remaining dates the calibration was done using the OxCal programme
(Bronk Ramsey, 2008) using the INTCALO4 and NH3 curves. In the P_sequence
method, we have used three boundaries based on lithological changes and used a
k value of 0.1. The agreement index (AI) for single ages, a measure of the fit
between the data and the model should be above the threshold of 60 (Bronk
Ramsey, 2008). The overall Al of 115.8 testifies to the suitability of this approach.
The clay in the lower section (904-980 cm) is similar in appearance and texture
to the clay found in the upper core, hence age extrapolation for this part was done
using the sedimentation rate for the uppermost section (0—446 cm).

5.3.2 Lithology and evaporitic mineralogy

The lithology of the Lonar core is shown in Fig. 5.2a. Thin section
Iinvestigations reveal that the laminated calcareous clay (11.15-9 cal ka; Fig.
5.2c) comprises of seasonality controlled sub-laminations: clay (monsoon rainfall
erosion) with intercalations of organic (productivity) and calcareous (summer
evaporation) layers, indicating these laminae to be varves. Several terrestrial
wood fragments and one leaf were also found in this horizon indicating strong
surficial inflow into the lake. Calcareous silty clay with evaporitic gaylussite
crystals (Fig. 5.2), indicate highly saline conditions in two zones: mid (4.6—3.9 cal
ka) and upper (2-0.6 cal ka) parts of the core (Anoop et al., 2013b). Although no
modern analogues are available, we note that between 2002 and 2011 AD the
average summer rainfall was ca. 20% below the long term mean (Indian
Meteorological Department). However, there was no gaylussite formation clearly
indicating that a substantially longer interval of reduced summer monsoon is
needed for the formation of these evaporites. Most of the crystals in the core
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appear parallel to the original sediment laminations and range in length from
sub-mm to 8 mm. With a few exceptions, the crystals are devoid of any sediment
inclusions (Fig. 5.2d). Their evaporative origin is also confirmed by isotope
analyses (Anoop et al., 2013b).

5.3.3 Geochemistry, isotope, and biomarker studies

XRF data (see SOM-2 for data) show that the elements K, Ti, Fe and Si are
significantly correlated with Al (» = 0.89, 0.81, 0.63, 0.93) for the whole core.
Hence, Al was chosen as a representative for these elements. Our investigations
of modern catchment and lake surface sediments (Basavaiah et al., in press)
show that Al is contributed by catchment erosion and its distribution parallels
the lithogenic content in surface sediments with higher values near the shoreline.
Hence, Al can be used as an indicator of detrital input into the lake and
proximity to the shoreline. The detrital input is highest between 11.4—11.15 cal
ka and remains consistently low until 5.2 cal ka when higher detrital inflow is
seen (Fig. 5.3).
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Fig. 5.3. Results of multiproxy investigations on the 10 m long Lonar core. In the first column
(dotted grey box) are shown the prominent chalcolithic cultural periods (Kayatha, Savalda,
Malwa and Jorwe) (Misra, 2001) detected in this region. Arrow with (*) indicates adoption of low
rainfall crop patterns, and arrow with (**) indicates decadal scale drought induced famines. The
Al (total counts) have been normalised with respect to sedimentation rate.

The Corg/N values of bulk organic matter remain consistently high (>25) except
for short intervals (11.4-11.2; 4.4-4.2, and from 1.4 cal ka to present) when they
fall to <15 (Fig. 5.3).

The 813Corg and 815N values vary between -22%0 and -6%0 and between +4%o
and +15%o respectively. The variability is low between ca. 11 and 6.2 cal ka when
a shift towards enriched values, most prominently between 6.2 and 5.3 cal ka is
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seen. Subsequently, a depletion is observed but the values remain higher than
during the early Holocene. The 8'3Ccarhb and 6!8QOcarh values (after removal of
gaylussite) are high (813Cearb = 6-20%0 and 880carh = ca. 3—9%o) during the 11.2—
5.8 cal ka. 313Ccarp and 88QOcarb co-vary (r = 0.78) for the whole core indicating
their evaporative origin (Fig. 5.3).

The bacterial/ciliate community biomarker tetrahymanol makes its first
appearance at ca. 5.2 cal ka in exceptional concentrations and persists until 3.9
cal ka and in lower abundance subsequently. An unusual enrichment in §13C (ca.
5.1—4 cal ka) is observed for tetrahymanol (-17.2%o to -7.2%o) (Fig. 5.3).

5.3.4 Pollen

Poaceae contribute between 63.5 and 96.5% to the terrestrial pollen
assemblage, while other herbs (e.g., Amaranthaceae and Asteraceae) account for
0.6 to 14.2% of the terrestrial pollen spectrum. Arboreal pollen contribute
between 1.2 and 32.6% to the total terrestrial pollen assemblage. Pollen of woody
plants representing moist forest communities appear with up to 7.7% between 8.9
and 5 cal ka (Fig. 5.4). Pollen of dry deciduous forest trees prevail steadily
throughout the core, highest values of up to 30% are found between 8.6 and 7.1
cal ka, 5.6 and 4.1 cal ka and again at 3.0 cal ka. Pollen percentages of xeric
thorn shrub elements occur from 5 cal ka BP onwards, with maxima of 6.3%
between 3.8 and 2.8 cal ka. Pollen of Ailanthus excelsa, a tree species considered
as disturbance indicator, appear between 4.6 and 3.0 cal ka, and around 1.5 cal
ka, with up to 10%.

54 Discussion

In our palaeoclimate reconstruction from a 10 m long sediment core, we have
used clastic influx, isotopic data from bulk organic matter, pollen, biomarker flux
and compound-specific isotope data, together with published data (Anoop et al.,
2013b) on evaporite mineral assemblages and their respective isotopic
composition, to reconstruct past hydrological changes in the CMZ.

5.4.1 Environmental sensitivity of Lonar core proxies

The Core/N ratio of sediments is used as an organic matter source indicator.
Based on the analysis of modern Lonar Lake sediments, it was inferred that a
Core/N ratio =25 represents a major terrestrial contribution and a Core/N ratio
below 25 a mixed plankton and terrestrial signal (Menzel et al., 2013). Changes
in phytoplankton biological productivity are reconstructed here from variations
in carbon and nitrogen isotopes of bulk organic matter. 513C values of terrestrial
organic material are mainly determined by the contribution of plants using the
Cs (wetter conditions; 613C = -25 to -30%o0) or the Cu (drier; 613C = -10 to -15%o)
pathway for COz uptake (Meyers, 1994). The 5!3C record of the phytoplankton
component is governed by changes in organic productivity, salinity, and pH of the
water (Stuiver, 1975). Photosynthetic organic productivity preferentially uses 12C
and ¥N, leaving the DIC and DIN pools enriched in 13C and 15N, respectively
(Swart, 1983; Talbot and Laerdal, 2000). Under COs deficient conditions (<0.01
mol/l), which are promoted in highly alkaline water (Schelske and Hodell, 1991;
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Xu et al., 2006), phytoplankton may be forced to change from COs2 to HCOs- based
metabolism, which produces relatively 13C enriched organic matter (Talbot, 1990;
Leng and Marshall, 2004). Additionally, high evaporation during drier (saline)
conditions can cause supersaturation of carbonate in the lake water, and
consequently 12CO2 degassing (Lei et al., 2012).
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74
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Open vegetation of thronshrub character,
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Arboreal pollen as percent of total terrestrial pollen; exaggeration *10

Fig. 5.4. Simplified pollen diagram for the Lonar Lake sediment sequence. The colours in the far
right column have the same implications for climate as in Fig. 5.3. Arrows indicate the major
transition points in the catchment vegetation.

Increased or decreased productivity in a stratified lake therefore should be
reflected in increasing or decreasing 613C and 815N values of organic matter that
was produced in surface waters (Hodell and Schelske, 1998).

Within the core, the oxygen and carbon isotope values of calcium carbonate
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(013Cecarb and 8180carb) correlate (r = 0.78) indicating their evaporative origin (Li
and Ku, 1997). The carbonates in surface sediments show less enriched values
near the stream inflow (shore proximity) as compared with deep water due to the
dilution by the isotopically depleted inflowing streams (Anoop et al., 2013b). We
note that due to the damping of the drying signal by the stream inflow (<5 years
of age) and the high solubility of the evaporites (Anoop et al., 2013b), the Lonar
1sotopic record is sensitive to, and preserves, only the evidence of weaker than
normal decadal ISM fluctuations.

The normalised aluminium (Al) (XRF, total counts) content indicates clastic
influx — in the closed Lonar Lake, an increased detrital influx could be indicative
of increased catchment erosion and/or shoreline proximity (lake level changes).
However, since the stream inflow is linked to recharge by monsoon, a
combination of both the proxies (813Ccarb and 68Qcarb, and Al) can give a clear
picture of the lake level changes and monsoon inflow.

Pollen analysis is used for vegetation reconstruction in the Lonar Lake
catchment and the discrimination between different vegetation types. Pollen of
woody plants were assigned to three forest types, with wet to moist forest today
occurring under annual rainfall values of 5000 to 1800 mm and a 7-8 month-long
dry season, represented by Olea, Ligustrum Eleaeodendron, Trema and Trewia,
semi-arid dry deciduous forest (1500—800 mm/a rainfall, 7 month-long dry
season), with Combretaceae, Phyllanthus, Tectona, Lagerstroemia and Grewia,
and arid thorn shrub vegetation (800—-400 mm/a, 7-8 month dry season),
comprising Acacia, Prosopis, Rhamnaceae and Azadirachta. The classification
follows Gaussen et al. (1964, 1966, 1970) and Champion and Seth (1968).
Following these data, available moisture which controls the distribution of the
different trees and forest types on regional scale is primarily determined by the
strong gradient in annual rainfall amounts. Grasses of the Poaceae family
dominate the lower stratum of most vegetation formations in tropical India,
including moist forest types (Dabadghao and Shankarnarayan, 1973). An
identification of Poaceae pollen grains on higher taxonomic levels is usually not
possible using light microscopy (Beug, 2004) and thus grass pollen are not
indicative for changes in rainfall amounts at Lonar crater.

The identification of pollen grains of cultivated plants is commonly used to
detect agricultural activity in the past (Bottema, 1992). However, based on the
pollen morphology an identification of common cultivated cereals in S-India is not
feasible (Vishnu-Mittre, 1975). Moreover, pollen of cultivated pulses were not
identified in the Lonar pollen record, because of the large number of native
Fabaceae herbs occurring in the vegetation. However, we interpret increasing
herb pollen values after ca. 1.3 cal ka as indirect indicators for artificial changes
in the understory vegetation, since herbs might be promoted over grasses
through prolonged grazing pressure. Additionally, many woody thorn shrub taxa
may also reflect anthropogenic degradation of dry deciduous vegetation (Asouti
and Fuller, 2008).

The lipid biomarker tetrahymanol is a pentacyclic triterpenoid lipid that
frequently occurs in lake sediments (e.g., Thiel et al., 1997; Castaneda et al.,
2011). It may have different biological origins among which predatory ciliates
appear to be the most relevant in sedimentary records (Harvey and McManus,
1991). Other documented sources of tetrahymanol are the phototrophic purple
non-sulphur bacterium Rhodopseudomonas palustris (Kleemann et al., 1990), the
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fern Oleandra wallichii (Zander et al., 1969) and the rumen fungus Piromonas
communi (Kemp et al., 1984). In Lonar, tetrahymanol occurs in high amounts in
surface sediments and bacterial mats retrieved from various locations in Lonar
Lake (Sarkar et al., 2014) suggesting that bacteria/ciliate communities are the
most likely source of tetrahymanol in this ecosystem.

Sinninghe Damsté et al. (1995) proposed that tetrahymanol may be
synthesised by anaerobic ciliates living at or below the chemocline, and thus may
be indicative of water column stratification. Periods of increased abundance of
tetrahymanol during the Holocene in the saline and alkaline Lake Van (Turkey)
have been related to pronounced stagnation accompanied by the establishment of
an anoxic water body (Thiel et al., 1997). In Lonar Lake sediments we interpret
tetrahymanol as originating from bacteria/ ciliate communities and consider it as
a marker for watercolumn stratification (Sinninghe Damsté et al., 1995) and its
013C is used here to assess alkalinity of the lake water.

5.4.2 Holocene proxy variability and climate reconstruction

In contrast to the lakes in NW India that dried out or became seasonal after 4
cal ka (Prasad and Enzel, 2006), the Lonar Lake has retained water level until
today and provides the best preserved, high resolution record of Holocene climate
variability from the core monsoon region. The driest period (>11.4 cal ka) (Fig.
5.2a), was marked by soil developing on the dry lake bed and followed by a short
period (~300 years) of intensive erosion, fluctuating salinity as indicated by the
presence of evaporative gaylussite, and high aquatic productivity (low Corg/N,
high 813Cqg and 615N) that resulted from a sudden increase in precipitation (Fig.
5.3). During ~11-6.2 cal ka, wet conditions are indicated by the lowest 613Corg
values (indicating Cs plants) and low clastic influx. We infer stratified, deep-
water conditions between 11-9 cal ka when seasonally laminated (varved)
sediments were deposited. Counterintuitively, the early Holocene evaporative
carbonates show less negative 8180 values that could be related to reduce dilution
by the isotopically depleted stream inflow during periods of higher lake levels.
However, the amplitude of spatial isotopic variability (8.5%o0 for 613C and 4%o. for
3180) in surface bulk carbonates (Anoop et al., 2013b) cannot alone explain the
range of variability seen in the core bulk carbonate isotopic composition. We
exclude any contribution from the winter westerlies as this region was under the
influence of the ISM during the Holocene (Prasad and Negendank, 2004) — the
only possible explanation for the apparently reverse trend in carbonate isotope
values 1s a change in source water composition or paths of precipitation tracks
related to shifts in the mean position of the ITCZ (Haug et al., 2001).

Moist forests occurred from 8.8 cal ka onwards throughout the early and lower
middle Holocene, as evident from the pollen data. Gradually decreasing pollen of
dry deciduous forest elements after ca. 8.5 cal ka, indicates further increasing
rainfall amounts. A significant rise in moist forest pollen types around 7.1 cal ka
attests to the wettest phase.

From 6.2 cal ka a stepwise shift to a weaker summer monsoon 1s evident from
salinity and pH related enrichments of 613Core and 6°N (Fig. 5.3) that precede the
expansion (5.6-3.9 cal ka) of semi-arid dry deciduous forest (Fig. 5.4). Lake
shoaling, accompanied by an increase in clastic influx, sedimentation rate (Fig.
5.3, >1.5 mm/yr. compared to 0.18 mm/yr. in lower sediments), and less enriched
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evaporitic isotope values indicating increased proximity to inflowing streams,
indicate onset of drier conditions ca. 5.2 cal ka. The bacterial/ciliate community
biomarker tetrahymanol makes its first appearance at this time in exceptional
concentrations and persists until 3.9 cal ka and in lower abundance
subsequently. The unusual enrichment in 813C (ca. 5.1-4 cal ka) observed for
tetrahymanol (-17.2%o to -7.2%0) can only be explained fully by the utilisation of a
13C-enriched carbon source by the tetrahymanol-producing organism indicating
increasing lake water alkalinity. This shift to drier climate conditions 1is
accompanied by a marked shift in the composition of the pollen assemblage at ca.
5 cal ka (Fig. 5.4), pointing to a significant reduction of moist arboreal vegetation
while dry thorn shrub elements become established. The drying trend beginning
ca. 5.2 cal ka culminates in the formation of evaporative gaylussite (Anoop et al.,
2013b) between 4.6 and 3.9 cal ka when lake salinity increased. We refer to the
highly saline, drier periods as prolonged droughts (PD, centennial long intervals
with weak summer monsoon) as = 20% below the long-term mean is needed for
the formation of gaylussite. Within this interval (PD1: 4.6-3.9 cal ka),
tetrahymanol showed the least negative 613C values, pollen of dry deciduous
forest elements declined, and pollen of light demanding species (Ailanthus
excelsa) increased indicating a noticeable opening of the vegetation. Within PD1,
between ca. 4.4 and 4.2 cal ka, the Cor/N ratios drop to values <10. Although
these values are typical of planktonic organic matter (Meyers and Lallier-Verges,
1999), and thus might indicate enhanced aquatic productivity, we attribute them
to reduced supply of terrestrial organic matter due to drier conditions, as no
corresponding 813C,rg enrichment is seen, and the drop in Core/N occurs during the
cycle of continuous evaporation and reduced Al supply (Anoop et al., 2013b) — this
short arid event led to a rapid reduction of the forest vegetation, followed by a
considerable expansion of thorn shrub and savanna vegetation. Within dating
errors, this short dry period coincides with the 4.2 ka event (Staubwasser et al.,
2003; Anoop et al., 2013b), but our data demonstrate that the pronounced drying
began at least ca. 200 years earlier in the CMZ.

The disappearance of evaporitic gaylussite between 3.9 and 2 cal ka (Fig. 3)
indicates reduced salinity. Nearly in parallel, a gradual humidification is seen in
the change from arid thorn shrub vegetation to semi-arid deciduous forest
between 3.8 and 3 cal ka with the denser forest vegetation persisting until ca. 2
cal ka (Fig. 5.4). The onset (ca. 2 cal ka) of PD2 is marked by the re-appearance of
gaylussite crystals that become abundant 1.4-0.6 cal ka when enrichment in
013Ccarb and 8180carh, lowered Coe/N and higher 813Co indicate increasing
eutrophication of the lake. During PD2 the pollen (Fig. 5.4) of dry deciduous
forest plants decline while thorn shrub vegetation expanded after 1.2 cal ka. A
marked increase in herb pollen values furthermore points to intensified
anthropogenic impacts on the vegetation from ca. 1.2 cal ka onwards. The
occurrence of severe droughts (PD2) is also seen in the Dandak cave record
(Sinha et al., 2007) but the drier periods in the latter occur after (0.7-0.3 ka)
those found in the Lonar Lake. This may be due to either differing proxy
sensitivities or spatial heterogeneity in ISM precipitation during the late
Holocene.
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543 Possible climate-culture link?

An examination of archaeological data from the region reveals that it is only
around 4.5 cal ka that sedentary agricultural villages first occur in the northern
and central Deccan, in response to the ISM weakening in the CMZ (Fuller, 2011).
The cultural development (Kayatha, see Misra, 2001) is significantly later than
the establishment of the early Indus Valley Civilisation (5.2-3.9 cal ka), with
Indus urbanism from 4.6 cal ka (Possehl, 1999). The majority of the northern
Deccan sites dated to this period are close to the rivers (Misra, 2001; Fuller,
2011) suggesting a need for a reliable source of water. After 4 cal ka there 1s a
major increase in the known archaeological sites (Savalda, Malwa, Jorwe),
focused on 3.8-3.4 cal ka (Misra, 2001; supplementary text in Ponton et al., 2012)
and migration to locations distant from the rivers probably in response to wetter
climate. This expansion would have extended and maintained thorn shrub
vegetation (Asouti and Fuller, 2008). The cultivation systems of this period
incorporated winter crops, like wheat and barley that had been adopted from the
northwest, as well as indigenous monsoon-grown millets (Fuller, 2011). Wheat
and barley cultivation was facilitated by the relatively wetter conditions of this
period as they would have needed to be grown on water retained by clay-rich soils
for the northern peninsula or artificial irrigation. This is indicated in the higher
presence of wheat and barley during this era and on the northern peninsula, with
the representation of millets increasing after 3.5 cal ka and even further after 3
cal ka (Fuller, 2011). In central India, archaeological evidence indicates adoption
of low rainfall crop patterns beginning ca. 1.5 cal ka (Deotare, 2006), while
decadal scale drought induced famines are documented in historical records from
the 13th and 14th centuries AD (Dhavalikar, 1992; Maharatna, 1996; Sinha et
al., 2007).

5.4.4 Regional correlation

Modern meteorological studies show differing climatic pattern between regions
in India (Hoyos and Webster, 2007). However, the palaeoclimate data clearly
show synchroneity of several events throughout the ISM realm. The onset of ISM
at ca. 11.4 cal ka, fol lowing the drier period in the Lonar Lake, is coincident with
the Arabian Sea (Sirocko et al., 1993), the Indus catchment (Limmer et al., 2012),
and the Bay of Bengal (Govil and Naidu, 2011) records. The generally wetter
phase recorded in Lonar between 11 and 6.2 cal ka is not seen in NW India
(Prasad and Enzel, 2006) but this could be related to the low
precipitation/evaporation rates in NW India. A change in Lonar hydrology
beginning at ca. 6.2 cal ka coincides with the final reduction in the monsoon
rainfall contribution to the water balance in NW Indian lakes (Prasad and Enzel,
2006), Oman (Fleitmann et al., 2003), and NE India (Berkelhammer et al., 2012),
as well as eastern Tibet (Hong et al., 2003). A pivotal change in Lonar hydrology
is seen ca. 4.6 cal ka with the occurrence of two PD separated by a less saline
phase (Fig. 5.3). The impact of both these PD is seen to varying degrees at
several sites in the ISM realm (Fleitmann et al., 2003; Ponton et al., 2012;
Berkelhammer et al., 2012; Hong et al., 2003) (Fig. 5.5).
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Fig. 5.5. Comparison of Holocene reconstructions of the ISM. Location of sites is shown in Fig.
5.1a. The colour bars have the same interpretation as in Fig. 5.3. (a) Oxygen isotope record from
Oman (Fleitmann et al., 2003). The light grey bar shows the range of modern stalagmite. (b)
Carbon isotope data from biomarkers (Cz2s) derived from the Godavari catchment (Ponton et al.,
2012). (c) Oxygen isotope record from NE India (Berkelhammer et al., 2012). (d) Carbon isotopic
composition from Hyongyang peat, eastern Tibet (Hong et al., 2003). (¢) ENSO reconstruction
from Laguna Pallacocha, Ecuador (Moy et al., 2002). (f) Percentage of sand in a core from El
Junco Lake, San Cristobal, Galapagos (Conroy et al., 2008). (g) A 10-year running mean of the
relative percentage of lithic sediments in a deep-sea core off the coast of Peru (Rein et al., 2005).
(h) The A4C record from tree rings which largely reflects changes in solar activity (Stuiver et al.,
1998). Single point arrows indicate direction of increase/decrease while double pointed arrow
indicates no major change.

5.4.5 What could have caused the prolonged droughts?

The onset of weakening of the ISM at 6.2 cal ka recorded in the Lonar data is
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coincident with the orbitally forced weakening of solar insolation. However, a
comparison of available ISM records (Fig. 5.5) with solar variability (Stuiver et
al., 1998) show that, contrary to the previously known studies (Neff et al., 2001,
Fleitmann et al., 2003; Gupta et al., 2005), the mid to late Holocene prolonged
droughts occurred during periods of stronger solar irradiance. Clearly, a simple
model linking solar insolation, southward shift of the mean position of the ITCZ
(Haug et al., 2001) and reduced ISM strength in observed regions cannot explain
the late Holocene PD observed in the ISM realm (Fig. 5.5) and alternative
internal forcing mechanisms need to be explored. Variations in ISM precipitation
can also be driven by ENSO, which modulates the regional monsoonal circulation
through anomalous changes in the planetary scale Walker circulation (e.g.,
Krishna Kumar et al., 2006). We note that ENSO is an interannual phenomenon
and long, high resolution records that can provide information on palaeo-ENSO
activity currently are not available. We have therefore used reconstructions of
ENSO-1 on centennial and millennial scales (Moy et al., 2002; Rein et al., 2005)
that resulted in precipitation changes. However, during PD1, ENSO-1 is
moderately intense (Rein et al., 2005) but less frequent as compared to the
subsequent interval (Moy et al., 2002; Conroy et al., 2008) indicating some other
forcing mechanism for the ISM weakening. A late Holocene interval with highly
variable, intense ENSO-] activity occurred 3.5-2.5 cal ka (Moy et al., 2002; Rein
et al., 2005) and had a widespread impact elsewhere (Moy et al., 2002; Rein et al.,
2005; Langton et al., 2008; Toth et al., 2012), but does not appear to have had any
significant impact in the CMZ where Lonar shows reduced salinity after the PD1.
Other ISM sites show little or no change (Fig. 5.5). The ISM and ENSO-1 link is
established between 2 and 0.6 cal ka when PD2, coincident with increased solar
activity, is recorded in the CMZ.

Climate model simulations indicate a likely intensification of the Walker
circulation with stronger easterly trade winds and enhanced cooling over the
eastern Pacific during periods of increased solar irradiance (Meehl et al., 2009).
Therefore, it is rather intriguing to note the coincidence of PD associated with
increased solar irradiance (Fig. 5.5). We argue that during such periods, the
impact of the direct or indirect warming of the equatorial Indian Ocean (I0) and
the IPWP can actually weaken the ISM. The basis for this argument comes from
understanding of the link between the Indian summer monsoon rainfall (ISMR)
variability and the Indian Ocean SST warming. It is important to mention that
the period of PD1 coincided with positive temperature anomalies in the western
Pacific Warm Pool (WPWP) (Stott et al., 2004; Linsley et al., 2010) and eastern
I0 (Govil and Naidu, 2011) (Fig. 5.6a). Terrestrial archives indicate anomalous
cooling in the western IO (Thompson et al., 2002), fall in lake levels in eastern
Africa (Garcin et al., 2012), and stronger monsoon in southern Indonesia
(Griffiths et al., 2009) — these temperature and precipitation anomalies strongly
resemble those during the negative phase of the Indian Ocean Dipole (IOD, Saji
et al., 1999) (warming in the eastern equatorial Indian Ocean). The primary role
of the eastern IO in causing spatial climate heterogeneity is also supported by the
larger amplitude change in NE India (Berkelhammer et al., 2012) as compared to
Oman (Fleitmann et al., 2003). While the enhanced SST warming in the eastern
IO favours increased precipitation over the equatorial IO, the regional equatorial
anomalies actually tend to weaken the boreal summer monsoon circulation by
inducing subsidence and rainfall suppression over the Indian subcontinent (see
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Krishnan et al., 2006). In turn the weakened summer monsoon winds can amplify
the SST warming in the eastern IO through wind-thermocline feedback
(Krishnan et al., 2006; Swapna et al., in press).
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Fig. 5.6. SST anomalies in the IPWP calculated with respect to averaged SST over last 2 cal ka
during PD1 (a), in the less saline interval (D-D) sandwiched between the two PD (b), and PD2 (c).
See text for references. Only records covering all the three time slices are shown. Red circles and
blue circles indicate warmer and cooler SST anomalies respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

The interval 3.5-2.5 cal ka, coincident with reduced solar irradiance 1is
characterised by highly variable and intense ENSO-I activity (Moy et al., 2002;
Rein et al., 2005) with little impact over CMZ where Lonar showed reduced
salinity after the preceding PD1 (Fig. 5.3, 5.4). At this time, the eastern IO is
cooler (Govil and Naidu, 2011). Between 2 and 0.6 cal ka (PD2) the stronger solar
irradiance during PD2 is consistent with the enhanced SST warming of the
equatorial eastern IO and the southward expansion of positive temperature
anomalies in the WPWP, with stronger impacts over CMZ (Fig. 5.6c). A
comparison of the SSTs in the IPWP during the three time slices (Fig. 5.6),
suggests that the ISM and ENSO-1 link on millennial scales is dependent on the
SST anomalies in the equatorial eastern IO and the southern part of the WPWP.
Notwithstanding the mechanisms that control the position and magnitude of
temperature anomalies in the equatorial IO and WPWP (Newton et al., 2011;
Abram et al., 2009), it appears that the occurrence of persistent droughts over
India involve not only changes in the Pacific east-west Walker circulation
(Krishna Kumar et al., 2006), but also regional changes in the meridional
overturning circulation over the Indian Ocean (Krishnan et al., 2006; Swapna et
al., in press).

75



Chapter 5 Prolonged monsoon droughts and links to Indo-Pacific warm pool

5.5 Conclusions

The high resolution Holocene palaeoclimate reconstruction from the Lonar
Lake in central India provides evidence of an extended dry period prior to 11.4
cal ka. This was followed by the establishment of a shallow lake (for ca. 300
years) marked by high aquatic productivity and increased detrital input. The
Holocene wetter period lasted from 11 to 6.2 cal ka BP. Subsequently, two
prolonged intervals of drier conditions (PD) are indicated by the presence of
evaporative gaylussite (PD1: 4.6-3.90 cal ka) and (PD2: 2.03-0.56 cal ka) that are
separated by calcareous clay sediments indicative of lower salinity.
Archaeological evidence indicates that the first settlements in this region
coincided with the onset of the first PD and agricultural populations flourished
between these two prolonged droughts. A comparison of the Lonar record with
ENSO-1 activity indicates that PD1 occurred during lower ENSO-1 activity. Our
data show that the ISM and ENSO-I link, proposed for the modern time, was
established only ca. 2 cal ka. The Holocene PD occur largely during periods of
higher solar irradiance suggesting that the solar signal could have amplified
and/or modified the IPWP teleconnections through changes in sea surface
temperatures. While in recent decades the warming in the western Pacific may
be faster and result in more frequent ENSO (Hansen et al., 2006), it is the
warming of the eastern IO and southern part of the WPWP that will crucially
determine the long term monsoon rainfall activity over the subcontinent.
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6. Future perspectives

The outcomes from this thesis allow us to concieve the issues needed to be
addressed for future investigations. Accordingly, the following hierarchy of
studies may be relevant where real and proxy data will be combined with climate
model simulations:

1. Understanding the modern monsoonal climate with real data:

As the current study shows, the monsoon moisture pathways are sensitive to
natural forcings that are not yet fully understood. For example, an insolation
driven threshold in radiative forcing might directly or indirectly (via ENSO)
change the atmospheric circulation and therefore switch the moisture source for
example from Arabian Sea (AS) to Bay of Bengal (BoB), as happened in the mid-
Holocene transition. Change in moisture pathways along with rainfall amount
has significant implications for agro-based societies such as in India.

The stable isotopic composition of oxygen and hydrogen in water (5180 and 8D
values) within the hydrological cycle and its spatial distribution are powerful
tracers for identifying fluxes within the hydrological cycle. In particular water
1sotopic values in precipitation can be used to detect changes in the processes
that affect the isotopic composition of precipitation such as the different sources
and transport pathways of moisture (Bowen, 2010; Sachse et al., 2012). Therefore
to understand the forcing mechanisms, modern monsoon precipitation sources,
its seasonality and moisture pathways need to be better characterized with data
from isotope stations, with high spatiotemporal resolution and by using state-of-
the-art water isotope based methods. In order to determine the seasonality in
moisture sources at Lonar I could use rainfall isotope data available for Sagar
station (ca. 486 km NE of Lonar). Clearly a network of isotope stations would be
beneficial. A network could be established along certain transects in monsoonal
affected regions (e.g., CMZ). This is particularly important to study the
sensitivity of the forcings (e.g., solar radiation) on the influence of large-scale
teleconnection patterns such as ENSO.

2. Understanding the proxies:

There are still scopes for better characterization of the hydrological proxies
(e.g., biomarkers, isotopes, pollen) in the regional context, for meaningful
interpretations. For example, before interpretation of 613C values of sedimentary
leaf wax biomarkers it is important to determine the contribution of any aquatic
plants to the sediments, along with the terrestrial sources. In this regard,
studying modern sediments and core-top sediments can be useful. Additionally
monitoring with sediment-traps in longer terms, can be helpful to understand
seasonal variability of deposition of certain proxy.

Further, characterization of vegetation (for example Cs and Ci), especially on
the Indian subcontinent, can be useful for the interpretaion of some hydrological
proxies (e.g., biomarkers, isotopes, pollen) and to understand the role of
vegetation for the above mentioned proxies.

Lastly, human activities (and land use patterns) should be better identified
with the help of paired biomarkers, isotopes and pollen based proxies. As an
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example from biomarker based proxies, relevant cereals (wheat, rice, millets) can
be characterized for their biomarker signatures and can be used to study the
agricultural activities in the past.

A multi-proxy approach (e.g., pollen data with 613C values of leaf wax
biomarkers) can also be helpful for a comprehensive understanding of
hydrological changes. Again, a detailed evaluation of the sensitivity of an
individual proxy, from the study of modern environments, can be useful to solve
the complications which may arise due to different sensitivity of various proxies
to climate changes and their response time.

3. Intercomparison between reconstructions and climate model simulations:

Further research in a broader interdisciplinary context can be worthwhile for
improved understanding of past monsoon changes. Proxy based reconstructions
lack a high spatiotemporal resolution. Therefore, reconstructions can be
compared and evaluated with climate model simulations with higher
spatiotemporal resolution. Furthermore, climate models are powerful tools to
analyze the physical drivers behind monsoon variability and the interactions
within the system, e.g., to test the threshold of radiative forcing and its feedbacks
to internal modes of the ocean such as ENSO, the atmospheric circulation and
moisture pathways. In this regard, a global General Circulation Model of the
atmosphere (AGCM) can be used to test the sensitivity of complex non-linear
feedbacks between variations in solar forcing, ENSO and changes in large-scale
atmospheric circulation patterns (e.g., Hadley and Walker circulation). In
addition, the human impact (e.g., changes in vegetation and land use) can be
better detected by coupling a AGCM with a land surface model or scheme.
However, due to their coarse spatial grid resolution (ca. 180x180 km) these AGMs
are not able to capture regional-scale atmospheric circulation and moisture
patterns, which are strongly affected by the realistic representation of the local
topography (Polanski et al., in press). In order to better study sub-grid scale
patterns such as precipitation, Regional Climate Models (RCMs) are nested
within a AGCM using dynamical downscaling approach. RCMs have a higher
spatial resolution which further leads to a better agreement between simulated
and reconstructed moisture patterns especially in mountainous regions such as
the Himalaya compared to coarse resolved AGCMs (Polanski et al., in press).
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Appendices
Appendix A (referring to chapter 3)

Tab. A.1
n- n- n- n- n- n- n-
Species Description Vegetation belt C23 C25 C27 C29 C31 C33 C35 Total ACL
Poaceae indet. Streamside vegetation 0.96 2.60 3.96 10.5 16.5 9.39 3.0 32.1
Poaceae indet. Agricultural field 1.23 3.84 9.45 15.5 21.5 28.7 5.01 g5.3 30.7
Cyperus Sedge common in alkaline- Meadow and telmatic 3.19 2.86 3.44 12.7 24.2 32.5 4.31 31.0
laevigatus saline water vegetation
83.2
Prosopis juliflora Shrub, non-native, invasive Shrub belt, moist mixed 8.57 82.1 32.8
forest 90.7
Setaria italica Millet grass, annual Moist mixed forest 3.05 4.78 10.5 19.2 34.1 27.4 5.58 105 30.5
Annona Shrub/small trees, semi- Moist mixed forest, 2.14 2.74 3.11 6.64 4.64 14.6 30.1
squamosa deciduous thornshrub
33.9
Tectona grandis Deciduous Dry deciduous mixed 10.01 32.8
forest 15.5 20.0 714 364 124 604
Azadirachta Evergreen, in drought sheds Dry deciduous mixed 3.27 30.4
indica leaves forest, moist mixed forest
42.6 344 349 114 313 885
Wrightia Dry deciduous mixed 1.23 17.2 7.14 30.4
tinctoria forest 2.75 8.80 37.2
Butea Dry season deciduous Dry deciduous mixed 61.7 13.6 29.6
monosperma forest 21.9 116.5 214
Poaceae indet. Dry deciduous mixed 3.94 2.37 16.2 28.8 23.1 32.0
forest 2.12 6.80 83.3
Poaceae indet. Thorn-shrub vegetation 10.9 7.04 61.5 55.4 16.5 304
30.9 28.1 210

Tab. A.1. Species (if available, indent., not identified),

and ACL (Czs to Css) of Lonar crater modern vegetation.
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Tab. A.2

Sample Type n- n- n- n- n- n- n- n- n- *Phyt. *Carotds. Diploptene Moretene Fernene Hopene *Unsat Squalene *Gmnone *Thnol Phytols Hopanol
n- C15 C16 C18 C25 C27 C29 C31 C33 C35 HC.
C17
Floating
A10 mat 541 115 154 0.18 052 166 202 174 0.85 2.69 43.7 3.75 1.12 0.43 48.9 556 13.5 33.8
Floating
F11 mat 219 312 6.35 1.02 27 362 167 081 3.88 2.78 66.5 322
Floating
M11 mat 725 18.4 19.4 1.32 3.91 9.73 6.06 2.58 8.40 68.8 2.34 214 107
Floating
011 mat 1646  83.5 535 427 146 450 239 252 6.04 2.21 163 305 608
Benthic
A10(1) mat 0.18 0.08 3.33 1.60 0.59 0.26 0.10 23.2 244 3.54 12.0
Benthic
A10(2) mat 1.27 0.68 45.2 9.71 2.82 1.10 0.42 183 1892 14.1
Benthic
011 mat 122 42.2 17.6 58.3 929 271 62.0 38.8 203 2519 79.3
POM
(above
LoF5 redox) 46.4 65.5
POM
(above
LoF6 redox) 54.2 71.4
*

Phyt.= Phytanes and Phetenes
Carotds.= Total

Carotenoid

Unsat. HC= Unsaturated hydrocarbons

Gmnone=
Gammaceranone
Thnol= Tetrahymanol

Tab. A.2. Mat and water samples with concentration of compounds (ug/g dry mat and pg/l water respectively) from Lonar crater lake.
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Tab. A.3

Sample *Lat. *Long. n- n- n- n- n- n- n- Moretene Fernene Diploptene *Carotds. *Gmnone *Thnol  *Total
C17 C25 C27 C29 C31 C33 C35 Thnol

1 19.978 76.513 5.31 0.49 1.60 4.89 4.24 4.47 2.26 3.58 1.64 16.0 41.9 99.7 993 1093

2 19.975  76.513 070 026 0.83 322 192 130 046 0.86 0.70 1.90 1.46 24.9 275 300

3 19.973  76.513 031 005 032 132 091 048 0.02 1.20 0.16 1.76 0.03 2.39 34.2 36.5

4 19.972  76.512 1.43 6.83 12.1 125 1367

5 19.971  76.511 450 035 174 730 491 250 0.67 17.36 1.62 13.2 3.62 360 360

6 19.972 76.506 0.41 0.39 0.82 1.04 1.38 0.47 0.30 14.0 77.6 91.6

7 19.978 76.503 1.72 0.17 0.61 1.84 1.13 0.86 0.37 1.85 0.88 9.41 40.8 40.8 623 664

8 19.982  76.505 271 047 300 820 656 386 116 0.31 1.93 0.43 16.8 250 266

9 19.982  76.509 312 045 120 275 287 197 0.90 1.81 0.92 7.12 22.7 41.6 480 522

10 19.980 76.510 0.74 0.20 0.48 1.15 1.56 2.28 1.34 0.00 0.00 0.00 6.44 43.5 50.0

11 19.979 76.511 0.60 0.33 1.18 4.17 3.29 2.63 0.75 4.27 0.94 4.81 11.8 268 280

12 19.978  76.510 0.12 013 042 1.04 147 160 0.58 1.04 0.22 0.56 10.8 108 118

13 19.980  76.508 006 0.12 053 136 193 232 081 091 0.76 0.68 10.1 128 138

14 19.979 76.506 0.35 0.38 0.70 1.04 1.33 0.49 0.90 0.87 2.09 7.97 9.82 92.8 103

15 19.976 76.507 0.59 0.23 0.67 1.29 1.85 1.95 0.75 0.49 0.49 0.73 0.44 9.66 69.3 78.9

16 19.975  76.511 033 080 159 1.78 148 0.55 1.40 0.67 1.86 2.47 33.1 285 318

17 19.974  76.509 022 013 043 0.86 110 133 0.54 0.55 0.69 0.81 18.3 136 154

* Lat.= Latitude, Long.= Longitude

Carotds. =Total Caroteniod, Gmnone= Gammaceranone, Thnol= Tetrahymanol, Total Thnol= Gammaceranone+Tetrahymanol, Total Terrestrial= n-Czs to n-Css,
Gmnone%= Gammaceranone %.

Tab. A.3. Surface sediment samples with location, concentration of compounds (ug/g dry

sediment) and ACL (Czs to Css) from Lonar crater lake.
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Appendix B (referring to chapter 4)

Fluxes (ug/g dry sediment/year)
Age (cal. ka BP)

Carotenoids | Moretene | Fernene | Diploptene | *Tnol | n-Ciz
-56.2 1.04 0.61 0.30 0.69 137 0.21
-19.9 0.14 0.44 0.27 0.60 104 0.40
65.3 0.58 0.10 0.05 0.12 20.8 0.16
150.5 0.06 0.19 0.10 0.25 43.5 0.97
235.7 0.00 0.05 0.02 0.05 14.2 1.06
282.5 0.11 0.00 0.00 0.00 14.1 0.18
367.7 0.09 0.00 0.00 0.00 18.1 0.36
452.8 1.73 0.15 0.06 0.19 29.3 0.32
538.0 0.00 0.19 0.06 0.26 43.9 2.91
622.1 2.75 0.16 0.05 0.21 34.1 3.14
704.9 5.86 0.17 0.06 0.26 51.2 3.06
795.9 1.32 0.05 0.00 0.06 10.4 0.19
878.6 0.00 0.10 0.03 0.15 25.0 13.7
961.3 0.79 0.08 0.03 0.12 21.6 4.23
1060.4 0.00 0.09 0.02 0.11 12.4 4.68
1190.7 0.00 0.06 0.02 0.07 13.6 5.99
1321.0 0.00 0.06 0.00 0.08 4.70 3.01
1451.4 0.05 0.19 0.28 0.26 2.95 0.15
1708.8 1.40 0.05 0.02 0.08 3.09 0.08
1842.0 0.00 0.13 0.25 0.12 3.16 0.19
1978.0 6.79 0.06 0.00 0.00 3.22 0.21
2114.1 1.37 0.05 0.03 0.06 0.72 0.01
2260.3 2.08 0.03 0.01 0.01 3.49 0.08
2396.4 0.81 0.41 0.10 0.32 24.2 0.22
2584.3 0.50 0.09 0.02 0.06 10.6 0.11
2794.7 0.37 0.14 0.03 0.07 9.78 0.25
2981.1 0.13 0.04 0.01 0.02 8.05 0.06
3176.9 0.05 0.07 0.02 0.03 12.1 0.16
3363.4 0.04 0.02 0.00 0.01 2.55 0.03
3549.8 0.09 0.00 0.00 0.00 2.18 0.00
3724.3 0.61 0.28 0.05 0.14 29.8 0.12
3907.4 0.05 0.27 0.02 0.16 8.2 0.37
4033.6 0.33 1.20 0.15 0.59 126 0.31
4065.2 0.18 0.09 0.00 0.00 9.80 0.10
4128.3 0.00 0.34 0.05 0.17 24.10 0.56
4159.9 0.07 0.47 0.05 0.30 22.88 0.05
4223.0 0.04 0.42 0.06 0.12 19.91 0.23
4254.6 0.00 0.13 0.00 0.08 14.87 0.14
4286.2 0.07 0.72 0.12 0.26 101 7.29
4317.7 0.00 0.13 0.00 0.00 16.0 0.70
4349.3 0.00 0.03 0.00 0.00 7.39 0.20
4380.9 0.00 0.00 0.00 0.00 5.05 0.10
4412.4 0.00 0.17 0.02 0.05 20.5 0.28
4564.5 0.00 0.76 0.12 0.28 109 0.44
4665.0 0.00 0.09 0.00 0.00 4.35 0.21
4818.2 0.00 0.38 0.04 0.18 5.78 0.15
5112.3 0.00 0.72 0.25 0.30 52.3 0.18
5203.9 0.00 0.09 0.11 0.04 1.39 0.00
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5265.4 0.00 0.05 0.08 0.02 1.30 0.00
5326.9 0.00 0.06 0.12 0.03 2.26 0.00
5388.3 0.00 0.06 0.10 0.02 0.82 0.01
5449.8 0.00 0.04 0.08 0.02 2.17 0.00
5511.2 0.00 0.06 0.11 0.01 3.08 0.00
5572.7 0.00 0.03 0.05 0.01 1.97 0.00
5634.2 0.00 0.04 0.06 0.02 0.56 0.00
5726.3 0.00 0.03 0.05 0.03 1.17 0.01
6033.6 0.00 0.04 0.01 0.01 0.23 0.01
6340.9 0.00 0.05 0.02 0.04 0.24 0.01
6955.5 0.00 0.03 0.02 0.02 0.00 0.01
7262.8 0.00 0.02 0.01 0.01 0.12 0.01
7570.1 0.00 0.01 0.01 0.00 0.21 0.02
8184.7 0.00 0.00 0.00 0.00 0.05 0.01
8588.0 0.00 0.00 0.00 0.00 0.03 0.00
9338.0 0.00 0.00 0.00 0.00 0.00 0.00
10029.6 0.00 0.00 0.02 0.00 0.11 0.02
10158.1 0.00 0.00 0.01 0.00 0.23 0.01

Tab. B.1. Fluxes for aquatic biomarkers in pg/g dry sediment/year.
*Tnol = total tetrahymanol (tetrahymanol and gammaceranone)

Appendix C (referring to chapter 5)

Supplementary material related to the article (Prasad et al.,, 2014) can be
found online at http://dx.doi.org/10.1016/j.epsl.2014.01.043.
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