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Abstract

The Himalaya provides an excellent natural laboratory to understand the interactions
among different components of the environment due to its geographic and orographic
heterogeneity. Despite the significant number of available studies, there remains a large
gap in our understanding of the paleoenvironmental condition of the Himalayan region.
This thesis attempted to understand some of the unresolved aspects of the
paleoenvironmental changes in the Himalayan region, particularly in the westerlies
affected central and western Himalaya, by unravelling the temporal evolution of lake

biogeochemistry using stable isotopes of carbon and nitrogen.

To achieve the thesis goals, lacustrine sediment samples from five different
locations, including two in the central Himalaya (Pipalkoti paleolake and Garud Lake)
and three in the western (Kashmir) Himalaya (Forest Bock paleolake, Wular Lake, and
Manasbal Lake) covering different time windows in the Quaternary period were
analyzed. Taken together, the results obtained from the study revealed environmental
and climate history during the last 45 ka of the Himalayan region. The analyzed
sediment samples were dated using different dating techniques such as infrared
stimulated luminescence (Pipalkoti paleolake), radiocarbon (Forest Block paleolake,
Wular Lake, and Manasbal Lake), and ?!°Pb (Garud Lake). The two paleolake
sequences (Pipalkoti and Forest Block) covered 45-29 ka and 33-0.2 ka, respectively;
whereas samples from the three live lakes (Wular, Manasbal, and Garud Lakes) covered
3.7-0.3 ka, 3.1-0.4 ka, and 1949-2016 AD, respectively. For the purpose of the study,
C and N stable isotopic compositions along with their elemental concentrations in
different components of the lake sediments were measured, which included organic
carbon (8*3C) and bulk nitrogen (§*°N). Additionally, the carbon isotopic compositions
of occluded organic matter within diatom frustules (5*3Cpiatom) along with carbon and
oxygen isotopic compositions of authigenic carbonates were also analysed in some lake
samples. In recent sediment samples, carbon isotopic compositions of black carbon

(8%°Cgc) were measured to trace the recent fire history of the region.



The stable isotopic records from the central Himalaya suggested a unique wet
phase during 40-32 ka, which was also reported from the China and Tibetan plateau
region. The possible mechanism behind this wet phase during 40-32 ka might be due
to high insolation in the Northern Hemisphere and low Mediterranean Sea surface
temperature induced temperature gradient resulting in eastward moisture transport
towards the Himalaya. The results obtained also provided evidence for three colder/dry
events in the central Himalayan region during 45-29 ka, which coincided with the
Heinrich (H5, H4, and H3) events. However, due to lack of better age constraints, the
present study refrained from confirming the same in the region and recommended a
high-resolution study to refute or endorse this aspect. The analysis of 8'*Cpiatom
suggested the likelihood of the lake becoming CO. enriched during the observed
cold/dry periods due to low runoff, which provided minimal bicarbonate from the
catchment to the lake. The 8'°N and §*3C data showed lower productivity during the

same period with a relatively increased abundance of C4 plants in the catchment.

The stable isotopic records from the paleolake sequence in the western
(Kashmir) Himalaya indicated an increase in lake productivity from the late (28-24 ka)
to early (24-19 ka) Last Glacial Maxima, which was due to the weakening of the
westerlies. The weakening of the westerlies has been reported due to an increase in the
obliquity of the Earth, which decreased the strength of the meridional insolation
gradient between northern mid and high latitudes. Additionally, evidence for two
colder/drier events were noticed at ~ 29 and ~ 11 ka from this sequence that coincided
with the Heinrich (H3) and Younger Dryas events, respectively. During the cold
periods, the surface of this high altitude lake was partially covered with ice, resulting
in a limited exchange of atmosphere-water CO> and nutrient supply, as documented by
higher 8*3C and 5'°N. During the weakening of westerlies, the temperature of the region
enhanced, melting the ice cover, which resulted in the resumption of atmosphere-water
CO:2 exchange and nutrient input to the lake surface from the catchment and the

hypolimnion.

The stable isotopic records from the live lakes in the western Himalaya
indicated two distinct climate phases in the Kashmir region during the late Holocene.
These phases included largely drier conditions during 3.7-1.5 ka and wetter conditions

during 1.5-0.3 ka. During the dry phase between 3.7 and 1.5 ka, a relatively drier period



during 2.8-1.8 ka with an extreme dry episode at 2.5 ka was noticed through the 3*°C
and 8*°N records of the Wular Lake sediment samples. The stable isotopic records of
the Manasbal samples also showed drier conditions during 2.8-1.8 ka with no carbonate
precipitation around an extreme dry episode of 2.5 ka, which was quite intriguing.
Within the wetter phase, a relatively drier event was noticed in the stable isotopic results
of both the lakes at ~ 0.6 ka, which coincided with the “Little Ice Age” (LIA). The
observed dry and wet phases noticed in the western Himalaya during 3.7-1.5 and 1.5—
0.3 ka coincided with the negative and positive North Atlantic Oscillation phases,
respectively. The extreme dry episode at 2.5 ka and the LIA also showed a coherency
with the North Atlantic Oscillation.

The stable isotopic compositions and elemental ratios of the recent sediment
samples from the central Himalaya showed lake biogeochemical evolution under
natural and anthropogenic stresses during 1949-2016 AD. A consistent increase in
differences between the measured and Suess effect corrected °C of organic matter
from the early 1970s to 2016 AD indicated the increased utilization of fossil fuel-
induced atmospheric CO; by the lake biota. Also, a sudden shift in §**Cgc in the early
1970s showed an increase in fossil fuel-induced black carbon in the region during that
time. Overall, a comparison of the current study with other lakes in the region revealed
the effect of land-use change and population growth on the lake biogeochemistry, which
was clearly recorded in the stable isotopic records. However, the overall response of
each lake depended on the location (distance from the city) and the size of the
catchment.
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Chapter 1
Introduction

1.1 Paleoenvironment

Paleoenvironment is simply a study of the past environment of the Earth preserved in
various archives such as rocks, sediments, tree rings, and speleothems. In other words,
the paleoenvironment refers to the diverse interactions between climate forcings and
ocean-land-atmosphere-biosphere-cryosphere dynamics in the past (Morner, 1995;
Jansen et al., 2007; An et al.,, 2012). Among the external climate forcings, the
astronomical cycle was the longest in the timescale that controlled the incoming solar
radiation on the Earth and provided the chronometer for the successive major glacial
(cold) and interglacial (warm) episodes in geological history (Kershaw et al., 2007;
Fernandez-Donado et al., 2013; Morner, 2013). A wide range of internal variabilities
arises from climate forcing feedback and responses (Marotzke and Forster, 2015). For
example, the melting/retreating of the polar ice sheets affects atmospheric and ocean
circulation and modulates the global and regional climate systems. Changes in the
environment can also be caused by a variety of factors, including continental
positioning, mountain-building episodes (which affect air circulation, atmospheric
composition, and provide upland areas for the spread of aerosols in the atmosphere),
and changes in atmospheric chemistry, particularly greenhouse gases (Pagani et al.,
2005; DeConto et al., 2008; Zachos et al., 2001, 2008). Many processes within the

terrestrial biosphere and upper ocean operate over years, decades, and centuries.

Environment-dependent natural processes that incorporate a measure of this
dependency into their systems will have a more comprehensive view of climate
variability. This natural occurrence serves as a proxy record for the environment and is
the foundation of the paleoenvironment. The likelihood of learning the causes and
mechanisms of climatic change improved as more detailed and reliable proxy databases
of paleoclimate fluctuations were set up. Lake and ocean sediments, tree rings, wind-

blown (aeolian) deposits, coral, ice cores, speleothems, and historical records are used



as potential natural repositories for paleoenvironment studies (Choudhary et al., 2012;
Dixit et al., 2018; Ali et al., 2020; Amir et al., 2020; Ghosh et al., 2020; Shah et al.,
2020). It could be possible to synthesize various records into a detailed explanation of
past environmental and climatic fluctuations and their potential triggers using current

proxy data (Curras et al., 2012; Bracegirdle et al., 2019).

According to marine and terrestrial proxies, the Quaternary (2.58 Ma — present)
was a time of significant environmental change (Kar et al., 2001; Nakamoto et al.,
2021), possibly more so than any other time in the previous 60 million years
(Ma)(Mudelsee et al., 2014). The marine sedimentary records (particularly oxygen
isotopic composition (5'0) of foraminifera) provide a fascinating glimpse of climate
fluctuations such as alternate cold (glacial) and warm (interglacial) climate conditions
during the last 2.6 Ma of Earth's history (Imbrie et al., 1984; Imbrie et al., 1993). These
cold and warm periods are called the Marine Isotope Stages (MIS). Based on §'%0 of
shallow downwelling planktonic species of foraminifera (Globigerinoides sacculifer
and Globigerina bulloides) that recorded global climate change, Imbrie et al. (1984)
evaluated the Pleistocene ice age orbital theory. It is quite clear that marine proxies
from the open ocean majorly provide the global climate information of the past.
However, the coastal and terrestrial sediment deposits, which incorporate high
sedimentation rates, are better archives to understand the high-resolution global as well
as regional climate changes. Because of the distribution of landmasses (topography and
geography), the consequences of climate change may not always be observed globally,
making climate dynamics more complicated to comprehend. For example, mountainous
regions, such as the Himalaya, which are characterised by heterogeneous orography,
may or may not record global events throughout their entire stretch, or may be affected
by strong regional phenomena. Therefore, to fully comprehend the paleoenvironment
in regions like the Himalaya, terrestrial archives such as lake sediments are

indispensable.

In the context of the Indian sub-continent, paleoenvironment and paleoclimate
studies have been extensively carried out using marine and terrestrial archives (e.g.,

Krishnaswami et al., 1992; Chauhan et al., 2003; Shekhar et al., 2010; Krishna et al.,



2016; Goes et al., 2020). The trace element geochemistry, stable isotopic composition
of carbon and nitrogen (8'3C and §'°N) and §'30 of foraminifera in marine sediments
from the two adjacent basins, i.e., the Arabian Sea (Altabet et al., 1999; Yu et al., 2019;
Lathika et al., 2021) and the Bay of Bengal (Rashid et al., 2011; Achyuthan et al., 2014;
Kumar et al., 2018; Kangane et al., 2021) have been widely used to decipher the past
monsoonal variabilities in the sub-continent. However, a terrestrial climate system is
also strongly influenced by geography and orography. Therefore, marine archives may
not provide adequate details about spatial climate heterogeneity. Hence,
paleoenvironmental studies using terrestrial archives and proxies from the sub-
continent have been carried out to advance our understanding of the regional climate
settings (Sinha et al., 2007; Raza et al., 2017; Shah et al., 2020; Rawat et al., 2021;
Dhyani et al., 2021). Furthermore, in the mountainous regions like the Himalaya, the
heterogeneous orography affects the regional climate and environment, which is
documented in many archives such as cave deposits, tree rings, lake sediments,
geomorphic features, and sedimentary rocks since its origin around 65 Ma ago. Despite
numerous studies, our grasp of the paleoenvironmental condition of the Himalayan
region remains less than adequate. In particular, there are limited studies using robust
geochemical and isotopic proxies. In this thesis, an attempt has been made to understand
some unresolved aspects of the Himalayan past environment, particularly in the western
and central Himalaya, at different time scales [MIS 3 (6030 ka) to present] using stable
isotopes in lake sediments. In this context, a brief introduction to the Himalaya, a review
of relevant paleoenvironmental studies in the Himalaya, the usefulness of lake
sediments in deciphering paleoenvironmental conditions, as well as general lake carbon

(C) and nitrogen (N) pools and cycling are discussed below.

1.2 The Great Himalaya

The Himalaya is one of the largest mountain ranges in the world, spanning 2400 km in
length and 250-300 km in breadth (Valdiya, 1998). The Himalaya is also home to some
of the tallest mountain peaks in the world. Bounded by major faults or thrusts, the
Himalayan range has been divided into a few longitudinal zones (from south to north),

which are as follows (Fig. 1.1; Gansser, 1981): the Sub-Himalaya between the Main



Frontal Thrust and Main Boundary Thrust, the Lesser Himalaya between the Main
Boundary Thrust and Main Central Thrust, the Higher Himalaya between the Main
Central Thrust and the South Tibetan Detachment System, and the Tethyan Himalaya
between the South Tibetan Detachment System and Indus-Tsangpo Suture Zone.
Although not defined strictly, the Himalaya can also be divided into three geographical

zones, i.e., the western, central, and eastern Himalaya.

Due to its location and altitude, the Himalaya contains a massive amount of
freshwater in a form of ice (glacier) and is also known as the water tower of the southern
Asia. Essentially, it acts as a water source to millions of people in India, Bangladesh,
and Pakistan. The great Himalaya and Tibetan Plateau are regarded as the Earth's third
pole (Bahadur, 1993). They play a crucial role in influencing the weather and climate
of the southern Asia and China as well as the global climate system. Both the Himalaya
and Tibetan Plateau have long been held as heat source and sink during summer and
winter, respectively, which creates cross-equatorial pressure and temperature gradient
driving the direct thermal circulation of the Asian monsoon (Yanai et al., 1992; Liu et
al., 2012). Two atmospheric circulations, i.e., Indian summer monsoon and westerlies,
play a significant role in the Asian monsoon system (Fig. 1.2; Kotlia et al., 2015). The
westerlies, which are essentially controlled by the North Atlantic Oscillation, carry heat
and moisture from the Mediterranean Sea and the Atlantic Ocean to the Tibetan Plateau
and Himalayan region covering western China and northwest India (Lide et al., 2005).
In contrast, the Indian summer monsoon carries the Indian Ocean moisture to the
peninsular India (Pathak et al., 2017). The central Himalaya experiences the interplay
of the Indian summer monsoon and westerlies, depending on the strength of the

circulation system (Benn and Owen, 1998; Kotlia et al., 2015).
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Figure 1.1 Simplified geological map combined with the cross section of the Himalaya.

Digging into the past, various impacts/events have been experienced at different
time scales in the Himalayan region due to the direct or indirect impact of climate
change. In the past, the Himalaya supported the establishment of various civilizations
in the vicinity of their glacial-fed rivers. Also, the Himalaya is currently one of the
world's most important biodiversity hotspots, supporting a diverse range of life forms
(Mehraj et al., 2018). As mentioned above, the Himalaya is a primary climate driver
and exerts an important control on the atmosphere-hydrosphere (cryosphere)-biosphere
coupling. Recent and past climate change in the Himalaya is associated with glacial
advancement and retreat (Kothyari et al., 2017), changes in vegetation and ecology
(Phadtare, 2000; Mampuku et al., 2008; Ali et al., 2020), and montane lake chemistry
and biology (Khan et al., 2018; Shah et al., 2020).



1.3 A brief review of the paleoenvironment study in the Himalaya
during MIS 3 to present

The teleconnection between global climate and the Himalayan environment has been
extensively studied using terrestrial archives and proxies like geomorphic features, lake
and soil sediments, loess sediments, tree rings, and speleothems (Ramesh et al., 2013;
Ronay et al., 2019; Sun et al., 2020; Banerji et al., 2020; Shah et al., 2020). Based on
speleothems §'®0 record, a coherence between the Northern Hemisphere Summer
Insolation and Indian monsoon variability during 150 ka of the Himalayan climate

history has been reported (Kathayat et al., 2016).

Quaternary climate studies from the Himalaya suggested extensive glacial and
enhanced moisture conditions during MIS 3 (60-30 ka) (Phillips et al., 2000; Richards
et al., 2001; Owen et al., 2002; Finkel et al., 2003). It has been suggested that the MIS
3 was a period of high insolation and a strong South Asian summer monsoon that
penetrated further into the Himalaya (Owen et al., 2002). On the other hand, the
geomorphic investigations revealed deglaciation, which was preserved as outwash
gravel in the eastern Himalaya (Sarchu Plain) during the pluvial MIS 3. It has also been
suggested that glaciers in the path of the westerlies are found in phase with northern
latitude glaciation (Sharma et al., 2016). A geomorphic feature-based study from the
northwest Himalaya (Baspa valley) suggested humid and wet conditions during the
middle stage of MIS 3 followed by intense precipitation in the region during the end
phase, which blocked the river course through rock avalanches and imposed lacustrine
conditions, which recorded sedimentation until the beginning of Holocene (Dutta et al.,
2018). Another study in the central Himalaya (Pindari valley) suggested stage-1
glaciation (out of 5 glaciation stages) during the cold and wet MIS3/4 (Bali et al., 2013).
Geochemical proxies-based reconstruction from loess deposits in the Kashmir valley,
on the other hand, suggested a warm and dry climate (stadial condition) during MIS 3
(Ali and Achyuthan, 2020); however, this study had very poor age resolution. Taken
together, available studies from the western and central Himalaya have shown MIS 3

climate to be largely wet. However, the understanding towards the source of moisture



and high resolution understanding of the paleoenvironment condition of the Himalaya

during MIS 3 is less than desirable.

-

: s 23
Indian summer -
monsoon

Figure 1.2 Schematic diagram showing dominant atmospheric circulations (westerlies
and Indian summer monsoon) in the Indian region, including Himalaya.

Following warming during MIS 3, evidence of a global cooling event, i.e. the
last glacial maxima (LGM; 26.5—19 ka), was observed in various parts of the Himalayan
region during MIS 2 (29-14 ka). A lag from the globally reported LGM has been
noticed in the Himalayan region, leading to debate on the duration and role of moisture
sources for glaciation. Also, studies have shown different time ranges of glacial
advancement in different parts of the Himalaya. A decrease in insolation was
responsible for the low temperature and precipitation in the form of snow in the high-
altitude Himalayan region, leading to glacier advancement (Owen et al., 2002). By
combining extensive '“C, 1°Be, and *He data, it has been suggested that the growth of

the ice sheet was at its maximum between 33.0 and 26.5 ka in the Northern Hemisphere



due to the response of climate forcing caused by a decrease in the northern summer
insolation, tropical Pacific sea surface temperature, and atmospheric CO; (Clark et al.,
2009). After 26.5 ka, almost all ice sheets were at the LGM position up to 19-20 ka. In
the Himalayan region, glacial advance from the Annapurna valley has been dated at
28 +£3ka using '°Be; whereas investigations of the Khumbu Himalayan moraine
revealed its age to be 25—18 ka (Richards et al., 2000; Zech et al., 2009). Other studies
focused on glacial moraines in the Himalaya showed an LGM time range of between
25 and 15 ka (Dortch et al., 2013; Nawaz Ali and Juyal, 2013; Shukla et al., 2018).
Speleothems §'%0 records have shown the weakening of atmospheric circulation during
the LGM (Kathayat et al., 2017). On the other hand, the §'°C record of a fluvial-
lacustrine section from the Kashmir Himalaya suggested warm and moist conditions at
around 25 ka due to the intensification of the Indian summer monsoon (Sanwal et al.,
2019). Another study by Juyal et al. (2009) showed moderate to strengthened monsoon
conditions around 25.5-22.5 ka, 22—18 ka, 17-16.5 ka, and 14.5-13 ka. A study from
China during the LGM period found strong westerlies during 26.5—-19 ka and reported

extreme climate periods and glacial extensions (Cheng et al., 2021).

In the post-glacial (MIS 2) period, there was an increase in global temperature,
which was recorded worldwide in marine and terrestrial archives. However, various
extreme and abrupt cooling periods were reported from the Himalayan region during
the Holocene (11.7 ka — present), including at 12 ka (Younger Dryas; YD), 8.2 ka, 4.2
ka, 2.8 ka, and the "Little Ice Age (LIA)" (Ali et al., 2013, 2018; Kotlia et al., 2015;
Bohra et al., 2017; Ranhotra et al., 2018; Rawat et al., 2015, 2021). A study based on
changes in geochemical proxies in a lacustrine trench sediment from the western
Himalaya during the Holocene suggested abrupt climate events (cold) in the Kashmir
valley during 9-8 ka and 5-4 ka, which was also taken as an indication of lake level
fluctuation. Another study related to paleolimnology of a lake in the Kashmir valley
showed changes in the lake environment due to the strengthening and weakening of
westerlies during the last 6 ka (Lone et al., 2020). A recent study from Ladakh in the
western Himalaya has highlighted the interplay of the Indian summer monsoon and

westerlies during 4.1-0.26 ka and suggested that the region was dominantly controlled



by westerlies during 4.1-2.6 ka, whereas the Indian summer monsoon was largely
controlled from 2.6 to 0.26 ka (Phartiyal et al., 2021). The strength of the Indian
summer monsoon and westerlies in the Himalaya during the Holocene period has been
extensively studied (Babeesh et al., 2019; Amir et al., 2020; Joshi et al., 2020; Lone et
al., 2020; Ghosh et al., 2020; Ali et al., 2020). However, due to orography-induced
climatic heterogeneity, the Himalayan regional climate and environment are highly

unclear, necessitating comprehensive spatial and temporal paleoenvironment research.

Paleoclimate of the Himalaya has been prominently studied using lake
sediments based on magnetic properties of sediments, geochemistry, pollen, diatom,
and mineral composition with limited studies using stable isotopes. The C isotopic
composition (8'°C) and C/N records from the Mansar Lake sediments, Lesser
Himalaya, suggested biogeochemical changes in the lake due to warm and wet climate
regime during the early Holocene with cold and dry during the late Holocene period
(Das et al., 2010). The geochemical, mineral composition, and aquatic pollen records
in the Tso Kar lake sediments (Ladakh, India) revealed maximum glacial advance
during LGM and 15 ka with relatively moist summer monsoon around 12.5 ka and
during 11.5-8.6 ka (Wiinnemann et al., 2010). The lake level started to increase around
11.8 ka followed by a maximum extent between 8.5 and 7.0 ka under warm-moist
climate conditions. Afterward, the lake shrank due to weakening in the summer
monsoon after 8.0 ka, and it observed its lowest level around 4.2 ka. The §'3C, total
organic C (TOC), and pollen analysis in peat-lake sediment sequence from the Chandra
valley, Lahaul, northwest Himalaya, revealed the weakening of Indian summer
monsoon during 12.8-11.6 ka (YD event), 8.8-8.1 ka, 4.8-4.3 ka (closely preceding
the global 4.2 ka cold and arid event), and 1.3—1.6 ka (LIA) (Rawat et al., 2015). The
813C, C/N, and pollen record in a paleolake sequence from Sangla, Kinnaur, Himachal
Pradesh, suggested high lake level between 10 and 4.0 ka with some dry phase ~ 1 ka
to finally dry at ~ 0.8 ka (Chakraborty et al., 2006). Using stable isotopes and
concentrations of C, N, and S of the organic matter, studies from Kumaun Himalayan
lakes showed human influence on lake ecology during the last ~ 100 years (Chaudhary

etal.,2009a, 2009b, and 2013). The available studies from the Himalaya have definitely
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improved our understanding of the interaction between the environment and climate
during the Holocene. However, given its vast stretch, the number of studies carried out,
particularly those based on robust geochemical and isotopic approaches, are miniscule
and leaves many research gaps in the understanding of regional and global climate

events in the region.

1.4 Lakes: potential environmental indicator

According to the most recent count, there are around 117 million lakes in the world,
with ~ 5 million km? of non-glaciated lake area (Downing et al., 2006; Verpoorter et
al., 2014). It is well known that lakes play an important role in the global C and N
cycles. Despite being 2% of the world ocean surface area, lakes, along with reservoirs
and peatlands, bury three times more C than the world ocean (Dean and Gorham, 1998).
Carbon in lake sediment is an effective sink and is highly vulnerable to environmental
change (Li et al., 2013; Reed et al., 2018; Steinberger et al., 2021). Similarly, lake
organic N also contributes significantly to the global N sequestration (Fields, 2004).
The C and N cycles are highly dependent on each other in terms of various
biogeochemical processes and oxygen availability (Thornton et al., 2007; Couture et
al., 2015). The production of greenhouse gases such as COz, CHs, and N2O also
influences concentrations of C and N pools in lakes and ultimately contributes towards
climate change (Elliott et al., 2005). The variation in CO2 significantly alters the N
cycle in the lake ecosystem and vice versa (Hadas et al., 2009; Liu et al., 2018). In a
lake, biogeochemical cycles depend on multiple factors such as atmospheric COo,
nutrient dynamics, catchment geology, topography of the region, and geographical
location (Hadas et al., 2009; Gammons et al., 2014). Increases in reactive N, greenhouse
gases, and other pollutants like black carbon in the atmosphere caused by fossil fuel
combustion, land-use alteration, pesticide overuse, and deforestation have harmed the
natural world in recent decades (Baron et al., 2013; Marotta et al., 2014; Heiskanen,
2015; Beaulieu et al., 2019; Wagner et al., 2019).

Lake sediments are an excellent repository for tracking biogeochemical changes

as well as associated climate and environmental variabilities over an extended period
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(Meyers, 2003; Watanabe et al., 2004; Fan et al., 2017 Chen et al., 2018). These
sediments are a mixture of different biotic and abiotic components such as
phytoplankton, macrophytes, zooplankton, terrestrially derived and soil organic matter,
carbonate (authigenic and biogenic), pollen, clay minerals, and black carbon. Among
these components, phytoplankton, zooplankton, carbonate (authigenic) are largely
produced within the lake, whereas terrestrial/soil organic matter, black carbon, pollen,
and clay minerals are transported from the catchment. In principle, these various
components are likely to have distinct stable isotopic signatures that have been widely
employed in modern and paleoenvironmental research. Important among these
components, whose stable isotopic compositions and contents have also been used
during the present thesis are C isotopic composition of organic matter (5!3C), diatom
(8%3Cuiatom), authigenic carbonate (53Cac) and black carbon (8*3Cgc) along with N
isotopic composition of bulk sediments (5°N) and oxygen isotopic composition of
authigenic carbonate (8'80ac). The usefulness of these proxies and their controlling

mechanisms are discussed below.

1.4.1 Lake carbon pools and cycling

The organic matter deposited in a lake could be terrestrially derived or in-situ produced
(Fig. 1.3). The elemental ratios of total organic carbon (TOC) and total nitrogen (TN)
of lake sediments have been used to identify the dominant organic matter source in a
lake, i.e., TOC/TN > 20 for terrestrially derived (rich in cellulose) and < 10 for in-situ
produced (rich in protein) organic matter. If the TOC/TN ratios are > 20, the lake
organic matter is likely to reflect the signature of terrestrial plants, which are
dominantly of two types, i.e., C3 and C4, having 5'3C values of — 22 to — 32%o (average
—28%0) and — 9 to — 16%o (average — 13%o), respectively (Isotope, 1989; Schulze et al.,
1996). On the other hand, if TOC/TN < 10 it reflects the 5'3C signature of in-situ
produced organic matter whose values can range from — 20 to — 32%o depending largely
on the 83C of dissolved inorganic carbon (DIC). The DIC in a lake is generally a
mixture of atmospheric CO> through the atmosphere-water exchange, CO: through
respiration of organic C, HCOs™ input through river runoff, conversion of CO: into
HCOs™ through carbonic anhydrase, and carbonate dissolution (Berman-Frank et al.,
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1994; Cole et al., 1994; Simms, 2002; Gu et al., 2004; Wang et al., 2012). Mainly, all
these fractions and processes control the $*3C of DIC. The modern atmospheric 3C
value of CO2is — 8 to — 9%o, whereas that of HCO3™ is ~ 0%o (Affek and Yakir, 2014;
Wang et al., 2016). The respired CO2 has the **C value of — 28 to — 45%o (Karlsson et
al., 2007; MccCallister and Del Giorgio, 2008). The CO, and HCO3™ play a major role
in aquatic photosynthesis and are used by autotrophs to fix C through the Calvin-
Benson-Bassham (C3) cycle in the organic body (Farquhar et al., 1989). RubisCO
(Ribulose-1,5-bisphosphate carboxylase-oxygenase) plays a major role in fixing the C
(preferentially lighter isotope) with the isotopic fractionation of ~ — 29%. (Scott et al.,
2004; Wilkes and Pearson, 2019). The phytoplankton prefers lighter isotopes (*2C) from
DIC during the assimilation resulting in lower §3C values of the phytoplankton than
DIC (Gu et al., 2004). The §*3C of lake DIC shows a large range, which also plays a
role in controlling 3!3C of autotrophs. Input of the terrestrially derived organic matter
and soil respired CO- into the lake through precipitated runoff water or river stream
also affect the lake C biogeochemistry and 5!3C of autotrophs (Jones et al., 2018). For
example, terrestrial C loading controls the heterotrophic degradation and oxygen

availability in the lake water column and sediment (Strauss and Lamberti, 2000).

One of the prominent C sinks in a lake is carbonate precipitation (authigenic
and biogenic) due to bicarbonate super-saturation and through biological precipitation
as a shell over the organisms, like gastropods and molluscs (Jin et al., 2004; Cangemi
et al.,, 2016; Wu et al., 2018; Bini et al., 2019; Karami et al., 2019). The carbonate
minerals experience great variability concerning water chemistry, catchment geology,
climate, and biology of the lake (Golubi¢ et al., 1979; Marcé et al., 2015). The 5*°C of
carbonate in a lake, having the signature of DIC, is a valuable tracer of environmentally
determined mechanisms that are essentially related to climate change (Schwalb, 2003;
Jinetal., 2004).

The C isotopic composition of lake sediment organic matter also depends on the
phytoplankton species in the lake, which varies with climate and nutrient conditions.
Diatom is one of the prominent microalgae in the aquatic ecosystem (Ruhland et al.,

2015), which utilizes CO2 and HCO3™ as a C source for photosynthesis (Roberts et al.,
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2007; Hopkinson et al., 2011; Limoges et al., 2020). Various studies have suggested
that the C isotopic signature of occluded C does not alter via decomposition and
diagenesis and hence can be used as a prominent proxy to understand the DIC signature
of the lake (Shemesh et al., 1995; Hurrell et al., 2011; Webb et al., 2016). It has been
shown that the occluded C within diatom frustules preserves the signature of the initial
DIC (Crosta and Shemesh, 2002; Webb et al., 2016). The 53C of occluded C within
diatom frustules (63Cpiaom) also has the potential to provide detailed information about
the effect of geology on the lake C dynamics and the associated climate of the region
(Barker et al., 2013; Webb et al., 2016). High §**Cpiaom has been previously reported
from a lake that existed in carbonate terrain and was controlled by variation in
weathering of the carbonate rocks (Webb et al., 2016). On the other hand, relatively
low 8**Cpiatom has been noticed in non-carbonate terrain. A long-term effect of climate
change on 8*Cpiatom has not been well explored. Limited studies are available for
3*3Cpiatom as a paleo-carbon biogeochemical proxy. Based on literature and present
understanding, it could be hypothesised that changes in §**Cpiatom in a lake located in
carbonate terrain would be possible due to change in climate. In a carbonate terrain,
during a shift in climate, e.g., from a warmer/wetter to a colder/drier climate, it might
be possible that the §*Cpiaom Would decrease due to limited or no input of HCO3 ™ in

low runoff conditions and CO, would dominate the C pool.
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Figure 1.3 Schematic diagram representing a broad overview of various C pools and
it’s cycling in a lake.

Black carbon, a product of partial combustion of terrestrial biomass, is one of
the air pollutants that ends up in lakes and other water bodies (pond, river, and ocean)
(Wagner et al., 2018, 2019). The primary source of black carbon is forest fire which
directly and indirectly affects the lake ecology and environment through the change in
land cover, biodiversity of the region, and chemistry of the catchment soil. It has been
reported that (dissolve) black carbon also plays a role in the lake biogeochemical
processes (Wagner et al., 2018). After industrialization, the black carbon deposition in
lakes has increased many-fold due to fossil fuel combustion and increased forest fire
activity (Nair et al., 2013; Wagner et al., 2018). Various studies have shown a change
in the depositional rate of black carbon in soils and lakes of the Himalayan and Tibetan
region in the last 100 to 200 years (Wagner et al., 2018). Before the industrial
revolution, the black carbon deposits in the lake mimicked the 5'°C signature of
terrestrial plants, which largely depended on the precipitation, temperature, and

atmospheric CO..
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1.4.2 Lake nitrogen pools and cycling

Nitrogen in a lake is available in both particulate and dissolved organic and inorganic
(dissolve inorganic nitrogen; NOs~ and NH4") forms (Gardner et al., 1987; Vo and
Struck, 1997; Hadas et al., 2009; Sugimoto et al., 2014). Different pools of N are linked
and fluctuate over time based on the rates of biogeochemical processes (Fig. 1.4). In
general, lake N chemistry is controlled by inflowing waters (which supply the nutrients
to the lake), catchment vegetation, and the climate of the region (Agnihotri et al., 2011,
Ahmad and Davies, 2017). The lake phytoplankton fixes the inorganic N (such as
atmospheric N2, NO3~, and NH4") into the organic body through photosynthesis. The
5°N of the phytoplankton in a lake depends on the availability of inorganic N and its
isotopic composition. If N source for phytoplankton is atmospheric N2 or soil derived
nutrients (NOs~ and NH4") with low 8N contributed through runoff and rain, the §*°N
of the phytoplankton is likely to be low (Watanabe et al., 2004; Hadas et al., 2009;
Sugimoto et al., 2014; Liu et al.,, 2016). On the other hand, if phytoplankton
productivity is dependent on nutrient pools that have undergone nitrification and
denitrification, probability of 5°N of the phytoplankton being on an elevated side is
relatively higher (Gardner et al., 1987; Hadas et al., 2009; Sugimoto et al., 2014). Lake
biogeochemical processes mediated through biology generally result in isotopically
lighter product pool, leaving the remaining pool enriched (Hadas et al., 2009; Sugimoto
et al., 2014). Therefore, phytoplankton which utilizes these isotopically enriched
nutrients, show higher §°N. Also, in a lake, the primary producers which utilize
atmospheric N2, largely under N limiting conditions (Shatwell and Kéhler, 2019) result
in lower 8°N ~ 0%o, which is less than those produced through new and regenerated
production (8*°N ~ 4 to 6%o) (Montoya et al., 2002; Lehmann et al., 2004).
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Figure 1.4 Simplified schematic diagram representing various N pools and its cycling
in a lake.

The transformation of nutrients from one form to another dominantly depends on the
oxygen availability in the lake water column and sediments (Strauss and Lamberti,
2000; Hadas et al., 2009). Nitrification, denitrification, anammox, and dissimilatory
nitrate reduction to ammonium (DNRA) are the major biogeochemical processes that
control NO3~ and NHs " concentrations and its isotopic compositions (Petersen et al.,
1994; Rysgaard et al., 1994; Gardner et al., 2006). Nitrification is the process in which
nitrifying bacteria convert the NH4" to NOs3™ in aerated condition (Small et al., 2013).
The 8'°N of NH4" enhances with an increase in nitrification rates (Strauss and Lamberti,
2000; Hadas et al., 2009). Inversely, during the anaerobic condition (high productivity
and high terrestrial organic matter input), denitrification becomes a dominant process
where NO3;~ gets converted to N> as a final product and the lake NO3;™ pool becomes
enriched in >N (Chen et al., 2012).



17

1.4.3 Paleohydrological reconstruction: oxygen isotopic composition of
carbonate

The oxygen isotopic composition of authigenic carbonate (5'%0ac) has the potential to
provide information about the hydrological condition of a region, including lake water,
evaporation, precipitation, runoff to the lake, and the moisture source of rainfall (Liu
et al., 2009; Horton et al., 2016). The §'30 of carbonate largely depends on the §'30 of
the lake water and temperature of lake surface in which carbonate precipitates. The
8180 of lake water depends on the source of water which can be glacial meltwater,
groundwater, and precipitation/evaporation balance in the region (Leng and Marshall,
2004; Horton et al., 2016). The precipitated water or the moisture is largely derived
from evaporating ocean water transported landward through the wind originated by
temperature and pressure gradient between the land and sea (An et al., 2012; Kathayat
et al., 2017). During evaporation, the lighter water molecules preferentially move to the
vapour phase resulting in enrichment of 30 in the remaining water body (Clark, 1997).
The precipitation (rainfall or snow) having low §'%0 lowers the §!0 of the lake water,
which further decreases with intense rainfall (Craig et al., 1965; Clark and Fritz, 1997).
During its transport from the ocean to the high mountain ranges, such as the Himalaya,
vapour mass normally undergoes several precipitation phases resulting in the lower
5180 of precipitation (Clark and Fritz, 1997; Kumar et al., 2018). In addition, the glacial
meltwater (low 8'30) also reduces the §!%0 of the lake water. Finally, changes in the
source 8'%0 (i.e., lake water) and signatures of associated hydrological conditions get
preserved in the §'®0 of carbonate, which is largely used for paleoenvironmental studies

worldwide (Jin et al., 2004; Leng and Marshall, 2004).

1.5 Motivation and objectives of the thesis

Using different terrestrial proxies, a significant number of studies have been carried out
to understand the past climate and environmental changes in the Himalayan region (e.g.,
Phillips et al., 2000; Srivastava et al., 2009; Kothyari et al., 2017; Ali et al., 2020; Shah
et al., 2020; Ghosh et al., 2020; Rawat et al., 2021). These studies also included
understanding of glacial advance and retreat using geomorphological features

(Kothyari et al., 2017), weathering conditions using the geochemical signatures of soil
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and lake sediments (Bhushan et al., 2018; Rashid and Ganai, 2018; Shah et al., 2020),
vegetation change using pollen assemblages and stable C isotopic composition in soil
and lake sediments (Phadtare, 2000; Mampuku et al., 2008; Ali et al., 2020), lake
productivity using diatom assemblages in the lake sediments (Babeesh et al., 2019;
Shah et al., 2021) and their connection to global climate change. However, after all
these efforts, there remains a large gap in our understanding of the paleoenvironmental
condition of the Himalayan region, particularly in the central and western Himalaya
which are westerlies affected regions. Specifically, these gaps include lack of robust
high-resolution dataset to identify signatures of the past global climate events in the
Himalayan region, change in lake trophic states due to climate change, understanding
of the biogeochemical evolution of the Himalayan aquatic systems with time, and
availability of paleofire data and its linkage to climate, vegetation, and human
interferences. By analysing different components of lake sediments collected from the
central and western Himalaya representing diverse regions and time ranges, an attempt
has been made to resolve some of the outstanding questions in this thesis. Specific

objectives of the thesis are to:

1. Decipher the paleoenvironment of the central Himalayan region during the late
MIS 3 and explore the potential imprints of global climate events in the region

during that time period.

2. Explore the role of climate and catchment geology on the central Himalayan
lake C and N biogeochemistry during late MIS 3.

3. Reconstruct the paleoenvironment of the high altitude region of the Kashmir
Himalaya during the last ~ 33 ka with a focus on fluctuations during the Last

Glacial Maximum.

4. Understand the paleoenvironment and associated biogeochemical condition of

lakes in the Kashmir Valley during late Holocene.
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5. Understand the potential of stable isotopic compositions of organic matter and
black carbon in modern Himalayan lake sediments as a recorder of

anthropogenic footprints.

1.6 Outline of the thesis

The thesis has been divided into six chapters with following contents.

Chapter 1: Introduction

This chapter provides a brief overview about the paleoenvironment and lakes as
recorder of environmental conditions. This chapter also contains a summary of
previously published research on the Himalayan climate and its connection to the global
climate system. Finally, broad and specific objectives of the thesis have also been
outlined in this chapter.

Chapter 2: Methodology

This chapter includes a brief overview of analytical techniques and methodologies
adopted in the thesis for measurement of stable isotopic compositions of various
components of lake sediments (organic matter, bulk sediments, diatom, BC, and
carbonate). The dating techniques, i.e., radiocarbon dating, 21°Pb dating, and IRSL

dating, used in this thesis are also briefly discussed here.

Chapter 3: Paleoenvironment of the central Himalaya

This chapter deals with the paleoenvironment of the central Himalayan region during
the late MIS 3 using one of the promising techniques, i.e., C isotopic composition of
occluded organic matter within diatom frustules along with C and N isotopic
composition of a paleolake sequence. Based on the isotopic signatures, an effort has
been made to decipher the evidences for extreme global climatic events in the region.
Effect of catchment geology and climate fluctuations on the lake biogeochemistry

through time has also been explored in this chapter.
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Chapter 4: Paleoenvironment of the Kashmir Himalaya

This chapter is focused on understanding the fluctuations in environmental conditions
in the western Himalaya, specifically the Kashmir Himalaya, during ~ 33— 0.2 ka using
stable isotopic compositions in different components of lake sediments in cores
extracted from three different lakes (one paleolake and two live lakes). An attempt has
also been made to decipher the past environmental conditions in the high altitude region
as well as the Kashmir valley with focus on the LGM and late Holocene. The
biogeochemical evolution of the lacustrine systems of the Kashmir region through time

has also been discussed in this chapter.

Chapter 5: Recent environmental record from the central Himalayan Lake

This chapter deals with recent isotopic records from a central Himalayan lake where
evidence for natural to anthropogenic transition has been observed using multi-proxy
stable isotope systematics. Using the concentrations and isotopic composition of black
carbon, the fire event history of the studied region has also been discussed in this
chapter. An attempt has been made to interlink human-made changes in the region to

that of the lake C and N biogeochemistry.

Chapter 6: Summary and scope of future work

This chapter highlights the significant results of the thesis along with the future scope

of paleoenvironmental research in the Himalayan region.
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Chapter 2
Methodology

The core objective of this thesis is to understand changes in the paleoenvironmental
conditions of the Himalayan region using stable isotopes in different components
(organic matter, diatom, black carbon, and authigenic carbonate) of the lake sediment.
To fulfil the goals of the thesis, live— and paleo- lake sediment samples were obtained
from several Himalayan locations that covered different time ranges of the Quaternary
period, and by integrating them, an attempt has been made to understand the poorly
understood aspects of the Himalayan paleoenvironment. In this context, a brief
description of the sediment core/trench locations, method of sample collection, sample
processing, stable isotopic measurements, and dating techniques employed during the

thesis have been provided below.

2.1 Study regions

Sediment samples from cores/trenches from five lakes, including two paleo-lakes and
three live lakes ranging in age from 45 ka to present, were obtained from different
locations in the western and central Himalaya. The details of the study region are
described in respective chapters. The names of the lakes from where the sediment
samples were obtained, along with locations, coordinates, and altitude are mentioned

in Table 2.1 and shown in Fig. 2.1.

Samples from the Pipalkoti paleolake located in the Chamoli district of the Uttarakhand
state of India, which lies in the central Himalayan region, were obtained from a 1.41 m
long trench of a lacustrine sedimentary sequence (Fig. 2.1). The sequence was
subsampled at 1 cm interval for analytical purposes. For the work carried out in this
thesis, this sequence was analyzed for §'°C of organic matter and 8'°N of bulk sediment
along with C and N contents at every 1 cm, whereas it was analyzed at every 5 cm for

13
8 Cdiatom~
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A 4.4 m long paleolake sedimentary sequence was excavated in the Forest Block region
of the Gutlibag Hill located in the Ganderbal district of the Union Territory of Jammu
and Kashmir, India (Fig. 2.1). The sedimentary sequence was sub-sampled at 2 cm
resolution. The elemental (C and N contents) and isotopic analyses (8'*C of organic

matter and 8!°N of bulk sediment) were performed in every alternate sample.

One sediment core each from the Wular and Manasbal Lakes in the Kashmir Valley of
the Union Territory of Jammu and Kashmir, India (Fig. 2.1 and 2.2) was obtained using
PVC corer. The cores from the Wular and Manasbal were 2.4 and 1.8 m long,
respectively, which were sub-sampled at 2 cm intervals. All the samples obtained from
the Wular Lake were analysed for elemental (C and N contents) and isotopic analyses
(8'3C of organic matter and §'°N of bulk sediment). The samples from Manasbal Lake
were analyzed for 8'°N of bulk sediment, 8'*Cgiatoms, 8°C and 8O of authigenic
carbonate. This analytical strategy was adopted based on the location and differences

in catchment lithology of the lakes.

Table 2.1 The names of the studied paleo- and live-lakes with their locations,
coordinate, altitude, and annual precipitation

) ) Altitude Annual
Lakes Location Coordinate (lat, long) Precipitation
(m) (mm)
Pipalkoti Chamoli, 30°27°-30°25°N, 79°24°—
Paleolake Uttarakhand 79°26’E 4299 1670
Forest Black Ganderbal, 3001346\ 740527077 E 3300 693
Paleolake Kashmir
Wular Lake Bandipura, 30°21°57” N, 74°33’30°E 1580 693
Kashmir
Manasbal Lake Ganderbal, 30°14°48” N, 74°40’17°E 1583 693
Kashmir
Nainital, 0n 13947 0q 1249
Garud Lake Uttarakhand 29°21°24” N, 79°31°52”E 1370 1636

The sediment core from the Garud Lake, located in the Nainital district of the
Uttarakhand state of India, was collected to study recent lacustrine records to unravel
natural to anthropogenic transition in the central Himalaya (Fig. 2.1). For this purpose,

a 58 cm long core was collected using hammer corer and was subsampled at every 1
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cm interval. For this study, elemental (C and N contents) and isotopic analyses (8'*C of
organic matter and 8'°N of bulk sediment) were performed in every alternate sample.
Analyses for black carbon contents and its isotopic compositions were performed in the
same samples or samples in-between, depending upon its availability.

Figure 2.1 Map showing the study locations in the western and central Himalayan

region.
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Figure 2.2 Field photograph from the Kashmir Valley (a) Forest Block region, (b) core
collection from the Manasbal Lake, (c) exploration of the Manasbal Lake for core
collection, and (d) Wular Lake.

2.2  Sample processing

As stated previously, stable isotopic compositions of different components of lake
sediments formed the primary tool to understand the Himalayan paleoenvironment.
Before the mass spectrometric analyses for stable isotopic compositions, collected
sediment samples were processed to purify for respective components/measurements

following standard protocols, which are briefly discussed below.
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2.2.1 Total organic carbon and total nitrogen

For TOC contents and its C isotopic compositions, sediment samples were powdered
and treated with HCI at 80 °C for 24—60 h to remove the carbonates (calcite and
dolomite) (Froehlich, 1980; Hedges and Stern, 1984). The treated samples were
centrifuged and rinsed with ultrapure water three times at 1500 rpm to neutralize the
acid. Subsequently, the samples were dried in an oven at 60 °C for moisture removal.
This technique has been applied in each core for organic C purification. Measurements
for N contents and their isotopic compositions were performed in bulk sediment

samples without any acid treatment.

2.2.2 Diatom purification

For C isotopic composition of occluded organic matter within diatom frustules, the
protocol of Morley et al. (2004) modified after Hurrell et al. (2011) was followed where
samples were treated with 1M HCI to remove carbonates followed by treatment with
30% H>0, and HNO3 to remove organic matter. Subsequently, samples were sieved at
10 and 80 wm to remove large clay particles from the sediments. The sieved material
was then treated with sodium polytungstate (density 2.1 g/cc) for density separation,
where diatom cells floating in the sodium polytungstate solution were separated and
washed for mass spectrometric analysis. This technique was used to purify the diatom

from Pipalkoti and Manasbal core sediments.

2.2.3 Black carbon

The black carbon from the Garud Lake sediments was extracted following the chemical
method developed by Lim and Cachier (1996). For this purpose, the lake sediments
were treated with 3M HCI to remove the carbonate from the samples and then
centrifuged 3 to 4 times with ultrapure water. Further, the samples were treated with
10M HF/IM HCI to remove silicates and centrifuged 3 to 4 times with ultrapure water
to neutralize them. Subsequently, samples were treated with 0.1M K>Cr2O7/2M H2SO4
at 55 °C for 60 hours to remove the organic matter from the samples. The residue
samples were black carbon, which included charcoal and atmospheric black carbon

particles. During the chemical treatment, glass vials containing some samples broke
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leading to partial loss of samples. However, in these samples, enough amount could be
retrieved for isotopic analyses but exact black carbon concentrations could not be

calculated.

2.2.4 Authigenic carbonate

For the carbon and oxygen isotopic compositions of authigenic carbonate in the
Manasbal Lake sediments, the samples were oxidised to remove organic fraction using
H>0,. Subsequently, the samples were washed with ultrapure water and sieved at 80
pm (Lamb et al., 2000) to remove the larger biogenic carbonate shells. The sieved
samples were dried in an oven at 60 °C for 24 hours for carbon and oxygen isotope

analysis.

2.3 Instrumentation

Following sample preparation, a variety of instruments, including an Elemental
Analyzer (Thermo Fisher Scientific - Flash 2000) and a GasBench II (Thermo Fisher
Scientific) interfaced with isotope ratio mass spectrometers (Thermo Fisher Scientific
- Delta V plus and MAT 253), were utilized to determine the stable isotopic
compositions of the aforementioned lake sediment components. All the analytical
measurements during this thesis were performed at the Geosciences-Stable Isotopes
Laboratory (GeoSIL) at the Physical Research Laboratory, Ahmedabad, India (Fig.

2.3). The brief details about these instruments are discussed below.

2.3.1 Isotope ratio mass spectrometer (IRMS)

The isotope ratio mass spectrometer (IRMS) is a widely used instrument in various
disciplines. This instrument works on the principle of the measurement of mass/charge
ratio and has three main components, i.e., (i) ion source, (ii) magnetic analyzer, and (iii)
detector. The ion source ionizes the gases and accelerates them to the magnetic analyzer
where they get deflected according to their respective mass/charge ratios. Finally, these
ionized gases hit the Faraday cup and produce the electric signal to be converted into

the isotopic ratios of the samples.
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For mass spectrometric analyses using IRMS, samples in any form are
converted into gaseous form for which several external peripherals are utilized. During
this thesis, peripherals such as Elemental Analyzer and GasBench attached to IRMS

were used, which are briefly described below.
Elemental  Keil Carbonate | PreCon
Analyzer device :
MAT 253 l Autosampler
GasBench

DeltaIplys '@

Laser Fluorination
system

Figure 2.3 Photograph of the Geosciences-Stable Isotope Laboratory (GeoSIL),
Physical Research Laboratory, Ahmedabad, India. Name of the available facilities in
the GeoSIL are marked in the photograph.

2.3.2 External peripherals

A. Elemental Analyzer

The contents and stable isotopic compositions of C in organic matter, diatom frustules,
and black carbon, along with N contents and its isotopic compositions in bulk sediments
were measured using an IRMS (Delta V plus) interfaced to an Elemental Analyzer via
ConFlo IV (Fig. 2.4a).

During these analyses, known amount of samples, tightly packed in tin capsules
were dropped into a quartz tube containing chromium oxide and silver cobaltous oxide
to get combusted in the presence of highly pure oxygen at high temperature (1020 °C).
The released gases, such as carbon dioxide and oxides of nitrogen, were then carried

through by a carrier gas (Helium) into a reduction column containing pure copper
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granules, where oxides of nitrogen got reduced to N. After passing through a moisture
trap, the resultant gases were separated by the gas chromatographic (GC) column based
on their retention time to be injected into the IRMS for analyses. A schematic diagram

of the Elemental Analyzer and pathway of gases are shown in Fig. 2.4b.

B. GasBench Il

A GasBench attached to an IRMS (Thermo Fisher Scientific MAT 253) was used for
carbonate isotopic measurements (Fig. 2.5). To convert the carbonate samples into CO»,
the samples were put into Labco exetainer vials and flushed with highly pure Helium
gas to avoid atmospheric CO, contamination. Subsequently, the flushed vials were
injected with 100% phosphoric acid and heated at 72 °C for 1 hour. Afterwards, the
CO2 produced moved through the GasBench to the IRMS for C and O isotopic
measurements. A brief overview of the GasBench, which has two main components, is
provided below (Fig. 2.5).

I.  Asample introduction system (sample tray)

The sample tray of GasBench is a cuboid-shaped container that can hold 96 samples by
arranging 12 ml vials in a row and a column (8 x 12). The temperature of the sample
tray can be regulated depending on the kind of sample (carbonate or water sample). The
tray temperature for carbonate samples was set at 72 (+ 0.5) °C.

Il.  GasBench (GC column)

The gas that has been released or equilibrated with the samples is transported to the
GasBench, which may also include water vapour, which is removed using a gastight
but hygroscopic Nafion® tube. The generated dry gas is sent to the Valco 6 port loop
and subsequently to the GC column. These gases eluting from the GC column enter the
IRMS (MAT 253 for carbonate during this thesis) via an open split in the Nafion®
guard trap.
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Figure 2.4 (a) Photograph of the Elemental Analyzer used for analysis and (b)
simplified schematic diagram and pathways of gases in the Elemental Analyzer.
Source: Thermo Fisher Scientific manual.
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Figure 2.5 (a) Photograph of the GasBench used during the analysis and (b) schematic
diagram of the GasBench and pathways of CO> from GasBench to IRMS. Source:
Thermo Fisher Scientific manual.

2.4 Elemental and isotopic measurements and precision

The C and N contents in sediment samples were measured using standard procedure,
where calibration curves were generated using known amount of C and N in standards
and total area under the curve for respective masses (CO2 and N2) obtained using mass
spectrometer (Kumar et al., 2005). For this purpose, cellulose (IAEA-CH3; C content
= 44.44%), ammonium sulfate (IAEA N2; N content = 21.2%) and protein (IVA-OAS;
C content = 46.5 % and N content = 13.32%) were used during this thesis. Upon
generation of calibration curve, known amounts of samples were analyzed to obtain the
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Cand N contents, i.e., % C and % N, in samples. The analytical precisions for C and N

contents for repeat measurements were better than 10%.

For C and N isotopic measurements, cellulose (IAEA-CH-3; §3C=-
24.72 £ 0.04%0) and ammonium sulphate (IAEA-N2; 8N =20.3+0.2%0) were
primarily used as standards. Protein (IVA-OAS; §'°N = 5.94 + 0.08%o) was also used
during N isotopic analyses to track the instrumental precision. Blank correction was
also performed in samples containing less than 2 micromole of N. Altogether, during
this thesis work, more than 100 runs of standards were performed. The analytical
precisions during each run or altogether were less than 0.1 and 0.3%o for C and N
isotopic compositions, respectively. The C isotopic compositions in this thesis are
reported with respect to Vienna Pee Dee belemnite (VPDB), whereas N isotopic

compositions are reported with respect to atmospheric No.

For carbonate C and O isotopic composition measurements in carbonate, the
MMB (Makrana marble) was used as a laboratory standard. The §'*C and §'30 values
of the MMB with respect to VPDB are — 3.9%0 and — 10.7%o, respectively, which was
calibrated with respect to the International Atomic Energy Agency procured NBS-19
(8"3Cvpp = 1.95%0 and 5'®0vppp = — 2.20 %o). The §!°C and §'*0 of carbonate reported
in this thesis are with respect to VPDB. The analytical precisions for both C and O

isotopic measurements of carbonates during this thesis work were better than 0.1%eo.

2.5 Chronology

The chronology of lake sediment samples is an essential aspect of paleoclimate research
as it provides the actual and relative ages of the samples through which the temporal
climate and environmental information are obtained. Among various dating techniques
for chronology construction, this thesis has used luminescence (Infrared Stimulated
Luminescence), radiocarbon, and *'°Pb and !*’Cs dating techniques to determine the
ages of lake sediment samples. The chronology for the Pipalkoti paleolake sediments
in the central Himalaya was established using Infrared Stimulated Luminescence dating
technique. These ages were measured by Dr. Navin Juyal of the Physical Research

Laboratory, Ahmedabad, India, and one of these ages has been reported earlier (Juyal
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et al., 2010). Radiocarbon technique was used for the chronology establishment of the
samples from the Kashmir Himalaya, including Forest Block, Wular Lake, and
Manasbal Lake. The 2!°Pb and !*’Cs dating technique was used for the Garud Lake
samples in the central Himalaya. The details of the above-mentioned techniques are

explained below.

2.5.1 Infrared Stimulated Luminescence (IRSL) Dating

In this study, Infrared Stimulated Luminescence (IRSL) dating was used to estimate the
chronology of the Pipalkoti paleolake samples. The dating was performed by Dr. Navin
Juyal at the Physical Research Laboratory (PRL), Ahmedabad, India. The ages obtained
are based on clay-rich lake sediment where multiple aliquots additive dose method
using IRSL technique on fine-grained feldspar was employed (Singhvi et al., 2001).
The general protocol used in the lab for IRSL dating is as follows.

The samples are collected in sealed metal tubes after cleaning the few cm of
trench/section. The samples are kept in dark till it reaches the lab, where they are opened
and processed under the subdued red light. The upper 3 cm of samples are used for
moisture content and radioactivity analysis. The remaining inner portion of the samples
are treated with HCI for 24 hours to remove carbonate fractions. The decarbonated
samples are treated with 40% Hydrogen Peroxide (H20:) for 12 hours to remove
organic materials (Wintle, 1997). The samples are sieved between mesh size 90 and
150 pm. Further, between 90 and 150 um of grain size, quartz and feldspar are separated
using a Frantz® magnetic separator. After the separation of the feldspar grains, these
grains are etched with 10% hydrofluoric (HF) acid for 10 minutes to remove the alpha
irradiated skin (Goedicke, 1984; Porat et al., 2015; Duval et al., 2018). After HF
etching, feldspar grains are treated with concentrated HCl (37%) for 30 minutes to
dissolve the residual fluorides. Measurements are carried out on single grain discs in
single aliquot mode. In this, feldspar grains are mounted on discs containing 100 holes.
Grains are stimulated using Infrared (IR) LEDs in a Rise TL/OSL DA-20 reader
(Better-Jensen et al., 2003). The wavelength of IR LEDs peaks at 850 + 30 nm. The

detection of emitted luminescence is done in the blue window using BG-39 and BG-3
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filter combination. The post IR-IRSL Single Aliquot regeneration (p-IRIRSL SAR)
protocol is used for the estimation of paleo-dose (De) (Buylaert et al., 2009).

The concentration of Uranium (U) and Thorium (Th) nuclides are also measured
using ZnS (Ag) thick source alpha counter and Potassium (K) concentration is
measured using Nal (Th) gamma counter. Further, these concentrations are used to
estimate the total dose rate assuming infinite matrix assumption, and secular
equilibrium for all the nuclides. Using the paleodose and dose rate, age of the samples

are obtained.

2.5.2 Radiocarbon dating

The age of samples using the radiocarbon dating method is estimated by measuring the
concentration of radioactive carbon (*4C) against its known half-life (Arnold and Libby
1949; Libby et al., 1949; Hua, 2009). The principle of radiocarbon dating is the balance
between continuous production of 1*C in the atmosphere due to high energy cosmic ray
interaction with the N and losses due to radioactive decay. The newly formed “C in
the atmosphere oxidizes and produces *CO,, which mixes with atmospheric CO,. It is
constantly transferred to the living beings of C reservoirs such as animals, plants, and
microbes in various ecosystems. When these lives are severed of exchange processes
from the atmosphere by death, the *4C in these beings begins to degrade with a half-life
of 5730 years to 1*N.

The current ratio of *4C/*2C and the half-life of 24C helps to determine the ages.
The specific activity in pre-industrial times was 13.56 dpm (g C)* (dpm represents the
decay per minute), which is taken as a reference value for modern activity. To estimate
the C/*2C ratio in milligram level of C in samples, Accelerator Mass Spectrometer
(AMS), a highly sensitive instrument is used (Bhushan et al., 2019). By using this
method, the age of samples dating 50,000-55,000 (8 to 10 half-lives) years back in time

can be estimated. Radiocarbon dating using AMS is carried out in the two-step process:
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Graphitization

For AMS, to create a stable ion beam with negligible memory effect in the ion source
chamber, C in the form of graphite (elemental C) is required. Therefore, the organic
matter samples to be dated using the AMS must be transformed into graphite. To
produce graphite, the organic matter must be thermally oxidized into pure CO.. Before
graphitization, the organic samples need to be decarbonated and subsequently
converted to pure CO.. During this thesis, for conversion of organic matter to pure COx,
a specially designed glass line developed at the Radiocarbon Laboratory, Physical
Research Laboratory, Ahmedabad, India, was used (Fig. 2.6). To achieve the
measurable C content required for the AMS measurements, the samples were
accordingly weighed and transferred to a pre-cleaned and pre-combusted (400 °C) dry
sample reaction tube and combusted in a vacuum glass line at ~ 1000 °C to extract CO>
gas. The extracted CO2 gas was purified by pasing through multiple steps in a vacuum
glass line using liquid nitrogen. While the CO2 was frozen, all other gases generated, if

any, were pumped out.

For AMS dating, the extracted CO> was reduced to graphite by heating in the
presence of catalyst iron powder (~ 4 mg) at 600 °C and Zn (~ 20 mg) in an adjacent
connected tube at 450 °C to form ZnO. The CO-, precipitated on the catalyst iron powder
as elemental C (graphite form) was used for dating. The graphitization system at the

Radiocarbon Laboratory used during this study is shown in Fig. 2.7.
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Figure 2.6 CO preparation line for organic matter samples at the Radiocarbon
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Figure 2.7 Graphitization system for extracted CO; at the Radiocarbon Laboratory,
Physical Research Laboratory, Ahmedabad, India.

14C measurement by AMS

The concentration of *C/*2C (also *3C/*%C) in a sample is measured by the AMS. The
advantage of AMS lies in the small amount of C (~ 0.3 mg to 1 mg C) required for

measurements with high precision results in a reasonable time.

For the present work, the prepared graphite samples were pressed into a target
(a cylindrical cavity of an aluminum holder), which were mounted in the sample
carousel located in the AMS source to be evacuated later to a high vacuum level (107
to 10°¢ mbar). In a single run during the analysis, about 50 targets can be mounted in
the carousel, including targets prepared for samples and standards. The international
standards [OXALIC ACID — I (OX-I) and OXALIC ACID — Il (OX —I1)] were used for
estimating modern values. Similarly, for background, laboratory standards of anthracite

and marble materials were used.

In the present study, the *4C ages were calibrated using IntCal 13 atmospheric
curves (Reimer et al., 2013) in OxCal v 4.3.2 (Bronk Ramsey, 2017) without any

reservoir corrections or hard water correction. The age-depth model was also generated
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using the same software. The unit of the radiocarbon age is expressed in Cal year Before
Present (BP: 1950); however, in this thesis, to maintain consistency of age-units, the

radiocarbon ages, i.e., Cal ka BP, have been reported as “ka.”
2.5.3. 21%Pp and ¥’Cs dating

Importance and principle

Pb-210 (?*°Pb): The radioactive decay of 2?Rn and 2'°Pb are used to estimate the age
of 2P geochronology. Because of its short half-life (22.3 years; Hohndorf, 1969), this
approach is commonly employed to estimate the sedimentation rate during the last
century in limnology, marine, palynological, and glaciological research (Binford and
Brenner, 1986). The utility of the 2°Pb dating technique is maximized when used in

conjunction with *3’Cs chronology.

The 2!°Pb dating methodology is based on the radioactive decay principle; 2!°Pb is a
mid-product of the **U decay chain, which comprises of daughter elements of radium
(***Ra), radon (**’Rn), lead (*'°Pb), bismuth (*'°Bi), and ultimately a stable isotope of
lead (*”°Pb). Due to the short half-life of 2!°Pb and its production in the atmosphere and
the Earth along with its availability in all sediments and close sedimentary environment,

this dating approach is almost indispensable in Quaternary geochronology.

The atmospheric production of 2!°Pb involves 2’Rn (specifically gas) with a half-life
of 3 days. The ?*?Rn is produced in the Earth and escapes to the atmosphere, where it
undergoes decay through four daughter products, including solid !°Pb. The solid >!°Pb
settles from the atmosphere through dry deposition or scavenging by rainwater to the
lake and marine systems, where it bounds with the organic matter and deposits. The
219pb produced in the atmosphere and deposited in the lake is known as supported 2!°Pb
(Goldberg, 1963). After deposition, 2!°Pb is assumed to be immobile and spontaneously
decays to 2!°Ra. On the other hand, the ?!°Pb is also produced by in situ decay of >*’Rn

gas within the sediments, which is referred to as unsupported 2!°Pb (Goldberg 1963).

Caesium-137 (*¥’Cs): Over the last few decades, '*’Cs has been extensively used for

estimation of age in soils, lakes, and marine sediments (Ritchie and McHenry, 1990).
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The "*’Cs is an artificial radionuclide with a half-life of ~ 30.2 years, most of which
was produced by the above-ground thermonuclear weapon testing in the 1950s and
1960s (Zapata, 2002). The '3’Cs was ejected to the stratosphere and circulated globally.
The '*’Cs fallout on the land surface was first recorded in the early 1950s and was
primarily associated with precipitation (Ioannidou and Papastefanou, 2006). Due to
more atmospheric nuclear testing in the northern hemisphere, the '*’Cs fallout was
greater there, with the greatest effect in the lower latitudes. A peak of fallout in 1963
was reported from a different regions of the world (Norris and Arkin, 1996). Afterward,
apart from the Chernobyl accident in 1986, a negligible amount of *’Cs fallout has
been observed since the mid-1980s (Norris and Arkin, 1996). Due to its strong
association with surficial sediments, the '*’Cs is widely used for dating and tracing

purposes.

210ph and '¥’Cs dating method

During this thesis, the sedimentation rate in the Garud Lake was estimated using *'°Pb
and 3’Cs. For this purpose, ~ 3 gm of dried and powdery homogenized sediment
samples were packed and sealed in plastic vials and stored for 20 days to allow the
production of *?Rn and ?*°Ra without its loss to the atmosphere. The activities of >!°Pb,
137Cs, and ?*’Ra were measured in the high purity germanium (HPGe) coaxial 16 x 40
mm well type detector following the method described in Somayajulu et al. (1999). The
non-destructive techniques were used to assay the 2!°Pb, '*’Cs, and ?*°Ra of the
sediment samples (Cutshallet et al., 1983). To determine the activities of 2!°Pb, 13’Cs,
and ?Ra, samples were counted for ~ 3 days. It is the unsupported !°Pb that decays,
whereas supported 2!°Pb being in secular equilibrium with its parent *’Ra remains
constant. The activity of excess unsupported lead (*'°Pby) was calculated by
subtracting the activity of °Ra from the total activity 2!°Pb. The sedimentation rate
was determined by applying the constant rate of supply (CRS) model of 2!°Pb-dating
(Appleby and Oldfield, 1992).
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Chapter 3

Paleoenvironment of the central Himalaya
during 45 to 29 ka: study from Pipalkoti
paleolake

3.1 Introduction

The Marine Isotope Stages (MIS), defined based on oxygen isotopic composition of the
ice cores and deep marine foraminifera, were the warm (interstadial) and cold (stadial)
phases in the Quaternary period of the Earth history (Imbrie et al., 1984; Wright, 2000;
Lisiecki and Raymo, 2005; Andersen et al., 2006). From which, the period between 60
and 30 ka, characterised by a warm and humid interstadial phase, is known as MIS 3
(Vam Meerbeeck et al., 2009; Weber et al., 2018). Within the MIS 3, there were four
Ice Rifted Debris (IRD) or Heinrich events reported at approximately 29, 39, 45, and
61 ka, which were essentially rapid extreme cold events experienced globally due to
partial collapse of the polar ice sheets (Heinrich, 1988; Bond et al., 1992; Rabassa and
Ponce, 2016). In addition, within the MIS 3, a unique warm and wet phase has been
reported from the western China, Tibetan Plateau, and northern India for the period of
40-30 ka. This gradual warming over the Tibetan Plateau and northwest China has been
noticed using various terrestrial proxies (Kezao and Bowler, 1986; Pachur et al., 1995;
Yang et al., 2004; Zhang et al., 2004, 2008 Herzschuh, 2006; Yang et al., 2010; Yang
et al., 2011). Studies from the northwestern India also showed humid phase during late
MIS 3 (40-30 ka), which has been suggested to be due to strong Indian summer
monsoon (Tandon et al., 1997; Andrews et al., 1998; Singh et al., 1999; Juyal et al.,
2000; Chahal et al., 2019). This unique warm and wet period over western China,
Tibetan Plateau, and northern India is in contrast with the Greenland GRIP (Greenland
ice core project), SPECMAP (Spectral mapping project), and Vostok ice core 820
records, which show a decrease in sea surface temperature and stepwise increase in
global ice volume (Imbrie et al., 1993; Petit et al., 1999). The decreasing trend in §'%0
of foraminifera record from the northern Indian Ocean also suggested the lowering in
sea surface temperature in the Arabian Sea and Bay of Bengal, which coincided with
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polar 5'80 records (Reichart et al., 1998; Kudrass et al., 2001; Kumar et al., 2018).
Since the paleoclimate record of this interesting phase (40-30 ka) from the Himalayan
region is scarce, this study aimed to explore the paleoenvironment and cycling of C
during this phase using a stable isotope approach on sediment samples collected from

a paleolake sequence in the central Himalaya.

3.2 Study area

The samples for this study were collected from the Pipalkoti paleolake, named after the
Pipalkoti village located in the Alaknanda basin, south of the Main Central Thrust. It
lies in the transition zone of the lesser and higher Himalaya (Fig. 3.1 and Fig. 3.2).
Pipalkoti village (30° 27'-30° 25’ N, 79° 24'-79° 26’ E) is located in an asymmetrical
valley having a western slope of ~ 45° and eastern slope of ~ 35°(Juyal et al., 2010).
As the lake sequence is located on one of the terraces of the Alaknanda River (Fig. 3.3),
it has been suggested that the lake was fed by the Alaknanda River, which flows from
the Satopanth and Bhagirath Kharak glaciers in the Himalaya. The river has a drainage
basin size of 10,237 km? and runs 230 km before entering the Bhagirathi River near
Devprayag (Pal, 1986).

The catchment of this paleolake is dominated by the Cambrian carbonate rocks
with a subordinate amount of gneisses, phyllites, quartzite, sericite-biotite schist and
slates (Fig. 3.2; Gaur et al., 1977; Singh et al., 1998). The §'3C of the carbonate rocks
in the region has been reported to be around — 0.7 to 1%o (Singh et al., 1998). The
lithology of the studied sequence is shown in Fig. 3.4.
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Figure 3.1 Schematic diagram showing (a) location of the study area (square) and (b)
detailed map of the basin in which the study area is located. Locations of the previous
studies covering period 40 to 30 ka in the region are also shown Zanskar valley: Chahal
et al. (2019); Bittoo cave: Kathayat et al. (2016); Tarim basin: Yang et al. (2004); Yang
et al. (2006); Mount Everest: Finkel et al. (2003); Guliya ice core: Thompson et al.
(1997), Core NIOP 492: Reichart et al. (1998); 289K L: Deplazes et al. (2014); 126 KL:
Kudrass et al. (2001); SK168: Kumar et al. (2018). Yellow circles in (a) represent
studies advocating the wet period during 40-30 ka, and blue circles represent studies
supporting weak Indian summer monsoon during late MIS 3.
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Figure 3.2 (a) Field photograph showing back tilted terraces around Pipalkoti.
Direction of tilt is shown by white dotted arrow [photograph taken from Juyal et al.,
(2010)] and (b) generalised lithological and structural map of the Alaknanda catchment
(modified after Gaur et al., 1977; Srivastava and Ahmed, 1979; Valdiya, 1980).
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Figure 3.3 Schematic diagram showing the upper Debris Flow Terraces (DFT) and
Lower Valley Fill Terraces in Alaknanda basin near Pipalkoti village (T3-T1).
Pipalkoti paleolake sequence was found in one of the Debris Flow Terraces (DFT-1).
Photograph showing the Pipalkoti paleolake sequence.

3.3 Chronology

As mentioned in the methodology, Infrared Stimulated Luminescence dating technique
was used to constrain the chronology of the studied Pipalkoti paleolake sequence. The
dates obtained for the sequence are mentioned in Table 3.1 and shown in Fig. 3.4. The
two top ages of the sequence are quite close to each other despite significant sediment
thickness between them. This may be due to landslide leading to the dumping of huge
sediment load in the lake from the surrounding region, eventually resulting in
vanishment of the lake. Following Zhang et al. (2015), linear age-depth (depth/age)
model was used to establish a better chronology, especially for the depth where isotopic

patterns change (Fig. 3.5). For this, a linear regression was performed between age and
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depth. The slope and intercept of the regression line were used to calculate the ages for
different depths.

Table 3.1 Details of radioactivity, dose rate (DR), equivalent dose (Ed), and ages
obtained using multiple aliquot additive dose method.

Sample No. U (ppm) Th (ppm)  “K (%) DR Ed (Gy) Age (ka)
(Gy/ka)

PKT-1 160+0.04 550+0.10 0.82+001 1.79£0.20 533 294

PKT-43 150+0.03 510+£010 050+000 147x0.10 41+2 284

PKT-49 248+0.04 8.20+0.10 1.70+0.08 3.00+£050 98+3 32+4

PKT-141° 200+0.40 6.60+0.15 1.02+0.01 218+0.30 98%7 45+ 6

aSample no.: PKT-1, Table 1 (Juyal et al., 2010)

3.4 Results: stable isotopic variation in the paleolake sequence

The temporal variations in §3C, TOC/TN ratios, 8*Cpiatom, and 5'°N are shown in Fig.
3.5. The 823C in the lake sequence varied from — 24.6 to — 19.7%o with an average of —
21.6%o (Fig. 3.5). The 5'°N showed a large variation ranging from 1.4 to 9.3%o with an
average of 4.5%o (Fig. 3.5). The TOC and TN contents ranged from 2.5 to 5.1% and
0.01 to 0.14%, respectively (shown in Fig. 3.5 in terms of ratios). No correlations were
noticed between §*3C - TOC and §*°N - TN.

The 3**Cpiatom in the sequence varied from — 25.0 to — 20.3%o with a mean of —
22.6%o (Fig. 3.5). In general, values for $*3Cpiatom were lower than §3C with a
maximum difference of 5.1%.. Interestingly, four significant negative excursions in
513Cpiatom, With values around — 25.0%o, were noticed at ~ 45, ~ 40, ~ 35, and ~ 30 ka

(Fig. 3.5).

An increasing trend in §'3C was noticed during 45 to 41 ka, whereas TOC/TN
ratios and 8N during this period did not follow any specific pattern (Fig. 3.5).
Decreasing trends in 83C and §*°N were noticed along with increase in 5'*Cpiatom and
TOC/TN ratios between 40 to 32 ka (Fig. 3.5). The sediment sequence showed an
increasing trend in $*3C with a lowering in TOC/TN ratios and §'°N from 32 to 29 ka
(Fig. 3.5).
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3.5 Discussion

The temporal variations in 8**Cpiaom, 8*C, §*°N, and TOC/TN ratios of the Pipalkoti
paleolake sequence suggested the existence of both wet and dry periods in the central
Himalaya during the span of the study period (45-29 ka). Negative excursions in
3*3Cpiatom accompanied by relatively higher §*3C and §°N with lower TOC/TN ratios
at around ~ 45, ~ 40, ~ 35, and ~ 30 ka (Fig. 3.5), suggested intermittent drier periods
in the central Himalayan region. Barring the one at 35 ka, these drier phases in the
Himalaya coincided with the globally reported Ice rafted debris or Heinrich events (H4,
H3, and H2; Heinrich, 1988; Rabassa and Ponce, 2016). However, the limitation in the
resolution of our chronology restricted us from attributing these events as
manifestations of the Heinrich events in the Himalayas.

The 53Cnpiatom is a robust proxy to decipher the original lake C dynamics and
hence provides an understanding about the overall C biogeochemistry of the region in
which the lake is located. This is mainly because the organic matter occluded within
diatom frustules is formed within the lake itself and utilizes the DIC available in the
lake. Of the different species of DIC, diatoms use both CO; and HCO3™ as C sources
for photosynthesis. Studies have shown that during CO2 limiting conditions, diatoms
incorporate HCO3™ as a C source (Tortell et al., 1997). The §!3C of DIC in a lake is

largely controlled by productivity and respiration in the lake.

During wet and humid conditions, §*C of DIC in the epilimnion of a lake
increases with the enhancement in aquatic productivity due to preferential uptake of 12C
by the phytoplankton (Singer and Shemesh, 1995; Leng et al., 2005). Also, during the
wet period, when stratification of the lake water column is likely, 513C of DIC in the
hypolimnion is relatively lower than that in the epilimnion due to microbial
decomposition of organic matter in the hypolimnion (Cohen, 2003). In addition, the
weathering of carbonate minerals in the watershed during wet and humid conditions
also contributes significantly to enrichment (in 3C) of the DIC pool (mainly HCO3") of
the lake with increased 5'3C of DIC (Kendall and Doctor, 2003). The catchment of the
studied paleolake was dominated by the Cambrian carbonate rocks and hence likely to
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contribute DIC in the form of HCOs™ leading to an increase in 8*3C of DIC (Fig. 3.6).
Therefore, it appeared that during the wet and humid period, the DIC pool in the
epilimnion of the lake was dominated by HCOs™ with relatively higher §**C of DIC
(Fig. 3.6). Utilization of this 3C enriched DIC by diatoms led to relatively higher
3*3Cpiatom during the wet condition. In other words, higher 5'*Cpiatom SUggested a wet

environment with higher rainfall and productivity.

On the other hand, during dry periods, due to a lesser supply of external
nutrients such as N and phosphorus because of reduced runoff, there would be a
reduction in lake productivity leading to a decrease in $*C of DIC relative to wet
condition. Also, the availability of *C depleted CO, from the hypolimnion to
epilimnion due to erosion in stratification of the water column, combined with lesser
transport of HCOs™ due to reduced weathering, would result in higher availability of
CO:z in the lake during dry conditions (Fig. 3.6). This might have shifted the lake DIC
regime from HCO3 to CO, dominated with relatively lower 8*C of DIC. Low &*3C of
DIC during winter compared to summer has been reported elsewhere (Bade et al.,
2004). Hence, the organic matter formed using this *C depleted DIC is likely to show
relatively lower 8!3C (i.e., 5*Cpiatom). Therefore, the observed negative excursions of
3**Cpiatom during this study, i.e., lower 3**Cpiatom Observed at ~ 45, ~ 40, ~ 35, and ~ 30

ka (Fig. 3.5), are indicative of lesser rainfall / drier conditions.

The total organic C in lake sediments is a mixture of both in-lake production
and terrestrial organic C. In this study, fluctuating TOC/TN ratios with values > 20 for
most samples suggested variable but dominant contribution of organic matter from
terrestrial sources brought in from the watershed (Fig. 3.5). The §*3C also reflected
largely terrestrial sources, which is likely the mixture of C3 and C4 plants. In modern
times, vegetation in the studied region is dominated by C3 plants, such as Banj-oak
(Quercus leucotrichophora A. Campus), Tilonj-oak (Quercus floribunda Lindl. ex
Rehder), Kharsu-oak (Quercus semecarpifolia), and Chir-pine (Pinus roxburghii Sarg)
(Kharkwal and Rawat, 2010). The §*3*C of C3 plants ranges from — 35 to — 22%o with
an average of — 27%o, whereas for C4 plants, it ranges from — 10 to — 18%o0 with an

average of — 12.5%o (Cerling et al., 1997). The §*C < — 20%o was observed for all
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samples during this study (Fig. 3.5), which suggested the dominance of C3 plants in the
catchment during 45-29 ka, with a possible mixture of C4 plants. The C4 plants, formed
in low pCO- conditions, are tolerant to drier conditions (Cerling et al., 1997; Sage et
al., 1999). Therefore, increase in §**C might indicate some contribution from C4 plants
due to its expansion in the catchment. Relatively higher §3C with lower TOC/TN ratios
during the periods of negative excursions in §**Cpiatom Suggested lower contribution of
land derived organic matter to the lake due to drier conditions, possibly due to relatively
less rainfall during ~ 45, ~ 40, ~ 35, and ~ 30 ka, when C4 plants might have expanded.
However, past expansion of vegetation types in the region warrants another detailed

study.

Barring 35 ka, elevated 8'°N during negative 8°Cpiatom €Xxcursions also
suggested lower inputs of terrestrially derived organic matter to the lake during those
periods. In a lake, 5°N depends on the relative contributions of soil/terrestrially derived
organic matter and in-situ primary productivity. The terrestrially derived organic matter
usually have low 8N (8®°Npiants ~ — 5 to + 2%o; 6°Nsoit ~ — 10 to + 5%o; Fry, 2006),
whereas in-situ productivity shows relatively higher values, which depends upon the
nutrient availability (Peters et al., 1978; Meyers and Ishiwatari, 1993; Meyers, 2003).
However, the No-fixers, one of the dominant phytoplankton during warmer
environment, have §°N ~ 0%o (Montoya et al., 2002; Lehmann et al., 2004). Therefore,
low 8N during the wet condition (Fig. 3.5) is indicative of high nutrient loading and
a higher supply of terrestrial organic matter to the lake, which is possible due to

increased runoff.

During the wet condition, high productivity, as well as terrestrial C loading, lead
to high heterotrophic degradation, which results in anoxic or low oxygen conditions in
a lake (Lehmann et al., 2002; Talbot, 2005; Hadas et al., 2009). This enhances
denitrification in the hypolimnion of the lake, thereby enriching the NO3™ pool in N
(Hadas et al., 2009). This isotopically enriched NOs", which could not come up to the
surface due to stratification during the wet condition, might end up on the surface during
dry (and cold) conditions due to mixing. Also, due to mixing, the lake water column

would be oxygenated, and hypolimnion NH4" might get converted to NO3™ by nitrifying
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bacteria resulting in the enrichment of the remaining NH4* pool in *N (Strauss and
Lamberti, 2000; Hadas et al., 2009). Under no external refractory C loading, higher
nitrification in lakes by chemoautotrophic ammonium oxidizers has also been reported
(Strauss and Lamberti, 2000). The uptake of the °N enriched NOs™ and NH4" pool
through the mechanisms mentioned above might have resulted in higher '°N during
drier conditions. In other words, elevated §*°N during ~ 45, ~ 40, and ~ 30 ka, combined
with negative excursions of 8**Cpiatom (Fig. 3.5), indicated drier and possibly colder
conditions. On the other hand, generally lower 8°N during 40-32 ka (Fig. 3.5)
indicated productive lake with high nutrients and terrestrial organic matter supply due

to high rainfall suggesting wet and humid conditions.
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Figure 3.6 Schematic diagram showing possible mechanism of C assimilation by
diatoms during the wet and dry conditions. The solid and dashed lines show relatively
higher and lower contributions of C species to the lake and assimilation by diatoms
during different climatic conditions.

As mentioned earlier, the warm and wet phase in climate during late MIS 3 (40-30 ka)
reported from northwest China, Tibetan Plateau, and northwestern India appears to be
in contrast with colder signatures from polar 3'80 records (Tandon et al., 1997,
Andrews et al., 1998; Shi et al., 2001; Yang et al., 2004). High lake levels in western
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China also indicated warm and wet conditions during 40-30 ka (Keqin, 1991; Pachur
etal., 1995; Hucai and Wunnemann, 1997; Meng and Liu, 2018; Zhang and Liu, 2020).
The Guliya ice core 580 records also indicated a warmer period during late MIS 3 (Fig.
3.5). This warm and wet period during 40-30 ka in the northwest China and Tibetan
Plateau has been reported as a result of the advancement of the northern ice sheet that
created a temperature and pressure gradient between the low and high latitudes leading
to strong westerlies (Yang et al., 2004, 2006, 2010; Wunnemann and Hartmann, 2007).
Barring the intermittent drier phases described earlier, the isotopic compositions
(8**Cpiatom, 8*3C, and 5'°N) and elemental ratios (TOC/TN) of the present sequence also

indicated wet and humid conditions during 40-32 ka in the central Himalaya (Fig. 3.5).

The studied lacustrine sequence at the Pipalkoti was located at one of the
terraces of the Alaknanda basin (Fig. 3.3), which is an indicator of the fluvial condition
(Juyal et al., 2010). Studies from the northern and western regions of India using
sedimentary proxies reported wet condition during the studied period due to strong
Indian summer monsoon (Tandon et al., 1997; Andrews et al., 1998; Singh et al., 1999;
Juyal et al., 2010; Chahal et al., 2019), whereas marine core 580 records from the
Arabian Sea and Bay of Bengal reported a weak Indian summer monsoon during late
MIS 3 (Govil and Naidu, 2010; Kumar et al., 2018). Another study based on 5%3C of
soil organic matter from the eastern Himalaya also showed weak Indian summer
monsoon during 46-31 ka (Ghosh et al., 2015). The present study location (central
Himalaya) experienced the interplay of the Indian summer monsoon and westerlies
(Benn et al., 1998; Kotlia et al., 2015). Decrease in sea surface temperature in the
Alboran Sea (Mediterranean Sea) due to gyre induced upwelling (Penaud et al., 2011)
and increase in the Northern Hemisphere insolation (~ 65 °N; Berger and Loutre, 1991)
during late MIS 3 have been reported (Fig. 3.5). This could provide a strong temperature
and pressure gradient between the Himalaya/ Tibetan Plateau and the Mediterranean
Sea, leading to strong westerlies, which might have extended up to the central Himalaya
during 40-32 ka. Overall, in accordance with the reports from China and northwestern
India, the period between 40 and 32 ka in the central Himalaya was wet and humid with
sporadic dry events. These dry events were likely the part of globally reported Heinrich

events. An extensive multi-proxy high-resolution study is needed in the central
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Himalayan region to understand different facets of the past climate variabilities,

including the moisture source for the wet and humid conditions during 40-32 ka.

3.6 Conclusion

Stable isotopic compositions and elemental ratios based study showed a sign of largely
wet and humid condition during 40-32 ka in the central Himalaya. A similar wet and
warm period was previously reported from the northwest China, Tibetan Plateau, and
northwestern India. The moisture source for this wet period is under debate. Based on
the previous data from the Mediterranean Sea (Alboran) and Northern Hemisphere
summer insolation, this study has surmised that the observed wetness in the central
Himalayan region might be westerlies induced. This study also found the evidence for
intermittent drier phases at around ~ 45, ~ 40, and ~ 30 ka during the larger wet period
in late MIS 3. These drier phases coincided with the globally reported extreme cold
Heinrich events. However, a study with a better chronological record is needed to
establish the same in the central Himalaya. The transition of climate from wet to dry
phase influenced lake C biogeochemistry. It appeared that the lake shifted from HCOj5
to CO> dominated regime during wet to dry transition. The lake appeared to be well
mixed during dry phases, when productivity was largely sustained through recycled
nutrients. During the wetter period, however, lake seemed to receive external nutrient

inputs as reflected through N isotopic composition of sediment samples.
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Chapter 4
Paleoenvironment of the Kashmir Himalaya

4.1 Introduction

The climate of the western Himalaya, particularly the Kashmir Himalaya, is
largely influenced by the westerlies (Zaz et al., 2019). The westerlies, controlled by the
temperature and pressure gradient between the Atlantic Ocean and the northwestern
Himalaya/ Tibetan Plateau, transport moisture from the Mediterranean Sea, Caspian
Sea, and the Black Sea to the western Himalayan region and Tibetan Plateau (Benn and
Owen, 1998; Wu et al., 2007). Therefore, the climate of the Kashmir Himalaya is
predominantly influenced by the westerlies-induced precipitation in the form of snow
and rain. Due to heterogeneous orography and geography, the Himalaya shows diverse
climatic conditions along its ~ 2400 km long stretch (Valdiya, 1998). The effect of
heterogeneous climate in the Himalayan region is abundantly seen in the distribution
and structure of many ecosystems, including aquatic ecosystems (Rashid et al., 2015).
As the Kashmir Himalaya shows great internal variation in the relief and continuity of
mountain fronts, there are a huge number of lakes in the region. These lakes have a high
rate of sedimentation due to the surrounding high mountains. As a result, they can
provide very high-resolution climate proxy data; yet, paleoclimate investigations in the
Kashmir Himalaya are limited. Apart from limited studies using lake sediments, other
archives in the region have also been used to decipher paleoclimate of the region. One
such study has used trace element geochemistry of terrestrial loess-paleosol sequence
to unravel climate variations in the Kashmir Himalaya from 65.8+7.2ka to
14.7 £ 5.4 ka (Shah et al., 2021). Another study by Ali and Achyuthan (2020) showed
the variation in geochemical characteristics of loess-paleosol sequence, which provided
information about the fluctuation in climate condition of the region during MIS 3. So
far, there is no study in the Kashmir Himalaya using lake sediments that could provide
the paleoclimate and paleoenvironmental information during the pre-Holocene period,
such as LGM (MIS 2), MIS 3, Heinrich events, etc. However, there are some studies

that have focussed on the Holocene climate of the Kashmir Valley using geochemical



54

proxies in sediments collected from trenches and cores from in and around the live and
paleo-lakes in the region. Shah et al. (2020) studied the early and mid-Holocene
paleoenvironmental condition using trace element geochemistry of sediments collected
from a trench at the bank of Wular Lake, whereas studies from the Manasbal and
Anchar Lakes showed variation in paleoclimatic conditions using the same proxies
during the late Holocene (Babeesh et al., 2019; Lone et al., 2020). Another study by
Shah et al. (2021) showed the eutrophic evolution of the Wular Lake during the last 500
years. In addition, the Manasbal Lake paleo-productivity has been explored using

diatom assemblages (Babeesh et al., 2019).

Taken together, it appears that a comprehensive understanding of the
paleoenvironmental condition of the Kashmir Himalaya is limited. Even during the
Holocene, there are some studies that are largely based on trace elements or diatom
assemblages. Use of robust proxies, which could provide information about the
biogeochemical evolution of the Himalayan lakes, such as C and N isotopes, are non-
existent. This has limited us to develop a proper understanding of the climate and
environmental history of the region, particularly from the point of view of the flow and
distribution of the bio-available elements. In this study, an attempt has been made to
decipher the past environmental conditions during the past 33 ka using stable isotopes

in lake sediments collected from different parts of the Kashmir Himalaya.

4.2 Study area

As mentioned in the methodology section, to achieve the stated goals in the Kashmir
Himalaya, two lake sediment cores, one each from the Wular and the Manasbal Lakes
in the Kashmir Valley, were extracted (Fig. 4.1a). Also, trench sediment samples were
extracted from a paleolake sequence in the Forest Block region of the Kashmir Valley

(Fig. 4.1).

The Kashmir Himalaya (Valley) is in the northwestern part of the Himalayan
mountain range. Wadia (1931) referred to the Kashmir Valley as the thrust-bounded
basin and named it 'Kashmir Nappe Zone," which consists of Palaeozoic—Mesozoic

marine deposits with Precambrian basement thrusted along a regional tectonic plane,
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namely the Panjal Thrust, over the younger autochthones belt. The 'Kashmir Nappe'
forms two major orogenic upheaval axes that run along the Pir-Panjal and Great
Himalayan Ranges. The Kashmir Nappe structural configuration and geographic
location are the product of the Great Himalayan Orogeny. In addition, it has been
suggested that the Kashmir Valley possesses almost complete stratigraphic records of
Archean rocks to recent sediments (Bhatt 1975, 1976; Wadia 1975; Shah, 2019). This
valley is filled with up to 1300 m thick Plio -Pleistocene fluvial-glaciolacustrine

deposits known as the "Karewa" or "Karewa Group (Fig. 4.1Db).

The hydrology of the Kashmir Valley is controlled by the westerlies-induced
precipitation and glacial meltwater, largely through the Jhelum River. There are three
major tributaries (Veshav, Rambiara, and Romushi) of the Jhelum River, which emerge
from the high altitude lakes and snow-covered mountains of the Pir Panjal Range in the
southwest. The Jhelum River in the valley supplies water to the Wular Lake, one of
Asia's largest freshwater lakes. The westerly influenced moisture brings copious
precipitation to the Kashmir Valley that can amount to ~ 105 mm/month during winter-
spring, whereas the autumn season remains relatively dry; 33 mm/month (Ganai et al.,
2010). The average temperature varies from — 2 °C during winter to 32 °C during
summer (Data source: https://en.climate-data.org/asia/india/jammu-and-
kashmir/srinagar-3424/).



https://en.climate-data.org/asia/india/jammu-and-kashmir/srinagar-3424/
https://en.climate-data.org/asia/india/jammu-and-kashmir/srinagar-3424/
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Figure 4.1 (a) Map of the study locations (Wular Lake, Manasbal Lake, and Forest
Block paleolake) in the Kashmir Valley and (b) geological map showing major
lithological units of the Kashmir Himalaya (after Thakur, 1998).
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4.3  Paleoenvironment during last ~ 33 ka: Forest Block paleolake
sequence

The Forest Block paleolake sequence is situated at an altitude of ~ 3300 m above mean
sea level. Such high mountain lakes are severe ecosystems susceptible to harsh climate
conditions. Only alpine plants or sparse vegetation can thrive above the tree line at such
a high altitude due to the extreme winter temperatures (Hinder et al., 1999). These lakes
are covered with snow and ice for most of the year, preventing sunlight from entering
the underlying water column (Felip et al., 2002), which also appears to be the case for
the present study region. Photosynthesis cannot occur in the absence of light and the
lakes stay in darkness resulting in heterotrophy until the ice cover melts (Venteli et al.,
1998). When the ice cover melts in the summer, the lake suddenly receives higher solar
irradiance with high UV radiation, which is directly related to altitude (Vinebrooke and
Leavitt, 1996). It has been shown that altitude-gradient in the atmospheric
condition may also influence the thermal structure of such lake, which largely controls
the ecology and biogeochemistry of the lake (Livingstone et al., 2005; Ceppi et al.,
2012; Pepin et al., 2015; Woolway et al., 2019). Aquatic organisms can finish their life
cycle during this brief time of optimum circumstances before the snow returns to cover
the lakes. High-mountain lakes are considered "natural laboratories" where global
climate changes can be investigated through the advancement in the understanding of
temporal biogeochemical evolution of the lake. In this section of the thesis, an attempt
has been made to comprehend the temporal biogeochemical evolution of one of the
high mountain lakes in the Kashmir Himalaya as well as the accompanying regional
and global environmental changes using the §'*C and 8'°N and their concentrations in

the Forest Block paleolake sequence covering 33—0.2 ka

4.3.1 Chronology

For high resolution chronology construction, sediment samples from the Forest Block
paleolake sequence have been dated using the radiocarbon dating technique that has
been mentioned earlier in the chapter dealing with the methodology. For this, organic
matter in eight sediment samples from the Forest Block sediment sequence were dated

using AMS, which are shown in Table 4.1 with depths and corresponding calibrated
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ages. Overall, the ages obtained showed that the sampled Forest Block paleolake
sequence covered the time span ranging from 33 to 0.2 ka in the Quaternary history of
the Kashmir Himalaya. The photograph of the sampled trench with the litholog and
age-depth model plot is shown in Fig. 4.2.
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Figure 4.2 Lithology of the Forest Block paleolake sedimentary sequence with section
photograph and age depth model. The black dot near the lithology section showed the
depths of radiocarbon dated samples.
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Table 4.1 Calibrated AMS *C ages (20 error bar) of the Forest Block paleolake
sequence.

Sample ID Depth (cm) Age (Cal ka BP)
Top 0 0.21+0.17
PRL3536 5 0.57 £ 0.06
PRL3537 25 1.21 +0.06
PRL3538 57 751+0.14
PRL3539 119 15.36 +280
PRL3540 175 21.00+0.21
PRL3541 219 23.15+0.21
PRL3542 269 25.02 £ 0.26
PRL3545 419 30.26 £ 0.08
Bottom 460 33.21+£0.50

4.3.2 Forest Block paleolake: C and N contents and isotopic compositions

The temporal variation in §'*C and §'°N of the sampled sediments is shown in Fig. 4.3.
No significant temporal change in TOC and TN contents, except for surface samples
representing the last 7 ka was noticed. Overall, §'°C varied from — 25.5 to — 23.0 %o
(maximum difference ~ 2.5%o), and TOC ranged from 0.05 to 5.36 %. The §'°N showed
a large variation, ranging from 3.6 to 11.0 %o with a maximum difference of 7.3%o. TN

also showed a significant variation and ranged from 0.02 to 1.36% (Fig. 4.3).

The §'3C and TOC showed a significant positive correlation (* = 0.31 and p <
0.001), whereas no significant relationship was noticed between §'°N and TN. The TOC
and TN showed a strong correlation (+* = 0.80 and p < 0.001), but no relationship was
observed between §'3C and 5'°N.

A gradual increase in §'3C from — 24.7 to — 23.0%o was noticed during 31 to 28 ka (Fig.
4.3a). Further, a consistent decline in §'*C was seen between 28 and 15 ka, with
significantly higher values during 28-24 ka, which corresponded to the beginning of
the LGM (Fig. 4.3a). A significant positive §'°C excursions were noticed during 11-12
ka, which were not seen later, possibly due to smaller number of data points. Contrary

to 8'°C, 8N showed sharp increase from 30 to 28 ka. Afterward, it declined
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consistently until 19 ka to jump suddenly within a short span. The §'°N remained
between 7—10 %o from 18 to 0.2 ka and showed two peaks at around 18—15 ka and later

at around 11 ka.

4.3.3 Paleo-biogeochemistry of the Forest Block paleolake

The TOC/TN ratio (< 10) of the sediment samples from the Forest Block paleolake
sequence suggested that, from ~ 33 ka to early Holocene (~ 7 ka), the source of organic
matter in the lake was dominantly in-lake primary production. For the same time period,
the effect of the terrestrially derived organic matter on the lake biogeochemistry
appeared to be almost negligible due to the location of the lake, which was on the top
of a mountain. The paleosol at the top of the sequence exhibited comparatively higher
TOC/TN (> 10) after 7 ka, implying the presence of soil organic matter that could have
been possible due to the vanishment of the lake around that time (Fig. 4.3 and 4.4). It
seems possible that due to significant precipitation during Holocene Thermal
Maximum, lake level could have risen leading to weakened lake boundary and outflow
of the lake water. This could have possibly emptied the lake at around 7 ka exposing
the lake bottom to the atmosphere to allow grass and other terrestrial plants to grow,

which was marked through relatively higher TOC/TN ratio after 7 ka.

Overall, 5'3C and 6*°N signatures of the Forest Block paleolake sequence during
30-7 ka represented the change in lake biology and associated biogeochemical
processes (Fig. 4.4 and 4.5) through time. These elevated signatures in isotopic
compositions of lake C and N indicated existence of relatively colder climate during
that time period. The present altitude of the paleolake sequence is ~ 3300 m and modern
climate shows that it is situated in a low-temperature (annual average — 10 °C) region.
Assuming similar altitudinal effect on the lake, it is highly likely that the surface of the
lake was frozen sometime during its existence. The complete or partial freezing of the
lake surface might have cut off the CO> exchange between air and water as well as
stopped the inputs of nutrients from the catchment to the lake (Gammons et al., 2014).
In the present study, the higher 8*C and 8'°N values at ~ 29-28 ka showed limiting
surface CO> and nutrient condition in the lake due to the ice cover. The ice cover might

have also resulted in winter stratification that would not allow hypolimnion nutrients
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and recycled CO- enriched water to upwell to the surface (Gammons et al., 2014).
Therefore, in the absence of supply of nutrients from the catchment and atmospheric
CO:2 exchange along with limited upwelled DIC (and recycled nutrients) from the
hypolimnion, phytoplankton was possibly using the available DIC in the surface. The
uptake of this limited surficial nutrients and DIC pools might have led to its isotopic
enrichment leading to higher 'C and §'°N. In addition, during the cold period, low C
isotopic fractionation associated with the growth of primary producers has been
reported previously (Watanabe et al., 2004), which could be an additional reason for

enrichment in *3C of the organic matter of the Forest Block paleolake.

A gradual decrease in §13C and 5'°N between 29 and 19 ka (29-24 and 24-19
ka) indicated an enhancement in air-water CO2 exchange and nutrient supply to the lake,
which might be due to rising temperature and progressive melting of ice cover. A
sudden shift in 8N during 18-16 ka associated with no significant change in §*3C
might have resulted due to the upwelling of hypolimnion nutrients and CO to the lake
surface as a result of overturning of the lake (Hadas et al., 2009). In a lake, the bottom
water is enriched in NH4" due to decomposition of organic matter and consumption of
dissolved oxygen in the water column (Hadas et al., 2009; Gammons et al., 2014).
When there is no terrestrial organic matter supply to a lake, nitrification is supposedly
the dominant process that transforms NH.* into NO3~ by the preferential consumption
of N (Strauss and Lamberti, 2000). The resulting NH4" would be enriched in N,
which once upwelled to the surface during lake mixing (wind-induced or break in
stratification), would be taken up by the primary producers leading to increased §°N
(Fig. 4.4 and Fig. 4.5). Unlike NH4" availability, which strongly depended on the
upwelled water, CO2 majorly depended on the exchange between the lake surface and
atmosphere (Fig. 4.5). The respired CO2 might also play a significant role in
photosynthesis as 5'°C of the organic matter during this study showed a mixed signature
of both respired and atmospheric CO,. The declining signature of 3!3C after 29 ka
indicated a possible mixed source of C to the primary producers in the lake, i.e.,
atmospheric and respired CO, which was indicative of progressively warming climate.

As the uptake of surficial DIC by phytoplankton led to enrichment of the remaining
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pool in 13C, the supply of the respired CO2 with depleted *3C signature (§*3C ~ — 42%o;
McCallister and Del Giorgio, 2008), due to the break in the winter stratification of the
lake, might have resulted in the observed §'3C of the lake organic matter after 29 ka.

An increase in §3C and 8N at around 12-11 ka suggested possibility of
relatively cooler or dry climate in the region again, possibly due to increase in frozen
lake surface area, leading to limited exchange of CO; and nutrients, as explained earlier.
Taken together, sediment samples from the high altitude lake suggested colder period
in the Forest Block region at ~ 29 and ~ 11 ka. The observed gradual decrease in §°C
and 8N between 29 and 19 ka suggested the weakening of westerlies, which were

interlinked with a time of maximum ice sheet extension during the LGM.

4.3.4 Interconnection with the global climate

It is well known that the Kashmir Himalayan climate is dominantly controlled by the
westerlies (Zaz et al., 2019). Between 33 and 0.2 ka of the Kashmir Himalayan
paleoclimate history, evidences for two extreme colder periods at ~ 29 and ~ 11 ka were
noticed in this study, which coincided with the globally reported Heinrich (H3) and YD
(12.7-11.5 cal. ka BP; Lohne et al., 2013, 2014) events, respectively. The Heinrich and
YD events resulted from the ocean surface cooling as indicated by &80 records of
planktonic foraminifera of the North Atlantic Ocean (Keigwin and Lehman, 1994;
Bagniewski et al., 2017). The sediment cores from the North Atlantic Ocean
demonstrated that the ocean surface cooling during H3 was due to freshwater inputs
resulting from the polar ice sheets melting (Gwiazda et al., 1996; Barker et al., 2015).
On the other hand, the YD event was due to an abrupt rerouting of Lake Agassiz
overflow through the Great Lakes and St. Lawrence Valley. As a result, the deepwater
formation in the subpolar North Atlantic and the strength of the Atlantic Meridional
Overturning Circulation weakened (Broecker et al., 1989). Another study showed that
the meltwater discharge from the Arctic, rather than the St. Lawrence Valley, was more
likely to have triggered the YD cooling (Condron and Winsor, 2012). The melting of
ice sheets and cooling of the North Atlantic surface ocean played a significant role in
the southward shifting of westerlies (Peterson et al., 2000; An et al., 2012). The grain

size-based study from the Lake Qinghai’s loess-like sediments indicated cold/dry


https://onlinelibrary.wiley.com/doi/full/10.1111/bor.12543#bor12543-bib-0045
https://onlinelibrary.wiley.com/doi/full/10.1111/bor.12543#bor12543-bib-0046
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conditions during both H3 and YD events, suggesting strong instabilities in the
westerlies-dominated climate regions, i.e., central Asia and central loess plateau

(China) region during glacial times (An et al., 2012; Cheng et al., 2020).
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Figure 4.3 (a) 5'°C and '°N and (b) TOC and TN content of the Forest Block paleolake
sequence. Violet dot and yellow dot are representing the C and N content and isotopic
composition in (a) and (b), respectively.

Therefore, it appeared that biogeochemical changes in the Forest Block high
altitude paleolake during this study were also, directly and indirectly, influenced by

westerlies, which were impacted by cooling during the globally reported H3 and YD

events.
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Figure 4.4 Comparison of our results with previously reported studies that showed the
variation of westerlies during the LGM (a) §'3C (violet dot) and §'°N (yellow dot) of
the Forest Block paleolake sequence, (b) westerlies Index (>25 pum grain size) from
Lake Qinghai (An et al., 2012), and (d) Obliquity (represented by dotted line) and July
Insolation (65°N) (represented by the red line) (Berger & Loutre, 1991). The red arrows
are representing the extreme cooling period in the study are which coincided with
globally reported H3 and YD event.
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Figure 4.5 Schematic diagram of possible biogeochemical cycling in the Forest Block
paleolake during (a) drier (colder) and (b) wetter (warmer) conditions.

As discussed earlier, the LGM has been defined as the period of maximum ice cover on
the Earth. Clarke et al. (2009) suggested that the development of ice sheets was at their
maximum between 33.0 and 26.5 ka due to the response of climate forcing from

decreases in northern summer insolation, tropical Pacific sea surface temperatures, and
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atmospheric CO,. All ice sheets were at their LGM position during 26.5-20.0 ka.
Another study by Ivy-Osch et al. (2008) from Alps Mountain has shown extensive
glaciation between 30 and 18 ka, which was synchronous with the global ice volume
maximum of MIS 2. In this study, a gradual decrease was observed in §'°C and §'°N
from 28 to 19 ka, which included the LGM. Within this 28-19 ka time period, slight
shift in both 8'3C and 8N was observed around ~ 24 ka. Based on this observation,
this period (28-19 ka) could be divided into two phases of LGM, i.e., early LGM (28—
24 ka) and late LGM (2419 ka). Similar to this, two phases of the LGM have been
reported earlier by Cheng et al. (2020) based on dust accumulation in loess deposits
from the central Asia and the central loess plateau. However, the early LGM in Cheng
et al (2020) has been classified as a time span between 26.5-23 ka and characterized by
low dust accumulation compared to late LGM, which covered the period from 23 to 19
ka. Findings from other studies such as higher biogenic silica contents in the Lake
Baikal of Siberia, higher Amphibole-epidote ratio from the central Asia, and the lower
mean grain size for Jingyuan loess on the western central loess plateau during the early
LGM (26.5-23 ka) compared to the late LGM (23-19 ka) suggested that the Siberian
High was weaker during the early LGM than the late LGM (Prokopenko et al., 2006;
Cheng et al., 2020, 2021). Additionally, increased dust collection in the Greenland ice
during the early LGM compared to the late LGM suggested strong westerlies (Svensson
et al., 2000). The stable isotope proxies used in this study revealed a steady increase in
lake productivity, which could be attributed to a rise in temperature due to the
weakening of westerlies during 28—19 ka. For the same time period, the weakening of
westerlies has been previously reported in the central Asia (An et al., 2020; Cheng et
al., 2020). Another study has shown that the westerlies strength was dominantly
controlled by the variation in obliquity in the geological past (Jackson and Broccoli,
2003). It has also been reported that obliquity strongly affects the meridional insolation
gradient between northern mid and high latitudes, especially in summer (Masson-
Delmotte et al., 2006). The low obliquity allowed more radiation in mid-latitudes than
the pole resulting in a steeper meridional insolation gradient (Loutre et al., 2004; Cruz
et al., 2006). The lower obliquity supported a strong meridional insolation gradient,

enhancing the strength of westerlies during the early LGM compared to late LGM (Fig.
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4.4). Therefore, it seems more likely that strong westerlies during the early LGM (28—
24 ka) lowered the temperature across the Kashmir Valley, resulting in ice-cover over
the lake, which later melted with time owing to the weakening of westerlies. In
summary, it appears likely that the strength of westerlies decreased due to an increase
in obliquity from early to late LGM and influenced the high altitude Forest Block
paleolake lake C and N biogeochemistry (Fig. 4.4 and Fig 4.5). In this regard, a detailed
study to understand the interaction among strength of westerlies, Northern Hemisphere

insolation, and western Himalayan environment is warranted.
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4.4 Late Holocene environment (last 3.7 ka)

The Forest Block paleolake sequence has covered ~ 33 to 0.2 ka of the climate and
environmental history of the Kashmir Himalaya. However, due to sparse resolution in
the upper part of the Forest Block paleolake sequence, it was not possible to extract
detailed information about the mid and late Holocene. In addition, the available
paleoclimate studies from the Kashmir Himalaya also showed gaps in the
environmental and climate information for the last 5 ka. As discussed earlier, other
studies from the region were based on geochemical proxies and diatom assemblages
and have not covered the stable isotope approach to unravel the past lake ecology and
biogeochemical evolution during the Holocene. Therefore, by considering these
aspects, two sediment cores, one each from the Wular and the Manasbal Lakes, were
extracted to understand the environmental condition during the Holocene, particularly

the late Holocene, of the Kashmir region.

4.4.1 Waular Lake

The Wular Lake, situated in the Bandipora district (34°16'-34°20'N and 74°33'-
74°44'E), is one of the largest freshwater lakes in Asia with an average surface area of
189 km? (Shah et al., 2017). The lake is surrounded by the great Himalayan mountain
range towards the northeastern side and the Pir-Panjal range towards the southwestern
side. The Wular Lake receives most of its water from the Jhelum River draining through
south and central Kashmir along with two small rivers (Madhumati and Erin) (Mushtaq
and Pandey, 2014).

Presently, the surface water temperature of the lake varies from 6 °C during
January to 27 °C during July (Ganai et al., 2010). The pH of the lake ranges from 8.8
during January to 7.0 during July (Rashid et al., 2013). Similarly, dissolve O> varies
from the lowest 4.4 mg/I during July to the highest 12.0 mg/l during January (Ganai et
al., 2010). The CO2and HCO3™ vary from 4 to 16 mg/l (January to July) and 86 to 190
mg/l (July to January), respectively (Ganai et al., 2010).

The Wular Lake shows lotic and lentic nature consisting various types of

phytoplankton, zooplankton, and macrophytes. The Bacillariophyceae (diatom) is one
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of the most abundant phytoplankton in the lake, including Chlorophyceae (green algae),
Cyanophyceae (blue-green algae), and Euglenophyceae (Ganai et al., 2010; Ganai and
Parveen, 2014). Shah and Pandit (2013) reported cladoceran (23 species) as one of the
dominant zooplankton in the lake. On the other hand, Ceratophyllum demersum and
Potamogeton crispus are dominant macrophytes in the lake.

Chronology

To establish the chronology, organic matter in five sediment samples were dated using
AMS, which are shown in Table 4.2 with depths and corresponding calibrated ages.
The obtained ages showed that Wular Lake sediment samples covered from 3.7 to 0.3
ka of the Holocene. The age-depth model plot for the same is shown in Fig. 4.6. In
Woular Lake sediment samples, no reservoir correction has been performed as it was

previously observed by Shah et al. (2020).

Table 4.2 Calibrated AMS '*C ages (20 error bar) of the Wular Lake sediment samples.

Sample ID Depth (cm) Cal Ages (ka BP)
0 0.3

PRL 3651 48 0.9+0.1

PRL 3579 90 1.9+0.1

PRL 3655 144 24+0.1

PRL 3656 186 25+0.1

PRL 3657 216 33+0.1

Bottom 3.7
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Figure 4.6 Age-depth model for the Wular Lake sediment core.

C and N isotopic compositions and their contents

As stated earlier, based on five radiocarbon ages, it has been found that the Wular Lake
core covered between 3.7 ka to 0.3 ka of the Kashmir Himalayan climate history (Table
4.2). Between this time period, the down-core profiles of *3C, TOC, §!°N, and TN data

showed two distinct environmental phases, i.e., from 3.7 to 1.5 ka and 1.5 to 0.3 ka,

that can be seen in Fig. 4.7 a-d.

The first phase, between 3.7 and 1.5 ka, showed relatively higher 5!3C (average:

—23.63 £ 0.83%0) and 5'°N (average: 5.32 + 0.70%o) than the second phase and were
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associated with lower TOC (average: 2.04 + 0.70%) and TN (average: 0.22 + 0.05%)
contents. Within this phase, a sub-phase of higher §'3C and §*°N from 2.8 to 2.2 ka with
313C peak at 2.5 ka was also noticed.

The second phase, observed between ~ 1.5 and 0.3 ka, was characterized by
relatively lower average 'C and §'°N and higher TOC and TN contents than the first
phase, i.e., — 26.27 £ 0.46%o, 4.17 £ 0.65%0, 3.83 + 1.12%, and 0.38 £+ 0.09%,
respectively. The increasing trends in TOC and TN contents were noticed from ~ 1.5
to 1.0 ka. Between 1.0 and 0.3 ka, the TOC and TN contents showed an irregular

pattern, while 5!°N (~ 5%o) showed a positive excursion at ~ 0.5 ka.

A positive correlation (r?> = 0.49, p < 0.001) was observed between 53C and
51N (Fig. 4.8a), whereas 5'3C and TOC were negatively correlated (r?> = 0.68, p <
0.001) (Fig. 4.8b). Similarly, 5!°N showed a strong negative correlation with TOC (r?
= 0.45, p < 0.001; Fig. 4.8b) and TN contents (r> = 0.61, p < 0.001; Fig. 4.8¢c). Like
513C and 8N, the TOC and TN contents were also positively correlated (r? = 0.44, p <
0.001; Fig. 4.8d).

Waular Lake paleobiogeochemistry and associated environmental changes

The temporal variation in §*3C, §°N, TOC, and TN contents of the sediment samples
from the Wular Lake showed a distinct pattern that suggested a change in the
environmental condition of the Kashmir Valley during the last 3.7 ka (Fig. 4.7 and Fig.
4.9). In this study, C and N contents and their stable isotopic compositions revealed
two distinct environmental phases. The first phase was observed from 3.7 to 1.5 ka and
was characterized by a drier/colder climate as revealed by relatively higher §**C and
5N along with lower TOC and TN contents. This drier phase transitioned into a
relatively humid/wet condition from 1.5 to 0.3 ka, which was registered as relatively
low 8'3C and 8N with higher TOC and TN contents. A relatively drier period from
2.8 to 2.2 ka was noticed within the dry phase (3.7 to 1.5 ka), with an extreme dry event
at ~2.5 ka. In addition, a drier event was also observed at ~ 0.6 ka within the warmer
phase (1.5-0.3 ka), which was documented as high N with low TOC and TN

contents. This drier event coincided with the "LIA"™ recorded in the Northern
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Hemisphere (Grove, 2012). The temporal evolution of the C and N biogeochemistry of
the Wular Lake, along with the global climate interconnection during these dry and wet

phases, have been discussed below.
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Figure 4.7 Temporal variation of (a) §'C and (b) TOC of organic carbon, and (c) 8'°N
and (d) TN contents of bulk sediment in the Wular Lake samples.
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Carbon dynamics of the Wular Lake

Higher 83C and lower TOC content of organic matter could result from lower
productivity and high HCO3™ (and low CO) in the lake. It has been reported that the
313C of HCO;3™ is almost ~ 10%o enriched than CO, (Paneth and O'Leary, 1985). A
previous study showed that the HCOs™ (CO2) concentration was high (low) during the
winter and low (high) during summer in the Wular lake (Ganai and Parveen, 2014).
This was possibly due to lower runoff of glacial meltwater and consequent respired
CO2 through the Jhelum River into the lake. Evaporation is also found to be responsible
for higher 5'3C of DIC in lakes during dry conditions (Talbot and Kelts, 1990). The
geochemical, biochemical, and genetic-based studies have provided evidences of active
uptake of HCOs™ as a C source by the phytoplankton (diatom) during photosynthesis
(Tortell et al., 1997; Hopkinson et al., 2011). Bacillariophyceae (diatom), being one of
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the most abundant phytoplankton species in the Wular Lake (Ganai et al., 2010; Ganai
and Parveen, 2014) can fractionate ~ — 20.4%o during photosynthesis (Hopkinson et al.,
2011). The continuous primary productivity with *2C preferential uptake of DIC can
lead to enrichment in 3C of the remaining DIC pool (Singer and Shemesh, 1995; Leng
et al., 2005). It is likely that the new growth of phytoplankton in **C dominated DIC
pool would result in higher §*3C of organic matter. Therefore, the availability of higher
HCOs~ with high 8!3C in the lake due to low runoff and higher evaporation, slow
metabolism, and presence of diatom could be controlling factors for the observed higher
313C of the organic matter. Taken together, all these evidences point towards the

existence of a drier/colder phase between 3.7 and 1.5 ka.

Relatively lower §C and higher TOC contents observed in the sediment
samples during 1.5 to 0.3 ka suggested higher productivity in the lake, possibly due to
larger inputs of bioavailable nutrients (N and P) transported through the Jhelum River
(and glacial meltwater) and precipitated water. As mentioned above, CO> was relatively
higher during summer, probably due to glacial meltwater passing through the catchment
of Jhelum, which could be a possible source of soil respired CO,. There could also be
increased input of terrestrial organic matter to the Wular Lake leading to relatively
lower 513C. All these above evidences point to the fact that relatively lower §'3C and
higher TOC contents could be a result of wetter/warmer environment during 1.5 to 0.3
ka.

Nitrogen dynamics in the Wular Lake

Due to low productivity and nutrient limiting condition during drier/colder period, C
loading to the lake was relatively low that enhanced the activity of nitrifying bacteria
in the lake (Strauss and Lamberti, 2000; Hadas et al., 2009). The inverse relationship
between 8°N and TOC contents suggested the effect of C loading on the §'°N of
organic matter (Fig. 4.8b). In a lake, during the colder condition, when runoff is low
with no or low terrestrial C input, the nitrifying bacteria converts the available NH4*
into NOs~ by preferentially incorporating *NH, into the process. This results in the

enrichment of ©®NH,4 in the remaining nutrient pool (Hadas et al., 2009). During the
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warm condition, when productivity and influx of terrestrial C increases, the
heterotrophic microbial degradation dominates over the nitrification resulting in low
oxygen condition (Strauss and Lamberti, 2000; Lehmann et al., 2002). The low oxygen
condition in a lake has the potential to enhance denitrification, converting NO3z™ to Na.
This results in the enrichment of NOs~ pool in *N (Hadas et al., 2009). This
isotopically enriched NOz~ trapped in the hypolimnion during summer due to
stratification could come up to the surface during winter mixing. Uptake of these *°N
enriched NOs™ and NH4* through photosynthesis can lead to relatively enhanced §°N
of the organic matter, which appears to be the case during the drier period of the present
study. Within the drier condition, N showed three positive excursions (~ 2.6, 2.3,
and 1.6 ka) which could be due to the relatively higher nitrification of the limited

nutrient pool, suggesting extreme drier/colder conditions.

The lower 8*°N and higher TN contents observed during 1.5 to 0.3 ka (Fig. 4.7
and 4.8c) suggested high productivity [including nitrogen fixers; 0%o (Montoya et al.,
2002)] in the lake with a large input of nutrients (lower 5'°N) due to high runoff through
the Jhelum river suggesting warmer/humid condition in the Kashmir Himalaya during
that period. Increased supply of terrestrial organic matter due to wet climate and
increase runoff might have also contributed to the lowering of §*°N. Based on §!°N and
TN data, it appeared that the Kashmir Himalayan climate was relatively wetter from
2.0to 1.7 kaand 1.5 to 0.3 ka. Within the warmer period of the last 1.5 ka, an excursion
of high '°N was observed at ~ 0.5 ka, which suggested a drier condition. In addition,
it could be seen that 3*°N varied differently than §*3C. The 5'°N and TN values during
the last 1.5 ka showed an irregular pattern suggesting disturbed N dynamics in the lake,

possibly due to agricultural activities known to exist in the region since the last 1.5 ka.
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Figure 4.9 Comparison of variation in (a) NAO circulation pattern, (b) §*30-Sidi Ali
Lake, (c) 880-Uluu Too cave with the data from the present study including (d) §**C
of organic carbon (white dots) and 5'°N of bulk sediments (green dots), and (e) TOC
and TN percentage represented by grey and dark green dots, respectively. Red square
boxes (with bar) are representing the Cal year (std. error).
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Paleoclimate interpretation and possible mechanisms

The reconstruction of the past environment based on the Wular Lake sediment core data
of §13C, 8™°N, TOC, and TN suggested that the Kashmir Himalaya was characterized
by a larger dry phase before 1.5 ka, which was interspersed by extreme drier episodes
between 2.8 and 2.2 ka with its maximum at ~ 2.5 ka (Fig. 4.6). The dry phase
transitioned to the wet phase after 1.5 ka until 0.3 ka. This wet phase was interrupted
by another dry event at ~ 0.6 ka. Overall, the present study results appeared to be largely
in agreement with the previous studies based on different proxies and archives from the
region (Babeesh et al., 2019; Lone et al., 2020; Ali et al., 2021). For example, Lone et
al. (2020), through differences in geochemistry, mineral magnetism, grain size, and
C/N ratio in Anchar Lake sediments, revealed moderate precipitation during 3.9-2.5 ka
and 2.5-1.6 ka with catchment stability and cold/dry condition in the Kashmir Valley.
They also reported weak westerlies-induced precipitation during ~ 0.6 ka. Babeesh et
al. (2019) also observed a drier period from ~ 3.3 to 3.1 ka and 2.5 to 1.8 ka based on
changes in grain size, major and trace elements, TOC, organic matter contents, C/N

ratios, and diatom assemblage in the Manasbal Lake.

The reconstructed climate from the westerlies-dominated central Asian region
also seemed to be in agreement with the present results, demonstrating similar changes
in climate and environment during the late Holocene (Fig. 4.9). The results of this study
appeared to be comparable with the 520 record of the Uluu-Too cave from Kyrgyzstan,
which showed a drier climate between 3.0 and 2.5 ka and a wetter climate after 1.7 ka
(Wolff et al., 2017). In contrast to the present results, Uluu-Too 520 record showed a
warmer condition at 2.5 ka. Climate records from the Bosten lake in China showed
similar changes during the late Holocene, such as drier climate at 3.9-3.6, 3.4-3.2, 2.6—
2.5,1.9-1.1, 0.5-0.3 ka with some intermittent wetter periods (Wunnemann et al.,
2006). The &80 records from the Sidi Ali Lake in Morocco also showed peaks at 3.3,
2.7, 2.1 ka, and LIA corresponding to the low North Atlantic Oscillation (NAO) stages
(Olsen et al., 2012; Zielhofer et al., 2019). Largely, the drier periods observed in the
studies mentioned above were temporally in agreement with our results and also

interlinked to the negative NAO phases. So far, several studies have shown a strong
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connection between NAO and temperature/precipitation in the Northwestern Himalaya
(Archer and Fowler, 2004; Bhutiyani et al., 2007; Bookhagen, 2010; Igbal and Ilyas,
2013; Sharif et al., 2013; Zaz et al., 2019). A recent detailed study by Zaz et al. (2019)
has shown a negative (positive) correlation between NAO and average winter
temperature (precipitation) in the western Himalaya from 1980 to 2016 AD. The
notable excursions of drier climate in our results during ~ 3.3, 2.8 t0 2.2, 1.5, and ~ 0.5
ka coincided (within the range of 4C ages error) with the negative mode of NAO. It
implied that NAO controlled westerlies were not strong enough to transport moisture
to western Himalaya, resulting in a drier climate and low lake productivity. On the other
hand, the wetter period from 1.5 to 0.3 ka was controlled by the NAO-originated

westerlies-induced precipitation.
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4.4.2 Manasbal Lake

Manasbal Lake, one of the deepest (12—14 m) freshwater lakes in India, is located about
30 km north of the Srinagar in the Union Territory of Kashmir (34°14'40"-34°15'20" N
and 74°39'00"-74°41'20" E) at an altitude of 1584 m above mean sea level (Fig. 4.10).
Winter and spring precipitation, as well as groundwater, are the sources of water in the
Manasbal Lake. The lake is also seasonally supplied by the irrigational stream Larkul
on its eastern side, which is only operative during the summer. The volume of the water
in the lake has been estimated as 12.8 x 10® m* (Yousuf, 1992). A 1.6 km Nunnyar
Nalla near Sumbal village is the outlet of the lake through which the lake water drains

into the Jhelum River.
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Figure 4.10 Map of India and the Manasbal Lake with its location and altitude. The
white dot represents the location of the core in the Manasbal Lake.

Chronology

For the chronology of the Manasbal Lake sediment samples, organic matter in three
sediment samples were dated at different depths (Table 4.3) using AMS. Based on
previous studies, it has been found that no reservoir effect has been noticed in the lakes
of the Kashmir valley (Babeesh et al., 2019; Shah et al., 2020; Lone et al., 2020).
Therefore, in this study, no reservoir correction has been performed. The age of the
samples, depth, and their corresponded ages are mentioned in Table 4.3 and shown in

Fig. 4.11.
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Table 4.3 Calibrated AMS '*C ages (20 error bar) of the Manasbal Lake sediment

samples.
PRL ID Sample depth (cm) Cal ages (ka Cal BP)
PRL 3583 9 06+0.1
PRL 3584 69 15+0.2
PRL 3586 177 3.1+0.3
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Figure 4.11 Age-depth model of the Manasbal Lake sediment samples.
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Temporal variation of stable isotopes in the Manasbal Lake sediment samples

The samples of the Manasbal Lake have been analysed for §°Cac, §'%0ac (AC:
authigenic carbonate), 3'3*Cbpiatom, and 8'°N of bulk sediments for the reconstruction of
paleoclimate and paleoenvironment along with the lake biogeochemical evolution
between 3.1 and 0.4 ka of time span in the Holocene period. The temporal variations in
measured stable isotopic compositions of the Manasbal Lake samples are shown in Fig.
4.12 (a-d). The §"*Cac and §'*Cpiatom varied between — 2.8 and ~ — 0.1%o (average: —
1.7+ 0.7%o0) and — 26.8 and — 19.5%o (average: — 24.2 = 1.7%o), respectively (Fig. 4.12a
and b). The 5'°N showed a significant variation, i.e., from 0.3 to 3.9%o with an average
of 2.2 £ 0.9%o (Fig 4.12¢). The §'®0xc in the Manasbal Lake sediment samples ranged
from — 9.2 to — 6.5%0 (average: — 7.7 £ 1.6%o0) (Fig. 4.12d).

The 83*Cac showed lower values (average — 2.2 £ 0.5%o) during 3.1-2.8 ka (Fig
4.12a) to increase sharply (— 0.9%o) after that and continued with relatively higher
values (average: — 0.8 + 0.4%o) up to 1.8 ka (Fig 4.12a). Subsequently, 3}3Cac showed
a sudden decrease (average — 1.8 £ 0.3%o) and remained so until ~ 0.4 ka. (Fig 4.12a).
On the other hand, the §!30ac showed lower values during 3.1-2.8 ka (— 9.3 to — 8.2%o).
Afterward, a sudden increase in 580ac was noticed at ~ 2.8 ka (— 7.4%o) that continued
with relatively higher values up to ~ 1.8 ka (— 6.7%o) (Fig 4.12d). A sudden decline at
~ 1.8 ka in 880ac (— 6.7 to ~ — 8%o) was observed to follow an increasing trend up to
0.4 ka (Fig. 4.12d).

The Manasbal Lake sediment samples showed 6*°N values close to 0%o (average
0.8 £ 0.4%o; excluding 3.7%o0 at 174 cm depth) from 3.1 to 2.8 ka (Fig 4.12c). An
increase in 8'°N (2.2%o) was noticed at 2.8 ka, which continued up to ~ 1.8 ka (2.6%o)
with slight fluctuations and overall average of 1.7 + 0.6%o (Fig 4.12¢c). Further, §°N
showed an increase at 1.8 ka (3.8%o) to decrease gradually up to 0.4 ka with an average
of 2.9 + 0.5%o (Fig 4.12c).

The 5'3Cpiatom showed a sharp increase from — 24.8%o at 3.1 ka to around — 21%eo
at 2.8 ka, which continued up to 2.4 ka with an average of —21.3 + 0.9%o0 (Fig 4.12b).
It decreased again to — 25%o at 2.2 ka. Unlike 8**Cac, 8'®0ac, and 5!°N, §**Cpiatom did
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not show change at around ~ 1.8 ka, rather it showed at around ~ 2.2 ka to slight increase

again up to — 22%o at ~1.8 ka. It showed gradual decline from 1.8 to 0.4 ka.

No correlation was observed between 5°Cac and §'80ac, whereas §*°C of
authigenic carbonate and occluded organic matter within diatom showed a significant
correlation (r?=0.32, p < 0.001, n = 76).

Oxygen isotopic composition of authigenic carbonate in the Manasbal Lake
sediments

The §*0xc has been extensively used to infer the changes in surface temperature and
oxygen isotopic composition of lake water (Valero-Garcés et al., 1997; Zanchetta et al.,
2007; Kalm and Sohar, 2010). The §0ac in the sediment samples from the Manasbal
Lake showed fluctuating values with an overall increasing trend from the bottom to top
of the core, which corresponded to 3.1 to 0.4 ka, respectively (Fig. 4.12d). The lower
5180ac observed between 3.1 and 2.8 ka suggested higher precipitation and glacial
meltwater as water influx to the lake, which indicated the wetter and warmer conditions
in the Kashmir Himalaya. The glacial meltwater has relatively lower 580 compared to
precipitated water in the region. Therefore, it might be possible that the Manasbal Lake
was open during 3.1-2.8 ka and received water from the glacial melt through the Jhelum
River. As Manasbal Lake is not presently directly connected to the Jhelum River, it is
being speculated based on the §'0ac record that the Jhelum River might have been a
source of water to the Manasbal Lake during 3.1-2.8 ka. However, this speculation
needs to be verified through multi-proxy data. Overall, it appeared that glacial (or ice)
meltwater might have been the controlling factor for lower §80ac during 3.1-2.8 ka as
it was a common phenomenon in the Himalayan region. Babeesh et al. (2019) also
reported wet condition during 3.3-2.5 ka based on chemical weathering index (CWI)
and diatom assemblages in the Manasbal Lake sediment samples. Following this wet
climatic condition, a dry phase was noticed during 2.8-1.8 ka as documented by
relatively higher §'80ac (and high §3Cac; Fig. 4.12), which indicated high evaporative
condition in the region. The average §'®0ac during this period was relatively higher
with a maximum difference of ~ 2.6%o. During this drier condition, low runoff through

glacial meltwater and low precipitation along with high evaporation might have existed
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in the region, resulting in the enhancement of 5:30ac. Horton et al. (2015) reported
covariation in carbonate 680 and '3C in > 70% of the globally recorded studies, which
was observed for 2.8 to 1.8 ka during the present study as well. Additionally, several
experimental studies have shown enhancement in heavier C and O isotopes during
evaporation in most of the lakes and lacustrine carbonate records (Horton et al., 2015).
The drier period between 2.8 and 1.8 ka observed in the present study coincided with
the cold and dry conditions observed between 3.4 and 1.5 ka based on the §*3C of soil
organic matter record from the Zanskar Valley, western Himalaya (Ali et al., 2020).
Relatively lower 8'%0ac between 1.8 and 0.6 ka suggested comparatively higher
precipitation conditions in the region up to 0.6 ka. This warm condition coincided with
the time range of Medieval Climate Anomaly (950 and 1250 AD; 1.05 and 0.7 ka; Mann
et al., 2009). After 0.6 ka, a drier period was noticed between 0.6 and 0.4 ka, which was
documented by relatively higher Oac. This drier condition coincided with the LIA
(Mann et al., 2009) and was characterized by low precipitation and high evaporation

condition in the region.

Lake Carbon dynamics during the late Holocene

The 53Cac and §*Cpiatom Of the Manasbal Lake sediment samples showed a significant
positive correlation that suggested a common C source (Fig 4.12 a & b). The lower
33Cac and %3Cpiaom during 3.1-2.8 ka probably indicated that the lake was CO:
enriched due to high runoff owing to wetter climate conditions in the Kashmir
Himalaya. This might have been possible due to the addition of glacial melt/Jhelum
water, which probably transported respired/decomposed CO2 and organic matter to the
lake resulting in lower 83C of DIC. The rivers or streams that move across vegetated
lands are prone to receive highly decomposed leached soil organic matter and are
generally supersaturated in CO, (Mayorga et al., 2005). When such a stream feeds a
lake, biological and abiotic processes lead to CO; saturation and net heterotrophy
(Duarte and Prairie, 2005; Pierre et al., 2019; Looman et al., 2021). A sharp increase in
313Cac and 8*Chpiatom at 2.8 to 2.4 ka probably indicated decreased CO> availability in
the lake due to low or no glacial melt/Jhelum River water, resulting in the shifting of

lake biology from heterotrophy to autotrophy. As autotrophic production started with
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low CO; availability, the C isotope fractionation increased with productivity. Also, the
CO2 evasion during the evaporation in the lake could reduce the CO> concentrations
(Horton et al., 2015). It has been reported through observations and culture experiments
that diatom prefers both CO2 [83C ~ — 8%o for atmospheric CO2 and — 28 to — 32%o for
respired CO2 (McCallister and Del Giorgio, 2008)] and HCOs™ (83C ~ 0%o) for
photosynthesis. Taken together, all the above-mentioned points indicated that during
2.8-2.4 ka, the climate was drier with low runoff of glacial melt and precipitated water
to the lake resulting in relatively higher 53Cac and 8**Cpiatom. Between 2.2 and 1.8 Ka,
813Cac and 8"*Cpiatom Showed an inverse relationship. Before 2.2 ka, there were few
samples (60 to 65 cm depth) in which carbonate was not found. The §**Cpiatom Showed
lower values during 2.4—1.8 ka, which was interpreted as a drier period based on §3Cac
and 8'0ac. It might be possible that diatom metabolism and carbonate precipitation
have different C sources during winter and summer seasons of a dry or wet phase. It
was likely that the lake was well mixed during the winter season, leading to the
upwelling of respired CO». In addition, it is well known that diatom growth is dominant
during the colder condition, whereas carbonate precipitates during summer when the
lake stratifies. The low 8Cpiatom along with higher §'3Cac possibly reflected the
intense lake winter mixing during 2.4—1.8 ka resulting in depleted **C-CO; source for
the primary productivity in epilimnion during the winter. In the Manasbal Lake, it has
been shown that the pH of hypolimnion is lower than the surface water due to the
continuous addition of CO> through decomposition. It is likely that the diatom
metabolism at the surface preferred respired hypolimnion CO2, whereas higher §*Cac
indicated carbonate precipitation from high §3C-DIC during summer. Overall, §**Cac
and 8"*Cpiatom covaried (gradual decreased) along with a gradual increase in §®Q0ac
indicating a wetter condition between 1.8 and 0.4 ka. This wetter period coincided with
the moderate expansion of broad level, non-boreal pollen, and ferns between ~ 1.2 and
0.6 ka from the Chandra valley, western Himalaya, under climate amelioration (Rawat
etal., 2015).
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Nitrogen dynamics of the Manasbal Lake during the late Holocene

The 5'°N of the bulk sediments of the Manasbal Lake samples showed the evolution of
nitrogenous nutrient dynamics and associated biogeochemical processes in the lake
during 3.1-0.4 ka. The lower 5'°N (average 0.8 + 0.4%o, n = 9, most of the values were
less than 1%o) along with §*80ac, 613 Cac, and 8**Cpiatom indicated wetter and warmer
climate condition between 3.1 and 2.8 ka with possible dominance of Na-fixers as
primary producers in the Manasbal Lake. Previous work has shown the Manasbal Lake
to be monomictic with summer stratification throughout the year, except December to
late February (winter season) (Vass, 1973). The higher productivity during the summer
in a lake creates a limited nutrient condition resulting in the shift of biology from
reactive N dependent species to N2 fixers (~ 0%o). A slight increase in §°N during the
drier period between 2.8 and 1.8 ka might have resulted from the input of nutrients
(NH4* and NO3") due to vertical mixing in the lake (Wurtsbaugh et al., 1985; Hadas et
al., 2009). A previous study has shown that the anoxic hypolimnion water has high
NH4" concentration in the Manasbal Lake (Yaseen and Yousuf, 2013). Low or no
oxygen availability in the lake has been identified as a possible cause of low/no
nitrification resulting in the low 8N of NH4* pool (Hadas et al., 2009). During the
drier/colder period when vertical mixing was dominant, the NH4* entrained to the
surface might have been consumed by the phytoplankton leading to slight shift/increase
in the 5!°N. Within this dry period, higher 6*°N was noticed at ~ 2.3 ka along with a
sudden decrease of 8**Cpiatom SUggesting a potential shift in the climate from drier to
wetter for a short period. Afterward, the higher 5°N between ~ 1.8 and ~ 0.4 ka showed
high productivity and high consumption of the transported soil nutrients to the lake
through runoff due to wet climate conditions. It has also been reported that the
civilization in the Kashmir Valley started around ~ 2.0 ka resulting in an increase in
agricultural, deforestation, and fire activities in the region that might have additionally

affected the N dynamics of the lake between ~ 1.8 and ~ 0.4 ka.
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Figure 4.12 Comparison of temporal variation in (a) 3}3Cac, (b) 8**Cpiatom, (c) 5*°N,
(d) 8*80ac with (e) 880 of foraminifera from eastern Mediterranean Sea (Schilman et
al., 2001), (f) 5*3C of soil organic matter (Ali et al., 2020), and (g) NAO index (Olsen
et al., 2012). The light golden and pink color bars represent dry and wet periods,
respectively recorded in the Manasbal Lake sediment samples.
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Paleoclimate interpretation and possible mechanism

The fluctuations in reconstructed environmental conditions in the present study, i.e.,
wet and dry episodes, display coherency with other Northern Hemisphere climate
records. There are similarities between shift in climate/environment phases witnessed
in the Kashmir Himalaya during this study with that of observed through &0 of
sediment core records from the eastern Mediterranean Sea and the strengthening of
NAO (Fig. 4.12). Middle-latitude westerlies dominantly controlled the climate of the
western Himalaya as primary moisture source during winter and spring (Dimri et al.,
2015), which was largely transported from the North Atlantic, Mediterranean, Black,
and Caspian Seas. A recent study from the Kashmir Valley has shown a positive
correlation between NAO and precipitation in the region and a negative correlation
between NAO and temperature (Zaz et al., 2019). Also, a more complex interplay
between the Eurasia and Pacific circulation system based on modelling data and
generally high delivery of moisture into central Asia during episodes of strengthened
westerlies has been proposed (positive NAO phase; Syed et al., 2010). A wet climate
condition observed during 3.1-2.8 ka from the sediment core of the Manasbal Lake
during this study coincided with the 80 based precipitation in the eastern
Mediterranean Sea during 3.5-3.0 ka (Schilman et al., 2001) and &§°N based
precipitation reconstruction at Son Kol during ~ 3.5-2.9 ka (Lauterbach et al., 2014).
This wet phase was mainly caused by the westerlies-induced winter precipitation due
to the positive NAO phase. The dry/cool period between 2.8 and 1.8 ka observed in this
study coincided with lower precipitation in the Zanskar valley (Ali et al., 2020) and
more arid condition in the southeastern Mediterranean Sea (i.e., between 3.0 and 1.7
ka) due to weak westerlies (negative NAO) (Schilman et al., 2001). This colder period
also coincided with the Dark Age Cold Period (Martin-Chivelet et al., 2011). Followed
by this drier period, similar to our results, the paleoclimate records from the
Mediterranean, Son Kol, and other parts of the western Himalaya also showed a
relatively humid/wet phase between 1.8 and 0.6 ka coinciding with the Medieval
Climate Anomaly and positive NAO phase. The §'°N and §'®0ac in this study showed
a colder period between 0.6 and 0.4 ka, which coincided with the LIA, a period of

negative NAO phase. In summary, the western Mediterranean 50 record, the Zanskar
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valley 8'3C record, 8D based moisture record from the Karakuli and Son Kol, along
with this study showed the western Himalayan region and central Asian climate to be
dominantly controlled by the different phases of NAO during the late Holocene.

4.5 Conclusion

In this chapter, an attempt has been made to understand the paleoenvironment of the
western Himalaya during 33—0.2 ka by using stable isotopic compositions of different
components of the lake sediments from three different live and paleo-lakes in the
Kashmir Himalaya. The significant findings are as follows.

The western Himalayan region experienced strong cold westerlies during the
early LGM, resulting in freezing of the high altitude Forest Block paleolake, which
registered elevated stable isotopic compositions. The lake appeared to have limited
contact with the atmosphere due to frozen surface with little or no nutrient influx. From
early to late LGM, the weakening of westerlies enhanced the melting of ice cover
resulting in increased exchange of atmosphere-water CO; and nutrient supply in the
lake. Two prominent colder periods were observed during the last 30 ka from the Forest
Block paleolake stable isotope study, which coincided with the Heinrich (H3) and YD
event.

The late Holocene records from the Wular Lake showed two distinct
climate/environmental phases, i.e., the period from 3.7 to 1.5 ka, which showed
signatures of drier climate with extreme dryness at 2.5 ka. This dry phase transitioned
into wet/humid phase from 1.5 to 0.3 ka. A dry event was noticed at 0.6 ka within the
wetter period, which coincided with the LIA. The Jhelum River runoff/meltwater
played a significant role in the Wular Lake C and N biogeochemistry during the late
Holocene. This study suggested that the lake transitioned into net heterotrophy from
autotrophy due to riverine input transporting terrestrial organic C.

The Manasbal Lake stable isotope data suggested a wet period from 3.1 to 2.8
ka, which transitioned into a drier climate from 2.8—1.8 ka as suggested by signatures
of high evaporation. This drier climate transitioned into a wetter climate after 1.8 ka,
which continued up to ~ 0.6 ka. The dry and wet climate observed in the Kashmir Valley

from the present results along with previous studies showed an agreement with weak
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and strong NAO phases, respectively. During drier climate, based on stable isotopes
records, it has been indicated that the lake was well mixed and the hypolimnion
nutrients and CO» largely controlled the C and N biogeochemistry. During the wetter
period, however, the C and N biogeochemistry of the Manasbal Lake was primarily
controlled by transported nutrients and CO> through the stream or river in the region.
Taken together, signatures from both Wular and Manasbal Lakes using different stable
isotopic data suggested largely similar environmental/ climate patterns, i.e., largely

drier climate prior to ~ 1.8—1.5 ka and wetter after that.
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Chapter 5

Recent environmental record from a central
Himalayan Lake

5.1 Introduction

The Himalayan lakes, a major source of freshwater for drinking and irrigation purposes,
are predominantly fed by glacial melt and precipitated water (Sharma et al., 1982;
Chakrapani, 2002). Characterised by small surface area, low organic productivity, low
temperature, and clear water, they are also important venues for recreational activities.
Due to remoteness and inaccessibility, high altitude lakes in general, and some of the
Himalayan lakes in particular, are free from direct human interventions and therefore
assumed to be an indicator of ecological and climatic changes (Choudhary et al., 2009a,
b; Choudhary et al., 2013; Catalan et al., 2013; Chen et al., 2018). These lakes respond
quickly to changes in temperature and precipitation, mainly from the surrounding
catchment or directly to the lake surface, as they are sensitive to nutrient inputs and
climate change (Vreca & Muri, 2006; Adrian et al., 2009; Vincent, 2009).

The increase in population and resulting human activities with environmental
pollution during the last few decades have affected water quality of the lakes and soil
characteristics of the Himalayan region (Chakrapani, 2002; Das, 2005). Previous
studies have shown a dramatic change in lake water quality, algal productivity, and an
increase in heavy metal contents of the Himalayan lakes (Sharma, 1982; Chakrapani,
2002). Deforestation and forest fires are also common in the region, which are recorded
in historical archives (Dobriyal and Bijalwan, 2017). The effect of urbanization on
trophic states of different Himalayan lakes has also been chronicled in the isotopic and
geochemical characteristics of the lake sediments (Choudhary et al., 2009a & b;
Choudhary et al., 2013). It has been suggested that a high-resolution study on hundred-
year time scales using lake sediment can help to improve our understanding of the past
climate change as well as the impact of human activities on the environment, which can

be used for environmental governance in the future (Yuan et al., 2013).
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In general, the composition of the lake sediments has the potential to unravel
the details about the environmental conditions in and around the lake that existed at the
time of their accumulation. The organic matter in lake sediment plays a vital role in
understanding the past environment during the sediment deposition because of its
association with biota, nutrients cycle, and biogeochemical processes (Fan et al., 2017;
Rahman et al., 2020). As stated earlier in the thesis, the biogeochemical processes
involved in the C and N cycles in a lake are also dominantly controlled by
autochthonous and allochthonous organic matter sources, which can be differentiated
by their §*3C and 5'°N along with TOC, TN, and their ratios (TOC/TN) (Meyers, 1990;
Meyers and Lallier-Verges, 1999; Fan et al., 2017; Rahman et al., 2020). The relative
input of organic matter to the lake through autochthonous and allochthonous sources
determines the relative dominance of primary production and respiration along with
associated processes, such as nitrification, denitrification, and methanogenesis (Jansson
et al., 2000; Strauss & Lamberti, 2000; Duarte & Prairie, 2005; Tranvik et al., 2009;
Hadas et al., 2009). The urban and agricultural waste-water, sewage, and modification
in the trophic web structure are some of the most common organic matter sources to a
lake with specific elemental and isotopic signatures (Harrington et al., 1998; Wolfe et
al., 2001, 2003; Anderson and Cabana, 2009; Rawcliffe et al., 2010). Due to the impact
of the human-driven activities, eutrophication has been noticed in many lakes
worldwide that are recorded as variations in &8C and &N along with their
concentrations (Jinglu et al., 2007; Zan et al., 2012; Shah et al., 2021). The effect of
continuous increase in atmospheric CO2 and depletion in *3C isotopic signature (known
as the Suess effect) due to fossil fuel burning has also been well recorded in the 5!3C of
the lacustrine organic matter (Reavie et al., 2021; Xia et al., 2021). Therefore, temporal
variations in concentrations and isotopic compositions of C and N of organic matter in
lake sediments of smaller high-altitude lakes have the potential to provide the evidences

of past changes in environmental and climatic conditions of the region around the lake.

The impact of human activities has also increased the forest fire events in the
last few decades, affecting the neighbouring environment (Hemp, 2005; Krishna and
Reddy, 2012; Bar et al., 2021). The wildfire has an impact on forest plant diversity by
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the preference for more flammable trees such as broader leaf oak trees (Gallagher et al.,
2021; McDaniel et al., 2021). To study the impact of fire on the lake or track the fire
events in the past, investigation of black carbon in the lake sediments has been a
potential practice. The black carbon, formed by incomplete combustion (anthropogenic
and natural) of biomass, is chemically inert and resistant to decay (Kuhlbusch and
Crutzen, 1995; Wang et al., 2013). Forest fires have been one of the dominant sources
of black carbon to the environment in the past (Kuhlbusch and Crutzen, 1995).
However, in the modern environment, significant sources of black carbon are biomass
burning and liquid fossil fuel/coal consumption (Winiger et al., 2015; Li et al., 2016).
Various studies have been conducted in the Tibetan Plateau region to understand black
C evolution in the last few decades using the concentration and C isotopic composition
of black carbon (5'%Cgc) (Cong et al., 2013; Li et al., 2016; Neupane et al., 2019).
However, studies related to the use of concentrations and 8'Cgc to understand the
effect of anthropogenic activities in the recent past, especially in the decadal and
centennial-scale, are limited in the Himalayan region (e.g., Cong et al., 2013; Nair et
al., 2013; Neupane et al., 2019).

Previous studies from the Himalaya, particularly in the Kumaon region (in the
Uttarakhand), have shown the impact of urbanization on the major lakes, such as
Nainital, Bhimtal, and Sattal Lakes, which were closer to the city limits, were found to
undergo higher environmental pressure following an estimated pattern as Nainital >
Bhimtal > Sattal (Fig. 5.1; Choudhary et al., 2013). In contrast, relatively smaller lakes
in the region, such as the Garud Lake, are still unexplored. It remains to be seen if the
smaller lakes with small catchments also have the potential to record the regional events
as efficiently as the larger ones. In this study, using C and N isotopic compositions and
concentrations in different components of the sediments of the Garud Lake, an attempt
has been made to track the impact of natural and human-induced changes in the
surrounding of the lake during the last seven decades. In addition, this study has also
attempted to follow the fire events in the region (natural and human-made) and their
possible impact and record in the lake. During this study, it was hypothesized that the
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lake sediment might have recorded the natural to the anthropogenic transition of its

organic and inorganic components in the region.
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Figure 5.1 Location of the study area (Garud Lake). (a) Map of India (green color shade
shows the Uttarakhand state), (b) location of Garud Lake and Sattal lake (the red and
orange color contours show the altitude of the region), (c) google earth image of the
different lakes in the study region that has been used for comparison in the present
study, and (d) the monthly average temperature and precipitation.
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5.2 Study area

As indicated in the chapter dealing with methodology, samples for this study were
collected from the Garud Lake, situated at a distance of 23 km from the town of Nainital
in the Kumaon region of the Himalaya in the Uttarakhand state, India (Fig. 5.1). The
samples were retrieved using UWITEC gravity corer with 9 cm diameter during a field
campaign in May 2018 from the deepest part (~ 24 m) of the lake. The Garud Lake,
located in the Lesser Himalaya range, is one of the seven lakes of the Sattal (Seven
Lakes), formed as a result of tectonic activities and upliftment of sediments between
the Tibetan Plateau and Indo-Gangetic plain during the Holocene (Valdiya, 1981; 2002;
Das, 2005). Largely, the rainfall during southwest monsoon feeds the lake during July-
September with mean annual precipitation of ~ 2050 mm in the region (Rawat et al.,
2013). The summer temperature of the region ranges from 10.6 to 26.7 °C, whereas

winter temperature varies from 2.8 to 15.6 °C (Jain et al., 2010).

5.3 Sediment chronology

The vertical distributions of 2°Pbex and 3’Cs activities in the sediment core are shown
in Fig. 5.2a. The #1%Phe profile showed non-exponential variation with higher values
in the top layers. For establishing the chronology, constant rate of supply (CRS) model
was used as no exponential decline in 2°Pbys was observed in the collected core (Fig.
5.2). The CRS model works on the assumption of constant supply of unsupported 2'°Pb
to the lake (or bottom sediment), where the sediment supply fluctuates (Krishnaswamy
et al., 1971). Earlier studies have used the CRS model as it provides a fairly accurate
chronology and has been widely tested at various sites (Appleby and Oldfield, 1983),
including the Himalaya (Das and Vasudevan, 2021). Therefore, the model can be used
to calculate interannual variations in sedimentation rates. A brief overview of the

principle behind the model is as follows.
The cumulative residual excess 21°Pb (Aq) beneath sediments of age t varies as:

Ag=Ag™ (1)


https://en.wikipedia.org/wiki/Sattal
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where, Ag is the unsupported ?°Pb in the core below depth ‘d’ and ‘Ao’ is the entire

unsupported 2X°Pb below the mud/water interface.
For the CRS model,
a=hlt
t=h/a (2)
where, a = sedimentation rate, h = depth below the surface, and t = time in years
The sediment chronology at depth “x (h)’ is then given by:

tx = (1/ 1) x In (Ao/Ax)
(x/a) x L =InAo — InAx
INAx = InAg — (X/a) X A

which is a equation of straight line with co-ordinates of depth (x) and Ao (y). The slope

(m) of this straight line would be m = A/a, therefore, a = A/m. So, from equation 2

tx = (X X m)/A.

As the CRS model assumes a constant 2°Pb flux but allows for variation in sediment
supply, this model is applied to most sedimentary basins where sediment can fluctuate
in response to climatic or anthropogenic changes.

In this study, using the CRS model, the age-depth relationship was established
from 21%Pbey, which resulted in the sedimentation rate of 0.85 cm/year (Fig. 5.2a and b).
The 13'Cs peaked at 47 cm with 9.31 dpm/gm, which is linked to nuclear testing and is
widely used as a time marker (1963 AD) to calculate sedimentation rate (DeJong et al.,
1982). Using both 22%Pb and 3’Cs techniques, the sedimentation rate during the present
study was 0.85 cm/year, and the bottom of the sediment core was found to be around

1949 AD. The derived sedimentation rate from *3Cs was estimated using the equation

s=dn—x) 3)
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where, ‘s’ is the sedimentation rate (cm/year) for the sample, ‘d’ the depth (cm) of the

137Cs the peak for the respective time marker ‘x’ (1963), and ‘n’ denotes the year of

sampling.
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Figure 5.2 (a) Distribution of >!°Pb (grey dots) and *’Cs (white dots) activity with
depth in the Garud Lake and (b) calculated Age vs. depth (sedimentation rate was
calculated using CRS model, i.e., 0.85 cm/year). The calculated sedimentation rate is
the same as the '3’Cs peak (red arrow showing year of human nuclear impact ~ 1963
AD at 47 cm depth) based on sedimentation rate (0.85 cm/year).
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5.4 Results

5.4.1 C and N contents and their isotopic compositions

The $C showed a narrow range from — 29.0 to — 27.0%0 with two clear positive
excursions at 6 and 38 cm, which corresponded to 1973 and 2010 AD (Fig. 5.3a). Since
1949 AD, &*3C showed an increasing trend with a maximum value around 1973 AD,
followed by a decreasing trend until 2005 AD, characterized by a secondary enriched
peak around 2010 AD. The TOC and TN ranged from 6.24 to 18.74% and 0.43 to
1.05%, respectively (Fig. 5.3b). The TOC (%) showed a similar increasing trend as §:3C
from 1949 to 1973 AD. However, afterward, until 2005 AD, it showed a rising trend,
in contrast to 813C. Further, during the later stage, TOC and §'C show a similar trend
(Fig. 5.3). The TOC/TN ratios showed a significant variation from 7 to 27 with an
average of 12 and coincided with peaks of §**C (Fig. 5.3c). The 8!°N varied from 2.2
to 4.6%o0 with prominent negative excursions around 1973, 1985, and 2010 AD (Fig.
5.3d). The four distinct positive peaks were also observed at periods corresponding to
1958, 1977, 1991, and 2003 AD. Relatively lower TN at the periods of negative §*°N

excursions were also observed (Fig. 5.3 b and d).

The 5*3C of organic matter depended on the historical isotopic signatures of DIC
when organic C was produced photosynthetically (Schelske and Hodell, 1995).
However, 813C of organic matter is likely to be influenced in recent past due to
increased anthropogenic inputs of CO: in the atmosphere and its interaction with the
lakes. Decrease in 8*C of atmospheric CO, due to fossil fuel combustion have been
noticed through measurements of fossil air trapped in ice cores (Friedli et al., 1986;
Keeling et al., 1989). According to Schelske and Hodell (1995), a decrease of ~ — 1.4%o
in 83C of atmospheric CO> has occurred since 1840 AD. To correct for any potential
influence on 8'3C of organic matter due to decreasing 5'3C of atmospheric CO2 during

the present study, following equation (Schelske and Hodell, 1995) was used.
513C (depletion) = — 4,577.8+ 7.3430 X t —3.9213 x 1073 X t? + 6.9821 x 1077 X t3

Where t is the year of samples. The calculated time-dependent depletion in §**C was

subtracted from the measured 5'3C of organic matter for each dated sediment section.
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Figure 5.3 Temporal variations in (a) measured §'°C (grey dots) and corrected §'°C
(red dots), (b) TOC (black dots) and TN (white dots) percentage, (c) TOC/TN ratios,
and (d) 8'°N in the Garud Lake.

5.4.2 Black carbon concentration and isotope composition

Due to the loss of samples from the top layers during the analytical procedure, the black
carbon concentrations in the sediment core could only be calculated up to 2002 AD
(Fig. 5.4). The black carbon concentrations showed an extensive range and varied from
9.40 to 80.0 mg g~ with an average concentration of 37.42 + 18.25 mg g~* (Fig. 5.4).
The §®Cgc ranged from — 30.1 to — 27.6%o (average = — 28.6 = 0.7%o) and showed a
gradually increasing trend from — 30.1 to — 29%o during 1949 to 1971 AD with a sharp
peak at ~1972 AD (— 27.84%o) (Fig. 5.4).
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Figure 5.4 Variation in black carbon concentration (black dots) and 5'*Cgc (orange
dots) in the sediment core. The green and blue boxes represent the typical range of
513Cac produced by biomass burning and fossil fuel consumption, respectively. The
green arrow showed the 5!3C range of oak trees (Mostaghimi et al., 2021). The red
boxes and circles show the time of forest fires in Uttarakhand (Dobriyal and Bijalwan,
2017). The horizontal red bars on the upper right side show number of forest fire events
in Uttarakhand from 2005 to 2016 (Sharma & Pant, 2017).

5.5 Discussion

The variability in isotopic compositions and elemental ratios in the lake sediment
indicated temporal changes in the source of organic matter, primary productivity, and
nutrient dynamics in the lake during the studied period (1949-2016 AD,; Fig. 5.3). In
general, the aquatic organisms (e.g., phytoplankton, benthic organisms, and
zooplankton) are rich in protein and are characterized by a low TOC/TN ratio (< 10),
whereas the lignin-rich terrestrial plants have a higher TOC/TN ratio (> 20)
(Bordovskiy, 1965; Meyers and Eadie, 1993; Anoop et al., 2013; Rahman et al., 2020).
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The temporal fluctuations in TOC/TN ratios of the sediment suggested a transition in
the source of organic matter from in situ production (TOC/TN < 10) to increased
contribution from the catchment (TOC/TN > 20; Meyers & Eadie, 1993; Fan et al.,
2017). It appeared that the organic matter in the lake was largely sustained through in-
lake production between 1949 and 1970 AD (TOC/TN < 10) when a gradual increase
in TOC contents and 5'3C of organic matter was noticed, possibly indicating increased
in-lake productivity during that period (Fig. 5.3). Little difference in the measured and
Suess effect corrected 53C was noticed between 1949 and 1970 AD, which suggested
the minimal impact of historic depletion of *C in the atmospheric CO2 on §*3C of
organic matter (Fig. 5.3a). In turn, it indicated potentially limited fossil fuel impact on
regional atmospheric CO> suggesting minimal human activities or urbanization during
that period (1949-1970 AD). An increase in 5°N at ~ 1958 AD and a slight decrease
in TOC content with no change in TOC/TN ratio might be an indication of nitrification
in the water column (Hadas et al., 2009). In a previous study, it has been shown that
low TOC/TN ratio enhances nitrification, consuming N from available NH4*, which
is further utilized by phytoplankton leading to enhanced 6°N of deposited organic
matter (Strauss and Lamberti, 2000; Hadas et al., 2009).

A sharp increase in the measured and corrected 5°C and TOC/TN (~ 14) ratio
along with simultaneous decrease in §°N was noticed in the early 1970s (Fig. 5.3).
These sudden fluctuations in the biogeochemical parameters coincided with the
initiation of urbanization in the region around the lake (Choudhary et al., 2013). Based
on the historical records, the study region witnessed a significant increase in human
activities during that time (Bungla, 2009; Choudhary et al., 2013). An increase and a
decrease in C and N isotopic compositions, respectively, along with an increase in
TOC/TN ratio in the lake sediment, suggested increased loading of soil organic matter
to the lake, possibly due to disturbance in the catchment. The 5*°C of soil organic matter
in the study region is around ~ — 22 %o (Khan et al., 2018); whereas terrestrially derived
organic matter usually have low 8N (8°Npiants ~ — 5 to + 2 %o; 8*°Nsoil ~ — 10 to + 5
%o; Fry, 2006). Therefore, the above-mentioned fluctuations might have been due to

the supply of organic matter from the catchment. However, we do not have definitive
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proof of whether this supply was due to anthropogenic disturbance in the catchment or

increased precipitation.

After 1972 AD, a slight but gradual increase in TOC/TN ratios (~ 10) and TOC
contents along with a simultaneously decreasing trend in 533C was notice d until 2000
AD, which suggested utilization of CO2 with increased primary productivity in the lake
(Fig. 5.3). The Suess effect corrected §*3C after 1970 AD showed relatively higher
values compared to measured 3'C of organic matter for the period 1970-2016 AD,
clearly indicating utilization of atmospheric CO> by phytoplankton in the lake (Fig.
5.3a). Also, a consistent increase in the difference between measured and corrected §°C
of organic matter was observed for the same time period (i.e., the early 1970s-2016
AD). This suggested the effect of increased fossil fuel-induced CO2 (with depleted *3C)
in the regional atmosphere on the lake biota, clearly showing the role of urbanization
on the aquatic ecosystems of the region.

Around 2000 AD, TOC/TN ratios (> 10) started increasing to reach a peak at
around 2010 AD (> 20), which coincided with increased 5'3C and TOC contents along
with decreased °N (Fig. 5.3). It has been reported that rainfall in the region was
significantly higher during 2010 and 2011 AD (1817 and 1741 mm annually,
respectively) compared to previous years (Sharma, 2012). Flash floods and landslides
were also reported from the region during the same period (Sharma, 2012). Therefore,
it appeared that the studied lake received significantly high soil organic matter input
(TOC/TN >20) from the catchment during this period.

Previous studies from the region using lake sediment have also reported the
influence of urbanization and atmospheric CO> (fossil fuel) on the primary productivity
of lakes (Choudhary et al., 2009a, b), which we showed through the Suess effect
correction during this study. Similar to the present study, relatively larger lakes, such
as Bhimtal and Sattal, from the region, showed decreasing temporal trend in 5°C of
organic matter in lakes sediment (Fig. 5.5a; Choudhary et al., 2009a; Choudhary et al.,
2013), which was not seen in another larger lake (Nainital) (Fig. 5.5a; Choudhary et al.,
2009b). The spatial location of the lakes suggested that Nainital Lake endured a
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relatively higher effect of urbanization and received higher sewage and agricultural
waste, which kept its 5!3C of organic matter elevated. It has been argued earlier that the
distance of the lake from the city also controlled the environmental condition of the
lake (Choudhary et al., 2013).
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Figure 5.5 Comparison of (a) 8'*C of the organic matter and (b) §'°N of bulk sediments
from different lakes in the study region, including the present study (Garud Lake).

During the last four decades (1975-2015 AD), rapid urbanization and various
other anthropogenic activities, such as the construction of roads, parking areas, hotels,
schools, and development of recreational sites, have increased the region’s

susceptibility to landslides, rock falls, creeping, and subsidence (Tiwari and Joshi,
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2014; Tiwari et al., 2018). The comparison of the temporal evolution of 8*°N of lake
sediments in the region revealed a decreasing trend in §°N of Nainital, Bhimtal, and
Sattal Lakes after 1970 AD, which was not seen in the presently studied Garud Lake
(Fig. 5.5b). The decreasing trend in §*°N of relatively larger lakes in the region has been
attributed to urbanization-mediated eutrophication (Choudhary et al., 2013). The Garud
Lake, on the other hand, surrounded by ~ 1500 m hillocks and sparse settlements with
no decreasing trend in 5!°N, appeared to have suffered relatively lesser direct human-

induced changes than other lakes in the region.

The black carbon concentrations in the Garud Lake sediment were significantly
higher compared to lakes in the Tibetan Plateau. However, it was comparable to
Gosainkunda Lake in Nepal (Table 5.1 and reference therein). Generally, the high
altitude lakes are relatively less affected by human activities compared to low altitude
lakes resulting in a lower concentration of black carbon. However, due to higher natural
and anthropogenic activities in the region, the black carbon concentrations in the Garud
Lake sediment are high. The Garud Lake is located in an area that is one of India's major
tourist destinations, where a huge crowd gathers, particularly during the summer,
leading to increased anthropogenic activities such as vehicle emission and biomass

burning.

In general, the black carbon concentration in the lake core remained around 40
mg g* from 1949 to 1990 AD (Fig. 5.4). However, the upper portion (1988-1994 AD)
showed a relatively higher concentration than the middle (1972-1988 AD) and the
lower portion (1949-1972 AD) (Fig. 5.4). The higher concentration of black carbon in
the lower part of the sediment core is possibly related to human-induced fire events in
the Uttarakhand state, which occurred during the years 1953, 1954, 1957, 1958, 1959,
1961, 1964, 1966, 1968, 1970, and 1972 AD (Dobriyal and Bijalwan, 2017). Several
forest fire events were also reported during 1990-2000 AD (Ashutosh and Satendra,
2014) in the state, which could be attributed to the higher concentration of black carbon
in the upper portion of the core. Previous studies related to atmospheric black carbon
emission suggested that the Himalaya receives a significant amount of black carbon
from various local, regional, and global sources (Xu et al., 2009; Agnihotri et al., 2011,
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Cong et al., 2013; Li et al., 2016; Negi et al., 2019; Neupane et al., 2019). Agricultural
biomass burning in the neighboring states like Punjab and Haryana has been suggested
to be one of the dominant black carbon sources in the Himalaya, which gets transported

eastward through westerlies (Negi et al., 2019).

The 53Csc provides an insight into black carbon sources and helps us to
delineate whether black carbon originates from biomass burning, liquid fossil fuel, or
coal burning. Typically, 5°C of modern atmospheric black carbon varies from — 26.3
+ 1.4 to — 28.4 + 0.8%0 (Winiger et al., 2019). However, 8*3Cgc originated from
different sources show distinct signatures, such as — 23.4 + 1.3%o from coal burning, —
25.5 + 1.3%0 through liquid fossil fuel, — 26.7 + 1.8%0 from biomass (C3 plants)
burning, and — 36 to — 40%o from gas flaring (Winiger et al., 2015). The §**Cgc in the
Garud Lake sediment varied from —27.62 to — 30.11%eo (average — 28.75 + 0.70%eo; Fig.
5.4). The low 83Cgc in the lower portion (1949-1972 AD) of the core suggested that
black carbon contribution in the lake was dominantly through biomass burning due to
human-induced forest fires (Dobriyal and Bijalwan, 2017). It has been reported that
banj oak (Q. leucotrichophora) in the Himalayan forests are susceptible to fire
(Dobriyal and Bijalwan, 2017). Through an experimental study, it has been confirmed
that flammability is higher for oak trees compared to non-oak trees, and flammability
decreases linearly with increasing non-oak leaf litter contribution to the fuel bed
(McDaniel et al., 2021). The 5'3C of black carbon produced by oak trees is not known;
however, 83C of oak trees (Q. libani, Q. infectoria, and Q. brantii) have been reported
to be around — 28.7 to — 31.0%0 (Mostaghimi et al., 2021). Assuming that these values

encompass Oak trees in the Himalaya and given the mean C isotopic fractionation for

black carbon produced by the burning of C3 plants to be ~ — 0.3%o (Wang et al., 2013),

it is likely that black carbon produced before the early 1970s in the region was through

human-induced burning of oak trees.

The sudden positive shift in §*3Cgc around 1972 AD, which remained almost
consistent until 2000 AD, coincided with the initiation of urbanization in the region and
the famous forest conservation "Chipko movement” during 1973 AD to protect the



106

forests (Ashutosh and Satendra, 2014). Also, fewer forest fires were noticed after 1972
AD until 1995 AD (Dobriyal and Bijalwan, 2017). The tourism industry in the region,
however, boomed after the Indo-Pak war of 1971 AD and new settlements, including a
dozen higher education centers, opened up along with a steady rise in population
(Bungla, 2009). The construction of a new road between Nainital and Kaladhungi also
started after 1970 AD. Overall, this signified that although the concentration of black
carbon in the region did not change significantly, the source shifted from biomass to
fossil fuel burning, which can be seen very clearly in the §**Cgc of the sediment core
(Fig. 5.4). The black carbon does not exist after 2000 AD; however, a significant drop
in 8*Cgc around 2010 AD (Fig. 5.4) coincided with a massive forest fire in the region
(Sharma and Pant, 2017). Taken together, the black carbon concentration and its
isotopic composition in the Garud Lake sediment clearly showed the natural and

anthropogenic influences in the studied region with time.

Overall, concurring with the hypothesis of the study, C and N isotopic
compositions in different components of the lake sediment and its comparison with
other lakes in the region suggested that similar to larger lakes, Garud Lake also recorded
fluctuations in the regional environment quite well. However, the degree and route of
impact on the lake due to regional environmental change appeared to be dependent on
the location of the lake and the size of its catchment. The C and N dynamics of the
larger lakes in the region were affected through both atmospheric and terrestrial routes,
whereas Garud Lake appeared to be largely impacted via the atmospheric route.



Table 5.1 Concentrations of black carbon (mg g—1) during the present and some other studies around the world.

Lake Description Above Sea Level (m) Age span Concentration (mean) References

(AD)
Garud Nainital, India 2050 1949-2000  9.40-80.00 (37.42 + 18.26) This study
Gokyo Nepal 4750 1853-2005 0.04-0.30 (0.16 + 0.07) Neupane et al. (2019)
Gosainkunda Nepal 4390 1895-2010 9.45-64.5 (42.45 £ 16.70) Neupane et al. (2019)
Ranwu Tibetan Plateau 3800 1883-2015 1.15-2.05 (1.53 £ 0.21) Neupane et al. (2019)
Qiangyong Co Tibetan Plateau 4866 19222011 1.53-2.58 (2.03 + 0.30) Neupane et al. (2019)
Tanglha Tibetan Plateau 5152 18902011 0.81-1.27 (0.97 £ 0.12) Neupane et al. (2019)
Lingee Co Tibetan Plateau 5051 1869-2011 0.14-0.3(0.27 £ 0.14) Neupane et al. (2019)
Nam Co Tibetan Plateau 4722 1857-2009 0.49-1.09(0.74) Cong et al. (2013)
Daihai North China 1221 18002001 0.52-4.90 (2.26) Han et al. (2010)
Taihu East China 4 1825-2003 0.43-1.95(1.01) Han et al. (2010)
West Pine Pond New York State 484 1835-2005 0.6-8 Husain et al. (2008)
Ledvica Alps Slovenia 1830 1815-1998 3.6-9.2 Muri et al. (2002)
Engstlen Alps, Switzerland 1850 1963-2008 1.5-33 Bogdal et al. (2011)
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5.6 Conclusion

Using stable isotopic compositions of different constituents of lake sediment, this study
has focused on the evolution of lake biogeochemistry under natural to anthropogenic
transition along with the fire history of the region. The results revealed that from 1949
to 2016 AD, the organic matter in the lake was largely of lacustrine origin. However,
there was a noticeable increase in the contribution of fossil fuel-induced atmospheric
CO2 as a C source to the lake biota in the early 1970s, which kept increasing with time,
as deciphered by a consistent increase in the measured and Suess effect corrected §°C
of organic matter. A considerable change in almost all measured biogeochemical
signatures in the early 1970s and 2010 AD suggested an increased contribution of soil
organic matter to the lake, possibly due to disturbances in the catchment or heavy
precipitation in the region. A sudden shift in the C isotopic composition of black carbon
in the lake sediment in the early 1970s advocated the increased contribution of fossil
fuel-induced black carbon in the region due to the initiation of urbanization. Before the
1970s, the black carbon contribution was largely through human-induced biomass
burning of broader leaf oak trees. Although the degree and pathways of anthropogenic
stress suffered by lakes in the region appeared to be dependent on the location and size
of the catchment, the studied lake, despite being smaller, also recorded the natural to

anthropogenic transition in the regional environment quite efficiently.
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Chapter 6
Summary and scope for future works

This thesis aimed to understand changes in past environmental conditions, such as
hydroclimate, lake primary productivity, CO, and nutrients dynamics in lakes, and
catchment vegetation, of the Himalayan region during the last ~ 45 ka using stable
isotopic compositions of different components (organic matter, diatom, black carbon,
and carbonate) of lake sediments. Such studies are necessary to understand regional
environmental changes in the past as well as its teleconnection with the global climate
events. The fluctuations in the regional environment exert control on the lacustrine
ecosystems, which ultimately record these changes in its sediments. After thorough
investigation of the studies carried out in the Himalayan region, this thesis has
attempted to answer some of the outstanding questions such as the effect of insolation,
polar ice melting, and North Atlantic Oscillation on the Himalayan environment
through the reconstruction of the evolution of lake biogeochemistry at different
temporal and spatial scales, with focus on bioavailable elements, such as C and N,
during the last 45 ka.

Specifically, this thesis covered the last 45 ka of the climate and environmental
history of the central and western Himalaya and its relationship with the strengthening
/ weakening of the westerlies. Apart from climate change, the effect of geology,
altitude, open and closed basin, and human activities on the lake biogeochemistry were

also investigated in detail. The major findings of this thesis are summarized below.

Starting from 45 ka, the Himalayan climate/environment has shown a coherency
with the Northern Hemisphere Summer Insolation. From the central Himalayan
lacustrine sequence, signatures of wet and humid condition during 40-32 ka was
observed, which coincided with the increasing Northern Hemisphere Summer
Insolation leading to westerlies induced precipitation. On the other hand, after 30 ka,
weakening of the westerlies was noticed in the stable isotopes record of the Forest
Block paleolake sequence from the Kashmir Himalaya, which coincided with increase
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in obliquity resulting in the decrease in meridional insolation gradient between northern
mid and high latitudes during 28-19 ka.

The studied lakes, Pipalkoti paleolake sequence in the central Himalaya and
Forest Block paleolake in the Kashmir Himalaya, are situated at altitudes of 1500 and
3300 m, respectively. Due to differences in location and altitude, the Pipalkoti region
received precipitation in the form of rainwater, whereas the Forest Block in the form of
snow. Therefore, during strong westerlies, the Pipalkoti region might have received a
high amount of rainfall leading to wetter condition. The Forest Block region, on the
other hand received snow, resulting in colder conditions leading to freezing of lake
surface. As the Pipalkoti paleolake existed on the carbonate terrain, during the wetter
period, the lake appeared to be HCOz™ enriched, which was registered in the stable
isotopes record during 40-32 ka. On the other hand, the Forest Block paleolake was
partially frozen during the strong westerlies, which were gradually weakening due to
decrease in meridional insolation gradient between northern mid and high latitudes
from 28 to 19 ka. During the time span when the lake was partially frozen, cut-off or
limited exchange of atmospheric-lake surface CO> with no or low nutrient inputs to the
lake along with winter stratification were registered as high 5'3C and 6*°N of organic
matter and bulk sediments in the lake, respectively. As the lake surface started to melt,
an increase in exchange of atmospheric CO2 with lake surface and nutrient inputs likely

led to documentation of the same as low 8*C and 6'°N.

During the time span of the present study (i.e., 45 to 0.2 ka), evidences for four
extreme cold events at 45, 40, 30 (~ 29), and ~ 11 ka were found from the westerlies
affected Himalayan region. These cold events coincided with the globally reported
polar ice sheet melting events, i.e., Heinrich (H5, H4, H3) and YD events. The stable
isotopes record (negative excursion of 5*3Cpiatom) from the Pipalkoti paleolake sequence
indicated existence of three colder events that coincided with H5, H4, and H3 in the
central Himalayan region; however, due to lack of better resolution in the chronology,
this study could not confidently validate these events. The stable isotopic compositions
associated with high-resolution radiocarbon ages of the Forest Block paleolake from

the Kashmir Himalaya have indicated two extreme cold climate events at 29 and 11 ka
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aligned with H3 and YD events, respectively. The H3 event has been recorded in both
the paleolake sequences. During the colder events, the Pipalkoti paleolake was probably
CO: enriched due to minimal carbonate weathering in the catchment, which was
recorded as low 8*Cpiatom. At the same time, the lake overturning was also observed,
leading to transport of nutrients and respired CO> to the surface from hypolimnion,

which were registered as high §°N and low 8**Cpiatom.

Through the stable isotopes results obtained from the Pipalkoti and Forest Block
paleolake sequence, it was possible to cover the climate and environmental history of
the central and western Himalaya between 45 to ~ 11 ka (pre-Holocene) with great deal
of certainty. Although the Forest Block paleolake sequence covered the time span from
33 to 0.2 ka; the upper part of the sequence, which corresponded to the last ~ 7 ka, has
sparse data and could not provide significant information. In this thesis, some part of
this time span was covered using live lake sediment samples from the Wular and
Manasbal Lakes in the Kashmir Himalaya that went up to 3.8 and 3.1 ka (late
Holocene), respectively. From the stable isotopic compositions of these sediment
samples, it was evident that the environmental changes in the Kashmir Himalaya during
the late Holocene largely coincided with the fluctuations in the NAO phases. Overall,
on the basis of the stable isotopic records from the Wular and Manasbal Lakes, late
Holocene climate/environment of the Kashmir Himalaya appeared to have two
significant phases. Evidence for a relatively drier climate was noticed between 3.7 and
1.5 ka (1.8 ka in the case of Manasbal Lake), which coincided with the negative NAO
phase. Within the drier phase, an extreme dry episode was noticed at 2.5 ka through the
313C and 8N records of the Wular Lake sediment samples. During this episode, no
carbonate precipitation occurred in the Manasbhal Lake, which was quite intriguing.
After 1.5 ka (1.8 ka in Manasbal), a relatively wet climate phase was noticed through
the stable isotopic compositions of different components of sediment samples from
both the lakes, which showed a coherency with positive NAO phase. The slight offset
in the ages for the beginnings of the wetter climate in the Wular and Manasbal samples
might be due to relatively lower resolution in radiocarbon ages of the Manasbal Lake

sediment samples. Within the wetter phase, a relatively drier event around 0.6 ka was
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noticed in the results from both the lakes, which coincided with the LIA (negative NAO
phase).

During dry and wet climate/environment in the Kashmir Himalaya, both Wular
and Manasbal Lakes showed different biogeochemical characteristics in the late
Holocene. From the present result, it has been revealed that the Wular Lake
biogeochemistry was dominantly controlled by the Jhelum River that regulated the
contribution of transported nutrients and respired CO: to the lake. The Manasbal Lake,
on the other hand, appeared to be controlled by the glacial melt water (possibly through
Jhelum River) and the lake overturning, which was common in monomictic deeper
lakes. The lake overturning provided nutrients to the primary producers on the lake
surface from the hypolimnion during drier climate conditions, which were recorded in

3*3Cpiatom and 8°N of Manasbal Lake sediment samples.

Apart from understanding past natural variabilities in Himalayan environment,
a part of this thesis also focussed on anthropogenic stress on the Himalayan lake using
recent sediment samples extracted from a central Himalayan lake (Garud Lake). Using
stable isotopic compositions of different components (organic matter, bulk sediments
and black carbon) of lake sediment, this study studied the evolution of lake
biogeochemistry under the influence of human growth along with the fire history of the
region. Our results revealed that from 1949 to 2016 AD, the organic matter in the lake
was largely of lacustrine origin. However, there was a noticeable increase in the
contribution of fossil fuel-induced atmospheric CO2 as a C source to the lake biota in
the early 1970s, which kept increasing with time, as deciphered by a consistent increase
in the measured and Suess effect corrected 5'°C of organic matter. A considerable
change in almost all measured biogeochemical signatures in the early 1970s and 2010
AD suggested an increased contribution of soil organic matter to the lake, possibly due
to disturbances in the catchment or heavy precipitation in the region. A sudden shift in
the C isotopic composition of black carbon in the lake sediment in the early 1970s
advocated the increased contribution of fossil fuel-induced black carbon in the region
due to the initiation of urbanization. Before the 1970s, the black carbon contribution

was largely through human-induced biomass burning of broader leaf oak trees.
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Although the degree and pathways of anthropogenic stress suffered by lakes in the
region appeared to be dependent on the location and size of the catchment, the studied
lake, despite being smaller, also recorded the effect of population growth and associated

activities in the regional environment quite efficiently.

Scope for future works

In this doctoral thesis, understanding of the regional paleoenvironmental conditions in
the Himalayan region has been developed through the biogeochemical evolution of
lakes during the last 45 ka. However, given the expanse of the region and outstanding
questions, there are need for more such studies, particularly the ones with high-
resolution chronology with continuous long-term records. Below are some of the

recommendations which need to be pursued in the future.

l. Most of the paleoclimate studies from the Himalaya are based on geomorphic
features and cover few thousand years (Holocene to MIS 4/5) of geological
history. To develop a comprehensive understanding of paleoenvironmental
conditions in this region, we recommend studies based on a robust dataset (such
as stable isotopes and geochemistry) in abiotic and biotic archives.

. The regions influenced by the westerlies and Indian summer monsoon need to
be studied in detail with the high temporal and spatial resolution to develop a
better understanding of the Himalayan climate system.

1. Thisthesis tried to explore environmental conditions at different elevation level.
However, given the vastness of elevation in the Himalaya, paleoenvironmental
reconstruction at different elevations is needed. This is particularly important in
light of some studies suggesting elevation-dependent significant changes in the
past regional environment. It would also be interesting to observe elevation-

dependent biogeochemical evolution of lakes as well.
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VI.

VII.

The understanding of climate-vegetation-human-fire interaction is missing from
the Himalayan region. It would be interesting to decipher this aspect,
particularly in light of the civilizational shift during the Holocene.

Given the hard water effect in radiocarbon dating of some lake sediments,
radiocarbon dating of pollen to establish better chronology in lake sediments is

recommended.

The lakes from the central and western Himalaya showed carbonate
precipitation. Stable isotopic composition (5'80) of carbonate is a robust proxy
for hydrological reconstruction, including water and moisture source along with
precipitation and evaporation condition. However, Himalayan region has scarce
paleohydrological dataset, which needs to be rectified. Also, single isotope
based studies have limitation as they are unable to provide details about the
precipitated water in the region due to evaporation induced kinetic fractionation.
Therefore, a new technique, i.e., clumped isotope based study in carbonates may
be helpful to identify the moisture source and associated hydrological

conditions in the region.

Civilization-wise, the western part of the Himalaya was active and affected by
humans in the last 2000 years. It has been well known that there is a strong
relationship between humans and fire. The black carbon and charcoal are the
proxies which have been used previously to understand paleofire conditions in
the past. The black carbon based studies from the Himalayan lakes can provide
details about the interaction between humans and environment in the past by
tracing fire events and human historical records during last few thousands of

years.
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