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“Each molecule recovered from an ancient sediment carries information
about the organism that produced it. Through chemotaxonomic associations,
the structure can indicate the identity of the producer. The isotopic
composition of the molecule can indicate the isotopic composition of the
parent organism and that, in turn, can reveal the carbon source utilized by the
producer and thus its position within the ancient ecosystem. (Hayes, 1993).
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Abstract

Anthropogenic climate change alters the hydrological cycle. While
certain areas experience more intense precipitation events, others will
experience droughts and increased evaporation, affecting water storage in
long-term reservoirs, groundwater, snow, and glaciers. High elevation
environments are especially vulnerable to climate change, which will impact
the water supply for people living downstream. The Himalaya has been
identified as a particularly vulnerable system, with nearly one billion people
depending on the runoff in this system as their main water resource. As such,
a more refined understanding of spatial and temporal changes in the water
cycle in high altitude systems is essential to assess variations in water
budgets under different climate change scenarios.

However, not only anthropogenic influences have an impact on the
hydrological cycle, but changes to the hydrological cycle can occur over
geological timescales, which are connected to the interplay between
orogenic uplift and climate change. However, their temporal evolution and
causes are often difficult to constrain. Using proxies that reflect hydrological
changes with an increase in elevation, we can unravel the history of orogenic
uplift in mountain ranges and its effect on the climate.

In this thesis, stable isotope ratios (expressed as 6°H and 6'®0 values)
of meteoric waters and organic material are combined as tracers of
atmospheric and hydrologic processes with remote sensing products to
better understand water sources in the Himalayas. In addition, the record of
modern climatological conditions based on the compound specific stable
isotopes of leaf waxes (6°Hwax) and brGDGTs (branched Glycerol dialkyl
glycerol tetraethers) in modern soils in four Himalayan river catchments was
assessed as proxies of the paleoclimate and (paleo-) elevation. Ultimately,
hydrological variations over geological timescales were examined using §'°C
and 6'®0 values of soil carbonates and bulk organic matter originating from
sedimentological sections from the pre-Siwalik and Siwalik groups to track
the response of vegetation and monsoon intensity and seasonality on a

timescale of 20 Myr.



| find that Rayleigh distillation, with an ISM moisture source,
mainly controls the isotopic composition of surface waters in the studied
Himalayan catchments. An increase in d-excess in the spring, verified by
remote sensing data products, shows the significant impact of runoff from
snow-covered and glaciated areas on the surface water isotopic values in the
timeseries.

In addition, | show that biomarker records such as brGDGTs and
62Hwax have the potential to record (paleo-) elevation by yielding a
significant correlation with the temperature and surface water &°H values,
respectively, as well as with elevation. Comparing the elevation inferred from
both brGDGT and &°Hwax, large differences were found in arid sections of
the elevation transects due to an additional effect of evapotranspiration on
62Hwax. A combined study of these proxies can improve paleoelevation
estimates and provide recommendations based on the results found in this
study.

Ultimately, | infer that the expansion of C4 vegetation between 20 and
1 Myr was not solely dependent on atmospheric pCO,, but also on regional
changes in aridity and seasonality from to the stable isotopic signature of the
two sedimentary sections in the Himalaya (east and west).

This thesis shows that the stable isotope chemistry of surface waters
can be applied as a tool to monitor the changing Himalayan water budget
under projected increasing temperatures. Minimizing the uncertainties
associated with the paleo-elevation reconstructions were assessed by the
combination of organic proxies (8°Hwax and brGDGTs) in Himalayan soil.
Stable isotope ratios in bulk soil and soil carbonates showed the evolution of
vegetation influenced by the monsoon during the late Miocene, proving that
these proxies can be used to record monsoon intensity, seasonality, and the
response of vegetation. In conclusion, the use of organic proxies and stable
isotope chemistry in the Himalayas has proven to successfully record
changes in climate with increasing elevation. The combination of §°Hwax and
brGDGTs as a new proxy provides a more refined understanding of (paleo-

)elevation and the influence of climate.



Zusammenfassung

Die Auswirkungen des menschgemachten Klimawandels wirken sich auch
auf den Wasserkreislauf aus. Wahrend manche Regionen hdhere
Niederschlagsmengen zu erwarten haben, werden andere mit starkeren und
haufigeren Trockenperioden zu konfrontiert sein. Diese Verdnderungen haben
einen unmittelbaren Einfluss auf Evaporation, Langzeit-Wasserreservoire,
Grundwasserbildung, Schneefall und Gletscher. Da Gebirge und
Hochplateaus tberdurchschnittlich von den Auswirkungen des Klimawandels
betroffen sind, ist die Wasserversorgung der Menschen entlang der dort
entspringenden Flisse geféhrdet. Insbesondere der Himalaya gilt als
instabile Region, dessen Abflisse die Wasserversorgung von annahernd
einer Milliarde Menschen gewéhrleisten. Um zu erwartende Verdnderungen
des Wasserbudgets in Abhangigkeit von verschiedenen madglichen
Klimawandelszenarien abschatzen zu koénnen, ist ein detaillierteres
Verstdndnis des Wasserkreislaufs in  Hochgebirgen und -plateaus
erforderlich.

Neben dem globalen Klimawandel gibt es weitere Faktoren, die sich auf den
Wasserkreislauf auswirken. Das Wechselspiel zwischen Gebirgsbildung und
klimatischen Bedingungen beeinflusst den Wasserkreislauf auf geologischen
Zeitskalen. Entsprechende Veradnderungen und ihre Auswirkungen lassen
sich jedoch nur eingeschrankt bestimmen. Mittels geeigneter Proxies fur
héhenbedingte Anderungen der Hydrologie lassen sich der Orogeneseverlauf
sowie dessen klimatische Auswirkungen allerdings genauer rekonstruieren.

In der vorliegenden Arbeit werden die Verhiltnisse stabiler Isotope (als 6°H
und &'®0 ausgedriickt) von meteorischen Wassern sowie von organischem
Material mit Methoden der Satellitenfernerkundung als Indikator flr
atmospharische und hydrologische Prozesse kombiniert, um ein besseres
Verstandnis der verschiedenen Wasserquellen des Himalaya zu erlangen.
Dariber hinaus wurde der Link zwischen modernen klimatischen
Bedingungen und verbindungsspezifischen stabilen Isotopen von
Blattwachsen (6°H,,,,) sowie von brGDGTs (branched Glycerol dialkyl glycerol

tetraethers) rezenter Bodenproben aus den Einzugsgebieten vierer Flisse



des Himalaya hergestellt, um sie als Paldo-Klima- und Paldo-Hdhenproxy
verwenden zu kénnen. Zu guter Letzt wurden hydrologische Verdnderungen
auf einer Zeitskala von 20 Mio. Jahren anhand von 6"C- and 6'*0O-Werten
von Bodencarbonat und organischem Material aus Sedimentschnitten der
pre-Siwalik und Siwalik-Einheiten nachvollzogen. Die Erkenntnisse dieser
tragen zu einer deutlich genaueren Rekonstruktion von
Vegetationsdnderungen und der Entwicklung der Monsun-Intensitat sowie -
Saisonalitét bei.

Die Isotopenzusammensetzung der  Oberflachenwasser der
untersuchten Flisse wird hauptséchlich durch Rayleigh-Destillation der im
Wesentlichen vom Indischen Sommer Monsun eingetragenen Feuchtigkeit
bestimmt. Der durch Satellitenfernerkundungsdaten bestétigte Anstieg des
Deuterium-Exzesses (d-excess) im FrlUhjahr verdeutlicht den signifikanten
Einfluss von Schnee- und Gletscherschmelze, der auch in Zeitreihen von
Oberflachenwasserproben erkennbar ist.

Sowohl brGDGT als auch &°H,,,, kénnen potentiell die absolute Hohe
zum Zeitpunkt ihrer Synthese abbilden, da sie stark mit der Lufttemperatur,
bzw. mit Oberflichenwasser §°H und somit indirekt auch mit der Hoéhe
korreliert sind. Im direkten Vergleich der mittels brGDGT und &°H,,,
rekonstruierten HBhen ergaben sich insbesondere in ariden Teilen der
Hoéhenprofile groBe Unterschiede. Diese sind hauptsachlich auf verstarkte
Evapotranspiration und deren Auswirkung auf Pflanzenwasser und -wachse
zurlickzuftuihren. Basierend auf den Erkenntnissen der vorliegenden Arbeit
kénnen weitere vergleichende Untersuchungen beider Proxies genauere
Paldao-Hbhenstudien erméglichen.

Diese Arbeit zeigt, dass die Isotopie von Oberflachenwassern genutzt
werden kann, um den sich andernden Wasserhaushalt des Himalya im
Kontext voraussichtlich weiter ansteigender Temperaturen zu beobachten.
Unsicherheiten bei der Rekonstruktion von Paldo-H6hen konnten durch eine
vergleichende Analyse zweier organischer Proxies (6°H,,,, and brGDGTs) aus
Paldo-Bodenproben des Himalayas minimiert werden. Verhéltnisse stabiler

Isotope von Blattwachsen aus diesen Bodenproben spiegeln die Entwicklung



der Vegetation unter dem Einfluss des Monsuns im spaten Mioz&n wider.
Zusammenfassend wurde erfolgreich gezeigt, dass organische Proxies und
stabile Isotope héhenabhdngige Anderungen des Klimas im Himalaya
aufzeichnen kénnen.

Die Kombination von &°H,,., and brGDGTs als neuer Proxy erméglicht eine
deutlich differenziertere Betrachtung von rekonstruierten Paldo-H6hen sowie

Paldo-Klima.
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1. Introduction

1.1. Motivation - Climate change and its impact on the landscape

Earth’s climate is a complex and dynamic system that is controlled by
interactions between the atmosphere, land, ocean, biosphere, and
cryosphere. As a consequence, Earth’s surface is shaped by interplay
between tectonics and climate, creating high mountains where plates collide
(e.g. Himalayan range and Tibetan Plateau), and deep valleys where plates
diverge (e.g. East African Rift). The mountain ranges that are created can
have an influence on regional and global climate by blocking moisture
trajectories resulting in a humid climate (leeward side) on one side of the
mountain rage, and desert conditions (windward side) on the other side of
the mountain range. These natural processes result in the possibility to use
the current landscape as an archive as a recorder for changes in tectonics
and climate.

Climate plays an important role in mountain weathering and erosion
processes, which are more effective under warm and wet conditions.
Increasing anthropogenic carbon emissions are predicted to have a
significant impact on Earth’s current climate as continued greenhouse gas
emissions will result in further warming and changes in all components of the
climate system are expected (IPCC, 2014). The projected climate change and
its associated increase in rain intensity in one place, and aridification in other
places can cause significant changes in the landscape and the hydrological
cycle.

An important part of assessing the future changes in climate is
understanding the development of climate in the past, which shaped the
current conditions and landscape. This requires reconstruction of
precipitation patterns, (palaeo)-elevation and other climate conditions. By

studying organic geochemical proxies and stable isotopes in modern soil and
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water, and assessing their relationship with the current climate, a robust

technique can be developed to infer climate conditions from the past.

1.2. The hydrological cycle in the Himalayas

The hydrological cycle plays a large role in understanding Earth’s climate: the
presence of water in a system is key for important processes to take place
that define the climate: e.g. growth of vegetation, the degree of erosion, the
formation of rivers and the development of weather patterns. The
hydrological cycle can be described as all processes in which water
continuously moves between different reservoirs, for example glaciers, rivers,
precipitation and the oceans. In this cycle mountains play a large role, storing
massive amounts of water in glaciers and snow at high elevation, and
subsequently transport meltwater in mountain streams and rivers. In many
cases, meltwater originating from high mountains functions as an essential
resource for people downstream. One of the mountain ranges in which this
water resource is particularly important is the Himalayan orogen.

Himalayan rivers such as the Indus, Ganges and Tsangpo-
Brahmaputra are a water supply to nearly a billion people living in their
catchments (Immerzeel et al., 2009; Bookhagen and Burbank, 2010). The
hydrological budget of these rivers is dominated by both monsoonal
precipitation and snowmelt. Snow falls mainly in the high-elevation
catchments of the Himalaya, being stored in winter, after which it melts and
is transported to the rivers downstream (Bookhagen and Burbank, 2010). The
Himalayan foreland and lower elevation Himalayas are dominated by Indian
Summer Monsoon (ISM) precipitation originating from the Bay of Bengal or
the Arabian Sea. The areas where the ISM collides with the Southern
Himalayan Front (SHF), show a strong rainout gradient, with decreasing
amounts of moisture from the wet foreland to the arid Tibetan Plateau
(Winiger et al 2005; Immerzeel et al., 2009; IPCC, 2014; Smith and
Bookhagen, 2018).
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The relative contribution of snowmelt and monsoon precipitation (and
their part in the hydrological budget) to river catchments in the Himalaya is
not well constrained due to the lack of meteorological stations across this
mountain range. However, the spatial and temporal distribution of water in
this area is important regarding the projected future climate change (IPCC,
2014) and the large populations that depend on the downstream water
availability. Moreover, in the projected climate change there will be a different
spatial division of water, where certain areas become dryer and others
wetter. Early in the year (March — May) a relative high percentage of the
surface water will originate from glacial and snowmelt, while during the
monsoon season more water in the rivers will originate from precipitation.
The projected increasing temperatures and an already clear decline in the
size of glaciers in the Himalaya could be disastrous for the water availability
for people downstream. This leads to the first research question in this
thesis: Can we get a more refined understanding of spatial and temporal
changes of water contributions from different sources (precipitation, glacial
and snowmelt) in order to predict varying budgets under climate change

scenarios?

1.3. Feedback between mountain range uplift and climate

One of the main drivers of the current monsoon system in the
Himalayas is the temperature gradient between land and ocean, caused by
the high orographic barrier. The insulation of warm moist air over the
continent that originates from the dryer northern latitudes produces a strong
monsoon, resulting in strong southeasterly winds from the Bay of Bengal,
forming vortices along the SHF (Lang and Barros, 2004; Bookhagen and
Burbank, 2006, 2010; Galewsky, 2009). The monsoonal winds collide with
the mountain front in summer causing a two-peak rainfall belt (Bookhagen
and Burbank 2010), with wet frontal regions in the leeward side of the

mountain and dry interior parts on the Tibetan Plateau (Wulf, Bookhagen and
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Scherler, 2010). In winter, this temperature effect reverses, creating
northeastern wind systems changing the rainfall distribution, transporting
more precipitation to the Himalayan syntaxes in contrast to the Himalayan
central (Bookhagen and Burbank 2010). By understanding the regional
precipitation patterns in the Himalaya and on the Tibetan Plateau, and its
relationship with elevation, it allows us to use this relationship in order to
estimate elevation.

The uplift of the Himalayan region begun approximately 55 - 45 Myr
ago, resulting in a continent-continent collisional belt (Yin and Harrison, 2000;
Zhisheng et al., 2001; Clift et al., 2008). However, the reconstruction of the
formation of the Himalayas, influenced by the dynamic coupling of erosion,
climate and mountain uplift proves to be a difficult task. Climate models and
geological archives demonstrate that the uplift of the Himalayan orogen
could have affected global temperatures, diversion of westerly winds and
increased erosional and carbon fluxes (e.g. Ruddiman and Kutzback 1989,
Zhisheng et al., 2001; Clift et al., 2008; Whipple, 2009)). Reconstructing the
timing of mountain range uplift and the evolution of high-altitude plateaus is
important when attempting to understand potential feedbacks between
tectonics and climate at geological timescales.

The exact timing of the Tibetan/Himalayan uplift has been a debatable
topic, while these parameters are important for general models linking large-
scale orogenic events (uplift) with lithospheric-scale geodynamic processes
(Quade et al 2007). The reconstruction from paleoelevation can only be
deduced from information originating from geological archives. Paleoclimate
research has focused on recovering information from a wide variety of
archives; ice cores, (lake) sediments, corals, speleothems tree rings, and
microfossils, studied with the goal to infer information about past climatic
conditions (Ruddiman, 2007). As past climatic parameters cannot be
measured directly, paleoclimatology relies on so-called proxies, i.e.,
chemical, biological or physical components preserved in geological
archives, which contain information about paleoclimatic conditions at the

time of deposition.
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Attempts to get a handle on elevation history of mountain ranges has
been studied using isotopes in authigenic and pedogenic carbonates
(Garzione et al., 2000; Quade, Garzione and Eiler, 2007), tooth enamel (Wang
et al., 2008; Xu et al., 2010), leaf wax lipids (Sauer et al., 2001; Huang et al.,
2004; Sachse et al., 2004; Smith et al., 2006; Hou et al., 2008) and Glycerol
Dialkyl Glycerol Tetraethers (GDGTSs)(Sinninghe Damsté et al., 2008; Peterse
et al., 2009; Ernst et al., 2013; Nieto-Moreno et al., 2016; Wang et al., 2017)).
In these studies a linear relationship between §°H/6'0 values and elevation
is observed, with decreasing 6°H values at higher elevations. This is caused
by decreasing temperatures and progressive rainout processes with
increasing elevation (Poage, 2001; Rowley et al 2001; Hren et al., 2009;
Bershaw et al 2012). The isotopic value in precipitation serves as a source for
the leaf wax lipids, tooth enamel and pedogenic carbonates, allowing us to
use the relationship between isotopic values and elevation in order to
reconstruct paleoelevation,

Stable isotopes (6'®0) in fossil teeth were used to reconstruct
paleoelevation on the Tibetan Plateau, and can be well used as a proxy due
to its low susceptibility to diagenetic alteration Wang et al., 2008; Xu et al.,
2010). The data from these studies are valuable as a source of information for
paleoelevation, but can be influenced by the fact that oxygen isotopes of
tooth enamel consists of a mixture of drinking water and diet. A tooth enamel
dataset should therefore be paired with a modern river water stable isotope
dataset, in order to correct for the mixture of source water in the tooth
enamel.

The use of stable isotopes in pedogenic carbonates (§'°0) in order to
reconstruct paleoelevation was demonstrated in the Himalayas (Garzione &
Dettman, et al., 2000) showing implications for the debate on the timing of
Tibetan Plateau uplift. Moreover, a study based on lake and paleosols
oxygen isotopic composition of carbonates showed that elevations >4.000 m
were reached as early as 40 million years ago (Rowley and Currie, 2006).
However, in a review of the method by Quade et al. (2007) several

complications are mentioned, that can be summarized as that "0 is a
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function of both temperature and 60 of rainfall (variably modified by
evaporation). The incorporated evaporative effect could lead to significant
underestimations of paleoelevation.

The compounds used in the aforementioned studies rely on the
preservation of sedimentary terraces or well-characterized mineral
assemblages, which are often not present in high elevation terrains. A
solution for this can be the use of stable isotopes in soils to be used for
paleoelevation reconstruction. Soils are ubiquitous in the environment
allowing for a larger elevation range of elevation to be studied (Mulch et al.,
2004). In our current study, we studied stable isotopes in water and soils and
brGDGTs in soils to test if these are suitable proxies to infer paleoelevation. A

more detailed description on this methodology is described in paragraph 1.4.

1.4. The use of stable isotopes and organic proxies to infer

paleoelevation

1.4.1. Meteoric waters
A tool that has been applied in order to trace processes in the

hydrological cycle are the use of stable isotope ratios (expressed as §°H and
8'®0 values) in meteoric water (Dansgaard, 1964; Gat, 1996; Frohlich, 2001).
Stable isotopes have been applied in surface water studies for hydrograph
separation (Karim and Veizer, 2002; Maurya et al., 2011), differentiation of
moisture sources (Rohrmann et al.,, 2014) or as an input for hydrological
modeling and weather models, which requires a sound understanding of
isotope fractionation processes (Bowen et al. 2003; Norris et al., 2016).
Numerous studies which relied on stable isotopes obtained from
stream waters have been carried out along altitudinal gradients in the
Himalaya to constrain the moisture sources contributing to the rivers
(Garzione et al., 2000; Karim and Veizer 2002; Hren et al., 2009; Maurya et al.,
2011; Bershaw et al. 2012). In these studies a linear relationship between

8%H/8"0 values of meteoric waters and elevation is observed, with
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decreasing &6°H values at higher elevations. This is caused by decreasing
temperatures and progressive rainout processes with increasing elevation
(Poage, 2001; Rowley et al 2001; Hren et al., 2009; Bershaw et al 2012).

The use of the aforementioned trends in isotopic values and the
hydrological cycle can provide more insight into the different (seasonal)

hydrological components contributing to the Himalayan river water.

1.4.2. Leaf wax 6°H

Leaf epicuticular waxes are present in the protective outer layer on the
surface of leaves, which supports the plants water balance. The amount of
leaf waxes varies between species, and the composition consists of complex
mixtures of long-chain alkanes, alcohols, ketones, aldehydes, acetals, esters
and acids (Eglinton and Hamilton, 1967). n-Alkanes are straight chain-
hydrocarbons that lack functional groups, making them into a suitable
molecule that can function as a biomarker and can survive in the fossil
records for millions of years (Eglinton and Logan, 1991; Peters et al., 2005)

Stable isotopes in leaf wax n-alkanes (6°H ,,,,) derived from higher
terrestrial plants are routinely used for the reconstruction of
paleohydrological signals. The §°H signal that is recorded in leaf wax n-
alkanes originates from plant source water 6°H (often precipitation), with a
relatively constant depletion in the heavy isotopologue during biosynthesis. In
order to indicate the fractionation between source and product, enrichment
factors (€) are commonly used (Sachse et al., 2012). In most stable isotope
studies, the net fractionation between source water (6°H) and lipid stable
isotope signature (§°H,,,) is referred to as the apparent fractionation (g,,,). In
addition to biosynthesis, the apparent fractionation is influenced by
environmental factors, such as moisture availability (resulting in soil and plant
evapotranspiration), as well as the plant’s physiology, i.e., the type of
vegetation (Chikaraishi and Naraoka, 2003; Smith and Freeman, 2006; Hou et
al., 2007; Sachse et al., 2012; Tipple et al., 2013). In the study of Chikaraishi
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et al (2003), the ¢,,, values for C, plants were -117+27%. and -116+13%. for

app

angiosperms and gymnosperms respectively. For C, plants the g, value was

app
-132+12%o0. In @ more recent study of Liu et al (2019), a large dataset
crossing different latitudes was analyses, where a relatively constant average
€app —116£5%0 (N=941) was found.

The &°H ,,, values of n-alkanes are used for the reconstruction of past
hydrological conditions, due to the observation that the 6°H in long chain
(Cye, Cyy) n-alkanes (6°H ,,,,) correlates with mean annual precipitation 6°H
(Huang, Shuman, Wang and lii, 2004; Sachse, Radke and Gleixner, 2004b;
Polissar and Freeman, 2010; Garcin et al., 2012). As such, the §°H,,,, values
of plant biomarkers can be used to record the isotopic composition of
precipitation. As a result, the isotopic signature of the source water is
recorded in plant-derived lipids, indirectly reflecting the precipitation §°H in
the plant 8°H,,,, (Sauer et al., 2001; Sachse, Radke and Gleixner, 2004; Smith
and Freeman, 2006; Hou, D’Andrea and Huang, 2008). Numerous studies on
&°H . in soils that traverse altitudinal transects have been published with the
aim to explore the suitability of 6°H ,,, as a paleo-elevation proxy (Jia et al.,
2008; Peterse et al., 2009; Luo et al., 2011; Bai, Fang and Tian, 2012; Ernst et
al., 2013; Nieto-Moreno et al., 2016; Coffinet et al., 2017; Herrmann et al.,
2017). The general conclusion is that relatively stable climate conditions are
favorable for an optimal functioning of these proxies and serve as a
promising tool for the reconstruction of paleo-elevation. However, numerous
factors influencing the relationship between 6°H ., and elevation are not yet
understood.

As a second chapter of my thesis | will focus on the use of 6°H ,, in
soils along altitudinal gradients, and if they can provide us with information
on which secondary (climatic) factors that control the offset between 6°H .
and &°H ..., and therefore possibly impact paleoclimate/paleoelevation

studies.
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1.4.3. brGDGTs

Another important type of biomarker applied in paleostudies is the
distribution of branched Glycerol Dialkyl Glycerol Tetraethers (brGDGTSs) in
sediments. These are membrane lipids produced by soil bacteria and can
show variation in the number (4-6) of methyl branches attached to their alkyl
backbone, the position of these methyl branches (5 or 6 position), and the
number (0-2) of internal cyclizations (Weijers et al., 2006, 2007; Schouten et
al., 2013). The relative distribution of brGDGTs in soils serves as an indirect
recorder of the mean annual temperature (MAT) and the pH of the soil in
which they are produced, which makes them a suitable proxy as a
continental paleothermometer (De Jonge et al., 2014a).

Mean annual air temperature generally decreases with
elevation, due to the adiabatic cooling of air, functioning as an indirect
measure of elevation. The potential of brGDGTs to track adiabatic cooling
was first illustrated in a study at Mt Kilimanjaro, where a good relation was
found between brGDGT-derived MAT and altitude (Sinninghe Damsté et al.,
2008). Subsequently, good relations between brGDGT signals and MAT were
found along the southeastern margin of the Tibetan Plateau (Wang et al.,
2017), Mt Gongga (Peterse et al., 2009) and Mt Meghalaya (Ernst et al.,
2013), among others. Outside of East Asia, this relationship has also been
found in the Andes (Nieto Moreno et al., 2016) and Africa (Coffinet et al.,
2017; Jaeschke et al., 2018). However, the correlation between MAT,,, and
mean annual temperature still shows a substantial amount of scatter,
suggesting that the brGDGT proxy is affected by additional parameters.
Several of those have been identified, for example soil moisture content
(SMC) and precipitation amounts/aridity (Dirghangi et al., 2013; Ernst et al.,
2013; Menges et al., 2014; Wang, Liu and Zhang, 2014; Dang et al., 2016), as
well as soil and vegetation type (Davtian et al., 2016). This can increase the
uncertainties in the temperature-elevation relationship and, hence, the
proxy’s robustness in recording elevation. In order to improve the potential of
the brGDGT - elevation relationship, a more thorough research needs to be

done in order to unravel the specific relations between MAT and elevation.
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To assess possible sources of scatter in the individual relations of soil
n-alkane 8°H and brGDGTs with elevation, and thus the suitability of these
proxies in paleoelevation reconstructions, both proxies were applied in
parallel at several altitudinal transects. This revealed, for example, that the
rain belt surrounding Mt Kilimanjaro likely disturbed the relation between soil
n-alkane 6°H and elevation due to a D-depletion in the precipitation and
consequently in the soil n-alkanes (Peterse et al., 2009). A similar spatial
heterogeneity in precipitation was shown at Mt Kenya and Mt Rungwe,
resulting in weak or absent relationships between the soil n-alkane 6°H and
elevation (Coffinet et al., 2017). Nevertheless, the combined application of
brGDGTs and soil n-alkane &°H in the Andes, Mt Meghalaya and the
Southern Alps in New Zealand did show the expected orography effect on
temperature and precipitation (Ernst et al., 2013; Nieto-Moreno et al., 2016).

In our current study, the individual relations of brGDGT-derived MAT
and &°H,,,, with altitude by using a combination of field and remote-sensing
data are further validated. In a second step, the proxies (6°H,,, and
brGDGTs) are combined and we investigate whether this combination

reduces potential uncertainties in the elevation estimates.

1.5. 6'®0 and 6'3C in soil carbonates as a proxy for climate

evolution

The lateral variations in modern climate along the SHF can be linked to
vegetation patterns, which can be used to indirectly show the influence of the
monsoon (humid versus dry areas) in this region. Temperature and
precipitation during growing seasons are major factors that influence
vegetation, where C, plants are generally dominantly present in humid
climates and C, plants in water stressed and warm conditions (Ehleringer
1988).

The isotopic oxygen signature in pedogenic carbonates has been applied
to reconstruct paleoelevation, in a similar manner as the relationship between

&°H .., and elevation (see paragraph 1.3.). In addition, by combining stable
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oxygen isotopes with carbon isotopes in carbonates, paleovegetation
reconstructions have been carried out for the Himalayas (Quade, Cerling and
Bowman, 1989; Quade and Cerling, 1995; Quade et al., 1995). The 6'°C
isotopic signature in (bulk) organic matter can be used to differentiate
between C;- and C,-dominated vegetation, which relies mostly on the
observation that C, plants are mainly grass species (Farquhar, Ehleringer and
Hubick, 1989; Diefendorf and Freimuth, 2017). Due to differences in carbon
isotope fractionation between C, and C, plants during carbon fixation. C,
plants are more depleted in °C relative to C, plants ((Farquhar, Ehleringer
and Hubick, 1989; Hayes, 1993; A. Hobbie and Werner, 2004)) and C, plants
are more adapted to conserve water and reduction of photorespiration in
drier climates.

Using the 86'°C signature originating from bulk soil and soil carbonates
therefore allows to track vegetation as an indirect measure of monsoon
intensity. Applying this technique on sedimentary sections that date back on
geological timescales, makes it possible to determine if the climate was cool
and humid (favoring C, vegetation) or warm and dry (favoring C, vegetation).
8'*C values of soil carbonates and soil organic matter have been used to
reconstruct changes in vegetation and climate (Jay, Cerling and Bowman,
1989; Quade and Cerling, 1995; Singh et al., 2013). However, similar to lipid
&°H, the relationship between §'°C and C,/C, vegetation can be subject to
influences from varying climatic parameters, pCO,, ecosystems, and plant
physiology (Diefendorf and Freimuth, 2016).

In the last chapter of this thesis | will focus on the use of §'°C and §'°0
values in Miocene sediments, and how they can yield further insight into how
the vegetation evolution in the Himalaya took place and under what climatic

conditions this happened.
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1.6. Research Questions

In this thesis, | address the following research questions:

1. What are the different hydrological components (varying moisture
sources, precipitation, snow, and glacial melt) that contribute to the
temporal and spatial isotopic signature (6°H and 6'0) of surface

waters in the Himalaya?

2. What are the main processes that influence lipid biomarker 6°H values,
as well as brGDGT compositions, in the Himalaya and what

implications does this have for paleoelevation studies?

3. How is the evolution of the monsoon climate, precipitation, and C,
plants recorded in the isotopic composition (6'°C and §'®0) of

pedogenic carbonates and organic matter?

The thesis is structured in 3 chapters, in which all three questions are
addressed. In chapter 2, the first research question is addressed. Here, we
focus on unraveling the different hydrological components that contribute to
the isotope signature of surface waters over an altitudinal gradient in two
Himalayan catchments using an approach combining stable isotope
chemistry and satellite-derived climate data (e.g., TRMM-derived rainfall and
AMSR-derived SWE). Moreover, we analyzed two one-year-long surface
water isotope time series, which were sampled at weekly intervals in high
elevation catchments. These data are compared to temporal satellite data in
order to test if snowmelt in the spring has a significant impact on surface
water isotope compositions.

In chapter 3, the second research question is addressed. Here, we carry
out a multiproxy analysis of soil samples along four altitudinal gradients in the
Himalaya and assess the ability of 6°H to record source water in soil n-alkane

&°H and hence elevation. These different altitudinal transects have varying
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precipitation regimes (200-4,0000 mm/year), relative influences of different
moisture sources (Indian Summer Monsoon (ISM), Western Disturbances
(WD)), and vegetation cover. These factors make it a suitable study area to
identify secondary controlling factors that alter the relationship between
source water §°H and soil n-alkane &H, not only on an altitudinal basis but
also on a lateral, i.e., east to west, basis (Figure 1.2.). To assess the fidelity
with which the biomarker proxies record climate along the elevation gradient
are additionally supported and validated with remotely sensed data, such as
SMAP-derived root zone soil moisture content and TRMM-derived rainfall to

analyze the larger spatial patterns.

In Chapter 4, we address research question 3, where we focus on the
evolution of climate and vegetation during Miocene times, recorded in the
sedimentary pre-Siwalik and Siwalik groups. Soil carbonates were analyzed
for their 6'®0 and 6'C compositions to track vegetation as a signal of
monsoon intensity and seasonality on a timescale of 20 Myr™. In this chapter,

| carried out the analysis and interpretation of the biomarkers.

Ultimately, a final summary and synthesis and outlook about the main
research questions will be presented in chapter 5, together with the research

implications for paleoclimate and a future scientific outlook.
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1.7. Background and setting

1.7.1. Study Area

My research focuses on multiple Himalayan river catchments over a large
altitudinal gradient, which are also located along an extensive (~1,250 km)
east-west transect (northwest India to eastern Nepal)(figure 1.1.). The Sutlej,
Alaknanda, Khudi and Arun rivers are trans-Himalayan rivers that not only
individually cover a large elevation (and therefore climate) gradient, but are
also located resp. increasingly further from the moisture source (Bay of
Bengal). Studying surface water isotope ratios and how these are recorded in
bulk organic matter, carbonates, biomarkers and compound specific isotope
ratios along a large altitudinal gradient provides the ideal environment to
study large variations in climatic conditions (temperature, vegetation, and
precipitation) with increasing elevation.

The Himalaya serves as a water supply for nearly one billion people
living downstream in India, Nepal, and Bangladesh. Water is transported
through some of Asia’s major rivers, such as the Indus, Ganges, and
Tsangpo-Brahmaputra (Immerzeel et al., 2009; Bookhagen and Burbank,
2010). The geologic evolution of the Himalayas had a major influence on
regional climate, which in turn may have influenced erosion rates,
precipitation patterns, and vegetation (Yin and Harrison, 2000; Bookhagen et
al., 2006).

Since the Indo-Asian collision, major fault zones have accommodated
continued convergence along the Himalayan range: the Southern Tibetan
Detachment System (STDS), Main Central Thrust System (MCT), Main
Boundary Thrust fault (MBT), and the Main Himalayan Frontal Thrust (MFT) as
the most southern fault (Gansser, 1964; Yin and Harrison, 2000). The here
studied trans-Himalayan rivers, the Sutlej, Alaknanda, Khudi, and Arun all
dissect one or more of these major Himalayan geological units.

The Sutlej and Alaknanda catchments are located in India while the
Khudi and Arun are in Nepal. The Sutlej is the westernmost river catchment

studied in this thesis (Figure 1.1) and also has the largest drainage area of all
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four catchments. The drainage area of the Sutlej is ~55,000 km?, of which
~60% is located on the Tibetan Plateau (Wulf, Bookhagen and Scherler,
2016). The Sutlej River is the largest tributary of the Indus River and has a
mean catchment elevation of 4,825 m asl with a catchment-elevation range
of 480 to 6,970 m asl.

1.7.1.1. Studied Catchments

Bordering the Sutlej catchment to the southeast is the Alaknanda river
catchment, which is one of the headwaters of the Ganges river system. The
drainage of the Alaknanda catchment is ~10,000 km? and has a mean
catchment elevation of 3,148 m asl (ranging from 346-7,495 m asl).

The Khudi catchment is the smallest catchment in this study and
drains a total area of only ~137 km?. The mean catchment elevation of the
Khudi is 2,603 m asl with a range of 785-4,159 m asl.

The easternmost catchment studied in this dissertation is the Arun
river catchment. The Arun catchment has an approximate size of 33,000 km?
and drains into the Sapta Kosi, which drains ultimately into the Bay of
Bengal. The Arun has a mean catchment elevation of 4,562 m asl, with a

range of 193-8,806 m asl.
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Figure 1.1: Topographic overview of the Himalaya (SRTM V3, (Jarvis et al,, 2008), A, B: Topographic
overview of the Southern Himalayan Front (SHF), indicating the four altitudinal transects, C: Precipitation
amounts were derived from the TRMM 2B31 data product (mean annual average from 1998-2010
(Bookhagen and Burbank, 2010; Huffman et al., 2014)). WD indicates Western Disturbances and ISM
indicates Indian Summer Monsoon. White circles indicate sampling locations for surface waters and soils.

1.7.2. Climate

1.7.2.1. Himalayan climate

The Himalaya is the Earth’s largest and tallest mountain range that
creates an extreme climatic gradient between tropical climate in the foreland
and alpine conditions at the highest elevations. Precipitation patterns vary
because the Higher Himalaya acts as an orographic barrier between the
humid sections in the foreland and the arid sections at higher altitudes
(Bookhagen and Burbank, 2010). The precipitation regime in the Himalaya is
dominated by two independent systems: the Indian Summer Monsoon (ISM)
and the Western Disturbances (WD), which strongly interact with each other
(Bookhagen, Thiede and Strecker, 2005; Bookhagen and Burbank, 2010)
(Figure 1.1). As monsoonal moisture travels along the SHF (Southern
Himalayan Front) and collides with the two high mountain orographic

barriers, heavy orographic rainfall occurs in the central Himalaya, resulting in
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a 2-belt rainout pattern (Figure 1.1.C) (Bookhagen and Burbank, 2010) (see
also paragraph 1.3.). The influence of ISM precipitation that originates from
the Bay of Bengal decreases west of the Sutlej valley, after which rainfall is
mainly dominated by the WD (Bookhagen and Burbank, 2010). In winter
(Dec.—Mar.), the WD brings precipitation in the form of rain and snow, which
originates in the Mediterranean, Black, and Caspian seas (Lang and Barros,
2004; Wulf, Bookhagen and Scherler, 2010; Cannon et al., 2016; Norris et al.,
2016). Vegetation across the orogen is influenced by both the decreasing
temperature from low to high elevation and the decreasing amount of
moisture from east to west (Singh and Singh, 1987).

River discharge in the Himalaya is closely coupled with summer rainfall
in non-glaciated catchments. In higher elevation catchments in the
Himalayan interior, however, snow and glacial melt contribute up to 50% of
the annual runoff (Bookhagen and Burbank, 2010; Wulf, Bookhagen and
Scherler, 2016). The climatic control on Himalayan river discharge and
glaciers varies from east to west. The monsoon weakens from east to west,
creating more arid conditions at lower elevations in the west, which results in
glacial meltwater as a major component of river discharge in these regions

(Rees and Collins, 2006).

1.7.2.2. Climate gradients in the studied catchments

Average annual rainfall amounts show a large altitudinal variation but
also a large difference between the four studied river catchments is observed
(Fig. 1.1.C). The ISM results in relatively wet regions in eastern India and
Bangladesh, which become drier west of the Sutlej valley. In the Sutlej
(elevation range 475 — 3,533 m), lower elevation catchments (< 3,000 m asl)
receive rainfall amounts between 1,500 and 2,000 mm/year (Bookhagen and
Burbank, 2010), which decreases to < 500 mm/year at higher elevation
sample sites (> 3,000 m asl). Rainfall between May and October (ISM source)
contributes to 38.1% of the total river discharge in the Sutlej River while the
annual snowmelt contribution to discharge has been estimated in the range
of 57-67% (Singh and Jain, 2007; Wulf, Bookhagen and Scherler, 2016).
Temperature also decreases with increasing elevation, ranging between 9.7
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and 25.4°C, with an average of 19.7°C (2000-2014 yearly average,
MOD11C3, (Wan and Hulley, 2015).
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Figure 1.2. 10-km wide swath profiles along Sutlej and Alaknanda rivers in the NW Himalaya. 12-year-
average JJA mean TRMM 2B31 precipitation in blue (Bookhagen and Burbank, 2010); 2-year-average
(2012-2014) MODIS MYD10CM DJF mean snow cover in orange (Hall and Riggs, 2016), and
topography in black with 1-o standard deviation (gray).

In the Alaknanda (elevation range 346 - 3,155 m), rainfall amounts vary
between 300 and 2,600 mm/year and, due to the two-step rise in relief,
consist of two rainout belts (at ~500 and ~2,000 m, Fig. 1.1C), which is a
phenomenon described in Bookhagen & Burbank (2006). On average, glacial
melt has been estimated to comprise 32% of the total surface water
discharge (Maurya et al., 2011). Average annual temperatures vary between a
minimum of 7.1°C and a maximum of 26.8°C, with a mean annual
temperature of 19.8°C (Wan and Hulley, 2015).

The Khudi (elevation range 2,155 - 4,085 m) receives > 3,900
mm/year, which is the highest amount of annual rainfall of the four transects.
Despite the steep elevation gradient, there is little precipitation variation in
the Khudi catchment, which is mainly due to its location in the second
orographic rainout belt of the Himalaya (Bookhagen and Burbank, 2006). The
average annual temperature in the catchment varies between 7.5 and 19.5°C,
with an average of 13.1°C.

The Arun (elevation range 225 - 2,580 m) catchment shows a range of

annual rainfall amounts between 2,000 and 4,000 mm/year. This does not
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take into account the very arid Tibetan Plateau area, where precipitation
amounts decline to < 300 mm/year. The snowmelt contribution to the annual
discharge has been estimated at 24.5% (Bookhagen and Burbank, 2010).
The precipitation pattern in the Arun exhibits the same two-belt rainout
pattern as the Alaknanda transect (at ~500 and ~2,000 m). Average
temperatures in the catchment vary between 3.5 and 26.7°C, with an annual

average of 16.3°C.
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Abstract

Global change affects seasonal and annual water storage, especially in high-
mountain settings. Discharge from these areas consists of waters from rain,
glacial melt, and snowmelt; however, their relative contributions are often
unknown. Here, we present a new surface-water 6°H, 6°0, and d-excess
dataset from the Western Himalaya to distinguish seasonal water sources
and their climatological drivers. The dataset consists of 135 post-monsoon
season samples from three river catchments (Sutlej, Beas, and Alaknanda)
covering an altitudinal gradient from 457 to 4,417 m asl and two one-
yearlong isotope datasets with a weekly sampling interval at 1,900 and 3,285
m asl. We observe that 6°H values of stream waters sampled in both the

Sutlej and Alaknanda elevation transects show a significant negative
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correlation with mean-catchment elevation. Both the lower Sutlej (<4,000 m
asl) and Alaknanda regions showed a lapse rate of -8.8%. km™, while the
high-elevation Spiti and Sutlej have a significantly higher lapse rate (-32.7 %o
km™). We argue that Rayleigh distillation processes caused by orographic
uplift of Indian Summer Monsoonal (ISM) moisture drive the lapse rate in the
lower elevations. In the higher elevations, the isotopic data reflect higher
input of westerly-derived winter precipitation, as well as snow and glacial
meltwater input affected by post-depositional processes such as
sublimation. In the seasonal time series of surface-waters, an increase in d-
excess during the peak snowmelt season was observed, coinciding with an
areal decrease in remote-sensing derived snow-cover data, enabling the use
of d-excess as a tracer for snow/ice melt. Our data further indicate a
substantial component of snow and ice-melt contribution to annual discharge
in high-elevation catchments during spring. In the scope of current climate
change and increasing temperatures, these findings can be used to monitor
snowmelt timing and the different contributing factors that determine the

hydrological budget of Himalayan rivers.

Keywords: stable isotopes, Himalaya, snowmelt, remote sensing, d-excess,

Indian Summer Monsoon

1. Introduction

The Himalaya supplies water for nearly a billion people living downstream in
Nepal, India, and Bangladesh through some of Asia’s major rivers such as
the Indus, Ganges, and Tsangpo-Brahmaputra (Immerzeel et al., 2009;
Bookhagen and Burbank, 2010). In the northwestern Himalaya, future
changes in hydrology have been predicted under the influence of global
climate change, where increasing temperatures at high elevations may
temporarily increase the relative contribution of snowmelt to surface-waters
(Winiger et al., 2005; Immerzeel et al., 2009; IPCC, 2014; Smith and
Bookhagen, 2018). The Himalayan mountain belt exhibits spatially

heterogeneous precipitation patterns due to complex topography and
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multiple, interacting moisture sources (Bookhagen and Burbank, 2010).
Regional hydrology is complicated by the existence of extensive water
reservoirs in the form of groundwater, snow, and glacial ice (Karim and
Veizer, 2002; Immerzeel et al., 2009; Bookhagen and Burbank, 2010;
Andermann et al., 2012; Wulf et al., 2016). A more refined understanding of
the spatial and temporal changes of water contributions from these different
sources and drivers of change is essential to predict varying water budgets
under climate-change scenarios.

Stable isotope ratios (expressed as 6°H and 60 values) of meteoric
waters are commonly used as tracers of atmospheric and hydrologic
processes and thus can be employed to understand processes in the global
hydrological cycle (Dansgaard, 1964; Gat, 1996; Frohlich, 2001). For
example, stable isotopes have been used to constrain temporal and spatial
variability in precipitation or to differentiate between different moisture
sources (Rohrmann et al., 2014). These techniques have also been applied to
surface-waters for hydrograph separation (Karim and Veizer, 2002; Maurya et
al., 2011), paleoclimate reconstructions from ice cores (Petit et al., 2004), and
marine and lacustrine sediment cores (Sarkar et al., 2015). Moreover, stable
isotopes are also used as an input for hydrological modeling and weather
models, which requires a sound understanding of isotope-fractionation
processes (Bowen and Revenaugh, 2003; Norris et al., 2016).

Surface waters from streams are often used to track catchment-
integrated precipitation signals, in particular in remote mountainous areas,
where meteorological stations are scarce (Hren et al., 2009). Numerous
studies which relied on stable isotopes obtained from stream waters have
been carried out along altitudinal gradients in the Himalaya to constrain
moisture sources (Garzione et al., 2000; Karim and Veizer, 2002; Hren et al.,
2009; Maurya et al.,, 2011; Bershaw et al.,, 2012). These studies have
generally observed a linear relationship between 6°H/6'®0 values of meteoric
waters and elevation, with decreasing 6°H values at higher elevations, due to
decreasing temperatures and progressive rainout processes (Poage and
Chamberlain, 2001; Rowley et al., 2001; Hren et al., 2009; Bershaw et al.,
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2012). However, observations show increasing scatter of 8°H and 6'®0 values
on the Tibetan Plateau (Hren et al., 2009; Bershaw et al., 2012), some data
suggesting an increase toward more positive values (Bershaw et al., 2012),
likely reflecting additional processes and/or water sources are relevant in the
lee of the orographic barrier. In particular, post-depositional alteration (snow
and glacial melt) and the relative input of different water sources have been
suggested to affect the isotopic composition of these stream waters (Lechler
and Niemi, 2012; Racoviteanu et al., 2013; Biggs et al., 2015).

The combined measurements of 6°H and 6'®0 lead to the second-
order proxy parameter d-excess, which is used to provide additional
constraints on hydrological processes, due to differences in the sensitivity of
stable H and O isotopes to hydrological processes (Gat and Confiantini,
1981; Frohlich, 2001; Risi et al., 2013). D-excess has for example been used
to distinguish between moisture sources and assess atmospheric circulation
shifts in the Himalaya (Sengupta and Sarkar, 2006; Pang et al., 2012), but
also to study isotopic effects during snow formation and snow melt (Moser
and Stichler, 1974; Jouzel and Merlivat, 1984; Stichler et al., 2001). However,
due to different environmental processes influencing d-excess, its
interpretation remains complex. A significant influence on d-excess by
sublimation in snowpack has been observed, resulting in isotope enrichment
in the snow/glaciers (Moser and Stichler, 1974; Stichler et al., 2001), which
subsequently is propagated into surface-waters due to melting processes
(Lechler and Niemi, 2012).

In this study, we aim to constrain the different hydrological
components that contribute to the isotopic signature of surface-waters over
an altitudinal gradient in three Himalayan catchments. We combine stable-
isotope chemistry and satellite-derived climate data including MODIS snow
cover (Hall and Riggs, 2016), Tropical Rainfall Measurement Mission (TRMM)
precipitation (Huffman et al.,, 2014), and Advanced Microwave Scanning
Radiometer Earth Observing System (AMSR-E) derived Snow Water
Equivalent (SWE) data (Wentz et al., 2014). Additionally, we analyze two one-

year-long, surface-water isotope time series with weekly sampling intervals
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from different locations and compare them to satellte data to test if
snowmelt in spring has a significant impact on the surface-water isotope

composition.
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Figure 2.1: Topographic overview of study area. SRTM V4.1 DEM (Jarvis et al., 2008) with
river names in blue; pink circles are surface-water samples; yellow circles are well samples;
green squares are locations of the one-year long river water time series with weekly
sampling interval. The Spiti and Beas catchments are outlined by hatched polygons; light-
blue shaded areas are glaciers from the GLIMS dataset (Pfeffer et al., 2014). White
rectangles indicate areas over which the swath profiles (elevation, rainfall and snow cover)
were determined, and labeling corresponds to the swath profiles shown in Fig. 2. The
lowermost sample in the river from which the swath profiles were determined is indicated
with a star. Red lines indicate international borders.

2. Geographic setting and climate of the study area

The study area consists of three river catchments located in the western
Himalaya (Fig. 1): the Sutlej, Beas, and Alaknanda rivers. The Sutlej and Beas
rivers drain into the Indus catchment, while the Alaknanda River drains into
the Ganges River system. Alongside the large altitudinal range covered by
these catchments (between ~500 and ~7,000 m asl), temperature, glacial
coverage, snow cover and snow-water equivalent (SWE), and monsoon

precipitation are spatially and temporally heterogeneous (Fig. 2). In previous
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studies, the Indus catchment was found to be highly dependent on glacier
and snowmelt in order to maintain its baseflow (lves and Messerli, 1990;
Immerzeel et al.,, 2009; Smith and Bookhagen, 2018). Both the Indian
Summer Monsoon (ISM) and the Winter Westerly Disturbances (WWD)
influence the precipitation regime of the Sutlej, Beas, and Alaknanda
catchments. ISM rainfall contributes 57.1%, 30.6%, and 52.4% of the annual
precipitation during the monsoon (JJA) in these catchments, respectively
(leaving snowfall out of consideration). These estimates are based on satellite
TRMM (Bookhagen and Burbank, 2010) and rain-gauge data (Wulf et al.,
2010); the main source of this rainfall is moisture sourced from the Bay of
Bengal (Bookhagen and Burbank, 2010).

Average WWD rainfall (DJF) contribution to the Sutlej, Beas, and
Alaknanda catchments is estimated to be 8%, 13.6%, and 6.6% of mean
annual rainfall, respectively (TRMM 12-year average,(Bookhagen and
Burbank, 2010). Large rainout belts can be found along the southern
Himalayan front due to orographic lifting of ISM moisture, and ISM rainfall
penetrates only episodically farther north into the valleys (Bookhagen et al.,
2005a; Wulf et al., 2016).

The Sutlej River is the largest tributary of the Indus River, with an area
of approximately 52,000 km? (upstream from the most distant downstream
point, see Fig. 1). The Sutlej catchment has a mean elevation of 4,825 m asl,
with the upper 60% of the area being located on the Tibetan Plateau and an
overall elevation range of 480 to 6,970 m asl. The largest tributary of the
Sutlej River is the Spiti River, which flows in a southeastward direction,
located in the higher elevations (2,550 to 6,709 m asl) of the catchment. The
ISM-derived rainfall between May and October contributes 38.1 % of the
total river discharge in the Sutlej River, while the total annual snowmelt
contribution to discharge was estimated to be between 57 % and 67 %
(Singh and Jain, 2007; Wulf et al., 2016). More specifically, in the lower Sutlej
catchment (<4,000 m asl), annual rainfall reaches 1,800 mm, of which 50 %
falls in summer (JJA) during the ISM (Bookhagen and Burbank, 2010). The

upper Sutlej catchment (>4,000 m asl) only receives a maximum of 200
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mm/yr, of which only 20% falls in summer (TRMM 12-year
average,(Bookhagen and Burbank, 2010). In the Spiti catchment, rainfall
ranges between 40-200 mm/yr. The ISM-derived rainfall between May and
October contributes 38.1 % of the total river discharge in the Sutlej River,
while the total annual snowmelt contribution to discharge was estimated to
be between 57 % and 67 % (Singh and Jain, 2007; Wulf et al., 2016). The
glacial cover in the entire Sutlej catchment is 3.5 %, while the Spiti sub-
catchment has a glacial cover of 6.7 % (Pfeffer et al., 2014).

Bordering the lower Sutlej catchment to the northwest is the Beas
catchment (cf. Fig. 1), with a size of 5,300 km?, of which the glacial coverage
is 6.7% (Pfeffer et al., 2014). The Beas catchment receives an average of
1,100 mm/yr of rainfall, of which 30% falls in JJA, and 13% in DJF (TRMM
12-year-average,(Bookhagen and Burbank, 2010). The average snow and
glacial melt component of the Beas river discharge has been estimated to be
5% in the period between 1990 and 2004 (Kumar et al., 2007).

The Alaknanda catchment is located southeast of the Sutlegj
catchment, and has a size of 10,000 km? (calculated upstream from the most
distant downstream point; see Fig. 1). The lower Alaknanda and its tributaries
receive 2,800 mm of annual rainfall (55 % of it during JJA), while in the upper
tributaries rainfall amounts are below 350 mm/yr (TRMM 12-year-
average,(Bookhagen and Burbank, 2010). The Alaknanda catchment has an
average glacial coverage of 10.4 %, and glacial melt has been estimated on

average to be 32 % of the total surface-water discharge (Maurya et al., 2011).
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Figure 2.2: 10-km wide swath profiles along three rivers in the NW Himalaya (Spiti and Sutlej visualized
as separate catchments; cf. Fig. 1); 12-year-average JJA mean TRMM 2B31 precipitation in blue
(Bookhagen and Burbank, 2010); 2-year-average (2012-2014) MODIS MYD10CM DJF mean snow
cover in orange (Hall and Riggs, 2016), and topography in black with 1-o standard deviation (gray). Red
dots indicate location of villages where one-year long sampling has taken place.

3. Methods

3.1. Sampling methods

Water samples from main rivers and their major and minor tributaries in the
Sutlej catchment were collected in September 2014 during the post-
monsoon season. The Alaknanda area was only sampled during the post-
monsoon season in October 2014. There were no significant precipitation
events during both fiel[dwork campaigns. In addition, water from water
pumps for drinking water in the Sutlej catchment was sampled to assess the

isotopic composition of local groundwater. All pump samples were located
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within ~100 m of the river and were reported to vary in depth between 35 and
70 m by the irrigation and public health authorities of the state of Himachal
Pradesh. Weekly sampling of surface-water was carried out at two locations
in the Sutlej/Spiti (Tabo, 32.091918°N, 78.382793°E, 3,280 m asl) and Beas
catchments (Manali, 32.205024°N, 77.189648°E, 2,050 m asl) in 2013/2014
(Fig. 1). Each sample was filtered through a 0.45 pym syringe filter in the field
and stored in 2 ml vials. The surface-water samples were taken between

September 2013 and September 2014.

3.2 Stable water isotope measurements

The hydrogen and oxygen stable isotope composition of waters were
measured on a Picarro Cavity Ringdown Spectrometer L2140-1 at GFZ
Potsdam in Germany. The stable isotope composition is reported using the
0-notation relative to the Vienna Standard Mean Ocean Water (VSMOW)

standard as:

R
6[%o] = (M - 1) [Equation1]
RStandard

In which R represents the ratio of heavy isotopes relative to light isotopes
('*0/™°0 and 2H/'H), and all values are reported in %.. In addition, we
calculate the second-order isotopic parameter d-excess, which is defined by
(Dansgaard, 1964):

d — excess[%o] = 6°H — 8x580[Equation2]

The instrument precision was 0.08 %o for "0 and 0.5 %o for 6°H based on
long-term standard measurements. Samples were injected 10 times, in a
volume of 1 pl, while the first three injections were discarded for each
sample, to avoid any memory effect. The measurements were normalized

using a two-point calibration from VSMOW2 and SLAP2 standards, provided
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by the IAEA. The 1-s standard deviation was determined from the seven

measurements of the §'°0 and &°H isotopic values.

3.3 Topographic and climatic remote-sensing data processing

The watersheds and their corresponding mean-catchment elevations were
determined using the 90-m SRTM Digital Elevation Model (SRTM V4.1 DEM;
(Jarvis et al.,, 2008); swath data (see Figure 2) were created using
TopoToolbox (Schwanghart and Scherler, 2014). Seasonal and annual rainfall
were determined using the Tropical Rainfall Measurement Mission (TRMM)

2B31 data product, averaged over the 1998-2012 period (Bookhagen and

Burbank, 2010), with a spatial resolution of ~5 km. The monthly snow-cover

data between December 2012 and 2014 was obtained from the Moderate
Resolution Imaging Spectroradiometer (MODIS) dataset MYD10CM (Hall and
Riggs, 2016), with a spatial resolution of 0.05° (~5 km). Snow Water
Equivalent (SWE) was obtained from the AMSR2 satellite (Wentz et al., 2014;
Smith and Bookhagen, 2016), with a spatial resolution of 0.25° (~25 km). The
melt rate was determined from the instantaneous slope (1-month window) of
the monthly catchment summed SWE volume, to quantify the change in SWE
in the catchment. In order to determine the percentage of glacial coverage in
each catchment, the Global Land Ice Measurements from Space (GLIMS5)

dataset was used (Pfeffer et al., 2014).

3.4. Statistical data evaluation

To determine turning points in the elevation-isotope relationships we used a
mean-shift model (Chen and Gupta, 2012). We determined locations of
significant shifts in the series mean using a simple cumulative sum of
differences between values and the data mean. We then identified
breakpoints where a piecewise fit better explains the relationship between

elevation and isotopic signature or d-excess than a simple linear regression.
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3.5. Rayleigh model

A Rayleigh distillation model was developed to predict the evolution of
precipitation water 6°H values during rainout from ISM moisture moving up
the valleys, which was modified after (Rowley et al., 2001)) and Rowley
(2007). This model describes the progressive isotopic depletion of the
remaining reservoir in atmospheric moisture during transport, from which
condensation occurs (Rowley et al., 2001). The model variables and a more
extensive description of the model can be found in the Supplementary

Material.
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4. Results

4.1. Surface-water stable oxygen and hydrogen isotope ratios

Measured 6'®0 values varied between -6.6 %o and -15.5 %o in the Sutlej
surface-waters, and -8.0 %o and -14.6 %o in the Alaknanda surface-waters
(Figure 3). The 6°H varied between -37.4 %o and -112.4 %o in the Sutlej and -
51.6 %o and -102.2 %o in the Alaknanda. The slope of the &0 vs. 6°H
relationship in the Sutlej (8.25) catchments falls relatively close to the slope of
the Global Meteoric Water Line (GMWL), while the slope in the Alaknanda
catchment (7.07) is lower than the GMWL. The GMWL has been defined as:
8°H = 8.17 (+0.06) x 6'®0 + 10.35 (+0.65) %o (Rozanski et al., 1993). The
intercept of the Sutlej LMWL (18.08+1.01) is substantially higher compared to
the GMWL (10.35+£0.65), while the Alaknanda intercept (3.3+1.13) is
substantially lower compared to the GMWL.

In both the Alaknanda and Sutlej catchments, §°H and 60 values
showed a significant negative linear correlation with mean catchment
elevation (Figure 4). Isotope values of surface waters were compared to
mean-catchment elevation, since the source of the surface water integrates
over the entire upstream catchment. In the Sutlej, there was a larger amount
of scatter between &°H/8'0 and mean-catchment elevation, which was
especially noticeable in samples with mean-catchment elevations above
4,000 m asl. The isotopic-lapse rate for 6°H in the Sutlej was -8.8+1.8 %o km"
! (from 0 to 4,106 m asl) and -32.7+8.6 %o km™ (from 4,106 to 6,000 m asl).
The &6°H lapse rate of the entire Sutlej elevation-transect was -17.4+0.1 %o
km™. In the case of 60 versus elevation, the lapse rates for the lower Sutlej,
upper Sutlej, and entire Sutlej were -1.5+0.2 %o km™, -3.9+1.2 %o km™ and -
2.2+0.1 %o km™, respectively. In the Alaknanda, no significant breakpoint was
found using a mean-shift model in §°H, and the isotopic lapse rate in all
surface-water samples in the catchment was -8.8+0.1 %o km™ for &°H. In
8'®0 versus elevation in the Alaknanda, a lapse rate of -0.7+0.3 %o km™ was

found in the lower Alaknanda (from 0 to 2,574 m asl) and -1.6+0.2 %o, km™ in
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the upper Alaknanda (>2,574 m asl). The lapse rate for the entire Alaknanda
transect was -1.3+0.07 %o km™.

In general, most of the isotope values were situated within the mean
and standard deviation of the Rayleigh distillation model (Fig. 4, see Tab. 1
and supplementary material for model and parameter details). This shows
that the data are controlled by Rayleigh distillation; describing the partitioning
of isotopes between two reservoirs, as one reservoir decreases in size (in this
case the cloud travelling up the orogen). The high-elevation samples of the
Sutlej samples fall above the Rayleigh model, suggesting non-Rayleigh
processes in these catchments.

In addition to 6°H and 6'®0, d-excess values were determined (Figure
5). In the Sutlej, d-excess values increased from 12.3 %o to 18.5 %o, up to
mean-catchment elevations of 3,800 m asl in the Baspa River tributaries,
where snow and glacial cover is high. Between 3,800 and 5,300 m asl, the d-
excess values showed a decrease from 18.5 %o to values as low as 8.5 %o
(Figure 5). In the Alaknanda catchment, values ranged from ~10 %o in the
lower Alaknanda tributaries to ~15 %o in the upper Alaknanda. A significant
positive correlation between d-excess (equation 2) and mean-catchment
elevation was observed in the Alaknanda surface-waters, but not in the
complete dataset of the Sutlej surface-waters (R’ spi<0-1 and
R paknanaa=0.65, p<0.001). In the Sutlej surface waters, a positive correlation
was observed between d-excess and mean-catchment elevation in the
surface waters up to elevations of the calculated breakpoint at 4,153 m asl.

Water from the wells in the vicinity of the main stem in the Sutlej
catchment showed isotopic §°H values comparable to the surface waters,
between -49 %o in the lower Sutlej and -111 %o in the upper Spiti catchment
(Fig. 6A). In a similar fashion, the d-excess of both the well and tributary
samples were compared, and well samples show the same trend with
elevation as the tributaries (Fig. 5A and 6B). In order to compare well
samples and surface-water samples, both datasets were plotted versus
sample-site elevation, since no information on the catchment size or

elevation of the wells was available. The gap in well samples between 1,500
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m and 2,500 m asl (Fig. 6A and B) was caused by an absence of wells in this
elevation range.

A compilation of our surface-water data together with the available
data in the Himalaya and on the Tibetan Plateau is shown in figure 8 (Hren et
al 2009, Meese et al 2018). In figure 8B, the Rayleigh distillation is shown
with the same curve as figure 4A and 4C. In figure 8C the d-excess values of
surface-waters are plotted with mean catchment elevation. The same
increasing amount of scatter above 4,000 m asl as in the Sutlej and

Alaknanda dataset is shown in the compiled dataset.
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Figure 2.3: &H values versus 6-O values in surface-waters for the Sutlej and Alaknanda catchments.
The blue line indicates the Global Meteoric Water Line (GMWL,; (Rozanski et al., 1993), and the red line
indicates the Local Meteoric Water Line (LMWL).
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Figure 2.4: &H/6-0O values in surface-waters versus mean-catchment elevation in the Sutlej (A, B) and
Alaknanda (D, C) catchments in 2014. Tributaries are indicated with circles, main-stem samples with
stars. The x-error bars show the standard deviation of the mean-catchment elevation in each
catchment. Analytical uncertainties of stable-isotope measurements (y-error bars) are too small to
show. R: and p values were determined using a weighted least squared regression (WLS, solid line), red
dashed line is the WLS 95 % confidence interval. The Rayleigh fractionation curve (gray shading) is the
standard deviation of the variation in model results based on the possible ranges of initial conditions
has been calculated according to (Rowley et al., 2001). In order to determine breakpoints in the
elevation relationships we used a mean-shift model, and locations of significant shifts in the series
mean were determined using a simple cumulative sum of differences between values and the data
mean. A significant change in slope was found for the Sutlej at 4,106 m asl, but no significant breaks
were found for the Alaknanda surface-water samples.
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Figure 2.5: d-excess values of surface-waters in the Sutlej (A, B) and Alaknanda (C, D) catchments.
Circles indicate tributaries, and stars indicate main-stem samples. B and D show the correlation
between d-excess and mean-catchment elevation, in which symbols are colored by the absolute
differences between satellite-derived Snow Water Equivalent (SWE) in DJF and JJA per catchment,
indicating the amount of snowmelt generating runoff in the catchments. Regressions in A and C were
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calculated with a weighted least square regression, where the dotted line shows the 95% confidence
intervals. X-error bars show the standard deviation of the mean elevation in each catchment, y-error
bars are too small to show. In order to determine breakpoints in the elevation relationships we used a
mean-shift model, and locations of significant shifts in the series mean were determined using a simple
cumulative sum of differences between values and the data mean. A significant breakpoint was found
for the Sutlej at 4,190 m asl, but no breakpoint was found for the Alaknanda catchment.
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Figure 2.6: A. &H values of surface- water samples from tributaries in the Sutlej and Spiti catchments
plotted alongside deep well samples from the Sutlej and Spiti catchments. B. d-excess values of
surface- water samples from tributaries in the Sutlej and Spiti catchments plotted alongside deep well
samples from the Sutlej and Spiti catchments. Note that the x-axis shows sample-site elevation (and
not mean-catchment elevation as shown in Figure 4). Regressions (solid line) were determined with a
weighted least square regression.

4.2. Time series

In the weekly samples from the Spiti River (Fig. 1) 6°H values ranged between
-109.5 %o in May 2014 and -101.26 %o in February 2014 and d-excess values
varied from 3.7-20.9 %o. In the Beas River &°H values varied from -72.1- -
49.5 %o, and d-excess from 17.6-21.6 %o, and (Fig. 7B and D). The 6°H time
series showed a relatively stable signal throughout the year, with incidental
isotopic excursions of ~5 %o (Figure 7B).

d-excess in the Spiti River exhibited values below 15 %, in fall/winter
but increased towards 20 %0 over the spring/summer months. In February
2014 there is one large negative excursion, where the d-excess values were
measured at 3,7 %o, (x0.9). Snowmelt was highest between February and
May, where the largest increase in d-excess was observed (Fig. 7D).

However, there is a shift in d-excess at the onset of satellite-derived data on
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snowmelting, where the maximum is reached only 3 months later (early July).
The duration of both the snowmelt increase and d-excess increase is ~4
months.

D-excess values in the Beas catchment showed a similar, but more
subdued trend compared to the Spiti surface-waters (Fig. 7A and C). From
fall of 2013 to spring of 2014, values fluctuated between 17 %o and 19 %o,
after which there was an increase to a maximum value of 22 %. during the
summer months. Even though the Beas catchment is significantly smaller
and has lower SWE amounts, the timing of the d-excess increase coincides
with the d-excess increase in the Spiti catchment (Fig. 7C). The 6°H amounts
showed an increase in values during spring with 5-10 %. negative excursions

from spring 2014 to early fall.
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Figure 2.7: &H and d-excess time series for the Spiti catchment (Tabo; B and D), and Beas catchment
(Manali; A and C) of weekly surface-water data sampled in 2013 and 2014, indicated by black circles.
Red line indicates the snowmelt-rate curve, determined from the instantaneous slope (1-month
window) of the monthly catchment-summed Snow Water Equivalent (SWE) volume (Wentz et al., 2014).
The blue line represents the snow cover in % in the catchment (MYD10CM data product, with the
corresponding standard deviations (Hall and Riggs, 2016). Winter precipitation d-excess was
determined from 18 precipitation samples (Tian et al., 2007; Kumar et al., 2010), and summer
precipitation d-excess was based on 36 precipitation samples (Tian et al., 2007; Kumar et al., 2010).
Note that the y-axis for &H in A and B are plotted on different scales.
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Figure 2.8: A: Topographic overview of study area. SRTM V4.1 DEM (Jarvis et al., 2008). B: Overview of
&H values in surface-waters versus mean-catchment elevation in the Sutlej, Alaknanda and nearby
Himalayan surface water studies from Meese et al 2018 and Hren et al 2009. C: d-excess values in
surface-waters versus mean-catchment elevation in the Sutlej, Alaknanda and nearby Himalayan
surface water studies from Meese et al 2018 and Hren et al 2009. D: 6H values versus 6-O values in
surface-waters for nearby Himalayan surface water studies from Meese et al 2018 and Hren et al 2009.
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5. Discussion

5.1. Controls on surface-water isotope composition

For a rigorous interpretation of the spatial and temporal distribution of
surface-water &°H values, the relative importance of different processes
affecting isotope ratios needs to be understood. In the monsoon-dominated
parts of the catchments, precipitation will likely be the main source of
surface-waters, either directly as surface runoff, or indirectly as groundwater
discharge. Importantly, based on well data from the study area, the isotopic
composition of groundwater is identical to that of surface waters during
sample collection, suggesting that aquifers are mainly recharged by

monsoonal precipitation (Fig. 6).

5.1.1. Local meteoric water line versus global meteoric water line

The slope of the Local Meteoric Water Line (LMWL) in the Sutlej (8.25 %o km®
") is just outside of the error range of the GMWL (Figure 3A; (Rozanski et al.,
1993), and close to previously observed slopes in the vicinity of the study
area of 8.5 % km™ (Hren et al., 2009; Varay et al., 2017). However, the
intercept of the Sutlej LMWL (18.08+1.01) is significantly higher compared to
the GMWL (10.35+0.65). High slope and intercept in LWML have been
previously observed in studies located in this area (Pande et al., 2000; Hren
et al., 2009; Rai et al., 2016; Varay et al., 2017). The high intercept has been
attributed to input from precipitation in the form of snow, originating from the
WWD. As such, the high intercept in the Sutlej LMWL is most likely a
consequence of the high percentage of glacial and snow-meltwater input to
the river.

The LMWL slope and intercept in the Alaknanda surface waters is
lower compared to the GMWL and the LMWL in the Sutlej (Fig. 3B). Low
LMWL slope and intercept have been identified before at two locations in the
Alaknanda region: 5.4 %o, km™ from a time series in Rishikesh (Maurya et al.,

2011), and varying between 5.6 %o km™ and 7.0 %o km™ from a timeseries in
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the Yamuna river, located in between the Sutlej and Alaknanda catchment
(Dalai et al., 2002). In the case of the Alaknanda catchment, it is shown that
the relatively low slope and intercept are mainly caused by the most negative
samples in both §'®0 and &°H, which are the high-elevation (>3,000 m asl)

samples in the catchment.

5.1.2. Stable isotope fractionation along elevation gradients

The significant correlation between surface-water &§°H values and
mean catchment elevation (Figure 4) in both the Sutlej and the Alaknanda
catchments supports the notion that the isotopic signature of the surface-
water is mainly controlled by Rayleigh-rainout processes of a monsoonal
moisture source. At elevations >3,000 m asl, the Rayleigh curve steepens,
which is generally also reflected in the surface-water samples of the Sutlej,
and in the few high-elevation samples in the Alaknanda catchment. This
effect is due to the increase in fractionation factor between the vapor and
liquid state with decreasing temperature, causing the rainout to be more
depleted in the heavier isotopologues (Clark and Fritz, 1997).

In the high-elevation Sutlej catchment, the surface-water &°H values
from the Spiti river generally showed more negative values compared to the
downstream Sutlej at the same mean catchment elevation. This is likely due
to the orientation of the river (flow direction NW-SE) and an effective
orographic barrier that shields the Spiti valley from ISM moisture
approaching from the south (Figure 1, swath profile B). Despite similar mean-
catchment elevations of these samples, the Spiti catchment receives lower
rainfall amounts during summer (Fig. 2B and C; (Bookhagen et al., 2005b).
The Sutlej surface waters reflect a more pronounced monsoon-precipitation
signature, while the more negative &°H values of the Spiti samples may
originate from a higher relative input of both snowmelt (cf. Fig. 2; Wulf et al.,
2016) and groundwater recharge.

The &6°H-lapse rate of -8.8 %o km™ in both the Alaknanda surface
waters, and the low-elevation Sutlej samples are comparable to the lapse

rate of -8.3 %o km™ observed in Arun River surface waters, located in eastern
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Nepal, closer to the Bay of Bengal (Hoffmann et al., 2016), and in agreement
with modeling of Rayleigh rain-out processes (Fig. 4). In particular, the upper
catchment surface-water samples in the Sutlej/Spiti catchment are
characterized by a steeper lapse rate of -32.7 %o km™ (Fig. 4A), as is
observed in the Rayleigh distillation model. The steeper slope is most likely
caused by the aforementioned increase in fractionation factor, and the
distillation of the isotopes from a decreasing reservoir (Clark and Fritz, 1997).
While the overall trends of lapse rates agree between the model and
samples, the exact numbers vary for lapse rates both above and below 4,100
m asl. Several other processes that can influence the slope at the higher
elevation sample sites are for example sublimation, evaporative processes,

or the higher additional contribution of snow and glacial melt.

5.1.3. Alaknanda and Sutlej surface waters in a regional setting

A compilation of all surface-water lapse rates determined a global lapse rate
of 80 with elevation of -2.8 %, km™ (Poage and Chamberlain, 2001). The
lapse rates in both the entire Alaknanda and Sutlej elevation transects are
lower than the global lapse rate (-1.3 %o km™ for the Alaknanda and -2.1 %o
km™ for the Sutlej). However, this global surface-water study observes a
significant higher scatter in the Himalaya, caused by complex precipitation
patterns (Poage and Chamberlain, 2001) or by the aforementioned increase
in fractionation factor, and influence of secondary processes.

In the Alaknanda transect, a breakpoint is observed in the &0
elevation transect, which is mainly controlled by the high-elevation
Alaknanda and Dhauliganga surface-water samples. In the LMWL, both the
high-elevation samples in the Sutlej and Alaknanda plot closer relative to the
GMWL, compared to the samples in the mid-range. Evaporative enrichment
in the high-elevation catchment samples could have caused the offset
between §'°0 and &°H, resulting in a breakpoint in the §'°0 dataset, but not in
the 6°H dataset.

Other studies in the Western Himalaya have found lower 60 lapse
rates than the global lapse rate of -2.8 %o km™ as well: -1.6 %o km™ (Ramesh
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and Sarin, 1992), -1.4 %0 km™ (Bartaya et al., 1995) -1.9 %o km™ (Dalai et al.,
2002) -0.9 %o km™ (Pande et al., 2000), -1.9 %o km™ (Jeelani et al., 2010), -1.3
%0 km™, (Bershaw et al., 2012), -2.1%. km™ (Biggs et al., 2015). The lapse
rates in both 60 and 6°H from surface waters in the Alaknanda and Sutlej
catchment agree with the lapse rates that have previously been observed in
the area.

D-excess values in the surface waters can provide information on
second-order processes influencing the isotopic signature of the surface
waters. In the surface waters of both the Alaknanda and Sutlej catchments -
excess showed an initial increase (1.3-1.5 %o km™, respectively) up to
elevations of ~4,000 m asl in the Alaknanda catchment, after ~4,000 m asl
there is no further increase. The initial decrease can be explained by Rayleigh
fractionation: d-excess increases with increasing elevation due to the
progressive cooling of the air mass. This results in higher d-excess values
than the typical ISM-derived values in the range of 8-11 %. (Gat and Carmi,
1970; Karim and Veizer, 2002; Maurya et al., 2011; Bershaw et al., 2012).
Above 4,000 m asl d-excess values show a relative high amount of scatter
compared to the lower elevations, coinciding with a large amount of snow
present in the catchments (Fig. 5 and Fig. 8), and the possible influence of
continental moisture recycling, as is also observed in other studies along the
Himalayan mountain range (Voss et al., 2020; Ren et al., 2017; Varay et al.,
2017; Hren et al. 2009).

5.1.4. Influences of snow and glacial meltwater

Since the catchments above 4000 m have larger amounts of snow present
during winter and summer (Fig. 5B and D) and receiving significant snowmelt
flux into the surface waters in spring and summer, we explore the possibility
that the low d-excess values are indicative of snow and ice melt input.

While d-excess of snow and ice is usually dependent on the source of
the precipitation, post-depositional processes such as sublimation can alter

the d-excess of snow and glacial ice (Moser and Stichler, 1974; Jouzel and
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Merlivat, 1984; Whillans and Grootes, 1985; Gat, 1996; Stichler et al., 2001;
Lechler and Niemi, 2012). A sublimation experiment in a snowpit on high-
altitude glaciers in the Andes resulted in a decrease of d-excess in the firn-
surface snow from ~18 %o to ~7 %o over a timespan of 3.5 days (Stichler et
al., 2001) caused by the higher moisture deficit of the ambient air paired with
the high surface temperatures. In addition, sublimation of snow during
melting processes can result in lower d-excess values in snowmelt and
therefore also surface waters (Moser and Stichler, 1974; Lechler and Niemi,
2012). Snow and glacial melt has been estimated to contribute 32 % of
surface-waters in the Alaknanda catchment (Maurya et al., 2011) and 70 % -
90 % in the Sutlej (depending on location) in spring (Wulf et al., 2016).
Therefore, if the snowmelt carries a different isotopic signature, a significant
effect on the surface-water isotope composition can be expected.

In summary, the complexity of high-elevation precipitation and post-
depositional processes influencing d-excess in snow and glaciers makes it
challenging to explain trends in d-excess in this study. However, the
decrease in d-excess in catchments with increasing elevation above 4,153 m
asl (Fig. 5) cannot be reconciled with a simple Rayleigh-rainout process of
ISM moisture. The addition of sublimated snowmelt with low d-excess to
surface water in high-elevation catchments (>4,000 m asl) could be a
potential cause for the observed decrease in d-excess values. Sublimated
snowmelt from high-elevation catchments is expected to be a significant

contributor to streamflow in the post-monsoon period (Wulf et al., 2016).

5.2. Seasonal controls on the surface-water isotope composition

Two seasonal yearlong datasets of surface-water isotopes were obtained
from the Spiti (Tabo, 3,280 m asl) and the Beas (Manali, 2,050 m asl)
catchments. In the Beas catchment (Fig. 7A) 6°H values become less
negative in early spring, but are approximately stable over the rest of the

year, suggesting small seasonal changes with contributions from sources
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with a different isotopic signature (e.g., precipitation, groundwater recharge).
No clear seasonal trends were observed in the Spiti time series (Fig. 7B).

The observed increase in d-excess during early spring in both the
Beas and Spiti catchment coincides with an increasing melt rate, suggesting
a snowmelt input into the surface waters (Fig. 7). As previously mentioned,
the input of precipitation from a dominantly westerly source mainly falling in
the winter months could be the cause of systematic seasonal variability in
stream water d-excess values. This effect will mainly be observed during
spring, when fresh unaltered snowmelt is added to the surface waters due to
melting processes, resulting in higher d-excess values, as is observed in the
Spiti, and to a lesser degree in the Beas time series (Fig. 7). However, the
recycling of continental moisture has been previously found as an alternative
process to also contribute to higher d-excess values in Himalayan high-
elevation surface waters (Dalai et al., 2002; Hren et al., 2009; Bershaw et al.,
2012).

Our dataset shows an increase in d-excess during early spring in both
the Beas and the Spiti catchment, following the decrease in snow cover and
increase in melt rate (Fig. 7). It is therefore conceivable that this increase is
due to the detected increased input of snow and ice melt during spring and
summer (Wulf et al., 2016) when little to no precipitation falls (Fig. 2B).
Moreover, snowmelt was calculated to constitute 48 % of the discharge in
the Sutlej River in the period of May-Oct (Bookhagen and Burbank, 2010).
These measurements were made downstream of the Spiti river (~275 km),
making it likely that the Spiti snowmelt percentage in the river is higher than
this ((Wulf et al., 2016). In addition, remote-sensing products based on SWE
suggest that the melt rate in the main Spiti River increased from 50-60
mm/month in winter (DJF) to 100 mm/month in spring (MAM) and the total
snow cover of the catchment decreased from a maximum of 100 % in winter
to a minimum of 20 % after summer (Fig. 7). The first increase in melt rate in
the catchment is observed in February and the subsequent increase in d-

excess is observed in April. The delayed signal in d-excess could result from
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the low snow decrease of 10-15 % between February and April. In May and
June the snow cover decreases from 80% to 40% (Fig. 7D).

For the Beas catchment, the SWE-derived snowmelt rate increases
from ~15 mm/month in winter to ~25 mm/month in spring, and the total snow
cover in the catchment decreases from a maximum of 100 % in winter to a
minimum of <20% after summer. The percentage of glacial coverage in these
catchments is comparable, but the Spiti River has a significantly higher snow
cover area and higher absolute SWE amounts compared to the Beas
catchment in 2014 (60.4 mm and 8.4 mm, respectively), and subsequently a
higher snowmelt volume during spring.

The absolute increase in d-excess during summer in the Beas is
smaller than in the Spiti, possibly reflecting the smaller amount of snow in the
catchment, reflected in the magnitude of the d-excess excursion (Fig. 7C).
Moreover, studies report that the Beas River is mainly fed by rainfall (Kumar
et al., 2007), with snowmelt contribution to surface-waters in the order of
16.5 % in May-Oct (Bookhagen and Burbank, 2010).

After snow cover and the snowmelt rate have declined to a minimum,
no immediate response in the d-excess values of the surface waters is
observed (Fig. 7C and D). One possible explanation for this phenomenon
could be groundwater recharge. In Nepal, a post-monsoonal drainage of
groundwater is reported (Andermann et al., 2012) with a response time of 30-
45 days. If the groundwater in the high-elevation catchments is recharged
with snowmelt during the pre-monsoon period, this could also explain the
observed delay in d-excess response in the surface waters (Fig. 7C and D).
After April until July there is still a strong loss of snow cover, resulting in a
continuous input from snow and glacial meltwater, causing the d-excess in
the rivers to stay elevated for a longer period.

Alternatively, (Wulf et al., 2016)) showed at three locations in the Sutlej
catchment that the snowmelt component of the surface waters is larger in
spring until summer, while glaciers melt later in the season during summer
and fall. The d-excess values measured in glaciers in the Himalayas in

summer and fall show a large range, but exhibit d-excess values high enough
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that could cause the prolonged high d-excess signal in the time series
(15.5£5.0 %o, see Supplementary Material Tab. 3; (Nijampurkar and Rao,
1992; Pande et al., 2000; Rai et al., 2016).

In summary, we argue that in both the Beas and the Spiti catchments
the higher d-excess in the river during spring and summer was related to
increased input of meltwaters from westerly-derived fresh snow (i.e. not yet
influenced by post-depositional processes, such as sublimation) derived from
high-elevation catchments. As soon as temperatures in the catchments
increased above zero degrees, high d-excess fresh snowmelt is added to the
surface water, causing the d-excess of the river to increase. The timing of
this effect is supported by results obtained from the MODIS snow cover and
AMSR SWE remote-sensing data products with a time lag of ~3 months and

is consistent with previous estimates of groundwater-turnover time.

5.3. Two-member mixing model for d-excess

In order to test if the isotopic signature in the surface-water is caused by the
influence of snowmelt, a simple two-member mixing model was applied.
Assuming the Nov-Feb period reflects baseflow conditions of the river with
low snowmelt contribution, and the May-Oct period reflects a mixture of
rainfall, snowmelt and baseflow, the isotopic signature of the snowmelt can
be estimated using a two-component mixing model (see more detailed

description in the Supplementary Material):

dsnowXanow + dbaseflowXQbaseflow =

dsnow+baseflowXanow+baseflow [Equation 3]

In which d is the d-excess value, and Q the percentage of the total discharge
represented by snowmelt from Bookhagen and Burbank (2010), baseflow or
a mixture thereof. Solving for the d-excess values of snow, yields a d-excess
value of ~24.4+5.1 %o for the Spiti river, and ~27.3+2 %o, for the Beas river

(more details in the Supplementary Material), which falls in the range of
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reported winter precipitation in the Himalaya (Tian et al., 2007; Kumar et al.,
2010). In the percentages of snowmelt published by (Bookhagen and
Burbank, 2010), we assume there is a 10 % error in the discharge, because
there is an annual change in river discharge depending on SWE stored in the
catchments. Large interannual changes in discharge caused by changes in
SWE amount have been shown in the Sutlej catchment (Wulf et al., 2016).
The two-member mixing model for d-excess supports our hypothesis
regarding higher d-excess values in spring is caused by input of meltwater

from westerly-derived fresh snow from high-elevation catchments.

6. Conclusion

Surface-water stable isotope ratios (6°H, 6'°0, and d-excess values) over a 4
km altitudinal gradient have been measured in the Sutlej, Beas, and
Alaknanda catchments in the western Himalaya during the post-monsoon
season in 2014. Based on our analysis, we make the following key
observations:

First, the isotopic lapse rate in 6°H/860 in the low-elevation Sutlej
(<4,000 m asl) and Alaknanda samples are similar (6°H: -8.8 %o km™, §'®0: -
1.5 %o km™"), while the high elevation Sutlej/Spiti area records a significantly
higher lapse rate (6°H: -32.7 %o km™, 6'®0: -3.9 %o km™). The significant
negative correlation between &°H/86"0 values and mean-catchment
elevations in the surface waters of the Sutlej and Alaknanda suggests that
the isotopic signature is mainly controlled by Rayleigh distillation at low
elevations. The higher lapse rate in the high-elevation Sutlej catchment,
combined with the decrease in the d-excess signal and increased scatter, is
most likely caused by a an increase of evaporative processes and the
higher relative contribution of sublimated snow and glacier melt to the
surface waters during the post-monsoon season.

Second, the increase in d-excess in the high-elevation time series in
spring reflects the impact of runoff from snow-covered areas on the surface
waters. The contribution of fresh snowmelt to surface waters can be verified

with independent remote-sensing data products, such as passive microwave
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(AMSR-E) derived snow-water equivalents and snow cover based on optical
data (MODIS), which can be used to understand seasonal variability in water-
source contribution. After the snowmelt rate decreases to a minimum at the
end of summer, there is no direct response in the d-excess values in the
surface-waters, which could be caused by meltwater originating from
glaciers. The use of d-excess as a tracer for glacier and snowmelt in
combination with remote-sensing data products will be useful in river-
monitoring studies in the Himalaya or other high mountain ranges, in order to
assess the interannual variation in glacier and snowmelt contribution.

Third, analysis of time series with a longer duration in combination
with an extensive sampling of end-member components can improve the
current knowledge on melting processes and the constraining of hydrological
components in high-elevation catchment surface-waters. Moreover, given
the scope of current climate change and increasing temperatures, and its
impact upon high-mountain regions, it is important to monitor the timing of
snowmelt and the different contributing factors that determine the

hydrological budget of Himalayan rivers.
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Abstract

Reconstructing the timing of mountain range uplift and the evolution of high-
altitude plateaus is important when attempting to understand potential
feedbacks between tectonics and climate at geological timescales. This
requires proxies that are able to accurately reconstruct elevation during
different time periods in the past. Often, the sensitivity of climatic parameters
to elevation gradients, recorded in geological archives such as soils, is used
to estimate paleoelevations. However, most proxies reflect an indirect
response to elevation change, adding uncertainties to reconstructions. In this
study, we aim to identify those sources of uncertainty with respect to
elevation reconstructions and test if the combined application of two such
proxies, i.e., stable isotopes (6°H) of plant waxes in modern soils and surface
waters and bacterial membrane lipids (brGDGTSs) in soils, which can
potentially reduce uncertainties in the estimation of (paleo-) elevation. We
performed this study in four Himalayan catchments (from west to east: Sutlej,
Alaknanda, Khudi, and Arun), of which each individual catchment is subject
to a unique precipitation regime, relative influences of moisture sources, and
vegetation cover. In total, we analyzed 275 surface water samples, 9
precipitation samples, 131 xylem water samples, and 60 soil samples, which
were collected between 2009 and 2014.

The following key observations were made: Soil nC,,-alkane 6°H
values (6°H,,,,) in the Sutlej, Alaknanda, Khudi, and Arun generally record
surface water 6°H values, confirming that the first-order control on the plant
wax isotopic signature is precipitation §°H and, therefore, the elevation in
orogenic settings. We identified aridity as the factor that introduces scatter to
this relationship. BrGDGT-derived Mean Annual Temperature (MAT)
correlates in a statistically significant manner with sample site elevation and a
14-year annual average of remotely sensed land-surface temperature,
showing that the main process influencing the brGDGT distribution is the

adiabatic cooling of air.
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In an effort to combine these proxies to improve uncertainties in
elevation reconstruction, elevations were inferred from both the 6°H,,,, and
brGDGT distributions. Arid, high elevation sites appear to underestimate
actual sample site elevations using 6°H values while sites subject to high
(>23-25°C) annual temperatures overestimate the actual sample site
elevation using brGDGT distributions. Elevations inferred from both proxies
under such paleoclimatic conditions should be interpreted with caution.
Elevations derived from the brGDGT distribution appear to most accurately
reconstruct elevation. However, we show that the difference in elevation
between the two proxies, described by the proposed Ag.,.ion Parameter, can
provide information on the hydrological conditions of the soil’s depositional
environment. In conclusion, we emphasize that knowledge of the sample
site’s climatic conditions are essential to reconstruct elevation from
paleoarchives. In particular, knowledge of moisture availability and annual air
temperatures are important, as these have been found to cause the largest

scatter in the observed data.
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1. Introduction

The uplift of mountain ranges has been a key interest in climate and tectonic
studies due to its impact on atmospheric circulation patterns, erosion, and
precipitation patterns (Zhisheng et al. 2001; Clift et al. 2008). For example,
the uplift of the Himalayan mountain range has played a key role in the onset
and intensification of the Indian (ISM) and East Asian (EASM) monsoons, as
well as in changing the global carbon cycle due to increasing weathering of
freshly exposed bedrock (Dettman et al. 2003; Molnar & England 1990;
Quade et al. 2007; Poulsen et al. 2010; Garzione et al. 2000a). Testing these
scenarios, uplift histories, and comparison with coeval climatic records are
needed.

To reconstruct mountain range paleoelevation, we use proxies that record
the persistent hydrological and climatological gradients preserved in
geological archives. These proxies include numerous stable isotope and lipid
biomarker approaches, such as 60 in pedogenic carbonates (Garzione et
al.. 2000b; Quade et al. 2007), leaf wax 6°H (Zhuang et al. 2014; Bai et al.
2015; Peterse et al. 2009; Polissar et al. 2009, Jia et al 2008), and branched
tetraether membrane lipid distributions (Ernst et al. 2013; Wang et al. 2017,
Sinninghe Damsté et al. 2008). These aforementioned proxies are all based
on climatic parameters that are observed to co-vary with elevation, and
hence indirectly record elevation. Rayleigh distillation processes during
rainout result in a negative relationship between the isotopic composition
(6'0 and &6°H) of precipitation and elevation (Dansgaard 1964; Gat et al.
2000). Temperature generally decreases with increasing elevation. The &§°H
values in n-alkanes derived from higher terrestrial plants have shown a strong
relationship with mean precipitation 6°H values, which have been used for
paleohydrological and paleoelevation reconstruction (Sauer et al. 2001;
Huang et al. 2004; Sachse et al. 2004; Smith & Freeman 2006; Hou et al.
2008). The potential of leaf wax 6°Hto record elevation has initially been
shown at Mt Gongga in China (Jia et al. 2008) and later at Mt Shennongjia,
Mt. Wuyi and Mt Tianshan (Luo et al. 2011), and Mt Meghalaya (Ernst et al.
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2013). These studies reflect that soil §°H,,,, records overall §°H from
precipitation, and thus indirectly records the elevation.

Even though 60 and 6°H values in precipitation primarily correlate with
elevation, locally or seasonally varying processes and climatic conditions,
such as heterogenic precipitation patterns, complex topography, and the
relative influence of multiple moisture sources, can distort the general linear
elevation relationships (e.g. Rohrmann et al. 2014; Hren et al. 2009; Galewsky
2009).

Similarly, mean annual air temperature (MAT) generally decreases with
elevation due to the adiabatic cooling of air, and is therefore also an indirect
measure of elevation. This temperature change can be reflected by
distributional changes in branched glycerol dialkyl glycerol tetraethers
(brGDGTs) (Weijers et al. 2007). BrGDGTs are membrane lipids produced by
soil bacteria, which vary in the number (4-6) of methyl branches attached to
their alkyl backbone, the position of these methyl branches (5 or 6 position),
and the number (0-2) of internal cyclizations, depending on the MAT and pH
of the soil in which they are produced (Weijers et al. 2007; De Jonge et al.,
2014b). As such, MAT can be reconstructed based on the molecular
signature of brGDGTs in an environmental sample (Weijers et al., 2007; De
Jonge et al., 2014a; Naafs et al., 2017). The ability of brGDGTs to track
adiabatic cooling was first illustrated in a study at Mt Kilimanjaro, where a
good relation was found between brGDGT-derived MAT and altitude
(Sinninghe Damsté et al. 2008). Subsequently, good relations between
brGDGT signals and MAT were found along the southeastern margin of the
Tibetan Plateau (Wang et al. 2017), Mt Gongga (Peterse et al. 2009), and Mt
Meghalaya (Ernst et al. 2013), among others. Outside of East Asia, this
relationship has also been found in the Andes (Nieto Moreno et al 2016) and
Africa (Coffinet et al 2014, 2017; Jaeschke et al., 2018).

Nevertheless, the latest global temperature transfer functions still contain
a substantial amount of scatter, indicating that the brGDGT temperature
proxy is influenced by additional climatic parameters, such as soil moisture

content (SMC) and precipitation amount/aridity (Peterse et al., 2012;
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Dirghangi et al. 2013; Menges et al. 2014; Wang et al. 2014; Dang et al. 2016;
Naafs et al. 2017), but possibly also by soil and vegetation type (Davtian et al.
2016) and the co-occurrence of brGDGT-producing microbial communities
with distinct temperature relationships (De Jonge et al., 2019; Dearing
Crampton-Flood et al., 2020). These effects can introduce uncertainties in
the relationship between brGDGT signals and temperature, and thus the
proxy’s robustness in recording elevation.

To assess possible sources of scatter in the individual relations of soil n-
alkane &°H and brGDGTs with elevation, and thus the suitability of these
proxies in paleoelevation reconstructions, both proxies were applied in
parallel at several altitudinal transects. This revealed, for example, that the
rain belt surrounding Mt Kilimanjaro likely disturbed the relation between soil
n-alkane 6°H and elevation due to a D-depletion in the precipitation and
consequently in the soil n-alkanes (Peterse et al. 2009, Zech et al 2015). A
similar spatial heterogeneity in precipitation was shown at Mt Kenya and Mt
Rungwe, resulting in weak or absent relationships between the soil n-alkane
8°H and elevation (Coffinet et al. 2017). Nevertheless, the combined
application of brGDGTs and soil n-alkane §°H in the Andes, Mt Meghalaya,
and the Southern Alps in New Zealand did show the expected orography
effect on temperature and precipitation (Nieto-Moreno et al. 2016; Ernst et al.
2013, Zhuang et al 2015).

In this study, we further validate the individual relations of brGDGT-
derived MAT and §°Hwax with altitude using a combination of field and
remote-sensing data. In a second step, the proxies are combined and we
investigate whether this combination reduces potential uncertainties in the
elevation estimates. Specifically, we analyze the stable isotopic composition
(6°H) of surface waters, xylem waters (i.e. the lipid H source), and long chain
n-alkanes, as well as brGDGT signals in modern soils along four altitudinal
gradients along the Himalayan orogeny. These altitudinal transects are
subject to varying precipitation regimes, different degrees of aridity, relative
influences of moisture sources, and vegetation cover, which allows a

thorough investigation of the impact that different environmental factors have
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on &"Hwax and brGDGTs. Combining the multiproxy data with satellite-
derived climate products, we aim to identify the controlling secondary factors
that potentially alter the relationship between source water 6°H and §°Hwax,
as well as physically measured MAT and brGDGT-derived MAT. Ultimately,
we discuss how the offset between these parameters can potentially impact
paleoelevation studies and the interpretation of these proxies in sedimentary

archives.

2. Study area

The Himalayan mountain range separates the Tibetan Plateau from the Indian
subcontinent, traversing 2,700 km along the range from the Karakoram in
Pakistan in the northwest through India, Nepal, and Bhutan into the
Arunachal Pradesh in the southeast. The range varies in width between ~ 400
km in the west and ~150 km in the east, containing several significant
mountain peaks.

The Himalayan range acts as an orographic barrier separating the
humid regions in the foreland and arid sections in the rain shadow, resulting
in varying precipitation patterns along the Southern Himalayan Front (SHF).
Two partly independent, but interfering climatic circulation systems dominate
the precipitation regime in the Himalaya: the Indian Summer Monsoon (ISM)
system and the Western Disturbances (WD)(Bookhagen & Burbank 2010;
Cannon et al. 2014). The ISM moves along the SHF and transports moisture
from the Bay of Bengal toward the northeast, causing heavy rainfall along the
southern slopes of the mountain front during summer (Bookhagen et al.
2005). The second major moisture source is the WD, originating from the
Caspian, Black, and Mediterranean seas, transporting winter precipitation
between December and March (Cannon et al. 2014; Wulf et al. 2010; Dash et
al. 2009). Spatially, the dominance of the ISM decreases from east to west,
whereas the WD becomes particularly influential west of 78°E (Bookhagen &
Burbank 2010). The Himalayan range creates an extreme gradient between

the humid tropical climate in the foreland and alpine conditions at higher
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elevations. The two major climatic gradients that strongly influence the
vegetation cover and type along the orogen are the decreasing air
temperature from low to high elevations and the decreasing amount of

moisture from east to west (Singh & Singh 1987).
3. Methods

3.1. Elevation transects

Four transects from the northeast to the southwest were selected in
the Sutlej, Alaknanda, Khudi Khola (hereafter referred to as Khudi), and Arun
catchments, of which the first two are located in the western Himalaya in
India and the latter two in central and eastern Nepal (Fig.1). These four
transects each cover a large altitudinal gradient and consequently also span
large ranges in precipitation, vegetation, and temperature (Fig. 2).

The Sutlej catchment elevation transect ranges from 475-3,533 m
over a horizontal distance of ~170 km. The lower sites (< 3,000 m asl) receive
1,500-2,000 mm rainfall annually (cf. TRMM 2B31, Bookhagen & Burbank
2010), decreasing to < 500 mm/year at the higher sample sites (> 3,000 m
asl) (Fig 2A). Mean Annual Temperature (MAT) in the catchment ranges
between 9.7°C and 25.4°C, with an average of 19.7°C (2000-2014 yearly
average, MOD11C3, Wan & Hulley 2015; Wulf et al. 2016). Concurrently, with
the decrease in rainfall amount and the increase in elevation, the Enhanced
Vegetation Index (EVI) shows that vegetation cover in the catchment
decreases with elevation (Fig.2A).

The Alaknanda catchment transect ranges from 346 to 3,155 m with a
horizontal distance of 160 km. Annual rainfall varies between 300 and 2,600
mm/year and consists of two rainout belts (at ~500 and ~2,000 m, Fig. 2B)
due to a two-step rise in relief (Fig. 2B), as described in (Bookhagen &
Burbank 2006). The 14-year average MAT in the catchment is 19.8 °C,
ranging between 7.1 °C and 26.8 °C (Wan & Hulley 2015).

The Khudi, where the transect ranges from 2,155 - 4,085 m asl with a

horizontal transect of ~13 km, receives rainfall amounts of >3,900 mm/year
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(Fig. 2C). There is little variation in the amount of rainfall along the altitudinal
transect due to its short distance. MAT varies between 7.5 °C and 19.5 °C
with an average temperature of 13.1 °C.

The transect in the Arun valley ranges from 225 to 2,580m over a
horizontal transect of 160 km. Annual rainfall amounts along the transect vary
between 2,000 and 4,000 mm/year (Fig. 2D), showing a two-belt rainout
pattern similar to the Alaknanda transect (at ~500 and ~2,000 m, Fig. 2D).
MAT varies between 3.5 °C and 26.7 °C, with an average of 16.3 °C.

Elevation
[km]
[0-1.5
[11.5-3.0
[13.0-45
[[45-6.0
[16.0-7.5
© Soils

Figure 3.1: Topographic overview of the Himalaya (SRTM V3). White circles indicate the sample sites of
the soils along four altitudinal gradients. White rectangles indicate areas over which the swath profiles

were determined, and labeling corresponds to the swath profiles shown in Fig. 2.
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Figure 3.2: 10-km wide swath profiles along the four altitudinal transects in the Himalaya (cf. Figure 1).

12-year average JJA mean TRMM 2B31 precipitation in blue (Bookhagen & Burbank 2010), 17-year
average (2000-2017) MODIS derived EVI in green (Didan 2015), and topography in black with 1-sigma

standard deviation (gray)(USGS 2006). Yellow circles indicate soil sample sites along the elevation

transects.
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3.4Sample collection

Soil (0-5 cm, without litter) and water samples in the Alaknanda and
the Sutlej catchment were obtained in September/October 2014, whereas
soils and water in the Arun catchment were collected both in September
2011 and October/ November 2012 (Hoffmann et al. 2016). In the Khudi
Khola catchment, only soils were sampled at various depths in September
2009.

All soils were sampled adjacent to roads/paths in the catchments,
which were checked for undisturbed soils. Soils were never sampled on
steep slopes, but from the most horizontal part of the terrain. However, due
to the generally steep terrain in the study area it is possible that geomorphic
processes (e.g. creep and downslope transport) have transported material
from higher elevations.

In total, 107 water samples and 17 soil samples in the Sutlej
catchment, 52 water samples and 21 soil samples in the Alaknanda
catchment, 10 soil samples in the Khudi Khola catchment, and 116 water
samples and 12 soil samples in the Arun catchment were collected. In
addition, 35 xylem water samples from dominating vegetation at sample sites
in the Alaknanda, 33 in the Arun, and 63 in the Sutlej catchments were
collected. At every xylem water sampling location, 9 branches were collected
from 3 individuals of the same species. Per sample location, the 2 most
dominant angiosperm species were sampled. Due to the large climatic
gradient, it was not possible to sample the same species along the entire
elevation transect. After collecting the branches, the bark was removed to
prevent mixing between xylem water and phloem water, after which the
peeled branches were placed in airtight containers. Xylem waters were
extracted at a vacuum line at the university of Basel (Newberry et al. 2017).
Extracted xylem water was measured on a TCEA-IRMS for 6'0 and &°H
values. For the Khudi precipitation samples, rain gauges were installed at
three stations allowing daily collection of rainwater in 2013 (time series data

for the Ghalegaon station (IAEA). These stations are at Ghalegaon village
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(2,108 m) on the western crest of the basin and two near the Khudi river at
the Khudi Hydropower Intake station (968 m) and Probi village (1,456 m). At
higher elevations between 2,500 and 4,050 m, cumulated rain waters were
collected over long periods in sealed 40 liter plastic containers (DRUM)

surmounted with a 15 cm funnel.

3.3. Analysis of 6°H and 6'0 values of water samples

The surface water 6°H and 60 values sampled in the Alaknanda and
Sutlej catchment were measured on a Picarro Cavity Ringdown
Spectrometer L2140-| at GFZ Potsdam, with a precision of 0.08%. for 6'0
and 0.5%. for 6°H. For the Khudi precipitation samples, waters were
analysed at CRPG laboratory (Nancy-France) using a Eurovector-Isoprime
EA-IR-MS coupled with a chromium reactor. Samples were systematically
repeated three times and external reproducibility was better than +1%e..
Samples were analysed with internal standards every five samples and
calibrated using the V-SMOW, GISP, and V-SLAP standards. All samples
were filtered through a 0.45 pm syringe and stored in 2 mL vials. The
samples were injected 10 times, with a volume of 1 pl, and the first three
injections were discarded for each individual sample, to avoid any memory
effects. The measurements were normalized using a two-point correction
using VSMOW?2 and SLAP2 standards, provided by the IAEA.
The stable isotope composition is reported using the 6-notation relative to
the Vienna Standard Mean Ocean Water (VSMOW) standard as:

6 o] = (oo _y), M

RStandard

where R is the ratio of heavy isotopes relative to light isotopes ('*0/'®O and

?H/'H). All values are reported in per mille %o (implying a factor of 1000).
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3.4. Lipid extraction

The soil samples were freeze-dried and stored in pre-combusted
(500°C) glass vials. Before extraction, all soil samples were sieved with a 2
mm sieve, and any leaves and large roots were removed to avoid any
contamination from modern organic material. A total lipid extract (TLE) was
extracted from the soil samples using an Accelerated Solvent Extractor (ASE)
(Type Dionex ASE 350) using 9:1 dichloromethane:methanol as a solvent.
Samples were initially separated into two fractions using columns containing
1.5-2 gram of precombusted silica gel. Samples were added to the top of the
column, and then rinsed with 12 mL of hexane to obtain the hydrocarbon
fraction. The GDGT fraction was obtained by subsequent rinsing with 1:1

dichloromethane:methanol.

3.5. Lipid analysis

The hydrocarbon fraction containing the n-alkanes was analysed on
an Agilent GC MSD (Agilent 5975C MSD, Agilent 7890A GC with Agilent J&W
HP-5 MS column, 30 mx0.25 mx0.25 ym film) coupled to an FID. A Thermo
Scientific Delta V Plus IRMS coupled to a Trace 1310 GC (Agilent GC MSD
(RESTEK, Rtx-5 Crossbond ms column, 30 mx0.25 mmx0.25 pym df. 5%
diphenyl, 95% dimethyl polysiloxane) via an Isolink pyrolysis furnace
operated at 1420°C was used at Potsdam University for the measurement of
the n-alkane 6°H values (6°H,,,,). The H,;* factor was determined at the
beginning of every sequence, and was constant (3.9+0.7) throughout the
entire duration of the measurements, indicating stable conditions in the ion
source. All samples were measured in duplicates, with a standard deviation
of < 3%., and a C,, — C,, standard measured in between every 10 samples.
The &°H,,, values were all normalized to the VSMOW-SLAP scale, with the
use of an external standard containing C,, to C,, alkanes (A-Mix, A.
Schimmelmann, Indiana University, Bloomington). The dominant alkane in

the majority of the samples was nC;,, which has been used to reflect 6°H,,,
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A known amount of internal standard (C,,-GDGT) was added to the
GDGT fraction, after which it was filtered through a 0.45 ym PTFE filter using
99:1 (v/v) hexane:2-propanol. Samples were measured on an Agilent 1260
Infinity ultra high performance liquid chromatograph (UHPLC) coupled to an
Agilent 6130 single quadrupole mass detector (MS) according to the method
described by (Hopmans et al. 2016). The separation of the brGDGTs was
performed on two silica Waters Acquity UPLC HEB Hilic (1.7um, 2.1mm x
150mm) columns in tandem, preceded by a guard column of the same

material. The [M+H]" ions were detected in selected ion monitoring mode.

3.6. Proxy calculation

The apparent fractionation (Sauer et al. 2001), €,,,, reflecting net
fractionation between the source water (in this case the surface waters) and
soil lipids, is defined as:

(8% Haggane + 1000
fave =\ 521+ 1000)

(2)

All values are reported in per mille %o (implying a factor of 1000). Surface
water 6°H was used as a catchment integrated value of precipitation 6°H
(Hren et al. 2009; Kendall & Coplen 2001; Bershaw et al. 2012). In the case of
soil samples in the Arun that were sampled in 2011, source water was
determined from the relationship between surface waters from 2012 and
sample site elevation of the 2011 soil sample.

Using the fractional abundances of the brGDGTs, the MAT was determined
based on the degree of methylation of 5-methyl brGDGTs (MBT’,..; De

Jonge et al., 2014b):

(Ia+1b +Ic)

MBTsme = Taiibflc+ Ttk )~ ©

Temperatures derived from the GDGTs were calculated using the Bayesian
regression model (BayMBTO) reported in Dearing Crampton-Flood et al.

(2020), which are referred to as BayMBT MAAT hereafter. As prior input to
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the BayMBTO model, the temperatures derived from the MODIS satellite
(paragraph 3.6) for each individual site were used and the prior standard
deviation was set at 15 following Dearing Crampton-Flood et al. (2020).
The Isomerisation ratio, (IR), was determined according to De Jonge et al.
(2014b):

R [Ia’ + IIb’ + IIc’ + I11a’ + I1Ib’+11Ic’
“Ha+IIb+Ilc+1Ia+11Ib+I1Ic+ I1a’ 4 IIb’ + IIc’ + I11a’ + IIb’'+11Ic”

()

3.7. Remote sensing Data

MAT was derived by averaging the monthly 0.05° (approximately 5,6
km) Land Surface Temperature (LST) from 2000 to 2014 from the Moderate
Resolution Imaging Spectroradiometer (MODIS) MOD11C3 product, from its
first availability in 2000 until the fieldwork period (Wan & Hulley 2015).
Seasonal and annual rainfall was determined using the Tropical Rainfall
Measurement Mission (TRMM) 2B31 data product averaged from 1998-
2010, with a spatial resolution of ~5 km (Huffman et al. 2014; Bookhagen &
Burbank 2010). The seasonal and annual Enhanced Vegetation Index (EVI)
was determined using MOD13C2 (MODIS) by averaging data products from
2000-2017 (Didan 2015). Soil moisture in the root zone (0-100 cm) in m*/m?
was determined using the SMAP soil moisture SPL4ASMGP data product
(Reichle et al. 2016). Data were averaged from March-April-May (growing
season), with a spatial resolution of 9 x 9 km. The aridity index was

determined using the following equation:

. g Mean Annual Precipitation
Aridity Index = )

Mean Annual Potential Evapotranspiration’

where the mean annual precipitation derives from the aforementioned
(TRMM 2B31) data product and mean annual potential evapotranspiration

was determined using the Global PET dataset (Trabucco & Zomer 2009).
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4. Results

4.1. Surface water and xylem water 6°H values

In the Sutlej catchment, surface water 6°H values ranged from —50%o in
the foreland to —-112%o in the high elevation catchments (Fig. 3A). The
Alaknanda surface water 6°H values ranged from =51 to —102%. (Fig. 3B).
The Arun surface water data ranged between -36 and-110%. (Meese et al.
2018), which was sampled simulatneously with the soils and additional river
sediments (Hoffmann et al. 2016)(Fig. 3C). The surface water §°H values in
the Arun catchment ranged between —73 and —103%.. Surface water was
sampled from both tributaries and main streams, resulting in the integration
of a number of samples over a larger upstream catchment area (Table 2
Research Data). To take into account the upstream catchment sizes, surface
water 6°H values were compared using both the sample site elevation (Fig. 3)
and mean catchment elevation (Fig. EA4, Electronic Annex). A negative
correlation was observed between §°H and the mean catchment elevation in
the Sutlej, Alaknanda, and Arun river catchments (r = 0.89, p < 0.001; r =
0.91, p < 0.001; and r = 0.85, p < 0.01, respectively). Moreover, a significant
negative relationship was observed between surface water §°H and the
sample site elevation in both the Sutlej and Alaknanda (r = 0.78, p < 0.01 and
r=0.85, p < 0.01, respectively)(Fig. 3A,B). The sample site elevation
represents a more local 6°H signal while the mean catchment elevation also
integrates the upstream catchments of the surface waters. The isotopic lapse
rates of the surface water in the Sutlej and Alaknanda catchments were 15.7
and -8.8%. km™, respectively, when assuming a linear relationship between
&°H and mean catchment elevation. The Arun dataset consists of surface
water samples that were collected in 2011 and 2012. An extensive analysis
on the factors that control the surface water 6°H of the Arun has been
previously published (Meese et al. 2018). The isotopic lapse rate of the
surface waters in the Arun in 2011 and 2012 were -10.9 and —=12.3%. km™,

respectively. However, since the 2011 lapse rate does not span the entire
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length of the transect on which the soil samples were collected, only the
2012 dataset was used in this study.

In the Khudi catchment, we did not obtain a surface water 6°H dataset,
but do have access to a daily precipitation 6°H dataset (Fig. 3C). A significant
relationship was observed between the sample site elevation and
precipitation 6°H (r = 0.92, p < 0.01). We note that this water was only
sampled during the monsoon, i.e., in the same period as the soil samples
were collected.

Xylem water §°H of the Sutlej samples varied between —18.3%o. at 475
masl and -119.4%. at 3,533 masl (Fig. 3), but showed an absolute difference
between the minimum and maximum of 28%. to 82%. between individual
sample sites. The smallest range in isotope values was observed at the
second highest sample site (28%o) while the largest range in isotope values
was observed at the highest sample site (55%o). In the Alaknanda, xylem
water ranged between 7.1%. at 346 masl and -74.3%. at 651 masl. High
variations in the xylem water §°H occur along the Arun catchment, where

values range between -39.7 and -96.07 %o.
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Figure 3.3: Soil &H of nC_(red, grey, blue, and black circles) and 6H of tributary surface waters (white
circles) and xylem waters (green diamonds) in the Sutlej, Alaknanda, Khudi and Arun catchment. €_is
calculated at different elevations according to equation 2. The precipitation &H in Fig. C is time series
data from the Ghalegaon station (IAEA) http://www-

naweb.iaea.org/napc/in/IHS resources_isohis.html. For the Arun dataset, five outliers were

removed that do not represent the local precipitation signal. Thus, samples that showed a larger
difference than 1,500 m between sample site elevation and mean catchment elevation were removed

for this reason

4.2. Soil n-alkane isotopic composition

The most dominant alkane in the majority of the dataset (all Sutlej and
Alaknanda samples) was nC,;. In the following analysis, we therefore refer to
the nC,, 6°H values as &°H,,,. Along the Sutlej transect, 6°H,,,, ranged
between -148 and -183%. over an altitudinal transect from 475-3,371 masl,

the Alaknanda catchment 6°H,,,, ranged between —129 and -202%. over an
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altitudinal transect from 346-3,100 masl, and finally the Arun catchment
values ranged between —-125 and 180%. (Fig. 3). The Khudi Khola transect is
significantly shorter and steeper than the other three catchments, such that
the 8°H,,,, ranged between -169 and -229%., with an altitudinal transect from
1,750-4,085 masl over a distance of ~13 km, whereas the Alaknanda, Sutlej,
and Arun transects are each between 160-175 km long.

We observe a significant negative correlation between 6°H,,,, and
sample site elevation along the Sutlej, Alaknanda, Khudi, and Arun transects
(Fsuey = 0.69, p = 0.001, rpznanga = 0.57, p = 0.01, 1,6 = 0.97, p = 0.001, 1, =
0.79, p = 0.01; Fig. 3). The &°H,,, with the elevation isotopic lapse rate was
the lowest in the Sutlej at —6.7 (+ 1.8)%0 km™, =9.6 (+ 3.5)%0 km™ for the
Alaknanda, —15.6 (+ 3.9)%0 km™ for the Arun, and —26.3 (+ 2.6)%0. km™in the
Khudi Khola (Fig. 3).

The comparison of §°H of surface waters and 6°H,,, in soils yielded a
significant correlation in the Sutlej and Alaknanda catchment (r = 0.56, p =
0.01 and r = 0.58, p = 0.01, respectively)(Fig. 4A). In the Arun catchment, no
significant correlation (r = 0.37, p > 0.01) between the §°H of surface waters

and &°H of soils was observed. No values on surface water 8°H and €, (see

app
below) in the Khudi are reported, as no surface water samples were collected

to pair with the soils.
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Figure 3.4: A. 8H_nC_plotted against the surface water &H of the tributaries nearest the soil location.
Correlation coefficients and p-values were determined with a linear regression (red and grey lines).
Only regressions that are statistically significant are shown. B: Apparent fractionation versus soil
moisture content in the root zone (m/m) from March-May, derived from the Soil Moisture Active
Passive (SMAP) soil moisture SPLASMGP data product (Reichle et al. 2016). Circles indicate sample
sites with a predominant angiosperm vegetation cover, and triangles indicate sample sites with
predominantly gymnosperms. Red and black lines are the linear regressions. Only regressions that are

statistically significant are shown.

4.3. Apparent fractionation

Values of the apparent fractionation €,,, (equation 2) in the Alaknanda,
Sutlej, and Arun catchments have average values of -108.3, -102.1, and -
112.3%o, respectively (Table 1, Research Data), but varied between -138.3
and -73.3%o. in the three transects.

A significant relationship was observed between €, . and the soil

app
moisture content in the root zone during spring (March—-April-May; Reichle et
al. 2016) in both the Sutlej and Arun catchment (Fig 4B). In the Sutlej, the

correlation between the soil moisture content and €. for the entire transect

app
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is significant (r = 0.71, p = 0.001). When only considering the sample sites
that have predominantly angiospermae as vegetation cover, which are the
main producers of n-alkanes (Bush & Mclnerney 2013; Diefendorf et al. 2011)
as opposed to gymnospermae, a higher correlation between soil moisture

content and €,,, was observed (r = 0.81, p = 0.001). In the Alaknanda and

app

Sutlej, where €, was relatively stable along the entire transect, no significant

app
relationship between soil moisture in the rootzone and ¢,,, was observed (Fig

4B).
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4.4. BrGDGT thermometry

BayMBT MAAT derived from brGDGTs (equation 3) varied between
3.8°C and 23.9°C in the Sutlej, 6.1°C and 26.1°C in the Alaknanda, and
5.4°C and 20.2°C in the Khudi Khola catchments. One of the lowest sample
sites (AK6) was located on a very steep north-facing slope, receiving little to
no sunlight. As a result, the BayMBT MAAT for this location was lower than
expected (7.8°C) for a sample at this elevation (523 m). We therefore
identified this sample as an outlier (studentized residual t(21) = -10.13,
adjusted Bonferroni p = 0.02). In all transects, a significant negative
correlation between BayMBT MAAT and sample site elevation was observed
(rsuiej = 0.92, p = 0.001, N = 16, ryananaa = 0.82, p = 0.001, n =19 and r,4 =
0.85, p = 0.001, n = 10)(Fig. 5A). The associated temperature lapse rates in
the Sutlej, Alaknanda, and Khudi were =5.1 + 0.5°C km™, -5.8 + 1.1°C km™,
and -5.6 + 1.1°C km™, respectively (Fig. 5A).

Correlating the BayMBT MAAT with the 14-year average annual
MODIS-derived MAT (from its first availability in 2000 until 2014, when our
fieldwork was carried out; Wan & Hulley 2015) for each sample location (Fig.
5B) resulted in a positive relation in all three catchments: the Sutlej
catchment and the Khudi catchment both showed a highly significant
correlation (g, = 0.88, p < 0.001, ry,,4 = 0.87, p < 0.001, rananda = 0.80)
between BayMBT MAAT and MAT (MODIS).

The modern lapse rates in the three catchments were determined by
correlating the 14-year MODIS derived MAT with the sample site elevation
(Fig. 5C). The associated temperature lapse rates in the Sutlej, Alaknanda,
and Khudi were -5.1 + 0.6°C km™, -5.4 + 0.3°C km™, and -6.5 + 0.4°C km™,

respectively.
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Figure 3.5: BrGDGT-derived MAT for the Sutlej, Alaknanda, and Khudi catchments. A: MAT (De Jonge,
2014b) versus sample site elevation. B: MAT versus a 14 year average MODIS derived MAT (2000-
2014, Wan & Hulley 2015). C: MODIS MAT versus sample site elevation. Error bars represent the
standard deviation from the 14-year mean MODIS temperature. Regressions were determined using a

least-square weighted linear regression.

4.5. 8°H and BrGDGT-derived elevation

To estimate elevation from &°H,,,, data in a similar manner as in
paleoelevation studies, we applied a Rayleigh distillation model to the
dataset (Rowley 2007). This exercise was performed to assess the correlation
between the actual elevation of the sample site and the modeled elevation
derived from the Rayleigh distillation model. This model describes the
progressive isotopic depletion of a reservoir in atmospheric moisture during
transport (Rowley et al. 2001) and hence depicts the ideal scenario (under
ideal conditions) at the point where a moisture packet encounters an
orographic barrier, which results in isotopic depletion with altitude.

The 6°H,,, -based elevation reconstructions correlate significantly with
the actual sample site elevation along the three transects (Alaknanda, Sutlej,
and Khudi), for which both &°H,,,, and brGDGTs were measured (Fig. 6A).
Due to the large uncertainties associated with the Rayleigh model, the

standard deviations of the elevation estimates were at a magnitude of up to
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2,000 m. Most samples plotted above the 1:1 line, indicating that the 6°H,,,
proxy generally overestimated sample site elevation. The extent of the
overestimation was the largest in the lower Alaknanda (< 2,000 m asl), where
reconstructed elevation can be up to 2,500 m higher than the actual sample
site elevation (Fig. 6A).

BayMBT MAAT was translated to elevation using the MODIS 14-year
average temperature lapse rate of each elevation transect (Wan & Hulley
2015). BrGDGT-based elevations were subsequently compared with the
actual sample site elevation, showing a close resemblance in all three
transects (Fig. 6B).

The difference in the estimated elevation from both the §°H,,,, and
brGDGT proxies can be visualized with the Ag,..., Parameter (Fig. 6C). Soils
that were sampled at arid sites (low aridity index) generally plotted under the
0-line while most of the Alaknanda and all of the Khudi samples plotted

above this line.
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Figure 3.6: A: MAT versus 6H_. B. BrGDGT-derived elevation versus actual sample site elevation. C.
&H derived elevation versus actual sample site elevation. Regressions were determined by least square
weighted linear regression. D. Absolute differences between brGDGT-derived and &H-derived
elevation versus the Aridity index (equation 6). The data points represent the difference between the
actual sample site elevation and the brGDGT or 6H_ derived sample site elevation. The standard

deviations were determined by adding the brGDGT derived elevation standard deviation and &H_-

derived elevation standard deviations using the equation o = /cgmx + 02.¢per
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5. Discussion

5.1. Relationship between elevation and surface water 6°H values,
6°H,,.,, and brGDGTs

To assess the robustness of §°H,,,, and brGDGTs as a proxy for
paleoelevation, the relative importance of all factors influencing these proxies
other than changes in elevation must be determined. The four elevational
transects along the southern Himalayan front are all characterized by
different precipitation amounts, vegetation cover, and moisture sources, thus
allowing us to investigate the impact of these variable parameters.

The &°H values of the surface waters in the Sutlej, Alaknanda, and Arun all
show a significant correlation with the mean catchment elevation.
Comparable lapse rates are observed in the Alaknanda and Arun surface
waters (Alaknanda = —8.8%0 km™, Arun = —8.8%0 km™)(Fig. 3) while the higher
lapse rate in the Sutlej (Sutlej = =15.7%0 km™") can be explained by a larger
relative contribution of snow and glacial melt from tributaries in the higher
elevation regions of the catchment (Wulf et al. 2016; Maurya et al. 2011;
Karim & Veizer 2002; Varay et al. 2017; Bookhagen & Burbank 2010). The
uniform direction of the lapse rates indicates that the main process
controlling surface water 6°H values is the progressive rainout of a
monsoonal moisture source, i.e., the altitude effect (Gat & Confiantini 1981).
The remaining scatter in the relationship between surface water 6°H and
mean catchment elevation is possibly due to a combination of processes,
such as evaporation, mixing of moisture sources with a different isotopic
signature, blocking of moisture by topography, convective storms,
seasonality, or contribution of snow and glacial melt, which have been
observed in high elevation systems (e.g. Gat 1996; Dansgaard 1964;
Rohrmann et al. 2014; Hughes et al. 2009; Lechler & Niemi 2012).

The &°H,,, shows the expected negative correlation with sample site
elevation in all four transects, suggesting that the first order control on the
plant wax isotopic signature is precipitation 6°H (Fig. 3). However, the

different degrees of correlation between 6°H,,,, and the elevation in the
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different transects suggest that this relationship is subject to additional
processes (see section 5.2.1. for more detail).

Comparing surface water 6°H and 6°H,,, yielded a significant correlation
in the Alaknanda and Sutlej, but no significant relationship in the Arun (Fig.
4A). In the Arun catchment, no significant relation was found between &°H,,,.,
and sample site elevation (Fig. 3D), which subsequently results in the
absence of a relationship between &§°H,,,., and 8°H,,.,. The low elevation
tributaries in this area reflect the isotopic composition of ISM rainfall while
the higher elevation tributaries receive elevated portions of glacial meltwater
and Winter Westerly Disturbances precipitation (Meese et al. 2018). In
addition, Meese et al. (2018) point out a significant difference in the isotopic
composition of surface water between the sampling years (2011 and 2012).
This interannual variation may have contributed to the absence of a relation
between &°H,,., and 6°H,,, Scatter in the relationship between the surface
water &°H,,,., and 6°H,,, in the Sutlej and Alaknanda is most likely due to
secondary processes. Surface water 6°H reflects the isotopic signature of
the upstream area, which is a mixture of precipitation, snow, and glacial melt.
&°H,,., reflects a combination of source water isotopic compositions, in
addition to climatic and plant physiologic drivers (Sessions et al. 1999;
Chikaraishi & Naraoka 2003; Smith & Freeman 2006; Sachse et al. 2006;
Feakins & Sessions 2010; Sachse et al. 2012). Our observation of an effect
of moisture availability on €,,, (see paragraph 4.3.) suggests that this is one
factor that weakens the relationship between surface water 6°H and 6°Hwax.

The significant correlation between BayMBT MAAT and both sample
site elevation and MODIS-derived MAT indicates that the adiabatic cooling of
air mainly controls the distribution of brGDGT in the soils (Fig. 5A,B).
Nevertheless, BayMBT MAAT is at times below the expected modern
temperature (derived from the MODIS MAT remote sensing product) at low
elevation sample sites (Fig. 5B). This offset may in part be explained by the
absence of field measured temperature data, instead replaced by a 14 year
average remotely sensed MODIS MAT product (Wan & Hulley 2015). The

accuracy of the MOD11C3 temperature product has been estimated to be <
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1 Kin the range from -10°C to +58°C (Wan & Li 2011), and the MODIS MAT
and ground station lapse rates have been found to correlate well in previous
studies in the Sutlej (Wulf et al. 2016). However, there is an ongoing
discussion on what temperature data (e.g., soil or air temperature, mean
annual or growing season temperature) best describes the variation in
brGDGT distributions in soils (Naafs et al. 2017; Dearing Crampton-Flood et
al., 2020).

5.2. Influence of water availability on soil n-alkane 6°H and brGDGTs

5.2.1. Soil n-alkane 6°Hwax
The environmental factors that influence plant 6°H,,,, and soil 6°H,,,, can be
examined at two different levels. First, processes influencing a plant’s
moisture source (i.e., precipitation and, to a lesser degree, soil water) before
it enters the plant. Second, processes that affect the isotopic composition of
&°H,,., through the evaporation of leaf water from leaves (Smith & Freeman
2006; Liu & Yang 2008; Feakins & Sessions 2010; Lai et al. 2006; Kahmen et
al. (2013b); Sachse et al. 2012).

To characterize the offset between the source water and lipid 6°H, the

apparent fractionation (g,,,) was calculated (Eq. 2). The apparent fractionation

app.
incorporates the influence of evapotranspiration, soil evaporation, and plant
physiology, and is directly linked to the variation in the relative humidity and
precipitation in the study area (Smith & Freeman 2006; Sachse et al. 2006).

However, the g, in this study is used to describe the offset between the

app
surface water 6°H and &°H,,,,. Surface water §°H is assumed to be an annual
integrated precipitation §°H signal, but glacier/snowmelt, seasonality in
precipitation, and evaporation may influence the isotopic signature of surface
water 6°H. Moreover, the apparent fractionation integrates both evaporative
effects and biosynthetic fractionation, complicating attempts to decipher the
degree of impact from both factors individually (Sachse et al. 2006; Smith &
Freeman 2006; Feakins & Sessions 2010; Kahmen et al. (2013a); Sessions et

al. 1999).
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In the Sutlej, Alaknanda, and Arun catchments, the apparent fractionation
changes with elevation (Fig. 3A, B, D). Unfortunately, along the Khudi
elevation transect, no surface water samples coupled to the soil sampling
locations were taken (Fig. 3C), preventing us from testing this relationship in
this catchment. Values of apparent fractionation in the Sutlej, Alaknanda, and

Arun are similar to the €. between soil alkane 8°H and surface waters

app
observed in other elevation transects on the SE Tibetan Plateau (Bai et al.
2015), but lower than other surface soil studies located on the Tibetan
Plateau (Luo et al. 2011; Jia et al. 2008; Wang et al. 2017).

Soil evaporation enriches 6°H in soil water and causes a decrease in the

€a00 IN arid regions (Smith & Freeman 2006; Polissar et al. 2010). A decrease

app
in the apparent fractionation with increasing elevation is observed along the
Sutlej and Alaknanda transect, which are the two transects that receive the
lowest amount of precipitation at high elevation sample sites (Fig.2, 3). This

decrease in g,,, with increasing elevation suggests that aridity has an effect

app
on the soil 6°H,,,, values in the high elevation Sutlej and Alaknanda samples.
The same pattern is observed when using xylem water 6°H to calculate the
€.0p; NOWever, we regard surface water 6°H values as better integrators (both
spatial and temporal) compared to single plant xylem water values, which is
supported by the observed scatter in the xylem water 6°H values (Fig. 3).

In addition, in the Arun transect, a significant negative correlation was

observed between ¢_,, and the Soil Moisture Content (Fig. 4B)(SMC; Reichle

app
et al. 2016). A decrease in the apparent fractionation under drier conditions
reflects increasing leaf and/or soil water evaporative ?H-enrichment, which
has been observed in previous studies (Kahmen et al. 2013b; Polissar et al.
2010; Schwab et al. 2015). Moreover, a higher correlation was observed

between ¢,,,and SMC in the rootzone when only considering the soil sample

app
sites with angiospermae in the Sutlej transect (Fig 4.B, circles).
Gymnospermae modify their leaf waxes in a different manner (having higher
photosynthetic discrimination) when subject to specific environmental stress,
and display lower stomatal conductance for CO, and H,O vapor in

comparison with angiospermae, resulting in a different relationship between
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surface water 6°H and &°H,,, (Tipple et al. 2013; Pedentchouk et al. 2008;
Diefendorf et al. 2011).

However, in the Alaknanda transect, no significant correlation between
€.0p aNd any of the previously mentioned hydrological parameters was
observed. This suggests that aridity is not the main controlling factor that

determines €., or that the surface water §°H values were not representative

app’
of the local conditions at the soil sampling sites in the Alaknanda. We relate
the apparent fractionation to the soil moisture content to show that, in drier
areas (low soil moisture content), the apparent fractionation is smaller.
Therefore, we show that assuming a constant apparent fractionation, as is
often done, is strictly not valid. Moreover, changes in climatic conditions
during mountain range uplift, such as rainshadow development, should be
taken into account when interpreting paleoelevation/paleoclimate records in

such settings, as been introduced by Rohrmann et al. (2016)

5.2.2. BrGDGTs

In a similar manner as with the lipid 6°H,,, proxy, confounding factors that
may alter the brGDGT distribution in soils also influence the brGDGT
temperature proxy. The most important factors that were found to have an
impact on the relationship between brGDGTs and temperature are soil pH
and moisture availability (Weijers et al. 2007). These influences become
especially important in arid regions (MAP < 500 mm), where moisture
availability appears to explain a larger part of the variation in the brGDGT
distribution than temperature (Dirghangi et al. 2013; Wang et al. 2014;
Menges et al. 2014; Peterse et al. 2012; Dang et al., 2016). Based on
brGDGT distributions in a soil transect with a large range in moisture content
(0-61%), Dang et al. (2016) suggested that 6-methyl brGDGTs especially
respond to variations in the moisture content rather than to MAT.
Consequently, they proposed that only sites where the contribution of 6-
methyl brGDGTs is low, defined by an isomerisation ratio (IR; Eq. 5) < 0.5,

can be used to reliably reconstruct MAT (Dang et al., 2016; Naafs et al.,
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2017). Interestingly, for most sites (>75%) in the Alaknanda and Sutle;
catchments the IR is significantly above 0.5, whereas the relationship
between BayMBT MAAT and elevation, as well as between BayMBT MAAT
and MODIS MAT, is good (Fig. 5). Moreover, there is no trend between SMC
and the relative distribution of brGDGTs, suggesting that moisture content
does not influence brGDGT distributions in Himalaya transects, and, more
importantly, that the use of IR is generally not a valid method for discarding

samples for (paleo-) temperature reconstruction (Table 4, Research Data).

5.3. Combination of brGDGTs and n-alkane 8°H as a more robust

elevation proxy

The dual application of brGDGTs and &°H,,,, has been used to assess
the effect that varying environmental conditions have on their potential as
elevation proxies (Ernst et al. 2013; Nieto-Moreno et al. 2016; Wang et al.
2017; Hren et al. 2010; Peterse et al., 2009). Although these studies analyzed
both proxies in the same set of samples, their performance has thus far only
been assessed separately. Here, we test the potential of the actual
combination of brGDGTs and &°H in an elevation context, with the aim to
improve their use as a reliable paleoelevation proxy.

Both the 6°H,,, and brGDGT proxy are used to reconstruct elevation,
but the individual proxies record different processes that indirectly cause
their changes with increasing elevation (i.e., Rayleigh distillation and
adiabatic cooling of air). The strongest correlation between these proxies is
found along the Khudi transect, suggesting that both proxies are suitable for
elevation reconstruction in this catchment (Fig.6A). The Khudi transect is
relatively short and does not encompass large changes in hydrology (i.e., it is
generally wet, with a mean annual precipitation above 3,000 mm/year), as
well as that environmental conditions vary less here than in the other
transects. The Sutlej shows a significant correlation between 6°H,,,, and
reconstructed MAT (r = 0.55, p = 0.05), but with a substantial amount of

scatter, while in the Alaknanda no significant correlation (r = 0.35, p > 0.5)
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was observed (Fig. 6D). The previously mentioned climatic conditions and
geomorphological/physiological processes influencing either the 6°H,,, or
BayMBT MAAT may be the cause of this scatter.

In an attempt to combine these two proxies and observe to what
extent this can improve elevation reconstruction reliability, we assessed the
differences in estimated elevation between the proxies (Fig. 6C), where the

difference is indicated as Ag.,ation:

AElevat:ion= SZHElevation - erDGTElevation- (7)

To assess the influence of changing hydrological conditions, Ag.ation IS
compared to the aridity index (Eq. 6) of each sample location. The majority
of the sites plot within a 1,250 m range from the 0-line, indicating that both
proxies yield comparable elevation estimates that are less than 1,250 m
offset (Fig. 6C), which is within the same range of error reported in studies
that use these proxies to reconstruct paleo-elevation, e.g., the Sierra Nevada
and Tibetan Plateau (Hren et al. 2010; Zhuang et al. 2014). In the trans-
Himalayan transects of this study, the good relation between brGDGT-
derived elevation and the actual elevation indicates that brGDGTs can be
considered a good predictor of elevation (Fig. 6B). Nevertheless, brGDGTs
increasingly overestimate sample site elevation towards the lowlands, likely
as an artifact of proxy saturation, as MBT 4, values near 1 at these sites
(Table 4, Research Data). Hence, the MBT ;. value can be used as an
indicator of the accuracy of the reconstructed elevation for each site. On the
other hand, &°H,,,, is associated with large errors, primarily subject to
influences from aridity and soil moisture availability.

In general, samples with negative Ag.,.ion Values are located in areas that are
either experiencing arid conditions, or located behind an orographic barrier,
resulting in moisture blocking (Galewsky 2009; Hughes et al. 2009). Samples
with a positive Ag...i0, Offs€t may be located in areas with high moisture,
where the relationships between 6§°H,,, and elevation can become distorted

by the amount effect, as shown in Peterse et al. (2009). This suggests that, in
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a multiproxy study, the use of both 6°H,,,, and brGDGTs can provide
information on the hydrological conditions of the (paleo-) soils using the
Agevation PArameter. For example, the formation of soils during arid conditions
can result in large offsets between the reconstructed elevation and actual
sample site elevation. We therefore suggest that soils that show a large
negative offset (Ageaion Value outside of the 1,250 m error bars) between the
&°H,,.. and brGDGT proxies should be interpreted with caution, as these

samples can be influenced by arid conditions during formation.

6. Conclusions

Both leaf wax n-alkane 6°H values and brGDGTs primarily record a
climatic parameter that changes with elevation, although additional
processes influence these compositions. We found that the 6§°H,,,, values in
the Sutlej, Alaknanda, and Arun generally record surface water §°H values.
Scatter in this relationship is attributed to the possibility that surface water
&°H values did not represent the local conditions at the soil sampling sites, as
well as the influence of aridity on the &°H,,, signature stored in soils. We
confirm this via an observed dependency of the apparent fractionation
between the soil 6°H,,,, and surface water §°H in the Sutlej catchment with
soil moisture availability, as well as based on the vegetation type.

The BayMBT MAAT in the same three transects showed a high correlation
with both sample site elevations and MODIS-derived MAT. To improve the
accuracy of paleo-elevation studies, a combined approach between the §°H
and brGDGT proxy could be applied. Large offsets (above 1,250 m) between
elevations inferred from both proxies (Agevaion) Should be interpreted with
caution, and could be affected by moisture availability/aridity, the amount
effect in precipitation, or originate from locations with high annual
temperatures. In the case of a large offset, where MBT’;, values are < 1, the
proposed Ag,...ion Parameter can provide information on the hydrological

setting of the depositional environment of these soils.
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In conclusion, the results of this study show that both the §°H,,, and
brGDGT proxies are optimal in a relatively stable climate (as the shorter
Khudi transect suggests), but are significantly influenced by variable
hydrology, i.e., increasing aridity (as is often the case in orogenic settings
with high altitude plateaus). Our results contribute to the existing literature on
organic proxies, showing that the application of a combined proxy approach
could provide information on the hydrological characteristics of the
depositional environment. The uncertainties in elevation estimates due to
moisture availability and high temperatures emphasize that prior knowledge

of the tectonic setting is crucial when reconstructing elevations.
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Abstract

The Himalaya has a major influence on global and regional climate, in
particular on the Asian monsoon system. The foreland basin of the Himalaya
contains a record of tectonics and paleoclimate since the Miocene. Previous
work on the evolution of vegetation and climate has focused on the central
and western Himalaya, where a shift in vegetation has been observed at ~7
Ma and linked to increased seasonality, but the climatic evolution of the
eastern part of the orogen is less well understood. In order to track
vegetation as a marker of monsoon intensity and seasonality, we analyzed
8'°C and &0 values of soil carbonate and associated §°C values of bulk
organic carbon from previously dated sedimentary sections exposing the

syn-orogenic detrital Dharamsala and Siwalik Groups in the west, and, for the
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first time, the Siwalik Group in the east of the Himalayan foreland basin.
Sedimentary records span from 20 to 1 Myr in the west (Joginder Nagar,
Jawalamukhi, and Haripur Kolar sections) and from 13 to 1 Myr in the east
(Kameng section), respectively. The presence of soil carbonate in the west
and its absence in the east is a first indication of long-term lateral climatic
variation, as soil carbonate requires seasonally arid conditions to develop.
8'°C values in soil carbonate show a shift from around -10 %o to -2 %o at ~7
Ma in the west, which is confirmed by §'°C analyses on bulk organic carbon
that show a shift from around -23 %o to -19 %o at the same time. Such a shift
in isotopic values is likely to be associated with a change from C3 to C4
vegetation. In contrast, §"°C values of bulk organic carbon remain at ~-23 %o
in the east. Thus, our data show that the current east-west variation in
climate was established at 7 Ma. We propose that the regional change
towards a more seasonal climate in the west is linked to a decrease of the
influence of the Westerlies, delivering less winter precipitation to the western
Himalaya, while the east remained annually humid due to its proximity to the

monsoonal moisture source.

1. Introduction

The Himalayan belt has a major influence on global and regional climate, by
acting as an orographic barrier for air masses and humidity (Boos and
Kuang, 2010; Molnar et al., 2010). Modern climate shows significant east-
west variation in the Himalaya: both mean-annual and winter precipitation on
the plains and foothills are higher in the east, while the west is characterized
by more pronounced winter aridity (Figure 1; Bookhagen and Burbank, 2006;
2010). This variation is due to the two major atmospheric circulation systems
influencing the climate of the Himalayan region: the Indian Summer Monsoon
(ISM) and the Westerlies (Kotlia et al., 2015). The ISM takes up moisture in
the Bay of Bengal and transports it towards the Himalaya during the
northern-hemisphere summer months (e.g., Molnar et al., 2010), whereas the
Westerlies bring moisture from the Mediterranean, Black and Caspian Seas

and are most efficient in winter (Benn and Owen, 1998; Cannon et al., 2015).
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Generally, the influence of the Westerlies is greater in the western part of the
Himalayan region (Cannon et al., 2015; Caves et al., 2015; Kotlia et al., 2015).
The proximity to the moisture source in the Bay of Bengal, makes the eastern
Himalaya very humid (Bookhagen et al., 2010).

These lateral variations in modern climate are linked to vegetation
patterns, in particular the relative importance of C3 versus C4 plants. C3
plants are favored in a cool and humid climate, whereas C4 plants prefer
intense light, warm and water-stressed conditions (Ehleringer, 1988). An
additional factor that possibly influences the evolution of C4 plants is
growing season temperature and precipitation, favoring C4 plants in drier
periods (Cotton et al., 2016). The distinct stable carbon-isotopic signature of
C3 versus C4 vegetation allows paleo-vegetation to be tracked from the
sedimentary record: pure C3 vegetation has §'°C, 4 values between -22 %o
and -30 %., whereas §"C,, values of C4 plants range from -10 %o to -14 %o
(Cerling et al., 1997). The lateral variations in modern climate and vegetation
are expressed by the signature of modern organic carbon transported in the
foreland (Galy et al., 2008a; Fig. 1): sediments sampled from Himalayan
tributaries at the mountain front have 6'°C,, values around -25 %o, indicating
dominance of C3 plants at higher elevations within the mountain belt. These
values remain stable within the eastern Brahmaputra catchment, whereas
they increase to values around -22 %o in the Western Ganga catchment (Fig.
1), implying laterally varying vegetation (from C4 in the west to C3 in the east)

in the floodplain.
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Fig. 4.1. Map of the Himalayan region, with 6-C of modern river organic carbon from Galy et al., 2008a.
The Himalayan range is indicated schematically in grey. Sections are indicated in red: JW:
Jawalamukhi; JN: Joginder Nagar; HK: Haripur Kolar; KM: Kameng. Lower plot shows comparison of
modern annual precipitation data (TRMM) in proximity to the sampled sedimentary sections in the west
and east. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version

An important question is when and why the modern spatial patterns in
climate and vegetation were established in the Himalayan foreland. The onset
of the ISM is dated back to at least the middle Miocene (Dettman et al., 2001)
and possibly the Late Eocene (Licht et al., 2014). Likewise, the Westerlies
have been argued to influence Asian climate since the Eocene (Caves et al.,
2015). However, the evolution of regional climate and vegetation patterns will
depend on the relative strength of these two systems through time, which
remains largely unknown.

The foreland basin of the Himalaya contains a sedimentary record of

vegetation and paleoclimate since Miocene times, within the continental
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detrital pre-Siwalik and Siwalik Groups. The record of spatial and temporal
variations in vegetation holds information on climate evolution, in particular
patterns of atmospheric circulation, seasonality and the origin and transport
of humidity (Hoorn et al., 2000; Sanyal et al., 2004; Gupta 2010, amongst
others). Carbon and oxygen isotopic compositions of soil carbonates and soil
organic matter from pre-Siwalik and Siwalik sediments in Nepal, Northwest
India and Pakistan have been used to reconstruct changes in vegetation and
climate during the Neogene (Quade et al., 1989, 1995a; Quade and Cerling,
1995; Sanyal et al., 2010; Singh et al., 2013). These records consistently
show a shift in d'C values at ~7 Ma, which has been interpreted as a change
from C3 to C4 vegetation, which was initially interpreted to be related to an
intensification of the ISM (Quade et al., 1989). Steinke et al. (2010) suggest
that this change was rather linked to an increase in aridity, and therefore a
weakening of the ISM. A similar shift has also been recorded in the distal
Himalayan-derived sediments of the Bay of Bengal (France-Lanord and
Derry, 1994). It has been argued that the late-Miocene expansion of C4
plants is a global phenomenon due to a decrease in atmospheric pCO,
(Cerling et al., 1997), global cooling and/or increased aridity (Herbert et al.,
2016). Others, however, argue that pCO, was already at a level favorable for
C4 plants during Oligocene times (Pagani et al., 2005; Beerling and Royer,
2011) and that the spread of C4 plants during the late Miocene should
therefore have other, more regional triggers.

The focus of previous studies on Himalayan climate and vegetation
records has been entirely on the western and central Himalayan foreland; no
climate and vegetation data are available east of Nepal. In order to obtain
better spatial insight into the evolution of the monsoon climate, precipitation
patterns and the expansion of C4 plants along strike in the Himalaya, we
present and compare new §°C and 6'®0 data of pedogenic carbonate and
organic matter from the northwestern and the poorly studied eastern
Himalayan foreland basin. Lateral variations in the evolution of the vegetation
yield further insight into how and under what climatic conditions C4 plants

developed or not, suggesting that regional influences play a major role.
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Fig. 4.2. Stratigraphy of sections of the Dharamsala and Siwalik Groups in the west (A) and in the east
(B), with field photos showing sedimentological characteristics of different sub-groups

2. Setting

Neogene Himalayan foreland-basin sediments are composed of the fluvial
Dharamsala Group of Late Oligocene and early Miocene age (Burbank et al.,
1996), and the Siwalik Group deposited since the early Miocene. The
Dharamsala rocks consist of continental fluvial, lacustrine or deltaic
sediments, and contain fine-to medium grained sandstones, siltstones and
overbank mudstones with soil carbonate nodules (Raiverman and
Seshavataram, 1983). The sediments of the Siwalik Group are exposed
nearly continuously along the front of the Himalayan range, with only minor
age variation along strike (Burbank et al., 1996). They were deposited in the

foreland before being incorporated in the foothills due to southward
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propagation of deformation and onset of motion on the Main Frontal Thrust
(MFT).

The Siwalik Group shows an overall coarsening- and thickening-
upward trend, interpreted as recording increasingly proximal deposition
(DeCelles et al., 1998), and is divided into the Lower, Middle and Upper
Siwaliks (LS, MS, US). The LS were deposited by high-sinuosity streams
(Nakayama and Ulak, 1999). The Middle Siwaliks (MS) are characterized by
thickly bedded sandstones, which are medium- to coarse-grained and often
rich in mica. The MS represent a depositional environment of large braided
rivers. The Upper Siwaliks (US) consist of beds of conglomerates alternating
with sandstone beds, deposited by gravelly braided rivers. Paleosols are
developed throughout most of the Siwalik sections, with lateral and temporal
variations in abundance: they are more abundant in the LS and in the west.
Paleosols are characterized in western and central Himalayan sections by the
presence of soil-carbonate nodules.

We sampled three sections exposing Dharamsala and Siwalik deposits
in the western Himalaya; the Joginder Nagar (JN), Jawalamukhi (JW) and
Haripur Kolar (HK) sections in Himachal Pradesh, and one Siwalik section in
the eastern Himalaya; the Kameng River (KM) section in Arunachal Pradesh
(Figures 1, 2). All sections have previously been dated by
magnetostratigraphy (Meigs et al., 1995; Sangode et al., 1996; White et al.,
2001; Chirouze et al., 2012). They span a time range of 20-1 Ma in the west
and 13-1 Ma in the east. In the western sections, we collected paleosols and
associated carbonate nodules, as well as fine-grained mudstone in zones
without well-developed paleosols. Carbonate nodules are lacking in the
Kameng section (Figure 2); therefore only mudstones, where possible from
paleosols, were sampled. Additionally, modern river mud was sampled from
riverbanks in proximity to the sections in both the west and the east. Modern
river samples in the west (Beas River and Jner Khad River) were collected at
an elevation of ~640 m within the sections, whereas the modern Kameng
River sample was collected at an elevation of ~100 m downstream of the
Siwalik.
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A: Paleosols NW India (this study)
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Fig. 4.3. A: 6:Csoil carb. and &-Ovalues of soil carbonate in the western Himalaya. Different symbols
indicate the different sections (HK: Haripur Kolar; JW: Jawalamukhi; JN: Joginder Nagar). B: §-Csoil
carb. and §-Ovalues of soil carbonate in Pakistan from Quade and Cerling (1995).

3. Methods

3C/'?C and ®0/'™°0 ratios (expressed as §'°C and 60 values respectively) of
soil carbonate nodules were determined using a multiflow analyser linked to
an Isoprime 100 continuous flow mass spectrometer at the Lancaster
University, UK. Approximately 600-700 ug of sample powder was drilled from
each carbonate nodule and digested online at 90°C with dehydrated
phosphoric acid in a He-flushed exetainer. Product CO, was analyzed for
8"Co, and 60, and corrected against VPDB and VSMOW, respectively,
using within-run analyses of international standards NBS18, LSVEC and CO-

1. Within-run standard replication (1 s) was <0.1 %o for both C and O isotope
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ratios. Sample replication based on separate drill aliquots of powder from the
same carbonate nodule was <0.1%o. for §"°C and <0.2 %o for "0 (1 s).
13C/'2C ratios (expressed as §'°C values) of bulk organic matter were
determined using an Elementar Vario Micro elemental analyser linked to a
VislON continuous flow mass spectrometer at the University of Lancaster.
The carbonate content of each sample was removed by acid digestion using
1M ultrapure HCI and the resultant sample washed repeatedly using de-
ionised water and centrifugation. Approximately 10 mg of each prepared
sample was combusted within tin capsules at 960 °C to yield CO, for
determination of §'°C,,. 6"°C values were corrected against VPDB using
internal reference materials calibrated to international standards. Within-run

8'*C replication (1 s) was <0.2 %o for standards and <0.25 %o for samples.

4. Results

The three sections in Himachal Pradesh (Western Himalaya) provide a
continuous age record over the past 20 Ma (Figure 3). Prior to ~7 Ma, §'°C
values of soil carbonate (6°C,,; ..,) range between -8 %o and -13 %o,
whereas at ~7 Ma a shift towards more positive 6'°C values, ranging from +2
%o 10 -8 %o, is observed (Figure 3; Appendix 1). §"°0 values range mostly
from -11 %o to -4 %o, except in the older part of the sections, where some
values are as low as -14 %o.. A weak trend towards more positive §'°0 values
over time is observed. As noted above, soil carbonate was not present in the
eastern Himalayan section.

We additionally measured a continuous record of 6§'°C in organic
carbon (6'°C,,,) in both the western and eastern sections (Figure 4; Appendix
1). In the west, a clear shift towards more positive 6'°C,,, values is observed
at ~7 Ma, synchronous with the 6"°C,, ....- Before 7 Ma, §"°C,, values range
between -23 %0 and -27 %0, while values are less negative, from -18 %o to -
23 %o, after 7 Ma. In the east, in contrast, §'°C,, values remain constant
between -29 %o, and -23 %o since the middle Miocene and no shift towards
more positive values is observed. Organic matter from modern river
sediments show 6'°C values of approximately -26 %o and -23.5 %o in the

west and in the east, respectively (Figure 4). Total Organic Carbon content
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(TOC) in the western samples is mostly <0.5 % although samples from the
JN can have up to 15% TOC (Figure 5). TOC of most Kameng samples is
also <0.5 %, with some samples showing values up to 3%. There is no

correlation between §"°C,, values and TOC (Appendix 2).
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Fig. 4.4. 6-Corg of bulk organic carbon in the western (HK: Haripur Kolar; JW: Jawala- mukhi; JN

Joginder Nagar) and the eastern (KM: Kameng) Himalayan sections. Light and dark grey shaded bars
indicate §-Corg values characteristic of C3 and C4 plants, respectively (Cerling et al. 1997)

5. Discussion

5.1. Modern river sediments and vegetation

The modern Ganga/Brahmaputra floodplain is widely used for agriculture and
is therefore predominantly covered in C3 plants such as rice crops, and in
the east by tea plantations (Blasco et al., 1996). This is not reflected by the
organic carbon transported in the Ganga and Brahmaputra Rivers: 6'°C,,
values of ~-21.9 %o in the modern Ganga floodplain are representative of a
mixture of C4 and C3 plants, suggesting the presence of C4 plants in the
west, whereas the modern Brahmaputra River carries organic carbon with

8"°C,,, values of -23.0 %o in the range of C3 plants (Galy et al., 2008a).
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Measured 6'°C,,, values of modern river muds in both the west (Beas and
Jner Khad River) and the east (Kameng River) are in the range of C3 plants.
However, these modern river sediments were not collected in the floodplain
but at the mountain front, where they will contain detrital organic carbon of
C3 plants transported from higher elevations (Dobremez, 1978) and/or fossil
organic carbon from Himalayan formations (Galy et al., 2008a), which both
have a more negative isotopic signal. Dharamsala and Siwalik sediments
were deposited further into the floodplain, and hence should carry a signal of

floodplain vegetation.

5.2. Possible factors influencing the isotopic signal

Earlier studies (Quade et al., 1995a; Quade and Cerling, 1995; Singh et al.,
2007; Sanyal et al., 2010) measured §'°C on soil carbonate nodules, which
can only be found in the western and central Himalayan Siwalik sections, and
have consistently shown a change towards more positive values at ~7 Ma
from Pakistan to Nepal (Quade et al., 1995a; Quade and Cerling, 1995). This
change was interpreted in terms of a shift in vegetation, from initially
dominated by C3 plants to containing C4 species. In order to compare the
western and the eastern Himalaya in this study, we rely on §'°C,, of bulk
organic matter, as soil carbonate nodules are absent in the east. In both the
western and the eastern sections, 6'°C,,, values range between -23 %, and -
29 %o before 7 Ma, indicating vegetation dominated by C3 plants. After 7 Ma,
6‘3ng in the western sections demonstrates an isotopic shift to values
enriched in *C (~-19 %o), suggesting that a component of the organic matter
comprises C4 species. Carbonate nodules from western Himalayan sections
analyzed in this study show a trend similar to 61300@, demonstrating a shift
from C3-dominated vegetation composition, to an increasing proportion of
C4 species in the younger sections. In the east, in contrast, 6'°C,,, values
stay in the range of C3 plants throughout the sedimentary succession (Figure
4). In modern soils, carbonate precipitates in equilibrium with soil CO,
(Cerling et al., 1989) following an isotopic enrichment in *C of 10.36 %o,

(Cerling et al., 1989). Diffusional effects cause soil-respired CO, to be further
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enriched in ®C by 4.4 %o.. The total fractionation between soil organic matter
and soil carbonate is ~14 %o, at 25°C to ~17 %o at 0°C (Cerling et al., 1989).
8"Cyi carp. Values show a greater (~ +10%o) shift towards more positive values
after 7 Ma than the 6°C,, values (~ + 6 %o; Figure 6). This discrepancy in the
absolute value of the isotopic shift to signatures more enriched in "*C likely
reflects the nature of carbonate nodule production and organic matter
source. Whereas soil carbonates reflect only the soil CO, characteristics and
temperature during formation, the 6'°C,,, values are more susceptible to bias
by inherited and transported material.

Although 8™C,, is usually interpreted to represent isotopic values of
vegetation in the floodplain at the time of sediment deposition, it can
potentially be biased by several factors, such as input of (likely C3 plant
dominated) organic carbon from high elevations (Dobremez, 1978) and/or
input of fossil organic carbon. The amount of fossil organic carbon present in
Himalayan river sediments was estimated using the radiocarbon content of
total organic carbon (TOC) of modern suspended and bedload sediments
(Galy et al., 2008a; 2008b). Galy et al. (2008b) estimated the total amount of
fossil organic carbon transported in the Ganga and Brahmaputra Rivers
between 0.02 and 0.03 %. Sediments of the sampled sections mostly have
TOC values >0.1 % (Figure 5) suggesting that the proportion of fossil carbon
should be low, <30 % at most, if the modern amounts of transported fossil
organic carbon can be extrapolated to the past. §"°C,, of fossil organic
carbon from Himalayan source rocks varies from -28 to -14.6%. (Galy et al.,
2008a); it is therefore unclear what the effect of varying proportions of fossil
organic carbon on the observed 6‘30Org signal would be. However, we have
no reason to assume the influence of fossil carbon to be very different from
east to west and our data suggest this influence to be rather constant over
time (see below). It is therefore unlikely that the spatial and temporal
variations in §"C,, values could be explained by variable fossil organic
carbon content.

Additionally, the efficiency of oxidation of organic carbon and hence

the replacement of inherited carbon by floodplain carbon can influence the
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6‘3ng signal in modern river sediments (Galy et al., 2008a; 2011). Organic-
carbon oxidation varies between the Ganges and Brahmaputra foreland
basin, being more efficient in the Ganges floodplain due to different
hydrological settings: the Ganges is a meandering river, whereas the
Brahmaputra is a braided river with a narrower floodplain (Galy et al., 2008a).
Oxidation of inherited organic carbon from vegetation at higher altitudes,
hence with a C3 signal, is efficient in the Ganges floodplain (Galy et al.,
2008a), as shown by the proportion of C4 organic matter increasing
downstream in the Ganges floodplain (Figure 1). This pattern is not present in
the Brahmaputra floodplain, suggesting that the influence of inherited carbon
could therefore be greater in the Brahmaputra. Even though paleosols are
less developed in the east, high TOC values indicate the presence of organic
matter acquired from surface organic litter during pedogenesis (Figure 5).
Degradation of organic matter in soils could have an influence on the 6"°C,,:
detrital organic matter has a ~1-2 %o, more negative §"°C signal than soil
organic matter (von Fischer and Tieszen, 1995 and references therein). The
more negative §'°C values in the Kameng section could therefore be
explained by the presence of more detrital organic matter. Differences in
floodplain dynamics during transport and a greater influence of inherited
organic carbon could possibly bias the signal but are unlikely to cancel out
the entire C4 signal in the eastern Himalaya.

Further information on different organic carbon sources could
potentially be derived from lipid biomarker analysis (i.e. compound-specific
C- and H-isotope analysis; Freeman et al. 2001; Sachse et al., 2012). We
extracted n-alkanes from samples of both the western and the eastern
sections (see Appendix 3), but unfortunately n-alkane preservation was
generally low in the sediments. Moreover, evidence of diagenetic overprinting
was found in sediments with a sufficient concentration, evidenced by an
absence of the predominance of odd carbon numbered n-alkane chain
lengths (expressed as the carbon preference index, CPI), which is prevalent
in modern plant and sediment samples. In modern plant material and

immature sediments, CPI values are generally significantly >3 and up to 20,
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whereas we found values around 1 in the Kameng samples, indicating
diagenetic overprinting or addition of fossil carbon at the time of
sedimentation. As a result of this, compound-specific hydrogen and carbon
stable isotopic values would likely have been altered towards less negative
values (Radke et al., 2005). While diagenetic overprinting could also have
affected bulk 6"°C,,, values by homogenizing the isotopic signal (Cerling et
al., 1984; Bera et al., 2010), our CPI data remained uniform at values around
1 from the base of the section until ca. 2 Ma, indicating a similar degree of
overprinting in these samples. Since we did not find any change in bulk
8'°C,,, values corresponding to changes in CPI values, we argue that any
potential overprinting affected all samples equally and as such relative
changes can still be interpreted from bulk §'°C, 4 values. In addition, the
samples presented in Figure 3 are in the same isotopic range as modern soil
carbonate nodules, indicating that diagenesis is unlikely to have influenced
the isotopic values of the sedimentary samples.

The isotopic values of pedogenic carbonate are in equilibrium with soil
CO, derived from irreversible oxidation of organic matter in a diffusion-
controlled soil system at different temperatures. The isotopic equilibrium
factor is dependent on temperature, hence if pedogenic carbonate
precipitates in equilibrium with soil CO,, §'°C; ..., Should be enriched by ~14
%o at 25 °C and by 17 %0 at 0 °C, respectively (Cerling et al. 1984, 1989).
Carbonate nodules and their corresponding organic matter of the
Dharamsala and Siwalik paleosols plot mostly at temperatures between 0
and 25°C and are therefore not isotopically altered by diagenesis (Figure 6),
but rather formed within this soil temperature range. Samples below the 0°C
line could reflect an inconsistency in the enrichment of *C in soil carbonate
nodules compared to the co-existing organic matter. Most of the samples
plotting under the 0°C line show a strong C4 signal, and the offset between
8"°C,,y and 6"°Cy ca. IN these samples is greater than expected from isotopic
equilibrium considerations. A possible explanation for this enhanced offset
could be that the carbonate nodule formed in a sediment body (e.g. another

paleosol horizon) that was separate from the parent organic matter.
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Alternatively, organic matter may be more influenced by inherited organic
matter from C3 vegetation, whereas the §'°C,, ..., would more directly

represent the local vegetation cover. However, this inconsistency does not

reflect a diagenetic overprint, as it is found in the youngest samples, where

diagenesis is least likely to occur.
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Fig. 4.5. Total organic carbon content (TOC) vs age [Ma], zoomed in to values below 0.5% on the left
and values above 0.5% on the right. TOC values above 0.07% indicate dominant biogenic Corg, from
soil organic matter and floodplain vegetation, rather than detrital and fossil Corg (Galy et al., 2008b).

80, .- Values of the three western sections show a slight change towards

more positive values (Figure 3), comparable to §'°0 values of the Surai Khola

section in Nepal (Quade et al., 1995a). Only 8O, ... Values from Pakistan

show a clear shift from values < -8 towards more positive values at ~8-6 Ma

(Quade and Cerling 1995). In contrast, samples from this study already show

80, caw. Values > -8 before 7 Ma (Figure 3). A change in 80y, za, Which

forms in-situ from soil water, can be associated with a change in either soil

temperature (8'°0..; ... €ING positively correlated with mean annual
temperature; Cerling, 1984) and/or precipitation source: 6'®0 values of
precipitation of moisture transported from the Bay of Bengal are generally

lighter (more negative) than §'°0 values of moisture transported by the
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Westerlies (Caves et al., 2015 and references therein). The isotopic change
over time was measured on samples of three separate sections (Figure 2) at
different longitudinal locations; therefore the isotopic signature from
precipitation may be location specific rather than representing change over
time. However, there is no clear shift in 60, ..., values going from one
section to another (Figure 3), suggesting this effect to be minimal. As all
sediments were deposited in the foreland, the influences of any altitudinal
effects (Dansgaard, 1961) can also be excluded.

The coarsening-upward trend of sedimentary rocks throughout the
sections reflects a change in depositional environment and location in the
foreland basin, which varies from a distal floodplain for the Dharamsala and
Lower Siwaliks to deposition closer to the mountain front in the Upper
Siwaliks. At different locations in the foreland basin, the source of
precipitation may vary from moisture influenced by the Westerlies, to
moisture sourced from the ISM. More positive 6'®0,; ..., Values over time
could therefore indicate an increasing influence of Westerlies with respect to
ISM moisture sources, and/or a trend towards a warmer, drier climate,

conducive to the growth of C4 vegetation.
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Fig. 4.6. 6-Csoil carb. of soil carbonate nodules vs. 6:Corg of co-existing organic matter of the western
Dharamsala and Siwalik Group sections. Solid and dashed lines rep- resent isotopic values of
pedogenic carbonate in isotopic equilibrium with the soil CO -derived from irreversible oxidation of
organic matter in a diffusion controlled soil system at different temperatures (Cerling et al., 1989).
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5.3. What caused the change of vegetation at ~7 Ma?

C3 and C4 plants grow in different environments and the 6'°C signal can
therefore be used as an indirect climate indicator. Our data show that a
change in vegetation occurred at ~7 Ma in the western Himalaya, but not in
the east, where C3 plants have been dominant since the middle Miocene. As
we have argued above, differences in floodplain setting (Galy et al., 2008a,
2011), while influencing the signal, cannot explain the observed lateral
difference and neither can input of fossil organic carbon (Galy et al., 2008b).
For this reason, there must be a remarkable lateral variation in the evolution
of climate in the Himalayan region. The change at 7 Ma in the west and
central Himalaya has been interpreted as resulting from a “stronger
monsoon”, characterized by greater seasonality (Quade et al., 1989, 1995a;
Quade and Cerling, 1995). However, increased seasonality does not
necessarily reflect higher amounts of monsoon precipitation; it could also
indicate relatively less winter precipitation and thus a more arid (annual-
average) climate (Molnar, 2005). C3 plants in the east indicate lower
seasonality and higher annually averaged precipitation, consistent with
modern precipitation patterns (Bookhagen and Burbank, 2010). The
expansion of C4 plants in the west could therefore be a consequence of
decreased winter precipitation, hence more seasonality associated with less
(annually averaged) humidity, leading to a more arid climate. Overall, this
difference in the §'*C composition post-7 Ma is proposed to reflect water
availability, with lower water availability in the west initiating a decline in C3
plants and a rise in C4 species (cf. Freeman and Colarusso, 2001). Dettman
et al. (2001) likewise suggest a change in Indian summer monsoon
characteristics and drying of the climate at 7.5 Ma. This scenario is
supported by a change in §"°0,; ..., towards more positive values.

Higher humidity in the east could be explained by the proximity to the Bay of
Bengal, which is the major moisture source of precipitation in this area
(Bookhagen et al., 2005). The western Himalaya is influenced by the
Westerlies (Kotlia et al., 2015), which bring in winter precipitation. A decrease

in the intensity of the Westerlies at 7 Ma would lead to more seasonality in
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the western floodplain, with drier periods in winter. An alternative explanation
for a generally more arid climate in the western Himalaya could be a
decrease of moisture transport from the Bay of Bengal and the Arabian Sea,
possibly linked to a decrease in the intensity of the ISM. However, this would
result in less seasonality, hence a less favorable climate for C4 plants. The
spatially variable record of §"°C,, values strongly suggests that the change in
vegetation at 7 Ma did not occur simultaneously along the Himalayan
foreland, indicating that the change is at least partly driven by regional
factors rather than being linked only to a global change in atmospheric pCO..
This supports the findings of Pagani et al. (2005) and Beerling and Royer
(2011), who noted that atmospheric pCO, levels favoring C4 plants were
already reached during the Oligocene. Other dry regions such as the
Mediterranean have been dominated by C3 plants since the Miocene (Quade
et al., 1994, 1995b), also indicating that the late-Miocene expansion of C4
plants was not a global phenomenon. Regionally dependent factors, such as
differences in seasonality or humidity, have clearly played a role in
determining Himalayan vegetation patterns through time. Lateral variations in
vegetation suggest that there is a threshold somewhere along the Himalayan
front, where the amount of (either annual or winter) precipitation becomes too

large for C4 plants to spread.

6. Conclusions

Stable carbon and oxygen isotopes were analyzed in carbonate nodules of
the Joginder Nagar, Jawalamukhi and Haripur Kolar sections in the western
Himalaya. 6"C,;..., values show a clear shift towards more positive values at
7 Ma, similar to the results of earlier studies in the western and central
Himalaya. The lack of carbonate nodules in Siwalik sediments of the Kameng
section, eastern Himalaya, is a first indicator that the lateral environmental
and climatic differences in the modern Himalaya are representative of long-
term climatic patterns. In order to directly compare the western and eastern
sections, stable carbon isotopes on organic matter were analyzed and show

a clear spatial difference. In the west, §"°C,, values shift towards more
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positive values at 7 Ma, consistent with the results on carbonate nodules,
whereas they remain constant over the last 13 Ma in the east. The §'°C of
organic matter reflects the evolution of vegetation, with the development of
C4 plants in the west and an environment that remains favorable for C3
plants in the east. Such variations in vegetation imply differences in climate,
which became more seasonal and overall drier in the west at 7 Ma. The
eastern Himalaya is more proximal to the main moisture source for
precipitation (the Bay of Bengal); therefore, even though climate may have
varied, it remained less seasonal and more humid, inhibiting the evolution of
C4 plants. Therefore, the change in climate in the west and the onset of
lateral variation is most likely caused by a change in strength of atmospheric
circulation, such as a weakening of the influence of the Westerlies. These
findings suggest that the late-Miocene expansion of C4 vegetation does not
depend solely on atmospheric pCO, but also on regional changes in aridity
and seasonality. Newly developed methods, such as clumped isotopes or
stable isotopes on compound-specific organic carbon, even though
unsuccessful in this study, could provide further insight into the climatic
evolution and the development of C4 vegetation, both globally and regionally
in the Himalayan region. This study has provided the first paleo-climate and -
vegetation data from the eastern Himalaya; however, more such studies are
needed to refine our understanding of the evolution of climate and vegetation

in this area.
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5. Thesis synthesis and outlook

The main goal of this thesis was to create a better understanding in
the (environmental) factors that influence surface water isotopes and organic
proxies that are used for the reconstruction of precipitation, paleo-elevation
and paleo-climate. By studying these secondary factors, we can get a more
robust understanding of the development of climate in the past that have
shaped the current conditions and landscape. Specifically we aimed to
improve the understanding of which main processes drive the isotopic
signature (6°H, 6'®0 and d-excess) in both surface waters and biomarkers in
soils along altitudinal transects in the NW Himalaya. In order to answer the
research questions that were listed in chapter 2, we first investigated what
the stable isotopes in the surface water signature from river waters reflect,
regarding the hydrological conditions in the catchments. Second, we
investigated how these stable isotopes are incorporated in the isotopic
signature of biomarkers in chapter 3, by investigating the potential of §°H,,,
in soils as a recorder of elevation. In addition to 6°H,,, in soils, the
distribution of brGDGTs and their potential to record elevation was assessed,
in order to study the potential of recording elevation in biomarkers, using a
multi-proxy approach. Ultimately, stable isotopes in soil organic matter and
carbonates along the Himalayan arc analyzed in order to study monsoon
intensity and seasonality over the last 20 Myr in chapter 4.

In the next chapter the answers to the research questions from
chapter 1.6. will be summarized, after which an overall conclusion and future

outlook is presented.
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5.1. Different hydrological components contributing to the
temporal en spatial isotopic signature of surface waters in the

Himalaya

The first research question was focused on unraveling the complex mixture
of the numerous different hydrological components of Himalayan surface
waters by using of stable isotopes. By obtaining an extensive stable isotope
(6°H and &'°0) surface water dataset covering an altitudinal range of 457 to
4,417 m asl, we found that lower elevation (<4,000 m asl) catchments in the
Sutlej and Alaknanda are dominated by Rayleigh distillation processes.
Therefore, these surface waters show an isotopic signature that agrees with
monsoon-derived precipitation that originates from the Bay of Bengal.

At higher elevations (>4,000 m asl) there is a higher input from
westerly-derived precipitation, as well as snow and glacial meltwater input
affected by post-depositional processes such as sublimation. This signature
is also found in the two one-yearlong timeseries, showing higher d-excess in
the peak snowmelt season (coinciding with an areal decrease in remote-
sensing derived snow-cover data), enabling the use of d-excess as a tracer

for snow/ice melt in these surface waters.

5.2. Main processes influencing lipid biomarker §°H and brGDGT

compositions and implications for paleoelevation studies

The second research question was aimed to find the processes that
influence lipid biomarker lipid biomarker 8°H values, as well as brGDGT
compositions and the implications for paleoelevation studies. By comparing
the surface water stable isotope dataset (as an annually integrated
precipitation signal) to the soil §°H,,,, values we found that these do generally
record the surface water signature. However, the processes that influence
this relationship are aridity and non-linear rainout processes. The brGDGT
derived temperature (BayMBT MAAT) a highly significant correlation (r >0,8)

in all catchments.
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The combination of these proxies as a recorder of elevation resulted in
the parameter Ag...ion» Which can reflect the hydrological conditions of the
soil’s depositional environment. Based on this finding, we suggest that
paleosols showing large negative values for Ag,.:0n 10 b€ interpreted with
caution. These soils could have been deposited during arid conditions,
resulting in large offsets between reconstructed elevation and real sample

site elevation.

5.3. Lateral variation in vegetation in the eastern and western
Himalaya recorded in stable isotope compositions since the
Miocene

The last research question was focused around stable isotopes in pedogenic
carbonates and organic matter, and how these record the evolution of the
monsoon, precipitation and the increase of C, plants. The spatially variable
record (eastern and western Himalaya) of §'°C values strongly suggests that
the change in vegetation at 7 Ma did not occur simultaneously along the
Himalayan foreland. The western section is located close to the moisture
source, while the eastern section received less moisture, also supported by
the lack of carbonate modules present in this section. The findings of this
study show that the change in vegetation in the Himalayas was therefore not
only driven by a global change in atmospheric pCO,, but also partly by
regional changes such as aridity and monsoon intensity, shown by the more
positive 60 values in the soil carbonates. Extending the results from this
study into a broader scientific view, it emphasizes the importance of close

interplay between tectonic evolution of the Himalaya and climate.

5.4. Conclusion

In this thesis we unraveled the dominant environmental influences on
elevation-recording proxies (i.e. surface water 6°H, 6°H,,,, and brGDGTSs) in
soils and surface waters. During our study we contributed to the creation of a

more robust method (in the form of multiproxy analysis) for paleo-elevation
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studies. The importance of precipitation on climate reconstruction tools was

outlined in all three chapters:

The analysis of stable isotopes in surface waters in Himalayan rivers
provides important information regarding the Himalayan hydrological
budget. Given the scope of the increasing temperatures due to climate
change, surface water studies focusing on timing of snowmelt, melting
processes and contribution of different components are

indispensable.

The multiproxy study (6°H,,,,, and brGDGTs) of soils along elevational
transects in the Himalaya implies that studies focusing on the tectonic
uplift history of mountain ranges should employ a multiproxy
approach, in order to attempt to create a more robust method for
paleo-elevation/paleoclimate studies.

Ultimately, the influence of aridity was observed in §"°C and 60 in
soil carbonates and bulk organic matter on the eastern and western
parts of the Himalaya. The results showed that the monsoon
influenced the evolution of vegetation (development of C4 plants in the
west and an environment that remains favorable for C3 plants in the

east) during the Miocene.

Beyond these findings, we have demonstrated the value in combining

geochemical field-data with remote sensing data in chapter 2 and 3 of this

thesis. Especially in large and remote areas such as the Himalayas,

meteorological data is extremely scarce. With the use of remote sensing

climate products as TRMM-derived precipitation, MODIS-derived MAT and a

Digital Elevation Model (DEM), we were able to compare field data to

timeseries of climate products. In order to collect this data in the field, a very

challenging and time-consuming field trip would have to have been

organized.
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5.5. Future outlook

Overall, the key findings of this dissertation have extended the current
knowledge of climatic influences on stable isotopes in surface waters, soil n-
alkanes, soil carbonates and bulk organic matter that are used to reconstruct
paleo-climate/elevation. In the section below | present my views on possible
future experiments, in order to extend certain ideas or results that |

encountered during my research.

5.5.1. Towards a Himalayan hydrological budget

My findings in the obtained high elevation surface water timeseries and the
elevational transects of chapter 1 provide a basis for using d-excess to
quantify hydrological budgets. However, in order to have a more extensive
analysis of the seasonal influences in the surface waters along the altitudinal
transects, it could help to unravel uncertainties of climatic influences. For the
surface water study (chapter 2) we obtained two yearlong (weekly interval)
datasets with surface water stable isotopes. However, these were both
collected at relatively high elevation (Tabo: 3,280 m asl and Manali: 2,050 m
asl.) The relative contribution of snowmelt along an altitudinal transect could
be assessed with more certainty using more sampling stations at different
elevations. In addition to an increase in the number of sampling locations, the
collection of data at these stations should ideally be expanded. Currently,
there is not much data on the weather conditions on these locations, due to
the remoteness of the areas (and hence, a lack of meteorological stations).
The recording of temperature and precipitation/weather circumstances can
be valuable input in order to interpret trends in the isotopic signature of the
samples with more certainty.

In support of this, creating a more extensive inventory of end-
members could also allow us to interpret the isotope data with more
certainty. Surface waters are a mixture of precipitation, surface runoff, snow-
and glacial melt and groundwater. In the current surface water study we have
collected existing data on the isotopic signature of precipitation and

snow/glaciers in the area. However, a coupled field excursion sampling all

122



the end-members at the same time as the surface water samples are taken
could provide us with more reliable data. Analyzing the isotopic signature of
all the end members will make it easier to unravel the complex mixture of
what surface water consists of. If there is a better handle on the snowmelt, in
both quantity and timing this could result in valuable information for the

people who rely on these rivers as their main water source.

5.5.2. Multiproxy analysis for a better handle on aridity

The Himalayan transects that were analysed in this thesis are situated along
a very wide lateral transect (1,250 km long), covering different climatic
conditions. This setting was very useful during the analysis of the §°H and
brGDGT proxies. However, for the further development of the Ag.,.i0n Proxy it
could be useful to test this in a different setting, where this can be tested
under more stable climate conditions. This could involve a study area with a
more linear temperature and precipitation decrease with elevation, to get a
better answer on the major factors controlling Ageation.

Second, in the experimental design of the soil study (chapter 3) all
soils were assumed to be modern. However, this may not be the case in all
areas. Even though only the top 5 cm of soils were sampled along the
altitudinal transect, there could still be variation in age. Determining the age
of soils by measuring the '*C content in soil organic matter could be a great
contribution to brGDGT and 6°H,,, studies. In the example of Menges et al
(2019) it was found that the modern top soils had a young "“C bulk age of 42
years, while the deeper soil horizons had *C ages from 599 to 2,231 cal. BP.
Combining the age data with the 6°H,,,, data showed that the upper valley
was wetter during soil formation, after which drier conditions prevailed.
Regarding the influence of environmental conditions on organic proxies, it is

very valuable to collect information on the depositional environment.

5.5.3. Tracking monsoon intensity using stable isotopes
In the last chapter, stable isotopes of carbon and oxygen were employed to

get a better handle on the late-Miocene expansion of C4 vegetation, finding

123



that this is not only influenced by pCO,_,., but also by the regional variation
of seasonality and aridity. To explore the climatic evolution and expansion of
C4 vegetation in these areas, methods such as clumped isotopes or isotopes
on compound specific organic carbon (even though proven unsuccessful on
these samples during our research due to the low organic matter content of
the samples) could provide more insight. The leaf wax 6°H, and brGDGT-
derived MAT,,, could support our findings and interpretation on the §'°C and
8'%0 trend reflecting water availability.

Ultimately, this study has provided the first paleo- climate and -
vegetation data from the eastern Himalaya. Despite the fact that there are
numerous studies published on what caused the shift towards C4 plants in
the Late Miocene, climate or tectonics, there is still no consensus on if this
was a global or regional phenomenon. More paleoclimate records from this
timeframe along the Himalayan Front could provide more information on the

climate versus tectonics debate.

5.6. Our research in the bigger picture

As has been stated at the beginning of this dissertation: It is important to
study past and current climate in the scope of global climate change. A key
to the understanding of the future changes can be an assessment of the
climate change that has taken place in de past. In its turn, in order to get a
reliable image of the past climate, a good calibration of the aforementioned
proxies is indispensable.

The contribution of our surface water stable isotope study to the larger
climate change study has been the use of stable isotopes to assess the
spatial and temporal changes in the current Himalayan water budget. Using
stable isotopes of surface waters can pinpoint the timing of snowmelt from
higher elevations, which large downstream populations depend on. The
projected higher temperatures in the future could result in an earlier and
stronger snow and glacial melt flux in the rivers, which can not only be a
hazard to the population living downstream of these rivers, but could also
lead to a depletion of the freshwater source for this population in time.

Therefore, surface water monitoring using stable isotopes (6°H 6'°0 and d-
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excess) is indispensible in these high mountainous areas. By setting up
surface water sampling stations at several locations in trans-Himalayan
rivers, the magnitude and duration of the snowmelt period can be monitored
and developed into a snowmelt warning system. Moreover, this can system
could be used to get a better handle on the total Himalayan water budget.

Second, the contribution of our study for stable isotopes (§°H,,,,) and
brGDGTs in soils for the paleoclimate studies has been the valuable
information that is stored in these biomarkers. In the second chapter we
demonstrated the strength of a multiproxy study to study the change of
climate conditions along an orogen, supported by remote sensing climate
products. Combining the two proxies into the Ag,aion Proxy provided us with
a tool to get information about hydrological conditions in the soil depositional
environment. Our study has been carried out in modern soils, but our Agyation
proxy can add important information when applied to paleosols studies
attempting to unravel paleoelevation. The Ag,,.iion Proxy does not only pinpoint
which samples are showing a paleoelevation influenced by aridity, but also
show the general hydrological conditions during soil formation. Applying this
to paleoelevation studies could strengthen the current paleoelevation
database and add valuable information on the depositional environment of
(paleo)soils.

Third, the observed shift from C; to C, vegetation in the Himalayan
foreland at 7 Ma tells us that the cause was not only the global increase of
pCO,, but could also be partly influenced by regional changes
(aridity/monsoon intensity). Extending the results from this study into a
broader scientific view, it emphasizes the importance of close interplay
between tectonic evolution of the Himalaya and climate. The methodology
from this study can also be applied in paleoclimate studies in other mountain
ranges, to test if a similar trend is observed, and to get a better handle on the
importance of regional changes in past C, to C, vegetation shifts.

Ultimately, the large diversity in analyses that were performed for this
thesis provided us with the knowledge that a multiproxy analysis can provide

a steady scientific framework on the past and current climate conditions. By
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combining as many methods as possible, a clearer image will be unraveled
about the timing of mountain uplift, the evolution of vegetation and the
development of the current climate. Continuous development in the field of
paleoclimate results in new methods and the discovery of new biomarkers.
As a combined effort of the science community we will get closer to a more
refined understanding of the interplay between tectonics and climate, and

what shaped our current landscape.
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