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Abstract 1

Abstract

It is generally accepted that the Asian summer monsoon systems,
particularly the Indian summer monsoon and the East Asian summer
monsoon, as well as the westerlies affect the precipitation regime on the
Tibetan Plateau. The Tibetan Plateau serves as “water tower” for the
adjacent lowlands as the rivers originating on the plateau deliver water to
over 1.4 billion people in the Asian lowlands. As these rivers are fed by
the monsoonal precipitation to a significant extent, the predictability of
monsoonal precipitation on different time-scales is crucial. This obvious
importance inspired extensive climatic research on the Tibetan Plateau
to further understand monsoonal dynamics.

The spatial and temporal variability of the monsoon has, however,
been under strong discussion in recent years. The question arose
whether the spatial and temporal monsoonal dynamics show a generally
homogenous or heterogeneous pattern, i.e., has the monsoonal
variability been spatially and temporally synchronous or not. Moreover,
results of climate models launched the discussion about the annual cycle
of precipitation on the Tibetan Plateau and the impact of local water
recycling and pre-monsoon precipitation.

However, a systematic study of the spatial and temporal monsoonal
variability has been lacking until now. To contribute to the ongoing
discussion and to better understand the monsoonal variability the
research project “Reconstruction of the Hydrological Cycle in the

Southern Transect of the Tibetan Plateau Ultilizing Sediment Records”
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within the framework of the DFG priority program 1372 “TiP — Tibetan
Plateau: Formation—Climate—Ecosystems” was initiated. The overall aim
of this subproject is to systematically investigate the spatial and temporal
variability of monsoonal dynamics by targeting three lakes along an east-
west-transect on the southern Tibetan Plateau including Nam Co, Tangra
Yumco, and Taro Co, and to furthermore assess if a currently existing
east-west-gradient in available moisture has had an impact on the
temporal variability of the monsoon. This thesis comprises three
independent studies, examining the central lake Tangra Yumco and its
catchment.

The first study of this thesis was conducted on a small lake named
TT Lake within the Tangra Yumco catchment in order to assess modes
of sediment deposition, sedimentary dynamics, and trigger mechanisms
in the catchment. The results show that sedimentation in TT Lake is
controlled by two modes of sediment deposition, particularly background
sedimentation and event-related deposition. These event-related
deposits (ERDs) have been attributed to hydrologic events.

In the second study of this thesis optically stimulated luminescence
(OSL) dating was applied to recently exposed lacustrine sediments in the
Tangra Yumco catchment. These results were compared to recalculated
cosmogenic nuclide data and other previously published data to set up a
Holocene lake level reconstruction. Results show that the lake level
began to rise prior to 10.5 ka, reached a highstand thereafter, and
dropped from that level at 8.5 ka. Lake levels subsequently continued to
decline but this trend was interrupted by a short-term lake level rise at
2.1 ka. The lake level is steadily rising since 0.3 ka.

The third study examined an 11.5 m long sediment core from the

northern part of Tangra Yumco. Implications from the TT Lake allowed to
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demarcate seventeen ERDs that could probably also be attributed to
hydrological events. Results furthermore show that the record covers
17.4 calka BP. Aeolian sediment transport prevailed prior to
17.1 cal ka BP and temperatures rose thereafter. A significant increase
in moisture availability is shown at 16.0 cal ka BP, conditions were
moister and warmer at 13.6-12.4 cal ka BP, and colder and drier at
12.4-11.4 cal ka BP. A rapid increase in moisture availability occurred at
the transition to the Holocene at 11.4 cal ka BP and moistest conditions
were recorded at 10.1-9.4 cal ka BP. As OSL and cosmogenic nuclide
data could not resolve the onset of the lake level highstand, data from
the sedimentary record were used to refine and likely the onset of the
highstand co-occurred with moistest conditions at 10.1-9.4 cal ka BP.
After this highstand, the moisture availability gradually declined showing
only minor variations.

The east-west transect was extended by comparing the
aforementioned results to published data from Tso Moriri, located in the
northwestern Himalaya, and Naleng Co on the south-eastern Tibetan
Plateau (investigations on Taro Co are currently in progress). The
comparison of all records on the southern Tibetan Plateau shows a
homogenous pattern indicating that moisture availability evolved
synchronously on the southern Tibetan Plateau. Another comparison
with records from the lakes Pumoyum Co (southern Tibetan Plateau) and
Lake Qinghai (northeastern Tibetan Plateau) suggests a large-scale
synchronous pattern on the entire Tibetan Plateau. Variations in moisture
availability on the southern Tibetan Plateau were then compared to
monsoonal intensity records from the Bay of Bengal and the Arabian
Sea. The comparison revealed that the records from the southern

Tibetan Plateau are primarily governed by monsoon-related
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precipitations but minor deviations may be related to local peculiarities in
the annual precipitation cycle. A nowadays observed east-west-gradient
in moisture availability does not result in temporal shifts of climatic

change.
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Zusammenfassung

Das Niederschlagsregime auf dem Tibet-Plateau, auch Hochland von
Tibet genannt, ist hauptsachlich gepragt durch die asiatischen
Sommermonsune, bestehend aus dem Indischen und Ostasiatischen
Monsun, sowie der Westwinde. Besonders die Monsunniederschlage
liefern einen erheblichen Teil der Feuchtigkeit flr die zahlreichen Flisse,
die auf dem Tibet-Plateau entspringen und tber 1,4 Milliarden Menschen
in Asien mit Frischwasser versorgen. Daher gilt das Tibet-Plateau auch
als Wasserturm Asiens und eine Verbesserung der Vorhersagbarkeit der
Monsunniederschlage ist zwingend notwendig. Um zu einem besseren
Verstandnis der Monsundynamik beizutragen, wurde das Tibet-Plateau
daher zum Ziel intensiver Forschung.

Die raumliche und zeitliche Variabilitat der Feuchteverfligbarkeit auf
dem Tibet-Plateau seit dem Spatglazial wurde in den vergangen Jahren
kontrovers diskutiert. Es stellte sich besonders die Frage, ob die
raumlichen und zeitlichen Veranderungen der Monsundynamik ein
homogenes oder heterogenes Muster zeigen. Zu dieser Diskussion
kommt erschwerend hinzu, dass Klimamodelle flir den Zeitraum vom
mittleren Holozan bis heute und Reanalyse-Daten fir die Jahre
2001-2011 eine deutliche saisonale Variabilitat und einen signifikanten
Einfluss von Recycling- und Pra-Monsun-Niederschlagen zeigen.

Systematische Studien zur Erfassung der rdumlichen und zeitlichen
Variabilitat fehlen bisher. Um zur gegenwartigen Diskussion Uber ein

homogenes oder heterogenes Muster der Monsundynamik beizutragen,
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wurde das Teilprojekt “Reconstruction of the Hydrological Cycle in the
Southern Transect of the Tibetan Plateau Utilizing Sediment Records” im
Rahmen des DFG Schwerpunktprogramms 1372 “TiP — Tibetan Plateau:
Formation—Climate—Ecosystems” initiiert. Zu diesem Zweck wurde ein
Ost-West-Transekt aus drei Seen, namentlich Nam Co, Tangra Yumco
und Taro Co, auf dem sudlichen Tibet-Plateau aufgespannt.
Untersuchungen sollen zeigen, wie sich die raumliche und zeitliche
Monsunvariabilitdt seit dem Spatglazial verhalt und ob sich ein rezent
existierender Ost-West-Gradient der Feuchteverfigbarkeit auf die
zeitliche Variabilitat auswirkt. Diese Dissertation wird den mittleren See
des Transekts, den Tangra Yumco, und sein Einzugsgebiet detailliert
untersuchen und zur Diskussion um die raumliche und zeitliche
Monsunvariabilitdt beitragen.

Die erste Studie dieser Dissertation wurde an einem kleinen See
namens TT Lake innerhalb des Tangra Yumco-Einzugsgebietes
durchgefihrt. Mit einem Multi-Proxy-Ansatz wurden zum einen die
Prozesse im Einzugsgebiet des TT Lakes und zum anderen die
verschiedenen vorherrschenden Sedimentationsprozesse erfasst. Die
Ergebnisse zeigen, dass die Sedimentation im Wesentlichen durch zwei
Faktoren gesteuert ist: die Hintergrundsedimentation und eine ereignis-
gesteuerte Sedimentation. Letztere kénnen Starkregenereignissen, die
klimaunabhangig sind, zugeordnet werden.

In der zweiten Studie dieser Dissertation wurde optisch stimulierte
Lumineszenz (OSL) angewendet, um zurzeit exponierte lakustrine
Sedimente im Tangra Yumco-Einzugsgebiet zu datieren. Die
Zusammenflihrung dieser Ergebnisse mit neu berechneten kosmogenen
Nuklid-Altern sowie weiteren publizierten Daten von

Seeterrassendatierungen resultierte in einer absoluten holozéanen



Zusammenfassung 7

Seespiegelrekonstruktion, die in dieser Form einzigartig auf dem
sudlichen Tibet-Plateau ist. Ein steigender Seespiegel wurde zunachst
um 10.5 ka verzeichnet, worauf ein weiterer Anstieg des Seespiegels zu
einem holozanen Hochstand folgte. Nach Erreichen dieses Hochstandes
fiel der Seespiegel ab 8.5 ka, um danach kontinuierlich weiter zu fallen.
Unterbrochen wurde dieser Seespiegelabfall nur von einem kurzzeitigen
Anstieg um 2.1 ka. Seit einem Tiefstand um 0.3 ka steigt der Seespiegel
wieder. Der rekonstruierte Seespiegelhochstand zwischen 10.5 und
8.5 ka ist ungefahr zeitgleich mit Hochstanden in anderen Seesystemen
auf dem Tibet-Plateau.

In der dritten Studie wird ein 11.5 m langer Sedimentkern aus dem
nordlichen Teil des Tangra Yumco untersucht, der, basierend auf
Radiokarbondatierungen, eine Zeitspanne von 17.4 cal ka BP bis heute
abdeckt. Sedimentologische Erkenntnisse vom TT Lake erlaubten am
Tangra Yumco eine Ausweisung von siebzehn ereignis-gesteuerten
Sedimentlagen. Die Untersuchungen des Kerns zeigen, dass &olischer
Sedimenttransport als Trockenheitsanzeiger nur vor 17.1 cal ka BP zu
verzeichnen war. Im Gegenzug dazu zeigt sich um 16.0 cal ka BP ein
signifikanter Anstieg an Feuchteverfigbarkeit. Um 13.6-12.4 cal ka BP
sind die klimatischen Bedingungen weiterhin feucht und warm, im
Anschluss, um 12.4-11.4 cal ka BP, hingegen kalt und trocken. Am
Ubergang zum Holozan stieg die Feuchtigkeit erneut rapide an und die
klimatischen Bedingungen zeigen die hdéchste verfiigbare Feuchtigkeit
um 10.1-9.4 cal kaBP. Da OSL- und kosmogene Nuklid-Alter den
Beginn des Seespiegelhochstandes nicht auflésen kénnen, ermdglichen
die neuen Erkenntnisse aus Untersuchungen des Sedimentkerns eine
genauere Erfassung des Beginns des Hochstandes, der vermutlich mit

den feuchtesten klimatischen Bedingungen um 10.1-9.4 cal ka BP
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zusammenfallt. Nach diesem Hochstand nimmt die Feuchteverfligbarkeit
graduell ab und zeigt nur noch geringe Variationen.

Das Ost-West-Transekt wurde durch die Seen Tso Moriri
(nordwestlicher Himalaya) nach Westen und Naleng Co (sudéstliches
Tibet-Plateau) nach Osten verlangert. Der Vergleich der Archive auf dem
sudlichen Tibet-Plateau zeigt, dass sich die Feuchteverfigbarkeit
synchron und grundsatzlich homogen entwickelt. Ein weiterer Vergleich
mit Archiven vom Pumoyum Co (sldliches Tibet-Plateau) und Lake
Qinghai (norddstliches Tibet-Plateau) zeigt auch grol3rdumig ein
synchrones Muster der Feuchtverfligbarkeit. Die Archive vom sidlichen
Tibet-Plateau wurden dann mit Monsunintensitatsraufzeichnungen aus
dem Golf von Bengalen und dem Arabischen Meer verglichen, um den
kontrovers  diskutierten  Einfluss des  Monsuns auf das
Niederschlagsregime des Tibet-Plateaus zu zeigen. Der Vergleich zeigt,
dass monsunahnliche Niederschlage den grofiten Beitrag zum
hydrologischen Budget leisten. Ein heutzutage existierender Ost-West-
Gradient der Feuchteverfligbarkeit hat keine Auswirkungen auf die

zeitliche Entwicklung der Feuchteverfugbarkeit.
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CHAPTER 1 — Introduction

1.1 Moisture availability on the Tibetan Plateau

It is generally accepted that the precipitation regime on the Tibetan
Plateau is affected by the Asian summer monsoon system (e.g., Gasse
et al. 1991, Lehmkuhl and Haselein 2000, Holmes et al. 2009, Liu et al.
2009, An et al. 2012b, Maussion et al. 2014; Figure 1.1). This system is
characterized by a seasonal reversal of the wind direction combined with
changes in the precipitation pattern (e.g., Ramage 1971, Goswami
2005). These processes are driven by seasonal changes in the latitude-
dependent insolation (Dallmeyer et al. 2012). Different heat capacities of
the ocean water and the continental landmass result in a thermal
contrast between ocean and landmasses generating a large-scale
pressure gradient (Krishnamurti 1971b, Krishnamurti 1971a, Webster et
al. 1998), which induces seasonally reversing wind circulations following
the insolation (Dallmeyer et al. 2012). The Indian monsoon (Figure 1.1)
is characterized by a meridional pressure and temperature gradient
(Webster et al. 1998, Dallmeyer et al. 2012) and is mainly linked to a
northward migration of an east-west oriented low pressure belt also
known as Intertropical Convergence Zone or ITCZ (Gadgil et al. 2004).
Moisture bearing air from the Indian Ocean is transported northwards to
the Tibetan Plateau by the Indian summer monsoon. In contrast, the
East Asian monsoon (Figure 1.1) is determined by a zonal pressure and
temperature gradient (Webster et al. 1998) and the seasonality is

reflected by the northwards excursion of a planetary subtropical front that
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forms due to this zonal thermal contrast (Ding 2007). In winter, the ITCZ
migrates to the southern hemisphere, while a cold high pressure zone
develops over Asia causing dry and cold conditions over the Tibetan

Plateau (Figure 1.1).
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Figure 1.1: Monsoon on the Tibetan Plateau. (a) Schematic summer (July; left) and
winter (January; right) conditions with high (H) and low (L) pressure areas, changing
position of the Intertropical Convergence Zone (ITCZ; red line) and prevailing winds
(arrows). Images based on Google Earth. (b) Mean precipitation [mm] on the Tibetan
Plateau (red circles) in summer (July; left) with enhanced precipitation due to
monsoon influence and in winter (January; right) with reduced precipitation.
(Schneider et al. 2014, modified).

The Tibetan Plateau, as all mountain ranges, is often called a “water
tower” as it provides important sources of freshwater that are supplied by
rivers such as Ganges, Yangtze, Yellow River, Indus, Brahmaputra,

Salween, and Mekong (Figure 1.2) to the adjacent Asian lowlands
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(Liniger et al. 1998, Viviroli et al. 2007). The discharge of these rivers
basically depends on seasonal precipitation, i.e., monsoonal rainfall
(Wang et al. 2006, Jian et al. 2009) and snowmelt (Immerzeel et al.
2010) providing water to more than 1.4 billion people (Immerzeel et al.
2010). The water consumption is divers and includes agricultural
irrigation, freshwater supply, and hydropower generation (Mukhopadhyay
and Khan 2014). The Yellow River, being the second largest river in
China (Miao et al. 2011), provides water for 162 million people
(Immerzeel and Bierkens 2012) but experienced a significant reduction in
river discharge in the past decades (Yang et al. 1998) carrying only
28.7% of the discharge of the 1950s (Wang et al. 2006). Generally,
climate change (Vérésmarty et al. 2000, Immerzeel et al. 2010, Miao et
al. 2011) and enhanced human impact (Miao et al. 2011), namely
growths in water demand due to increasing population (Vérésmarty et al.
2000) have been recognized as the main drivers of current or
prospective water scarcity (Wang et al. 2006, Immerzeel and Bierkens
2012). Water scarcity, by definition, is a shortage in the freshwater
availability relative to the demand (Taylor 2009, Gain and Giupponi
2015). Many Asian riverine basins are likely to be affected by water
scarcity in future (Viviroli et al. 2007, Gain and Giupponi 2015). Between
1970-2008, the reduction in the Yellow River water discharge was
attributable 17% to climate change and 83% to human impact (Miao et
al. 2011). 70% of the annual runoff of the Indus River are attributable to
monsoonal rainfall (Liniger et al. 1998) and a recent assessment of risk
factors for water scarcity in river basins of Asia concludes that it bears a
very high risk for future water scarcity (Immerzeel and Bierkens 2012).
The river supplies densely populated areas (Immerzeel and Bierkens

2012) providing much of Pakistan’s irrigation water and hydropower
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generation (Ahmad 1974, Liniger et al. 1998, Meadows and Meadows
1999). Ganges, Yangtze, and Yellow River (Figure 1.2), which also
depend on monsoonal rainfall, have an intermediate risk for water
scarcity but also supply densely populated areas, whereas for
Brahmaputra, Salween, and Mekong the vulnerability to water scarcity is
relatively limited (Immerzeel and Bierkens 2012). Freshwater scarcity not
only affects food and drinking water security as well as public health but
can also hamper economic progress and foster civil disturbances (Taylor
2009). For example, the economic damage of a reduction in monsoonal
rainfall by 19% in India in 2002 was estimated to billions of dollars
(Gadgil et al. 2004). In contrast, the rivers Ganges and Brahmaputra
regularly cause severe floods in Bangladesh as their increase or
decrease in discharge is controlled by the intraseasonal monsoon

variability (Jian et al. 2009).
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Figure 1.2: Rivers originating on the Tibetan Plateau. Basins and riverine courses of
Indus River, Ganges, Yangtze, Brahmaputra, and Yellow River. Blue shaded areas

are above 2000 m asl (Figure source: Immerzeel et al. 2010).

Reliable predictions about the prospective water supply from river

discharge are of critical importance for local and regional authorities to
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ensure agricultural sustainability, constant freshwater supply, and
disaster prevention (Morrill et al. 2003, Jian et al. 2009, Mischke et al.
2010a): They are closely coupled to a profound understanding of
monsoonal dynamics, its driving mechanisms, and its response to
climate change since most rivers’ discharge depends on monsoonal
rainfall. The thorough investigation and reconstruction of past monsoonal
variations may contribute to a better understanding of monsoonal
dynamics and may provide an analogue for future scenarios. The
Tibetan Plateau is particularly suitable for investigation of past
monsoonal variability due to several reasons: (1) as described above,
the Tibetan Plateau affects the climate of Asia significantly by triggering
and maintaining the Asian monsoon system (Broccoli and Manabe 1992,
An et al. 2001, Morrill et al. 2006); (2) the modern extent of the monsoon
partly crosses the Tibetan Plateau making it particularly vulnerable for
monsoonal variations (Morrill et al. 2006); and (3) relative to the densely
populated regions of the adjacent Asian lowlands, the human impact on
the Tibetan Plateau is limited simplifying the climate proxy interpretation
(Morrill et al. 2006). Therefore, numerous studies have been conducted
on the Tibetan Plateau in the past decades to assess past monsoonal
variations (e.g., Gasse et al. 1991, Overpeck et al. 1996, Gupta et al.
2003, Shen et al. 2005, Morrill et al. 2006, Li et al. 2009, Doberschilitz et
al. 2014, Giinther et al. 2015, Kasper et al. 2015).

The spatial and temporal variability of monsoonal dynamics has
thoroughly and controversially been discussed during the recent years
(e.g., An et al. 2000, Yu and Kelts 2002, Morrill et al. 2003, He et al.
2004, Feng et al. 2006, Herzschuh 2006, Zhou et al. 2007, Chen et al.
2008, Mischke et al. 2008, Dong et al. 2010, Mischke and Zhang 2010).

A heterogeneous and non-uniform or at least partly heterogeneous
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summer monsoon development was proposed by An et al. (2000), Yu
and Kelts (2002), Morrill et al. (2003), He et al. (2004), Herzschuh
(2006), Mischke et al. (2008), and Mischke et al. (2010a). The arguments
were manifold and the question arose whether non-representative
catchment-specific peculiarities or underestimated but complex climatic
and atmospheric conditions caused this spatial heterogeneity (He et al.
2004, Mischke et al. 2010a). Catchment-specific peculiarities such as
water sources like ice, snow, and ground water as well as the complex
interplay between precipitation, evaporation, and temperature complicate
the interpretability of data (Mischke and Zhang 2010). However, not
solely causal reasons but also methodical uncertainties like uncertain
chronologies (Mischke et al. 2013) or a poor understanding of the
interpreted proxies (Mischke et al. 2010b, Opitz et al. 2015) lead to
inconsistencies between the records. A generally homogeneous
monsoon development (within each monsoon domain), on the contrary,
was proposed by Feng et al. (2006), Zhou et al. (2007), Chen et al.
(2008), Dong et al. (2010), and Mischke and Zhang (2010).

In these above mentioned studies changes in moisture availability
were equated to monsoonal dynamics. However, these studies reveal
annual to centennial changes in moisture availability lacking a
subseasonal resolution. Thus, these studies cannot assess seasonal
climate phenomena such as the summer monsoon (Dallmeyer et al.
2012) but rather long-term changes in moisture availability. Most studies
assumed a dominance of summer rainfall (e.g., Morrill et al. 2006, Daut
et al. 2010, Dietze et al. 2013, Miehe et al. 2014) but the seasonal
pattern of the precipitation is more complex (Maussion et al. 2014).
Recently published reanalysis and modelled data suggest that the

precipitation regimes on the Tibetan Plateau are influenced by additional
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precipitation processes besides the monsoon (Dallmeyer et al. 2012,
Maussion et al. 2014). Recycling and pre-monsoon (spring) precipitation
contribute to changes in the precipitation pattern on the Tibetan Plateau
meaning that these changes cannot solely be attributed to monsoonal
dynamics but to the sum of monsoon and pre-monsoon precipitation
(Dallmeyer et al. 2012, Maussion et al. 2014). The controlling
mechanism of pre-monsoon precipitation are, similar to the summer
monsoon, changes in insolation (Dallmeyer et al. 2012). The seasonal
precipitation pattern is, however, spatially very different (Dallmeyer et al.
2012, Maussion et al. 2014). During the years AD 2000-2011, pre-
monsoon precipitation contributed a substantial amount to the annual
precipitation on the western, southern, and northern Tibetan Plateau,
whereas the contribution of pre-monsoon precipitation on the central
Tibetan Plateau is negligible (Maussion et al. 2014). Dallmeyer et al.
(2012) observed differences in the seasonal precipitation pattern in the
Indian and East Asian monsoon domain. As the Indian summer monsoon
has a meridional orientation and the East Asian monsoon a zonal
orientation of the pressure and temperature gradients they react
differently to the zonally uniform changes in summer insolation
(Dallmeyer et al. 2012).

The discussions about the spatial and temporal variability of
moisture availability and the annual cycle of precipitation reveal
significant gaps of knowledge concerning the processes and dynamics of
moisture availability on the Tibetan Plateau and highlight the necessity of

ongoing research.
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1.2 The east-west-transect on the southern Tibetan Plateau —
a subproject within the DFG priority program 1372 “TiP —
Tibetan Plateau: Formation-Climate—Ecosystems”

Until now, an interregional linking of results of spatial and temporal

variations of climate change on the Tibetan Plateau was based on a

reassessment of previously published data from individual sites (e.g.,

Herzschuh 2006, Mischke and Zhang 2010). In subprojects within the

DFG priority program 1372 “TiP — Tibetan Plateau: Formation—Climate—

Ecosystems” (http://www.tip.uni-tuebingen.de/index.php/de/) lacustrine

archives have been examined along east-west-transects established on

the northern and southern Tibetan Plateau using comparable methods to
systematically assess spatial and temporal variations in moisture
availability. Subprojects within the TiP program generally focus on
forcing mechanisms on the Tibetan Plateau and their effects on the
environment on three time scales: plateau formation during the past tens
of millions of years, climate development during the past ten to hundreds
of thousands of years, and human impact during the past ca. 8000 years

(http://www tip.uni-tuebingen.de/index.php/de/). The southern east-west-

transect, to which this thesis contributes, represents the subproject

“Reconstruction of the Hydrological Cycle in the Southern Transect of the

Tibetan Plateau Utilizing Sediment Records” funded with the grant

number MA1308/23-2. This bilateral research project is jointly financed

by the National Natural Science Foundation of China (Grant No.

41271225) and supported by the Institute of Tibetan Plateau Research

(Beijing, China) as a part of the Chinese Academy of Sciences (CAS).

The overall objective of this joint research approach has been to

combine the outcome from the northern and the southern east-west-

transects with the aim of a better understanding of monsoonal dynamics,
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their spatial and temporal variations, and the resulting environmental
processes.

The east-west-transect established on the southern Tibetan Plateau
consists of three lakes called Nam Co, Tangra Yumco, and Taro Co. The
objectives were twofold: (1) to investigate, if the modern gradual
decrease of moisture availability from east to west (Maussion et al. 2014)
had an impact on the temporal variability of the moisture pattern; (2) to
explore the spatial and temporal variability of moisture availability on the
southern Tibetan Plateau and thereby contribute to a better
understanding of monsoonal dynamics.

The easternmost lake of the introduced east-west transect Nam Co
was thoroughly investigated in a first phase of the TiP initiative (e.g.,
Mugler et al. 2008, Zhu et al. 2008, Daut et al. 2010, Miigler et al. 2010,
Giinther et al. 2011, Kasper et al. 2012, Kasper et al. 2013, Doberschlitz
et al. 2014, Kasper 2014, Giinther et al. 2015, Kasper et al. 2015, Wang
et al. 2015). The reconstruction of variations in moisture availability and
temperature of the past 24 cal ka BP showed that after a cold and dry
Last Glacial Maximum the lake level initially rose at 20 cal ka BP (Kasper
et al. 2015). A moister and warmer phase prevailed at 14-13 cal ka BP
(Bolling/Allerad chronozone) followed by cold and dry condition
coinciding with the Younger Dryas chronozone (Kasper et al. 2015).
Conditions were moistest at 9.4 cal ka BP and moisture availability
gradually decreased thereafter (Doberschlitz et al. 2014, Kasper et al.
2015). Giinther et al. (2011) presented a record of evapotranspiration
and relative humidity for the past 1000 years based on &D values of
sedimentary n-alkanes that agrees with climatic events known from the
northern Hemisphere such as the Medieval Warm Period and the Little

Ice Age. A recently published study by Wang et al. (2015) thoroughly
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investigated the modern mechanisms controlling the lake surface
sediments and revealed the prevailing processes. Investigations on the
westernmost lake Taro Co are currently in progress. Preliminary and
unpublished multi-proxy results show a gradual decrease in moisture
availability and increasing aridification since about 7.4 cal ka BP.
A palynological record covering the past 10.3 cal ka BP generally
supports these preliminary results showing steadily increasing aridity
after 7.4 cal ka BP (Ma et al. 2014). The central lake Tangra Yumco and
its catchment is the research object of this thesis.

The counterparts to the east-west-transect on the southern Tibetan
Plateau are the lakes Donggi Cona and Heihai Lake spanning an east-
west-transect on the northern Tibetan Plateau (Figure 1.3). Donggi Cona
was thoroughly investigated but results were not straightforward (e.g.,
Mischke et al. 2010a, Dietze et al. 2012, IUJmker et al. 2012, Opitz et al.
2012, Dietze et al. 2013). Analyses of exposed lake terraces consisting
of fluvial-alluvial to littoral lacustrine facies (Dietze et al. 2013) and a
multi-proxy data set from a sedimentary record (Opitz et al. 2012)
document a high lake level and moist conditions in the early Holocene. In
contrast, ostracod analyses reveal unstable conditions in the early
Holocene, moistest conditions after 6.8 cal ka BP, and indicate that
sediments interpreted as sediments from Donggi Cona by Dietze et al.
(2013) rather represent small ponds, not lacustrine sediments (Mischke
et al. 2010a, Mischke et al. 2015). The lake levels of the other lake from
the northern transect, Lake Heihai, were lowest in the Late Glacial and
earliest Holocene and highest in the early to mid-Holocene (G. Lockot,
personal communication). A short dry spell occurred at around 3 cal ka
BP and lake levels were rising thereafter (G. Lockot, personal

communication).
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Figure 1.3: Tibetan Plateau with study sites mentioned in the text. Southern east-
west-transect including Taro Co, Tangra Yumco, and Nam Co (circles). Heihai Lake
and Donggi Cona form a similar east-west-transect on the northern plateau (circles).
Additionally, Tso Moriri and Naleng Co are shown which extend the southern east-

west-transect (http://www.geomapapp.org).

1.3 Objectives and outline of thesis

As a part of the above-mentioned bilateral TiP subproject, this thesis
focuses on the central lake of the east-west-transect on the southern
Tibetan Plateau, Tangra Yumco, and its catchment (Figure 1.3). Tangra
Yumco (30°45’-31°22'N, 86°23'-89°49°E; Figure 1.4) is located at an
elevation of 4545 m asl (Rades et al. 2013) in a north-south-trending
graben structure (Miehe et al. 2014). It is a brackish lake with a salinity of
8.3%0 and a water depth of 230 m covering 818 km? (Long et al. 2012)
while its catchment covers 8219 km? (Long et al. 2012). A small lake
named TT Lake (31.10°N, 86.57°E, 4750 m asl; Figure 1.4) is located
~1.5 km west and ~205 m above the recent western shoreline of lake

Tangra Yumco but within its catchment.
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Figure 1.4: Sampling and coring locations in the Tangra Yumco area. Several gravity
cores were investigated from the TT Lake (chapter 2), a Holocene lake level history
is based on OSL ages from three locations (chapter 3), and a long core (white dot)

from Tangra Yumco was studied to reveal past moisture availability (chapter 4).
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The overall aim of this thesis is to contribute to a better
understanding of the variability of variations in moisture availability on the
southern Tibetan Plateau. To extent the east-west-transect, Tangra
Yumco and its catchment processes were thoroughly examined in three
individual studies presented in this thesis. An initial study on gravity
cores from the small TT Lake was conducted to reveal the sedimentary
dynamics as a response to catchment processes prevailing in the
catchment of Tangra Yumco (Figure 1.4). In a second study the
Holocene lake level history of the Tangra Yumco lake system was
reconstructed by dating currently exposed lacustrine sediments
(Figure 1.4). A third study investigated a long sediment core from Tangra
Yumco to receive a high-resolution record of changes of moisture
availability since the Late Glacial and evaluated the results from all three
studies (Figure 1.4). More precisely the objectives of my thesis are:

(1) the assessment of catchment processes and sedimentary
dynamics of the small TT Lake that is located within the Tangra Yumco
catchment and their connection to climate settings (chapter 2);

(2) the quantitative reconstruction of lake level variations by
optically stimulated luminescence dating (OSL) on currently exposed
lacustrine sediments to reveal the rate and the scale of lake level
changes (chapter 3);

(3) the continuous and high-resolution reconstruction of past
variations of moisture availability by applying a multi-proxy approach on
a sediment core from Tangra Yumco (chapter 4);

(4) the synthesis of results from OSL and sediment core analyses
yielding in a continuous, high-resolution and quantitative approach
suitable to assess magnitude, timing, and environmental impact of

variability = of  moisture  availabilty on lake levels of
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Tangra Yumco (chapter 4);

(5) the comparison of results from Tangra Yumco to Nam Co to
deduce spatial and temporal variability on the east-west-transect on the
southern Tibetan Plateau (chapter 4);

(6) the assessment of the monsoonal impact on the southern
Tibetan Plateau by a comparison to monsoon intensity records
(chapter 4);

(7) a first preliminary comparison of the southern and the northern
east-west-transect to reveal possible synchronicities or asynchronicities
of the variability of moisture availability (chapter 5).

This thesis consists of five chapters. Chapter 2 contains a peer-
reviewed article published in The Holocene dealing with the TT Lake.
The content of chapter 3 presents the Holocene lake level history of the
Tangra Yumco lake system based on OSL data and is accepted by The
Holocene, while the content of chapter 4 discusses the moisture
availability at Tangra Yumco and the southern Tibetan Plateau and was
submitted to Quaternary Science Reviews. Finally, the gained insights
and implications for the development of the Tibetan climate are
synthesized and discussed in chapter 5 containing also proposals for

future research.
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Abstract

A sedimentological, geochemical, micropaleontological, and palynological study of a lacustrine sediment record from the small TT Lake (southern-
central Tibetan Plateau) shows that the background sedimentation was frequently interrupted by event-related deposits. These event-related deposits
are interpreted as the result of hydrologic events that are triggered by above-average precipitation events. In total, | | events were recorded in the TT
Lake sequence. Two types can be differentiated: fluvial runoff events caused by precipitation that carried sediment in suspension into the lake and a
sediment mass transport caused by torrential precipitation. The hydrologic events appear to be decoupled from long-term climate and environmental
variations, but there is evidence that anthropogenic impact, in terms of pastoralism, might have favored the runoff events. The multi-proxy approach
proved to be valuable and allowed for a detailed study of sedimentary processes within the lake and its watershed in order to assess their triggering
processes and dynamics. The findings show the complexity of these sedimentary processes and their contralling factors, and the study aims to improve
their understanding. This study is the first effort to investigate event-related deposits and sedimentary processes on the Tibetan Plateau and its triggering

processes and dynamics by utilizing lacustrine sediment records.
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Introduction

Numerous large lakes on the Tibetan Plateau were targeted for
palecenvironmental investigations in recent years (Kasper et al.,
2013; Mischke et al., 2010; Morrill et al., 2006; Nishimura et al.,
2014; Shen et al, 2005; Yang et al., 2014; Zhao et al.,, 2010).
However, the complexity and the dynamics of processes affecting
the catchment of large lakes are difficult to assess because usually
deep lake sediments were obtained in distal areas which are cho-
sen to recover a preferably continuous sediment record. Distal
parts of the lakes are generally controlled by long-term variations
and not by single events in the catchment. This is also indicated
by the predominantly homogeneous sediments recovered from
large lakes ( Doberschiitz et al., 2014; Kasper etal,, 2012; Li et al.,
2008; Wang et al., 2002; Zhao et al., 2010) further supporting that
event-related catchment processes rarely influence distal sedi-
mentary processes. To imvestigate and understand the complex
driving mechanisms of sedimentary processes on the Tibetan Pla-
teau, small lakes appear to be more suitable. The proximity of the
coring location to the shore and inflows allows a sensitive reac-
tion of the system to catchment processes and the recording of
rapid changes and disturbances that would not be documented in
sediment records of large lakes.

Lakes can act as traps for event-related deposits (ERDs),
resulting in records with detrital layers intercalated in pelagic

background sediments (Gilli et al., 2013; Kidmpf et al., 2012;
Mangili et al., 2005). Sedimentary records can thus provide a
valuable archive for reconstruction of mechanism, magnitude,
and frequency of event-related sedimentation in the past (Man-
giliet al., 2005). Trigger mechanisms for event-related sedimen-
tation are generally ascribed to hydrologic, particularly
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Figure |. Study site: {a) China and the Tibetan Plateau with TT Lake (TTL), Tangra Yumco (TAN), and Nam Co (NC) — indicated (arrows)

are the main moisture delivering systems; (b) bathymetric map (http://www.drdepth.se) of TT Lake with coring locations of sediment cores
TTLI/ILTTLI2,and TTLI12/3, inflow at the narth-western shore; (c) photo of TT Lake (view to VWINWY) showing the slopes in the north and
south and the wetlands with the inflow in the west (arrow; Photo: Steffen Mischke).

meteorological events (Brown et al., 2000; Irmler et al., 2006;
Nesje et al., 2001; Osleger et al., 2009; Schlolaut et al., 2014,
Schneider et al., 2010; Sletten et al., 2003) or seismic activities
(Beck, 2009, Karlin et al,, 2004; Leroy et al., 2002; Pstersen
et al., 2014; Strasser et al., 2013). Studies mainly focus on the
generation of an event calendar either for meteorological or
seismic events. Despite the fact that past meteorological or seis-
mic instrumental data are very limited, gaining kmowledge about
frequency, magnitude, and trigger mechanisms is important to
provide a risk assessment for the future. However, studies exam-
ining event-related sedimentary processes in lacustrine systems
in detail are rare (Irmler et al., 2006), and this is especially the
case for the Tibetan Plateau. The only study available was pre-
sented recently by Jiang et al. (2014) who conducted a sedimen-
tological approach on exposed lacustrine sediments from the
eastern Tibetan Plateau in order to understand their link to pale-
oselsmic events.

The study presented here is the first lacustrine sediment record
from the Tibetan Platean containing evidence for event-related
sedimentary processes. This study focuses on the understanding
of these processes in a small lake called TT Lake. A multi-proxy
approach was applied to conceive the complexity of sedimentary
processes. Sedimentological techniques reveal sedimentary pro-
cesses controlling sediment deposition, whereas micropaleonto-
logic and geochemical methods were applied to detect the reaction
of the lacustrine system. Palynology was used to assess the supra-
regional and local vegetational changes. This integrated approach
aims to contribute to a better understanding of event-related sedi-
mentation on the Tibetan Plateau.

Site description

TT Lake (31.10°N, §6.57°E, 4750m.a.s.l.) is located on the
southem-central Tibetan Plateau, ~1.5km west and ~205m
above the recent western shoreline of lake Tangra Yumco but
within its catchment (Figure 1). Tangra Yumco is a tectonic basin
with a catchment area of 8219km? (Long et al., 2012), bound by
N-S trending normal faults forming a graben-like structure
(Reicherter, 2012). Well-preserved terraces of former lake level
highstands reach up to ~200m above its recent lake level (Kong
et al., 2011; Rades et al,, 2013). Moisture mainly arrives by the

Indian monsoon during summer months with a mean annual pre-
cipitation of 200-250 mm (Miehe et al., 2014), whereas the west-
erly winds prevail during winter. Re-analysis data, covering the
years 1979-2010, reveal amean annual precipitation of ~3 10 mm,
while the mean precipitation from November to April is ~40 mm
and from May to October ~270mm (Chen et al., 2011). The
mean annual temperature in January is —11.4°C and 10.9°C in
July (Miehe et al., 2014).

The 9m deep TT Lake covers ~14,500m? (Figure 1). The geo-
logical strata in the ~4.6km? large catchment consist of granit-
olds, conglomerates, sandstones, and limestones. TT Lake is
surrounded by steep slopes with elevated plains in the north and
south and a 3-m-high barrier in the east (Figure 1). The lake is fed
by a small stream (September 2011 and June 2012) entering the
lake from the north-west (Figure 1). This stream is surrounded by
wetlands extending as a flat plain at the inflow at the north-west-
ern shore of the lake (Figure 1). A spring, several meters below
and east of the lake, suggests a subterrestrial outflow into the
Tangra Yumco catchment, so that the TT Lake can be considered
as an open lake system. Vegetation around TT Lake is mainly lim-
ited to these wetlands and is sparse in the remaining area. The
lake bottom is partly covered by filamentous algae. Anthropo-
genic impact is restricted to grazing and watering of domesticated
animals such as yaks in the catchment.

Material and methods
Field methods

Coring locations were selected and a bathymetric map (Figure 1;
http:/www.drdepth.se) was established based on results of a
hydro-acoustic survey with a standard fish finder. Three sediment
gravity cores (Figures 1 and 2, Table 1) with a 63 mm diameter
and lengths of 492cm (TTL11/1), 64.0cm (TTL11/2), and
89.0cm (TTL12/3) were obtained in 2011 and 2012 from water
depths of 8.2—8.8 m using a modified ETH gravity coring device
(Kelts et al., 1986). Additionally, 15 surface sediment samples
were obtained in different water depths (September 2011) using a
UWITEC box-corer for deeper water and a hand-net for very
shallow water. The uppermost centimeter of the surface sediment
was scraped and put into plastic bags. Physico-chemical water
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Figure 2. Correlation and core description: (a) Core correlation of sediment cores TTLI /1, TTLI 1/2,and TTLI2/3 based on Ti values and
lithology (solid lines), transfer of ages from core TTLI1/2 to cores TTLII/1 andTTLI2/3 (dashed line) and (b) schematic image of core TTLI12/3

with lithological description (right) and x-ray image (left).

Table 1. Information for cores obtained from TT Lake.

Core information

CoreID  Latitude ("N} Longitude ("E)  Water depth (m)  Distance to inflow (m)  Length (cm}  Coringmethoed  Year of coring (AD)
TTLII/L 31103107 86.573214 82 129 49.2 Modified ETH 2011
gravity corer®
TTLII/2  31.103147 86.573341 88 134 64.0 Modified ETH 2011
gravity corer?
TTLIZ/3  31.102887 86.573370 8.4 157 82.0 Modified ETH 2012
gravity corer®

«Kelts et al. (1986).

parameters were measured on a depth profile in 2m steps at the
deepest part of the lake in June 2012 utilizing a multi-parameter
instrument (Multi 3401 WTW). Alkalinity was titrated with a
Macherey-Nagel rapid test.

Non-destructive laboratory methods

The cores were stored under dark and cold (+4°C) conditions
until further processing. An initial core description was conducted
including high-resolution imaging, sediment description, and a
bulk magnetic susceptibility scan () in 2 mm resolution (Barting-
ton MS 2E). The split cores were subjected to XRF scanning and
x-ray imaging (I[TRAX Corescanner) (Croudace et al., 2008).
XRF analyses were performed in 2mm steps with an exposure
time of 10s using a molybdenum target tube set to 55kV and
40mA. The element peak area (pa) values were normalized to
coherent counts (coh). Only elements constantly >100pa were
used for interpretation (Kasper et al., 2012). The cores TTL11/1,

TTL11/2, and TTL12/3 were correlated based on lithological pat-
tern and Ti values (pa‘coh). Since core TTL12/3 is the longest
record retrieved, it serves as a standard for all other cores (Figure 2,
Table 1).

Destructive faboratory methods

Double-L-channels from core TTL12/3 were continuously sub-
sampled in 1lcm intervals for granulometric, geochemical, and
mineralogical analyses. For granulometric analyses, samples
were pretreated with HC1 10% and H,O, 10% to dissolve carbon-
ates and organic matter. Sodium pyrophosphate (Na,P,0.+10
H, O, 0.1mol L'y was added and samples were shaken for 2h.
The grain size distribution was measured (LS 13320 Beckmann
Coulter) in seven cycles of 60s. The first reproducible measure-
ment was taken for interpretation. Statistical caleculations were
carried out using a modified version of Gradistat 4.2 by Blott and
Pye (2001).
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Mineralogical composition of eight layers (20, 32, 37, 52, 53,
58, 59, and 73 cm sediment depth) and eight bulk sediment sam-
ples (25, 26, 27, 28, 40, 49, 64, and 80 cm sediment depth), each
integrating 1 cm sediment depth of core TTL12/3 was analyzed
by XRD (AXS-Bruker D8-Discover) using a CuKw x-ray source.
Sediment samples from 53.5, 66.5, and 86.0cm were analyzed
with a scanning electron microscope (SEM; Leica $4401).

Water content was defined by scaling before and after freeze-
drying of the samples. In total, 66 frecze-dried and ground
(<40 um) sediment samples of core TTL12/3 (below 24 cm sedi-
ment depth) were used for analysis of total carbon (TC), total
organic carbon (TOC), total sulfur (TS), and total nitrogen (TN)
utilizing a CNS-analyzer (Vario E1 Cube). The error was estimated
based on two triplicate measurements and sulfanilic acid served as
standard. Total inorganic carbon (TIC) was calculated as the dif-
ference of TC and TOC. Based on the XRD results, TIC was mul-
tiplied with 8.33 to get in the calcite content of the sediment.

For palynological analysis, 10 subsamples of 2 cm® integrat-
ing 1 cm sediment depth were obtained in 8 cm intervals from 88
to 24 cm, and an additional sample was taken in 4 cm sediment
depth. Samples were processed after Faegri and [versen (1989).
A known number of Lycopodium spores (batch #710961 corre-
sponds to 13,911+1541 spores) was added to each sample
(Maher, 1981). Pollen swms of 360-450 pollen grains of terres-
trial plants including Cyperaceae were counted per sample to
receive a statistically relevant number of grains. All percentages
refer to these pollen sums. Pollen and non-pollen palynomorphs
(NPP) were identified using relevant literature (Beug, 2004; Van
Geel et al., 2003; Wang et al., 1995) and a private collection of
over 5500 type slides. Selected taxa are plotted on the pollen
diagram.

A total of 10 subsamples were taken for diatom analysis fol-
lowing the pattern as described for palynological analysis and
additionally at 82, 49, and 27 cm sediment depth. For preparation,
0.3 g wet sediment was treated with 30% H.0O, and 30% HCI for
15-20min at 70°C in a water bath. After cooling, the suspension
was filled up with water and allowed to stand overnight. The
supernatant was pipetted off and the residue was dissolved and
boiled in 20 mL H,80, added with 2 mL. KMnO, for 20min. The
solution was cleared by adding drops of oxalic acid. Washing and
sedimentation were repeated until the suspension became neutral.
Divinylbenzene microspheres were added into the diatom suspen-
sion, and different concentrated drops therefrom were placed on
cover-glasses, dried, and embedded in Naphrax®. At least 400
valves were counted in each sample using an Axio Imager. M2
(Zeiss) research microscope equipped with a Plan- Apochromatic
oil immersion objective (x100/NAl.4). Diatom species were
mainly identified based on Lange-Bertalot and Moser (1994),
Reichardt (1999), Lange-Bertalot (2001), Krammer (2002);
Krammer (2003), Scheffler and Morabito (2003), Krammer and
Lange-Bertalot (2008), Levkov (2009), Houk et al (2010), and
Hofmann et al. (2013).

For ostracod analysis, 88 samples (TTL12/3) with 1 cm reso-
Iution and 15 surface sediment samples were washed, weighed,
and sieved (200 um and 63 pm meshes). Ostracods were taxo-
nomically classified relying on Wrozyna et al. (2009), and at
least 300 valves were counted from each sample to be statisti-
cally relevant. Other biological components like seeds, plant
remains, bivalves, and head capsules of chironomid larvae were
recorded semi-quantitatively.

Dating
Seven bulk sediment samples, each integrating 1cm sediment
depth, from cores TTL11/2 and TTL12/3 were submitted for 1C

AMS dating (Beta Analytic Inc., USA). Three ages from core
TTL11/2 were transferred to core TTL12/3 based on the lithology

and Ti data. The conventional radiocarbon ages were calibrated
(2¢) with Calib 7.0 based on the IntCall 3 data set (Reimer et al.,
2013).

Plant remains from a section with normal grading at 18-22 cm
sediment depth were sieved using | mmm and 500 pm meshes and
submitted to the same laboratory for radiocarbon dating. The con-
ventional radiocarbon ages given in pMC were calibrated (2a)
using CaliBomb (Hua et al., 2013). The NHZ3 calibration data set
was applied for calibration.

For paleomagnetic analyses, a u-channel from sediment core
TTL11/1 was AF demagnetized using 5mT intervals from
0-75mT and measured for the natural remanent magnetization
(NRM) in 1 em intervals utilizing a 2G Enterprises DC-4K liquid
109 helium free magnetometers (Model 755-1.65 UC) with a
water cooled compressor. Inclination and declination data were
computed with Principle Component Analyses (Kirschvink,
1980) implemented in an Excel macro (Mazaud, 2005) using the
characteristic remanent magnetization (ChRM: mostly 20—
50mT) also providing maximum angular deviation (MAD) val-
ues. For comparison with the CALS3k.4 geomagnetic field
model (Korte and Constable, 2011) and data from Nam Co
(Kasper et al., 2012) inclination data of core TTL11/1 were plot-
ted on ages obtained from a linear interpolation of ages trans-
ferred from sediment core TTL11/2 based on lithological features
and magnetic susceptibility.

Results

Water parameter

In June 2012, TT Lake had a secchi depth of 2.85m. In the water
column, the pH values were between 8.5 and 8.7, temperatures
ranged from 10.3-12.3°C (June 2012), and the alkalinity was
2.2-2 6mmol 7! (Figure 3). The specific conductivity was rela-
tively constant at 328-332 pS em! (Figure 3). Applying a conver-
sion factor of 0.725 after Holting (1992), a salinity of ~0.2gL™!
can be deduced. The water is dominated by Ca and SO, iens.

Geophysical, geochemical, and mineralogical
properties

The macroscopic description of the 88.4 cm long sediment core
TTL12/3 revealed predominantly stratified, grayish-brown to
black sandy mud (Figure 2). Three major lithostratigraphical units
can be subdivided in core TTL12/3: (1) fineg silty to fine sandy,
light brown to dark olive gray sediments with laminae of millime-
ter-scale; (2) dark gray almost black, massive, fine silty to fine
sandy sediments; (3) discrete, sharp-bounded sediment sections
with internal grading from fine sand to very fine silt (Figure 2).
Sections with normal grading (fining upward) are markedly
thicker than the lamination and are distinguishable at 73.1-72.3,
60.0-57.2, 57.0-56.3, 53.3-51.2, 50.5-49.6, and 2.2-0cm sedi-
ment depth. The section at 23.5-5.4cm has a reverse graded
(coarsening upward) part at 23.5-22.0 cm and normal grading at
22.0-5.4 cm. This section contains macroflora remains at its bot-
tom, has an erosional basal contact, and occurs i all three cores
(Figure 2). This layer is 15cm thick in core TTL11/1, 17cm in
TTL11/2, and 18 em in TTL12/3 (Figure 2).

The water content varies between 45% and 74% and increases
gradually toward the top, while water content is <60% in sections
with internal grading and between 59% and 74% in remaining
parts (Figure 4). Magnetic susceptibility (x) varies between —10
and 90-107¢81 and shows values up to 300-107¢SI in sediment
sections with internal grading (Figure 4).

Median grain sizes range from 381 um and are highest around
20 cm sediment depth (Figure 4). The optically determined inter-
nal grading at 60.0-57.2 cm, 53.3-51.2cm, 23.5-54c¢m, and 2.2—
Ocm is confirmed by grain size analysis (resolution of grain size
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analysis is 1 ¢m, remaining sections are too thin to reveal internal
grading by grain size analysis). In the section at 23.5-5.4cm, the
median grain size decreases from 81 ym at the bottom to 4 pm fur-
ther up (Figure 4b). Additionally, normal grading is observed in a
gray layer at 84.8-83 4cm. Sediments can be mainly assigned to
very fine sand to (very) coarse silt and are generally (very) poorly
sorted. The major fraction of sediments is silt accounting for
65.3%, followed by the sand fraction with 20.6%, and the clay
fraction with 14.1% (Figure 4b). The sand fraction resembles the
median grain size with a correlation coefficient of R, 5i.0-sna=0.93,
whereas the silt and clay fraction are negatively correlated with
R‘median-sﬂt:_o 74 and Rmedian—clay=_0'72'

Mineralogical analyses revealed that sediments mainly consist
of quartz, feldspar, and clay minerals. The carbonate phase is
composed of calcite. The sediment composition is homogeneous
over time, and sections with internal grading have the same min-
eralogical composition.

K, Ca, Ti, Fe, Rb, Mn, and St were measured with counts =100
and are thus used for interpretation. K, Ti, Fe, and Rb reveal simi-
lar patterns and also reproduce & showing significant peaks in
sediment sections with internal grading and additionally at §7.6—
874,472, and 28 4-28.2 cm sediment depth (Figure 4). K, Ti, Fe,
and Rb are negatively correlated to Ca and St with a correlation
coefficient of R, ;=—0.75. Mn shows only minor variations, but
significantly increased values in sediment sections with internal
grading and at 35.0-23.5 cm sediment depth. X-ray images show
higher densities in internally graded sections and at 87.5, 81.5—
79.5, 47.5, and 28.5cm and fine lamination in remaining parts of
the core (Figure 2).

TOC is characterized by values between 5% and 12% (relative
error 0.2%), with generally lower values above 47.2 cm (Figure
4). TN is mostly in phase with the TOC pattern with a correlation
coefficient of Rpyre=0.76 and values between 0.52% and
0.94% (relative error 2.2%). Carbonate content ranges from 9% to

532%. TOC, TN, and carbonate content show lowest values in
sediment sections with internal grading, and TOC wvalues are
reduced in these sections by 2-5% (Figure 4). C/N ratios vary
between 9 and 18.

Palynology

In total, 105 pollen palynomorphs and NPP were identified.
The proportion of tree and shrub pollen in the spectra is <5%
with a high portion of pollen from long distance transport (Fig-
ure 5a). Findings of the Juniper-type, Myricaria, and Hippo-
phae might refer to shrubs in the wider area of the TT Lake. The
spectra are dominated by pollen of herbs, perennials, and
grasses mostly by drtemisia, Poaceas, Cyperaceas, and Cheno-
podiaceae. Spores of coprophilous fungi occur with varying
percentages (Figure 5a).

Micropaleontology

In total, 69 diatom species were detected in 16 samples. The dia-
tom concentration values are between 14.69-107 and 104.88-107
valves per gram (Figure 5b). Higher diatom concentrations with
96.00-104.88-107 valves per gram were calculated in the middle
part of the record at 5548 cm sediment depth. Below 27 cm sedi-
ment depth, the diatom assemblages were dominated by plank-
tonic species, especially Cyelotella comensis morphotype minima
Scheffler (Scheffler and Morabito, 2003). Furthermore, Stauro-
sirella pinnata (Ehrenberg) D .M. Williams & Round and Frag-
ilaria temera (W. Smith) Lange-Bertalot occurred frequently.
Staurosirelia pinnata could be detected having an average rela-
tive abundance of 13.1% in the core. It occurred with a relative
abundance of 59.8% only at 4cm sediment depth. The benthic
diatom Fragilaria renera appeared only in the sediment depths
4948 cm (33.3% and §9.3%), 24cm (70.7%), and 4 ¢cm (28.6%)
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with high relative abundances (Figure 5b). A semi-quantitative
estimation with SEM analyses revealed a reduced diatom content
in sections with internal grading.

Ostracods are completely missing in sediment core TTL12/3.
Microscopic plant remains are very abundant in several sediment
sections with internal grading and in 83 em sediment depth (Fig-
ure 4). Head capsules of chironomid larvae (50 and 18cm

of chironomid larvae,and bivalve Psidium sp. (mussel) are indicated by

sediment depth) and the bivalve Pisiditon sp. (57 cm sediment
depth) were recorded within sediment sections with internal grad-
ing (Figure 4).

In total, four ostracoed species were found in the modem sedi-
ment surface samples of the TT Lake: Tonnacypris gyirongensis
(first described by Yang in 1982), Limnecythere inopinata (first
described by Baird in 1843), Fabaeformiscandona gvirongensis
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{Kasper et al, 2012) for comparison.

(first described by Huang in 1982), and LZeucocythere dorsotuberosa
(first described by Huang in 1982). The most abundant and the only
species found living is Tommacypris gyirongensis which dominates
the taphocoenosis to almost 100%. The other species are extremely
rare and probably reworked from older sediments. Tomnacypris
gVirongensis is most abundant close to the inflow and especially rare
in the deep water (=8m). Cnly one surface sediment sample com-
pletelylacks ostracods (Figure 3). Most valves are disarticulated and
the majority of valves are from adult stages (Figure 3). This is
expressed by low juvenile/adult ratios, while juvenile valves are
completely missing in the deep water (=8 m). Head capsules of chi-
ronomid larvae and plant remains including seeds are concentrated
in the samples near the inflow (Figure 3). Most seeds belong to the
terrestrial family Chenopodiaceae.

Chronology

Linear interpolation of radiocarbon ages obtained from sediment
cores TTL12/3 and TTL11/2 show an offset of 100-300 years
from TTL12/3 to TTL11/2 (Figure 6, Table 2). An age from
0.4 cm sediment depth of core TTL11/2 of AD §90 is inverse to
the underlying ages. The calibrated age of the dated plant remains
from 18 to 22cm sediment depth has a 2¢ range of AD 1997
2000 (Figure 6, Table 2).

Paleomagnetic data

The high NRM intensities are in the range of 3.1-107 to
32-102Am™. MAD values are mostly <10° (Figure 6). ChRM
fluctuate around the geocentric axial dipole (GAD) model of
50.3%. Unfortunately, declination was influenced by coring arti-
facts and hence is not shown.

Interpretation and discussion
Modern processes

Physico-chemical water parameters indicate a well-mixed freshwa-
ter lake without stratification at least at the time of measurement

(Figure 3). The recent ostracod association can be considered as
monospecitic because of the clear dominance of Tomnacypris
gyirongensis, the only ostracod species found living, which is char-
acteristic of freshwater springs, ponds, and estuaries at Tangra
Yumeo (Lailah Gifty Akita, personal communication). Most living
individuals occur in the shallow water close to the mouth of the
small stream feeding the lake. The high percentage of well-pre-
served adult Yonnacypris gvirongensis often with soft parts points
to an autochthonous association without high post-mortem distur-
bance through storms or biological activity (Boomer et al., 2003).
The low abundance of adults and missing juvenile ostracods in the
deepest parts of the basin suggest shell dissolution in this area (Fig-
ure 3). Juvenile shells are smaller and much thinner than adult ones
and therefore prone to faster dissolution. Even though the picked
ostracod valves from the deepest surface samples show no clear
signs of dissolution and the carbonate content in the core is partly
as high as 50%, shell dissolution remains the only possible explana-
tion for the lack of ostracods in the core. Potentially seasonal pH
changes causing temporary dissolution of shells mightbe a possible
explanation. The monospecific ostracod fauna indicates a freshwa-
ter body with highly fluctuating physico-chemical parameters and
probably periodic oxygen deficiency impeding a continuous colo-
nization of the deeper water.

The large number of terrestrial Chenopodiaceae seeds in sedi-
ment samples of the north-western part of TT Lake indicates trans-
port and input of terrigenous plant material by the small stream
entering the lake at the north-western shore (Figures 1 and 3). Con-
sequently, and in agreement with living ostracod distribution, input
of clastic material is probably also controlled by the stream, and
therefore, fluvial input from the north-west dominates the sedimen-
tary processes in the lake (Figure 1). The benthic biological produc-
tion of the TT Lake is concentrated in the stream inflow area.

Chronology

The most probable explanation for the topmost inverse age deter-
mination is that the sample contained reworked material. The off-
set in age estimations from core TTL11/2 to TTL12/3 is difficult
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Table 2. AMS radiocarbon age determinations.

Radiocarbon data

Core Core Transferred Lab.ID (Beta  Dating Conventional Calibrated min.  Calibrated max. Calibrated median

depth (cm)  depth of core Analytics Inc.)  material HC age age 2o (AD) age 2o (AD) age 2o (AD)
TTLI2/3 (em)

TTLI /2 | 322428 Bulk sediment 1150+ 30BP 800 970 8902

TTLIIZ 36 33.6 322429 Bulk sediment 460 £ 30 BP 1415 1465 14400

TTLII2Z 6l 552 322430 Bulk sediment 940+ 30 BP 1025 1160 11000

TTLI2/3 22-I8 375715 Plant remains  110.2£0.3pMC 1997 2000

TTLI2/I3 26 343273 Bulk sediment 650 £ 30 BP 1345 1395 1350

TTLI2/3 48 343274 Bulk sediment 1220+ 30BP 760 885 800

TTLI2/3 64 340282 Bulk sediment 1380+ 30BP 610 680 650

TTLI2/3 87 340283 Bulk sediment 1590+ 30BP 405 540 480

“Within event-related deposit (ERD | I}.
tUsed for age—depth relationship.

to explain (Figure 6). Younger ages are more reliable because they
are less likely to be affected by a reservoir effect and hence are
considered to represent a maximum age. Linear interpolation of
the two age determinations of core TTL11/2 were used to estab-
lish an age-depth relationship below 23.5c¢cm sediment depth
showing that the record covers ~1000vears from approximately
AD 600-1600 (Figure 6). Since the plant remains from 22-18 cm
sediment depth have a modern age of AD 1997-2000, it can be
assumed that the record contains a hiatus of ~400 years above
23.5 cm sediment depth (Figure 6, Table 2).

Since this is a very conservative approach, this hypothesis was
tested using magnetostratigraphy. Inclination data calculated for
TTL11/1 for AD 1400-1600 (Figure 6) are in good agreement
with the CALS3k.4 model (Korte and Constable, 2011) and data
from Nam Co (Kasper et al., 2012) confirming the chosen age—
depth modeling approach. Although MAD values exceed 10°
around AD 1400, inclination data of sediment core TTL11/1 still
agree perfectly with the CALS3k .4 model and the Nam Co data
(Figure 6). Data of the topmost 22 cm were not used for compari-
son because of a sediment section with internal grading showing
ill-defined directions. The match of the inclination data from sedi-
ment core TTL11/1 with the CALS3k.4 model and the Nam Co
data indicates that the radiocarbon age—depth relationship is a
good first order approach.

Modes of sediment deposition

Presuming that the sediments have identical provenance through-
out the record, as suggested by the homogeneous mineralogical
compeosition, it is implied that sections with internal grading must
be driven by essentially different sedimentary processes than sur-
rounding sediments. Based on geochemical, geophysical, and
mineralogical properties (Figures 2 and 4), two modes of sedi-
ment deposition can be identified. The primary mode, character-
ized by relatively low and constant Ti and %, consists of partly
laminated clastic sediments containing diatom frustules and high
amounts of organic matter (Figures 2 and 4). Generally, the low Ti
and x content point to low allochthonous clastic input and little
surface runoff (Haberzettl et al., 2005; Kasper etal., 2012; Mack-
ereth, 1966; Niemann et al., 2009; Osleger et al., 2009). The lami-
nation of the sediment in this mode indicates undisturbed
sediments. This primary mode represents the continuous back-
ground sedimentation resulting from an interaction of contimious
terrigenous input induced by fluvial processes and autochthonous
productivity (Osleger et al., 2009).

The second mode is characterized by discrete and partially nor-
mally graded sediment sections associated with increased Ti and x
values, reduced water content, higher density, and distinctively

lower diatom content compared with the background sedimenta-
tion (Figures 2 and 4). As TOC was measured below 24 cm sedi-
ment depth only, reduced TOC in sediment sections with internal
grading were observed at least below 24 cm sediment depth.
Decreased TOC might be ascribed to dilution of organic matter by
terrigenous clastic sediments (Osleger et al, 2009) but could also
result from the input of sediments with low organic content from
the catchment (Brown et al., 2000). The increased proportion of
clastic material also explains the higher density in these sections.
Lower diatom concentrations, as shown by a semi-quantitative
SEM analysis, indicate a lake-extemal origin of the sediments.
Reduced water content of sediment sections with internal grading
might be caused by rapid deposition (Bee et al., 2006; Sletten
et al., 2003). Based on these features, second mode sediments are
defined as ERDs resulting from an interruption of the background
sedimentation by abrupt and short-lasting input of increased
amounts of terrigenous clastic material (Bierman et al, 1997; Boe
et al., 2006; Brown et al., 2000; Osleger et al., 2009; Sletten et al.,
2003). Eleven ERD were identified, at 87.6-87.4cm (ERD 1),
84.8-834cm (ERD 2), 73.1-72.3cm (ERD 3), 60.0-572cm
(ERD 4), 57.0-56.3cm (ERD 5), 53.3-51.2¢cm (ERD 6), 50.5—
49.6cm (ERD 7), 472 cm (ERD 8), 28.4-282¢cm (ERD 9), 23.5—
S4cm (ERD 10), and 2.2-0cm (ERD 11), whose properties
distinetly contrast from the background sediments (Figure 4).

Based on lithology and granulometric data, two types of ERDs
can further be distinguished, likely representing different deposi-
tional processes. The macroscopically visible ERDs 2-7 and 11
have generally similar characteristics (discrete, sharp-bounded,
normally graded, high Ti and &, low TOC, low water content, no
macroflora remains), suggesting that they were deposited by simi-
lar processes (Figures 4 and 7a). Comparable sediments were
described earlier by Brown et al. (2000), Sletten et al. (2003), Bae
et al. (2006), and [rmler et al. (2006) and were associated with
enhanced surface sediment erosion during individual hydrologic
events (Boe et al, 2006). None of these ERDs has a basal ero-
sional contact probably indicating that the effluent had a low den-
sity and moved as overflow into TT Lake possibly similar to a
hypopycnal or homopycnal flow (Irmler et al., 2006; Mulder and
Alexander, 2001 ; Mulder and Chapren, 2001).

Sections with elevated Ti and x values and increased density at
87.5,47.5, and 28.5 cm show no internal grading and no rise in the
mean grain size, suggesting the occurrence of hydrologic events
with a minor impact on the watershed. These minor events are
represented by ERDs 1, 8, and 9 (Figures 4 and 7a). Obviously,
the event magnitude must exceed a threshold to generate a visible
ERD (Czymzik et al., 2010). These thresholds determine whether
a hydrological event produces an associated ERD depending on
factors like current velocity, entry point into the lake, lake size,
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Figure 7. Detailed images of ERDs 4-8 and 10. {a) Core photo (left) and x-ray (right) of ERDs 4-8 with median grain size data {left). All ERDs
show normal grading {(upward arrows). ERD 8 represents an ERD with minor impact on the watershed and is not visible in the core photo but
x-ray image indicates increased density. (b) Core phota (left) and x-ray (right) of ERD 10 with median grain size data (left). This ERD is unique
in terms of grading (reverse at the base, normal above, indicated by upward and downward arrows), thickness, macroflora remains at the base,
and particle size (coarsest in the core). Please note the different scaling of the axes in (a) and (b).

basin morphology, and weathering rates (Czymzik et al., 2010,
Sturm and Matter, 1978). The magnitude of these events might
not have excesded the threshold and was not effective enough to
produce a visible ERD. But since the Ti values contrast strongly
from the background sedimentation (Figure 4), they are consid-
ered to be the result of an abrupt event and not continuous back-
ground sedimentation. Considering this, it can be assumed that
the number of hydrologic events is higher than the related number
of ERDs because not all hydrologic events are represented by an
ERD or significantly high Ti wvalues in the sediment record
(Kédmpf et al., 2012). Furthermore, there is a general trend that
hydrologic events of greater magnitude produce a thicker ERD
(Kiampfet al., 2012), suggesting that ERI} 4 and ERD 6 were the
most pronounced events.

Several climatic settings can trigger hydrologic events in
small lacustrine systems, for example, precipitation, rapid snow
melt, or warm rain on a snow cover (Boe et al., 2006; Osleger
etal., 2009). Winter months are generally dry at TT Lake (Miehe
etal, 2014), and the snow cover is very sparse as documented by
satellite images (Google™ earth, Figure &). Re-analysis data,
covering the years 1979-2010, reveal a mean precipitation of
~40mm from November to April (Chen et al., 2011) also pointing
to a sparse snow cover. Re-analysis data and satellite images indi-
cate that there is nowadays no significant snow melt affecting the
TT Lake watershed; therefore, ERDs 1-9 and 11 are most likely
the result of precipitation events during summer months. Specifi-
cally, it is assumed that during precipitation events, terrigenous
sediments from the watershed were eroded by runoff and trans-
ported as overflow into the lake. The absolute amount of precipi-
tation that triggered these hydrological events cannot be assessed,
but it must have been above average either in intensity or in dura-
tion. Since benthic biological production is mainly restricted to
the inflow area, a recorded head capsule of a chironomid larva in
ERD 7 might indicate that sediments forming the ERD were
transported to the lake by the stream and entered the lake from
there (Figures 3 and 4). As indicated by the distribution of Cheno-
podiaceae seeds, background sedimentation as well as event-
related sedimentation is probably predominantly controlled by the

inflow at the north-western shore and other transport directions
seem to be negligible.

ERD 10 is unique in terms of grading (reverse at the base,
normal above), thickness, macroflora remains at the base, and
particle size (coarsest in the core), pointing to a different trans-
port process than ERDs 1-9 and 11 (Figures 2, 4 and 7b). Since
ERD 10 is at least 15c¢m thick, over 200m?® of sediment werz
accumulated only in the deepest part of the lake (8 m) showing
that a massive volume of sediment was deposited during a single
event. The macroflora remains indicate an allochthonous origin
of ERD 10 and probably reflect the removal of the vegetation
cover by a sediment mass movement (Sletten et al., 2003). Satel-
lite images (Google™ earth, Figure 8) show that a mass trans-
port, possibly comparable to a debris flow, occurred in the TT
Lake catchment between AD 2004 and 2011 and reached the lake
from the north, proving that mass transport is a modern phenom-
enon in the TT Lake catchment. The age determination of plant
remains from ERD 10 revealed an age range of AD 1997-2000
(Figure 6, Table 2). The sediment mass transport could have eas-
ily transported dead plant material from the catchment and thus
could possibly be younger than the age measured. Since only one
sediment mass transport is recorded in the TT Lake record during
the most recent time, there is a high probability that the sediment
mass transport from the satellite images and ERD 10 represent
the same event (Figure 8). The erosional basal contact of ERD 10
(Figure 7) indicates that the mass transport moved as underflow
probably similar to a hyperpyenal flow into the lake basin (Irmler
et al., 2006; Mulder and Alexander, 2001; St-Onge and Lajeu-
nesse, 2007). An underflow results from the relatively higher
density of the effluent compared with the ambient water (Mulder
and Alexander, 2001). The reverse grading at the base of ERD 10
(Figure 7b) might point to a hyperpycnal flow since it developsa
reverse graded umit at the base stacked up by a normal graded
unit (Mulder et al., 2001; St-Onge and Lajeunesse, 2007). How-
ever, ERD 10 is dated to AD 1997-2000 and the age beneath is
~AD 1600, and consequently, the sediment mass transport eroded
and reworked a sediment package equivalent to a time interval of
400 years and caused a considerable hiatus. The reverse graded
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Google earth
C

Google earth

Figure 8. Satellite images (Google™ earth) of frozen TT Lake and watershed with very sparse snow cover in winter, (a) 10 November 2004
and (b) 13 December 201 |, sediment mass transport indicated by white arrow.

base of ERD 10 (Figure 7b) could thus also be because of
reworked, finer material.

A trigger of the mass transport is difficult to define. Under
selsmic activity, a decreasing frictional strength and liquefaction
can instantly cause slope failures and sediment mass transport
(Sletten et al., 2003). On the contrary, under seismic stability, a
mass transport may be initiated by the reduction of normal stress
and shear strength of the sediment as a result of pore water pres-
sure rise (Anderson and Sitar, 1995; Sandersen, 1997) that causes
soil failures. The pore water pressure can rapidly rise as a conse-
quence of high precipitation, fast snow melt, or their combination
(Sandersen, 1997). Because of the above discussed reasoms,
snow-induced processes can be excluded. TT Lake is situatedin a
tectonically active area, but no tear-off edge is recognizable in
satellite images (Google™ earth) making a seismically induced
slope failure an unlikely trigger for the recent mass transport (Fig-
ure §). Consequently, a hydrologic event caused by precipitation
possibly triggered soil failure and induced a sediment mass trans-
port. Since the precipitation was capable of inducing a sediment
mass transport, this event must have been of greater magnitude
than for the other ERDs and of torrential intensity. Besides the
amount of precipitation, various factors such as vegetation cover,
hill slope inclination and morphology, weathering, material,
amount of available debris in the watershed, and soil-moisture
(Church and Miles, 1987; Jomelli et al., 2004; Moser and Hohen-
sinm, 1983, Pavlova et al., 2014) affect the generation of sediment
mass transports. Among these factors, antecedent soil-moisture
seems to be determining whether or not a precipitation event can
induce sediment mass transport (Johnson and Sitar, 1990), par-
ticularly meaning that not every torrential precipitation event can
cause sediment mass transport (Sletten et al., 2003).

Link between proxies and hydrologic events

Eleven events (ERDs 1-11) of enhanced precipitation are docu-
mented in the TT Lake record (Figure 4). The tentative age modsl
provides age control for events related to ERDs 1-9 (Figure ).
ERDs 1 and 2 are in quick succession, and related events probably

occurred around AD 600 and the event linked to ERID 3 around
AD 900. The event frequency is highest around AD 1100, where
ERDs 4-8 were deposited. The event responsible for ERD 9
occurred around AD 1500. The event with the strongest effect on
the lake and the watershed is represented by ERD 10 and proba-
bly occurred after AD 2000.

Spores of coprophilous fungj occur at 88 and 80 cm sediment
depth (~AD 600), at 56 and 48 cm sediment depth corresponding
to highest ERD frequency (~AD 1100}, at 24 cm (~AD 1600), and
4em (modem age) sediment depth (Figure 5a). Coprophilous
fungi are a group of fungi attributed to pastoralism, and their
occurrence indicates anthropogenic activity in the TT Lake water-
shed. Since TT Lake is the only permanent freshwater source in
the Tangra Yumeco catchment, local people nowadays water and
feed their cattle in the wetlands of TT Lake. This is reflected by the
occurrence of coprophilous fungi at 4cm sediment depth repre-
senting a time after AD 2000 which represent present day condi-
tions. The lake was also used in this way in previous times,
suggesting that the lake must have permanently contained fresh-
water. Most intense pastoralism is suggested by highest abun-
dances of spores of coprophilous fimgi occurring at 56 and 48c¢m
sediment depth (~AD 1100) and co-oceurs with highest ERD fre-
quency, implying a possible link between pastoralism and ERD
generation (Figure 5a). An increasing pastoralism influence on the
alpine vegetation at about 1000 years ago seems to be a quite com-
mon phenomenon in Asia (Schliitz and Lehmkuhl, 2009; Schliitz
and Zech, 2004) and is also demonstrated by the changes in weed
species (Ranunculies acris-type, Anemone/Caltha-type) including
the spreading of annual weeds (e.g. Keoenigia islandica-type,
Lasiocaryum). Pastoralism was less intense but obvious at 8§ and
80cm sediment depth (~AD 600). ERD 1 and 2 occur in this
period, whereas ERD 1 and additionally ERD § are directly coin-
cident with increased abundances of coprophilous fungi spores.
Pastoralism could possibly cause sparser vegetation or loosen the
sediments increasing the erodibility of the sediments in the water-
shed. However, the occurrence of ERD 3 is not coinciding with
increased abundances of coprophilous fimgi. Consequently, it
might be assumed that the generation of ERDs is probably favored
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by pastoralism, but pastoralism is not considered to have triggered
these events. Spores of coprophilous fungi are probably trans-
ported by draining water into the lake because they occur together
with water transported pollen of tiny annual insect pollinated
plants (e.g. Lasiocaryum, Koenigia islandica-type). These annuals
grow on disturbed places with a very loose plant cover on easily
erodible soils (Miehe et al., 2009).

The relatively stable diatom assemblage provides no evidence
for significant changes in the environmental conditions during the
period investigated (Figure 5b). Noticeable are the high abun-
dance of Fragilaria tenera at 48, 24, and 4 cm and the dominance
of Staurosivella pinnata in 4 cm sediment depth. The increased
presence of Fragilaria tenera is not associated with hydrological
events. Instead, coprophilous fingi were detected in the same
depth. Hausmann et al. (2002) were able to demonstrate intensive
grazing indicated by coprophilous fungal spores and a simultane-
ous change in the diatom assemblage because of eutrophication
(Figure 5). Perhaps the change from Cyclotella comensis to Frag-
ilaria tenera dominance could be based on nutrient enrichment in
TT Lake. Staurosivella pinnata, classified as tychoplanktonic in
Vos and De Wolf (1993) and Bunting et al. (1997), is considered
to be a pioneer species and can indicate disturbances in the eco-
system. It oceurs in significant abundances only once, after ERD
10 (Figure 5b). Since the mass transport that deposited ERD 10
moved as an underflow, it probably destroyed the benthic flora
and Staurosirella pinnata acted as an initial colonist taking advan-
tage from the lack of other species. Apart from ERD 10, the dia-
tom association is not affected by hydrologic events.

Climatic implications

Except for the ERDs, Ti is relatively constant showing neither a
certain long-term trend nor major variations. Relatively constant
Ti values in the TT Lake record indicate a rather stable precipita-
tion pattern except for hydrologic events (Figure 4). Tree and
shrub pellen including long distance transported pollen show only
minor variations and provide no evidence for climatic variations
during the time investigated in the TT Lake record (Figure 5a).
The same applies to local pollen representing herbs, perennial
plants, and grasses. The local pellen association is relatively con-
stant, and moisture-sensitive plants like Arfemisia and Chenopo-
diaceae (Herzschuh, 2007; Zhao et al., 2012) show only minor
variations, indicating rather stable moisture availability in the
watershed. Both local and long distance pollen suggest stable
supraregional climatic conditions. The diatom association is rela-
tively stable and shows no indications for changes in the environ-
mental conditions within TT Lake or the watershed (Figure 5b).
Dry but stable climate conditions are also reported from lake Nam
Co (Kasper et al,, 2012) east of TT Lake for the period repre-
sented here. Hence, relatively stable long-term climate conditions
with generally constant precipitation and stable environmental
conditions can be inferred in the TT Lake area during the period
investigated here. Since the pollen association from 4 cm sedi-
ment depth (=AD 2000) represents present day conditions, it can
be assumed that vegetation cover from AD 600-1600 was very
similar to modermn conditions.

As prevailing climate and local environmental conditions
were relatively stable, hydrologic events were apparently decou-
pled from long-term climate variations. Hydrologic events hence
represent short-term and local meteorological phenomena that are
not straightforwardly linked to or favored by the climate condi-
tions, especially average long-term precipitation. Anthropogenic
activity in the watershed in terms of pastoralism favors the occur-
rence of ERDs.

Several studies that investigated ERDs also indicate that their
occurrence is decoupled from climate change (Brown et al., 2000;
Irmler et al., 2006; Jomelli et al., 2004; Lauterbach et al., 2012;

Schlolaut et al., 2014). Lauterbach et al. (2012) showed that run-
off events in a lake of the Italian Alps are partly decoupled from
variations of solar variability and regional lake level highstands
(Magny, 2004) demonstrating that hydrologic events might also
be controlled by other factors than climate. Also, Schlolaut et al.
(2014) state that precipitation events over the past 40ka in Japa-
nese Lake Suigetsu were decoupled from the average long-term
precipitation pattern. Brown et al. (2000) presented a 10,000-year
record of extreme hydrologic events from Vermont (USA) show-
ing that the frequency of hydrologic events is decoupled from
climate change. Irmler et al. (2006) found that debris flow events
in Lago di Braies (Northern [taly) are not favored by any climatic
trend. Jomelli et al. (2004) examined debris flows and climatic
change in the French Alps and stated that a link between debris
flows and climatic change is problematic because too little is
known about the trigger mechanism of debris flows. However, a
coupling of hydrologic events and climate settings is proposed by
other studies (Giguet-Covex et al., 2012; Jenny et al., 2014;
Moreno et al., 2008; Vasskog et al., 2011). This is obviously not
mandatory, and other controlling factors must be carefully
regarded. There is no hint that a certain geographical setting such
as lake size, catchment size and morphology, or altitude would
promote a link to the climate. Jomelli et al. (2004) conclude that
the link between hydrologic events and climate settings is diffi-
cult to establish in high altitudes. The review shows, however,
that lakes on low altitudes are also lacking the link between
hydrologic events and climate (Brown et al., 2000; Lauterbach
et al., 2012; Schlolaut et al., 2014). So a correlation to altitude
may be given under certain preconditions but is not generally
responsible for a link between climate and hydrologic events.

In addition to climatic triggers, changing erosion rates in the
watershed caused by, for instance, earthquakes (Schlolaut et al.,
2014) or anthropogenic activity can raise the erodibility of the sedi-
ments and favors ERD generation. A link to anthropogenic impact
is also visible in other records, and disentangling the influence of
climate and anthropogenic impact is not always straightforward
(Lauterbach et al., 2012). For the T'T Lake record, a contribution of
seismic activity on erodibility of sediments cannot be assessed.

Conclusion

The lacustrine record from the small TT Lake shows that the
watershed is affected by hydrologic events that are represented as
ERDs in the record. Whereas 10 ERDs are linked to precipitation
events causing enhanced rnunoff that carries sediment in suspen-
sion into the lake, one ERD reflects sediment mass transport
which was probably triggered by torrential precipitation. ERDs
are partly macroscopically visible and partly detected by geo-
chemical analyses showing the importance to apply different
methods for the examination of sediment cores.

Hydrologic events were decoupled from large scale climate
and environmental conditions. Possibly, the generation of ERDs
was favored by anthropogenic activity in terms of pastoralism in
the watershed. Pastoralism could have enhanced the availability
of erodible material. The decoupling of the precipitation events
from the climate, also observed in other studies, implies that the
interplay of processes affecting a watershed of a lake is complex
and processes causing ERDs should be thoroughly ascertained.
More investigations are needed to understand the links between
the occurrence of hydrologic events and large scale climate set-
tings and other possible controlling factors, especially if such
studies should provide a risk assessment for the future. Particu-
larly, lacustrine sediment data from other small lakes with simi-
lar catchments on the Tibetan Plateau should be studied to better
understand the impacts of hydrologic events on the lakes and
their triggering mechanisms. This is especially important since
hydrologic events occurring in the watershed of large lakes
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would probably not form a visible ERD because of the lake size
and could be easily misinterpreted as a phase with higher precipi-
tation. The presented data here illustrate that the multi-proxy
approach provides valuable insights and an improved under-
standing of processes and driving mechanisms of sedimentary
dynamics in a small Tibetan lake and its watershed.
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Abstract

Massive carbonate banks representing ancient lacustrine deposits are exposed in the catchment of the lake Tangra Yumco (seuthern-central Tibetan
Plateau) and nearby lake Xuru Co. Nine sediment samples were taken below and above these lacustrine deposits to determine periods of changing lake
level using optically stimulated luminescence (OSL) applying a multiple-aliquot regeneration (MAR) protocal. According to facies and stratigraphy, samples
below the carbanate banks indicate a rising and samples from above a falling lake level. The results indicate that the rising lake level of Tangra Yumco
passed the sampling location at 10.5 and 2.1 ka while a falling lake level passed the sampling location at 0.9 ka. The rising lake level of Xuru Co passed the
sampling location at 7.9 and 1.7 ka and a falling lake level at 0.5 ka showing a similar trend as at Tangra Yumco. Combining these results with recalculated
cosmogenic nuclide ages and previously published feldspar luminescence data allows the establishment of a Holocene lake level reconstruction for Tangra
Yumco, which is unique for the southern-central Tibetan Plateau. The lake level of Tangra Yumco crested a lake level highstand of |81-183m above the
recent lake level prior to 8.5 ka and has generally fallen after 8.5 ka, with a minar lake level rise at 2.1 ka. Lake level variations at Tangra Yumco occur
simultaneously with other lakes on the Tibetan Plateau indicating that variations were contralled by monsoenal dynamics with a moist early Holocene and
a successive reduction of available moisture thereafter. The average rate of the lake level rise between 10.5 and 8.5 ka is at least 0.05m a™' (compared
with a modern value of 0.38m a™'), providing valuable insights in the monsoonal impact on lake level change on the southern-central Tibetan Plateau.
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Introduction

On the Tibetan Plateau (Figure 1a), lake level changes are
assumed to reflect variations in intensity of the Indian summer
monsoon (Dietze et al, 2013). Numerous studies of lacustrine
sediments from the Tibetan Plateau assessed significant lake level
changes in the late Quaternary that are related to monsoon vari-
ability (Dietze etal., 2012; Doberschiitz et al., 2014; Kasper
et al., 2012; Mischke et al., 2010; Shen et al., 2005; Zhao etal.,
2007). Usually, these approaches reconstructed relative lake level
changes inferred from climate proxy reconstructions that identify
the timing of past moist and arid periods, but the absolute eleva-
tion of former lake levels mostly remains unknown. Understand-
ing the pace and scale of lake level changes may provide insights
into the magnitude, timing, and environmental impact of mon-
soonal variability on the Tibetan Plateau.

Absolute lake level changes have been assessed by dating rel-
ict beach ridges, lake terraces, and shallow lacustrine sediments
from the Tibetan Plateau (Chen et al., 2013; Fanet al., 2010; Lee
etal., 2009; Liuet al, 2013, 2015; Long et al., 2012; Rades et al.,
2013). These studies use optically stimulated himinescence
(OSL), cosmogenic radionuclides, and, more rarely, C dating to
determine the age of lake level highstands. OSL dating is a par-
ticularly suitable technique for constraining the age of sediments
that lack organic carbon, exceed the range of “C dating, or are

affected by hard water effects (Berger et al., 2002; Forman et al.,
2006; Lee et al,, 2009; Li etal, 2002). OSL dating is based on
time-dependent dosimetric properties of quartz and feldspar (Ait-
ken, 1998) and provides an estimate of the time since mineral
grains, like quartz and K-feldspar, were last exposed to sunlight
prior to ultimate burial.

Several studies were recently conducted in the catchment area
of Tangra Yumco to investigate environmental changes on the
southern-central Tibetan Plateau. Kong et al. (2011) and Rades
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Figure |. Study site and sample locations. {a) Map showing China (outlined) with the Tibetan Plateau (dark gray). Indicated are the main
moisture delivering air currents (arrows), study site Tangra Yumco {black dot),and other archives discussed in the text | — Nam Co
{Doberschitz etal., 2014), 2 — Selin Co (Li et al., 2009), 3 — Linggo Co (Pan et al.,2012),4 —Tso Kar (Demske etal., 2009), 5 — Ngangla Ring
Tso (Hudson etal.,2015) and Bagan Tso (Huth et al., 2015). (b) Tangra Yumco (center), Tanqung Co (north),and Xuru Co {south) with recent
lake level, study sites (c,d.e),and location of other studies discussed: | — Long etal {2012),2 — Kaong etal {201 1), 3 — Miehe et al. (2014),

4 — Rades etal (2013}, 5 — Rades et al. {2015). () Qutcrop between Tangra Yumco and Tanqung Co {photo: Steffen Mischke), where samples
UIC3494,U1C3498,and UIC3499 were collected, with dating results; no dating results (n.d.) are available for sample UIC3494. (d) Cutcrop,
where sample UIC3495 was collected, with dating results, 87 m abave recent lake level {m arll} of Tangra Yumco. (e) Outcrop near Xuru Co,
where samples UIC35 1719 were collected, with dating results, at its base 3m arll of Xuru Co {phota: Lailah Gifty Akita).

et al. (2013) used cosmogenic radionuclide dating to constrain the
age of exposed paleoshorelines at Tangra Yumeo and Tanqung Co
(Figure 1b). Miehe etal. (2014) investigated a sediment record
spanning the past 11 ka from Targe Xian peat bog located on a
recessional lake terrace within the Tangra Yumco catchment.
Rades et al. (2015) applied feldspar luminescence dating to date
exposed paleoshorelines and calculated the pace of the lake level
retreat, whereas Long et al. (2012) inferred a moist period by OSL
dating of lacustrine sediments. Cur study provides new chrono-
logic control on lake level changes by OSL dating of currently
exposed lacustrine sediments. For Tangra Yumeco and adjacent
Xuru Co, we combine these new OSL ages with previously pub-
lished data, including recalculated cosmogenic nuclide ages (Cré-
taux etal., 2011; Long etal., 2012; Miehe etal., 2014, Rades
et al., 2015), to reconstruct the Holocene lake level history of the
Tangra Yumeco lake system.

Site description
Tangra Yumeco (30°45-31"22'N, 86°23'-86%49'E; Figure 1) is a
terminal lake located at 4545 m a.s.l. (Rades etal, 2013) on the

southem-central Tibetan Plateau at the northem slope of the
Gangdis Mountains. The lake is part of an active north—south
trending graben system (Armijo et al., 1986). Extensive lake level
changes are indicated by well-preserved paleoshorelines that
extend up to 185m above recent lake level (arll; Kong etal,
2011; Long etal, 2012; Rades etal.,, 2013). These landforms
reflect the largest lake level changes observed on the Tibetan Pla-
tean (Kong etal,, 2011; Rades etal., 2013). Precipitation in this
area is dominated by the Indian summer monsoon (Miehe etal.,
2014). Weather data extrapolated from the nearest meteorological
station indicate a mean annual precipitation of 200-250mm
(Miehe et al., 2014). The mean temperature in January is —11.4°C
and in July 10.9°C {(Miehe etal.,, 2014). The surface area of
Tangra Yumeo is 818km?® within a catchment area of 8219 km?
(Long et al, 2012). The lake has a maximum depth of 230m
(Haberzettl et al., 2015), and a salinity of 8.3% (measured in
2009-2012). Two large rivers enter the currently terminal lake
from the west and the southeast. Lake level changes are predomi-
nantly controlled by precipitation (i.e. monsoon) and temperature,
whereas melt water from glaciers only has a minor impact (Rades
etal, 2013). Therefore, rising lake levels are considered to
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Table 1. OSL samples of exposed lacustrine sediments from the Tangra Yumceo catchment.

OSL samples
Lab ID Longitude Latitude Altitude {m)  Elevation above  Burial Depth beneath  Sediment Facies

recent lake depth (m}  carbonate type

level (m) layer (m)
UIC3497  EB6.63032° N 31.27068° 4585 40 1.2 0.1 Sand Yery shallow lake
UIC3494  E B6.63845° N 31.37958° 4584 39 3.9 0.5 Fine sand Fluvie-lacustrine
UIC34%8  E 86.63845° N 3.37958° 4584 39 22 0.3 Medium sand  Shallow lake
UIC3499  E B6.63845° N 31.37958° 4584 39 0.6 +0.42 Medium sand  Shallow fluvio-

lacustrine
UIC3495  E B6.47078° N 31.04124° 4632 87 32 0.05 Sand Shallow lake
UIC3496 E B86.48677° N 31.09063° 4577 32 1.0 0.2 (interca- Medium sand Fluvio-lacustrine
lated)

UIC3517  E 86.47455° N 30.29105° 4722 3 55 0.05 Fine sand Fluvio-lacustrine
UIC3518  E 86.47455° N 30.29105° 4722 3 35 Intercalated Medium sand  Shallow lake, <10 m
UIC3519  EB6.47455° N 30.29105° 4722 3 3.0 +0.05 Sandy marl Shallow lake

OSL: optically stimulated luminescence.

represent conditions with higher moisture availability, whereas
falling lake levels result from reduced moisture availability. The
anthropogenic impact in the Tangra Yumco area is restricted to
pasture of domestic cattle and rare irrigated agriculture {Mishe
etal., 2014). However, ancient stone tools, buildings and field
remmnants, and irrigation channels indicate widespread human
inhabitance in the past (Miehe etal,, 2014).

Xuru Co (30°18'N, 86°25'E), the other investigated lake, is
located about 41 km south of Tangra Ywmco at an elevation of
4719m a.s.l. or 174 m arll of Tangra Yumeo (Figure 1b). A lake
level at 198m arll of Tangra Yumco (=24 m arll of Xuru Co)
would merge Xuru Co and Tangra Yumco. Xuru Co covers an
area of 152 km?, is 211 m deep, and has a salinity of 3.2%o, as mea-
sured in 2012. The catchment covers 1913 km?.

The smaller lake Tanqung Co (31°31'N, 86°41'E) is located at
an altitude of 4475m a.s.l. (Kong et al., 2011) about 18 km north
of Tangra Yumco (Figure 1b). Its present day lake level is 70m
below the recent lake level of Tangra Yumco. Lacustrine deposits
which are identified up to4740m a.s.1. and indicate that Tangqung
Co and Tangra Yumeo were formerly merged and formed a vast
paleolake (Kong et al., 2011; Liu et al., 2013). This lake is at least
5m deep, occupies an area of 63km?, and had a salinity of 100%.
in 2009.

Material and methods

Sedimentary facies and lake fevel context

Massive carbonate banks are exposed near Tangra Yumco, Tan-
qung Co, and Xuru Co. These carbonate banks consist of massive
micritic caleite identified as lacustrine deposits and reflecting
periods of deep water and environmental stability (Long etal,
2012). The underlying clastic sediments were consequently
deposited while the lake level was rising, whereas the overlying
clastic sediments were deposited while the lake level was falling.
Nine sediment samples for OSL dating were collected during
2010,2011, and 2012 field campaigns below, above, or in between
these carbonate banks using opaque tubes to determine the timing
of falling and rising lake levels (Table 1). The altitude above sea
level was measured with a handheld GPS device (measured error:
6—10m; Table 1).

The nine samples originate from five different sections near
Tangra Yumco, Tanqung Co, and Xuru Co. According to field
observations, all samples represent shallow lacustring facies.
Three of the samples, UIC3494, UIC3498, and UIC3499, were
collected in a narrow valley connecting the catchments of Tangra
Yumeco and Tanqung Co (Figure 1¢) which exposes a roughly

3-m-thick two-parted carbonate bank. Sample UIC3494 was col-
lected 50 cm below the lower carbonate bank and consists of fine
sand to gravel probably representing a fluvio-lacustrine facies
prior to the initial lake level rise. Sample UIC3498 was obtained
from up to 60-cm-thick cross-bedded sediments with medium
sand to gravel intercalating the carbonate bank (Figure 1¢). Mod-
ern day observations showed that cross-bedded sediment struc-
tures are deposited in very close proximity to the lake level. The
described facies thus represents a very shallow fluvio-lacustrine
environment. Sample UIC3499 is from 42 cm above the carbon-
ate bank and overlies cross-bedded fan-like carbonate sands rep-
resenting a shallow fluvio-lacustrine facies deposited during a
falling lake level (Figure 1¢). Sample UIC3495 was collected in a
river valley near the western shore of central Tangra Yumco (Fig-
ure 1d). It was taken 5 cm below the approximately 1.5-m-thick
carbonate bank in layered reddish sands that likely represent a
shallow lacustrine facies deposited prior to a rising lake level.
Sample UIC3496 was taken from a section in a river valley ¢ast of
Tangra Yumco between two carbonate banks, 20 cm below the
higher carbonate bank, and consists of brownish layered medium
sands with fine gravels likely representing a fluvio-lacustrine
facies. Sample UIC3497 was taken 10 cm below a 70-cm-thick
carbonate bank of yellowish fine to medium grained laminated
sands probably indicating a very shallow lake facies prior to a
rising lake level The outcrop is situated in a river valley at the
northwestem shore of Tangra Yumco also exposing a section that
was previously investigated by Long et al. (2012) but is located
further upstream and 30m higher in altitude (Figure 1b). Samples
UIC3517-19 were collected ina wide river valley near the eastern
shore of Xuru Co (Figure 1e). UIC3517 was collected 5 cm below
the carbonate bank in fluvio-lacustring layered fine sands with
indistinct ripples and fine gravels reflecting a subsequent lake
level rise. UIC3518 was obtained from a medium sandy calcare-
ous layer of 4—6cm thickness containing copious charophyte
stems and oospores. The mass occurrence of charophytes indi-
cates that the water depth was probably <1 0m. This layer is inter-
calated in the two-parted carbonate bank reflecting littoral
lacustrine conditions of a temporarily lower lake level. Sample
UIC3519 was taken immediately above the carbonate bank in
sandy marl with many snails representing a shallow and sheltered
lake facies deposited while the lake level was falling.

OSL dating

Sample preparation. The sediments were dry sieved to extract
the 100- to 150-pm-sized grains and the quartz fraction was
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isolated after settling in sodium metatungstate solutions of 2.55
and 2.7 g cel. Immersion in 40% hydrofluoric acid for 40min
dissolved any feldspar grains remaining in the extract and etched
the alpha-irradiated portion of quartz grains {Mejdahl and Chris-
tiansen, 1994). These grains were subsequently treated with 3ml
of 37% hydrochleric acid to remove inseluble precipitates. The
purity of the quartz extracts was checked by petrographic inspec-
tion. A 2-mm area of quartz was bonded with a silicone adhesive
to a set of 10-mm aluminum disks for experimentation. All OSL
measurements were performed using an automated Rise TL/
OSL-DA-20 reader stimulating the samples with blue light
(470 +20nm).

Prior to experimentation, grains extracted from each prepared
sample were checked for possible feldspathic contamination
using infrared stimulation. Although no feldspar grains were
observed during the petrographic inspection, the infrared stimula-
tion produced a significant luminescence emission emanating
from samples UIC3494, UIC3496, and UIC3497. These emis-
sions may result from feldspathic inclusions within the quartz
grains. As a prior infrared stimulation could not sufficiently
remove this contaminating signal, samples UIC3494, UIC3496,
and UIC3497 were rejected from further analyses (Table 2).

D, determination. Both the single-aliquot regeneration (SAR)
protocol (Wintle and Murray, 2000} and the multiple-aliquot
regeneration (MAR) protocol (Jain etal., 2003; Waters etal,
2011) were applied to quartz grain separates for equivalent dose
(D) determination. In SAR, 30 disks were expesed to light from
blue LEDs for 405 at 125°C. The OSL signal for [J, estimates was
integrated over the first 0.8 s of 40-s stimulation, with background
from emissions of the last 10s. Atest dose of 6.26 Gy was applied.
In turn, aliquots were rejected, if (1) the zero dose exceeded 5%
of the natural dose, (2) the recycling ratio was beyond 1.0+ 0.1, or
(3) the error in determination of D, exceeded 10%.

All samples were subjected to a preheat dose recovery test, to
determine if the samples sufficiently recovered a given laboratory
dose using the SAR protocol. The preheat was in 20°C increments
at 180-220°C with a cut heat of 160°C for samples UIC3498,
UIC3409, UIC3517, and UIC3519. Sample UIC3518 was pre-
heated to 180-280°C to test if a dose can be recovered at higher
temperatures. A preheat dose recovery test for sample UIC3495
was performed at 180-260°C and with a cut heat of 220 and
160°C. Samples UIC3498, UIC3499, UIC3517, UIC3518, and
UIC3519 did not recover the given laboratory dose in any of the
preheat dose recovery tests, invalidating the use of that SAR pro-
tocol to date those samples. As a result, these samples were dated
using the MAR protocol. In contrast, sample UIC3495 suffi-
ciently recovered the given laboratory dose when preheated to
220°C (Figure 4a) and was then dated using the SAR protocol.
This sample was also dated using the MAR protocol as an internal
check for [J, consistency.

In the MAR protocol, two sets of aliquots were prepared for D,
determination. The first set of 8 aliquots was used to define the
natural luminescence emission. The second set of 20 aliquots was
used to measure the regenerative luminescence emission and was
treated with different regenerative doses to evaluate the growth
reconstruction. The highest regenerative dose of up to 62 or 120
Gy exceeded the corresponding natural luminescence. Prior to
adding a regenerative dose, the natural luminescence emission
was reset with an 8-h exposure to a 275-W GE Mercury Vapor
Sunlamp. £, estimation by the MAR protocol integrates over
100 s of stimulation. Background values are based on dark counts
of the Rise reader. A preheat treatment of 150°C (140°C for
UIC3495) was applied after the laboratory irradiation for 1h to
remove the thermally unstable signal (Forman et al., 2014; Kang
et al., 2012). The data are collected at an elevated temperature of
125°C during excitation by blue diodes at 10% power (Wintle and

Murray, 2000). The efficaciousness of the preheat treatment used
for the test dose was checked by comparing the reconstruction
shape between the natural and the test dose (Bailey, 2003; Tri-
paldi and Forman, 2007). A preheat of 150°C for 1h (140°C for
UIC3495) produced a lnminescence distribution most similar to
the natural emissions.

The validity of the preheat choice and the existence of a resid-
ual component of sample UIC3495 was tested as a residual com-
ponent could invalidate SAR. A linear modulation OSL (LM-OSL;
UIC3495) which ramps the power of the diodes from 0% to 100%
in order to separate the so called fast, medium, and slow compo-
nents (Bulur et al., 2000) was performed to evaluate the varying
sensitivity of the resolved components to heat and to light. All
measurements were performed at an elevated temperature of
125°C with a test dose of 6.23 Gy. This procedure was applied to
sediments that were light reset respective to the SAR and MAR
protocols. To detect residual charge, the natural luminescence
emission of all samples was compared with a fully reset labora-
tory-generated analog that was preheated and not preheated,
respectively (Lh at 150°C; 140°C for UIC3495). These analogs
were created by removing the remaining charge in the traps by an
8-h exposure to a sunlamp after the measurement of the natural
lnminescence emission and a subsequent charging with a test dose
of 62 Gy.

Potential residual charge due to incomplete bleaching of the
sediments was removed mathematically from the natural lumi-
nescence emission te produce a reassessed D,. As it is the case
with the other MAR data, the naturals were scaled using the
component-specific dose normalization technique (Jain et al.,
2003). Since the test dose data produced by the MAR protocol
were generated from a fully reset analog and were therefore
free of residual charge, any excess charge, potentially due to
incomplete bleaching of the sediments, could be removed
mathematically from the natural luminescence emission by
comparing the scaled MAR results with the inverted test dose,
both indexed by stimulation time. Subtracting the resultant
charge from the natural luminescence emission vielded a modi-
fied natural luminescence emission potentially free of residual
charge and a flattened natural L /7, with a reassessed D, The
L /T, ratio 1s the standardized luminescence response to an
absorbed dose.

Dose rate determination. Elemental concentrations of U, Th, and
K were measured by inductively coupled plasma mass spectrom-
etry (ICP-MS). The water content was estimated based on experi-
ence values using grain size and approximate estimated pore
volume as the mass percentage averaged over the burial period.
The dose rate was adjusted to compensate for the mass attenua-
tion of the grains (Fain et al., 1999). The cosmic ray component
was calculated after Prescott and Hutton (1994) by factoring in
the overlying water column during burial time.

Cosmogenic nuclide dating

An updated '“Be calibration data set (Heyman, 2014) enables the
recalculation of previously reported cosmogenic nuclide dating
results of Rades et al. (2015) from Tangra Yumco and Kong et al.
(2011) from Tanqung Co. A modified version of the CRONUS-
Earth online code (Balco etal., 2008), the updated “Be calibra-
tion data set (Heyman, 2014), and cosmogenic nuclide dating
results (Kong et al, 2011; Rades et al., 2013) were used for the
recalculation of the Holocene ages.

Lake fevel reconstruction and hydrological balance

OSL ages and recalculated cosmogenic nuclide ages of this study
were combined with feldspar luminescence data (Rades et al.,
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Figure 2. MAR data for sample UIC3498. Uncorrected data (left) and dose sensitivity and residual charge corrected data (right).

{a) Normalized shine down curve for test dose of 62.43 Gy £ 600 s B-irradiation {(red) and natural data {black). Uncorrected data (left) show a
rise with increasing time representing the excess value which is equal to the residual signal. {b) D_ plateau with every second data point plotted.
Uncorrected data (left) show residual signal. Corrected data (right) are markedly flattened. (c) Growth curve of data point | with uncorrected

{left) and corrected (right) D,

2015), and lake surface monitoring by satellite altimetry data
(Crétaux et al,, 2011) to establish a Holocene lake level recon-
struction for Tangra Yumeo. All ages were plotted on the altitude
above sea level (ma.s.1). According to satellite altimetry data, the
recent lake level is at 4536m as 1. (in 2014; Crétaux et al., 2011)
which is 9m below the recent lake level 0f45345m a.s.1. (in 2011
and 2012; Rades et al., 2013) used in this study. Comparison of
lake level computed from satellite altimetry data and measured by
in situ gauges reveals an error of 3-80 cm (Crétaux et al., 2011).
To ensure comparability, lake level information of Crétaux et al.
(2011) was adjusted to 4545m a.s.l. Lake level modeling was
done using MATLAB and SRTM data with 90-m resolution (Jar-
vis et al., 2008). The lake area at each altitude and comresponding
water volume was calculated based on the model. The size of the
catchment when Tanqung Co and Tangra Yumco were merged
was estimated based on Google™ Earth. We finally calculated the
average rate of the lake level changes by using the duration and
the height of the lake level change.

Dating results and discussion
OSL ages

The MAR results of all but one sample show a significant increase
in the natural £,/T, ratios and resultant D, values with stimulation
time (Figure 2a and b) implying that quartz grains may contain
some measurable residual charge and suffer from partially solar
resetting. In the case of UIC3495, the amount of residual charge
may be small and is indistinguishable from background counts.
LM-OSL emissions for the natural luminescence emissions show
an elevated slow component compared with fully light reset labo-
ratory analogs (Figure 3a). The elevated slow component of the
natural luminescence emissions indicates that the quartz grains

contain a residual charge in the slow component that was not fully
solar reset prior to deposition. This laboratory bleached level is
the basis of a correction that identifies potential inherited charge
particularly for medium and slow components. Applying this cor-
rection results in a decrease in dispersion of the natural L /7, and
aplatean in D, values (Figure 2a and b) and thus we believe yields
credible age estimates.

SAR and MAR results of UIC3495 are not consistent (Table
2).AD, o0f21.09+1.21 Gy and a corresponding age of 5.0+ 0.4 ka
were calculated with the SAR protocol (Figure 4b—d) and a D_ of
44.08 £0.22 Gy with a corresponding age of 10.5+£0.6 ka with the
MAR protocol (Table 2). The LM-OSL experiment, demonstrat-
ing the effect of the SAR and MAR bleaching treatments on the
post-natural SAR test dose charge distribution of UIC34935, shows
that all the components are diminished as a result of receiving the
MAR bleach treatment (Figure 3b) but are not diminished when
receiving the SAR bleach treatment. The inconsistency between
the SAR and MAR results for UIC34935 is apparently attributable
to procedural differences with the bleach treatment (Figure 3b).
Since the MAR bleach treatment is a solar analog, it may be more
suitable for bleaching this sample. Consequently, the D_ of
44.08+0.22 Gy and the age of 10.5+0.6 ka obtained with the
MAR protocol are considered as more reliable and used for the
lake level reconstruction.

Results based on the MAR protocol (Table 2 and Figure 5b)
indicate that the rising lake level of Tangra Yumeco passed the alti-
tude of the sampling location at 10.5+0.6 ka (UIC3495) and
2.1£0.3 ka (UIC3498). A falling lake level passed the sampling
location at 0.9+ 0.1 ka (UIC3499). Likewise, the rising lake level
of Xuru Co passed the altitude of the sampling location at 7.9+ 0.5
ka (UIC3517) and 1.7+0.1 ka (UIC3518), while a falling lake
level passed the sampling location at 0.5+0.1 ka (UIC3519).
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Figure 3. Results of internal chedks, linear modulation OSL
{LM-OSL) data. (a) LM-OSL data showing the distribution of
charge among the fast, medium,and slow component Natural
luminescence emissions (blue diamonds), presented with its fully
reset laboratory-generated analog, with (green pluses) and without
{red baxes) preheat treatment, for comparison. Excess charge in
the slow component of the natural luminescence emission (blue
diamonds) compared with the fully reset laboratory analog (green
pluses, red boxes) indicates residual charge and partially optical
bleaching prior to burial. {b) LM-OSL data showing the effect of the
SAR (red boxes) and MAR (blue diamonds) bleaching treatments
on the post-natural SAR test dose charge distribution. All
components are diminished as a result of receiving the MAR bleach
treatment, suggesting that the lower natural L /7, ratio observed

in the SAR naturals is apparently attributable to procedural
differences with the bleach treatment As the choice of bleach
treatment does not alter the results of the subsequent dose cycles,
it provides an explanation for the observed difference in the SAR
and MAR results. As the MAR bleach treatment is a solar analog,
this suggests that the MAR bleach treatment is more suitable for
bleaching this sample.

Cosmogenic nuclide ages

Use of the updated "Be calibration data set values (Heyman,
2014) has increased the ages reported in Rades etal. (2013) by
0.4-0.9 ka and in Kong etal. (2011) by 0.6-0.7 ka. According to
the recalculated data of Kong et al. (2011), the lake level of Tan-
qung Co was at an altitude of 235m arll (1653m arll of Tangra
Yumeco) at 9.4+ 0.6 ka and at 1 m arll (69 m below the recent lake
level of Tangra Yumco) at 3.7+ 0.4 ka (Figure 3b and Table 3).
Recalculation of the ages reported in Rades et al. (2013) indicates
that the lake level reached an altitude of 181-183m arll at 8.8-
8.2+0.5 kaand was at 140-145m arll at 5.04.5+£ 0.3 ka. All ages
are given with a 16 error in Table 3 and were used hereafter with
their mean values of 8.5+£0.5 and 4.8+0.3 ka.

Discussion of environmental
implications

Lake level reconstruction

A comparison of the OSL ages and the recalculated cosmogenic
nuclide ages of this study with previously published feldspar
luminescence ages of paleoshorelines (Rades et al., 2015) and sat-

ellite altimetry data of Crétaux et al. (2011) allows the establish-
ment of a Holocene lake level reconstruction for Tangra Yumeco

7
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Figure 4. SAR data for sample UIC3495. (a) Results of preheat
dose recovery test. The given laboratory dose (dashad line) is most
sufficienty recovered using a preheat of 220°C. (b) Typical shine down
curve showing a fast decay of the most light sensitive component.
{c) Growth curve of data point 3 with D, =21.09% 1.2] Gy

The reported D, and its error matches the mean value of all 28
data points precisely. (d) Radial plot based on 28 aliquots (n). A
total of |5 of the 28 data points depicted fall within the 2c-region.
The mean value of all 28 data points is D, =21.09+ [.2] Gy as also
reconstructed by the growth curve.

(Figure 5b). A rising lake level was recorded at 10.5 ka (Figure 5b),
and the lake level reached a highstand of 181-183m anll prior to
8.5 ka (Rades et al., 2013). Since cosmogenic nuclide ages deter-
mine the time when the lake level retreated from the sampled
material, the exact timing when the lake level reached 181-183marll
remains unknown and cannot be resolved by our data. The pro-
gression of the lake level after §.5 ka is not well defined because
of a lack of concordance between recalculated cosmogenic
nuclide and feldspar luminescence ages (Figure 5b). Recalculated
cosmogenic nuclide ages imply that the lake level was at the alti-
tude of 140-145m arll at 4.8 ka, whereas feldspar luminescence
data indicate alake level at 137-142m arll at 6.8-6.3 ka revealing
a significant offset (Rades et al., 2015). Consequently, the lake
level decline between 8.5 and 4.0 ka is roughly estimated (Figure 5b,
dashed ling). The pace of the lake level fall appears to decline
between 4.0 and 2.8 ka, with a water level at 78 m arll at 2.8 ka
(Rades etal., 2015). A significant lake level decline from 78 to
39m arll (Rades et al., 2015) occurred after 2.8 ka (Figure 3b). A
short-term lake level rise started prior to 2.1 ka and culminated in
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Figure 5. Lake level reconstructians, lake areas of Xuru Co,TangraYumco,and Tanqung Co,and comparisan with ather records. {a) Lake level
highstands of Tso Kar (Demske etal, 2009), Bagan Tso (Huth et al., 2015), Ngangla Ring Tso {(Hudson et al., 201 5), Selin Co (Li et al., 2009),
Linggo Co {Pan et al., 2012),and lake-expanding events on the southern and central Tibetan Plateau (Jia etal.,2001; blue crosses and lines).

Ti of lake Nam Co indicates monsoonal precipitation showing moistest conditions and a lake level highstand at 9.5 cal. ka BP {Doberschiitz
et al, 2014). Detailed view of the past 3 ka (please note different scaling) showinga short-term wet spell at Nam Coat |.5-1.3 cal ka BP
possibly corresponding to the lake level rise at 2.1 ka atTangraYumco {b) Holocene lake level reconstruction of Tangra Yumco based an
quartz OSL ages (this study), recalculated cosmogenic nuclide ages (this study; ages from Tanqung Co are labeled and gray because of possible
inconsistencies with our reconstruction), feldspar luminescence data of beach ridges (Rades etal, 2015), and lake surface monitoring by
satellite altimetry (Crétaux etal., 201 |) compared with quartz OSL data (Long et al., 2012). Lake level is estimated between 8.5-4.0 and
1.8-0.6 ka (dashed lineg}); the lake lavel dacline might have been earlier than 0.9 ka because the sample was not taken directly above the
lacustrine deposits (arrow). (c) Lake areas of Xuru Co,Tangra Yumco,and Tanqung Co at recent times, 2.1,8.5,and 10.5 ka based on a digjtal
elevation model from SRTM data covering 30°N-32°N and 86°E-87°E (Jarvis et al., 2008). Unknown lake level altitude at given time indicated
with question mark. (d) Estimated lake level reconstruction {dashed line) of Xuru Co based on quartz OSL ages (this study). Both lake level
reconstructions from Xuru Co and Tangra Yumco show a similar behavior with a lake level rise in the early and late Holocene.
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Table 3. Recalculated cosmogenic nuclide ages.

Cosmaogenic nuclide ages

Longitude Latitude Altitude Elevation above Sample thick- Topographic  '°Be concen- Age (ka) Age (ka) Internal lc External lo
E(*) N (%} (m) recent lake level of ness (cm) shielding tration (107 this study error (ka) error (ka)
Tangra Yumco {m) atoms g} this study  this study

86.3601:  31.0478: 4726 1812 |2 0.999: Lé6+ |92 7.87% 8.8 0.300 0.540
B6.6263+  31.0437: 4685 | 402 |2 0.999: 269+ |02 4,04 4.50 0.16° 0.280
B6.6698: 31.0975: 47282 1832 3a 0.9902 550+ |32 7.82: 8.7 0.21° 0.49¢t
B6.6698: 31.0975:  4728° 1832 Ee 0.990° Sl1£132 7.39 8.2b 0.22° 0.47°
86,7863+  31.2563 4690 |352 3 0.9902 2943772 4420 4.9 0.13v 0.280
86.7863* 31.2609*  4726° 1812 4 0.9952 525+ |32 7.44% 8.3® 0.21° 0.47¢
86.7858: 31.2564: 46852 | 402 4a 0.9222 295+ |02 4.502 5.0b 0.17v 0.30b
B6.6500° 314167  4476¢ -69¢ 3.32¢ |« 210+£20¢ 2.8« 3.74 0.344 0.404
86.7833¢  31.6167c  4710¢ |65¢ 3,32 |« 640+ 20¢ 7.4 9.44 0.314 0.574

*Rades et al. (2013).

“Time-dependent production rate scaling model of Lal {1991)/Stone (2000); zero erosion; rock density: 2.65g em™; standards KN 1-6-2 with '“Be/*Be
ratio of 5.349 x [0713 and KNI-5-3 with '°Be/*Be ratio of 6.320 x [07!? (Nishiizumi et al., 2007).

‘Kong et al. {201 1).

9Scaling method of Stone (2000); production rate of 5.1 atoms g™ a™'; erosion rate: 0.00015em a™'; rock density: 2.65g em™3% NIST standard SRM-4325

with '°Be/*Be ratio of 3.00 % 10!,
Figures in bald show the recalculated data from this study.

a less pronounced lake level highstand at 2.0 ka (Figure 5b).
According to a quartz OSL age, the end of the lacustrine deposi-
tion at 39 m arll of Tangra Yumco with a falling lake level is indi-
cated at 0.9 ka. Samples dated to 2.1 and 0.9 ka were obtained
from a section with two carbonate banks that are intercalated by
cross-bedded sediments (Figure 1c). Since the upper bank repre-
sents the less pronounced lake level rise (2.1-0.9 ka), the lower
bank likely represents the preceding phase of higher lake level
(10.5-2.8 ka). However, the falling lake level dated by quartz
OSL to 0.9 ka is not consistent with a feldspar luminescence age
of 1.3 ka (29m arll) of Rades etal. (2015). Sediment samples
dated to 2.1 and 0.9 ka were taken 0.30m below and 0.42 m above
the carbonate bank (Figure 1¢) implying that the lake level fall or
rise might not be exactly defined. Cross-bedded sediments of both
sampling sites suggest the deposition of fan-like sediments with a
high sedimentation rate. Therefore, the time elapsed between the
deposition of the sampled sediments and onset or end of lacus-
trine deposition is probably short, but the end of the lacustrine
deposition might have occurred a little earlier than 0.9 ka since
the sample was taken 0.42 m above the carbonate bank. The dif-
ference in altitude of the ages at 1.3ka (29m arll) and 0.9 ka (39m
arll) might be caused by the significant vertical error of the GPS.
Therefore, the lake level is estimated around 1.3 ka (Rades et al.,
2015). Probably, the lake level continued falling as indicated by
an ongoing survey of lake surface monitoring by satellite altime-
try (Crétaux et al., 2011) that revealed a rising lake level at Tangra
Yumco since AD 1997 (Figure 5b). Since AD 1997, the lake level
has risen approximately 6m at an average rate of 0.38m a™!
(Crétaux etal., 2011).

At Xuru Co, the rising lake level passed the sampling location
at 7.9 ka coinciding with the lake level highstand at Tangra Yumco
at 8.5 ka as both ages overlap in the 1o error and are statistically
similar. Since the lake level highstand at Xuru Co is not recorded
by any data, it probably occurred shortly after 7.9 ka. In the late
Holocene, ages at 2.1 ka at Tangra Yumeco and 1.7 ka at Xuru Co
that mark a rising lake level are within the 2o dating error so we
assume that the lake level rose simultangously. Although the mor-
phology of the Xuru Co catchment is less steep probably produc-
ing a much slower lake level rise than the Tangra Yumco
catchment, the similar lake level evolution indicates that lake lev-
els of both lakes are controlled by the same supra-regional pro-
cess and probably monsoonal variations.

There are no indications that the lake level of Tangra Yumeco
exceeded the highest well-preserved paleoshoreline of 185m arll
(Rades etal., 2013) and established a connection to Xuru Co

(198 m arll) at least curing the Holocene. Poorly preserved paleo-
shorelines with altitudes of >260m arll were dated by Kong et al.
(2011). Although ages reveal internal nconsistencies, ages of =120
ka suggest that a connection with Xuru Co may have occurred pre-
Holocene. There is, however, the possibility that Xuru Co, in turn,
drained into Tangra Yumco during a potential lake level highstand of
24 m arll and thus contributed to the hydrological budget of Tangra
Yumco curing the early Holocene. This scenario is indicated by an
overflow chammel coming from Xuru Co visible on Google™ Earth
satellite imagery. The Targo Xian peat bog, located on a recessional
lake terrace within the Tangra Yinmmeo catchment, was integrated into
Tangra Yumco between 9.5 and 7.0 ka. Tanqung Co was part of
Tangra Yumco forming a paleolake system from the early Holocene
until approximately 2.5 ka and briefly during the minor lake level
highstand at 2.0 ka (Figure 5b and ¢). Thus, Tanqung Co cannot be
considered as individual lake system until 2.5 ka, and recalculated
cosmogenic nuclide ages of 9.4 and 3.7 ka are not consistent with
our lake level reconstruction. The age of 9.4 ka at Tanqung Co indi-
cates that its lake level had an altitude close to the lake level high-
stand of Tangra Yumco, but as it represents a falling lake level, it is
not consistent with our reconstruction. The age of 3.7 ka defines a
lake level 69m below the recent lake level of Tangra Yumeco which
is in contradiction with our lake level reconstruction because both
lakes were merged until 2.5 ka and the Tangra Yumco paleolake was
at 82 m arll. However, if the catchments of Tangra Yumco and Tan-
qung Co would have been disconnected earlier than 2.5 ka, a much
lower lake level of Tanqung Co could have been likely. The catch-
ments of Tangra Yumeo and Tanqung Co are separated by a swell
that is incised by a deep and narrow valley setting the recent over-
flow threshold to 64m arll. If the overflow threshold of Tangra
Yumco would have been about 20m higher because of sediment
infill of the valley, Tangra Yumco and Tanqung Co would have been
disconnected at 3.7 ka. Tangra Yumco would have drained via a
river through the valley inte Tanqung Co. Because of a much lower
catchment-to-lake area ratio of Tanqung Co (3.2) than of Tangra
Yumco (6.0), lake levels of Tanqung Co could fall much faster than
lake levels of Tangra Yumco and could have been 69m below the
recent lake level of Tangra Yumco at 3.7 ka. Whether this scenario is
applicable could only be revealed by an additional shoreline chro-
nology study in the Tanqung Co catchment.

Hydrological balance

The hydrological balance of Tangra Yumco, controlled by pre-
cipitation, discharge, and evaporation, is positive in the early
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Holocene as indicated by the lake level rise. The lake level of
Tangra Yumco rose 94 m between 10.5 ka and, at the latest, 8.5 ka,
as the exact timing when the lake level highstand was reached
camnot be resolved. Taking into account the time and the differ-
ence in altitude, the lake level of Tangra Yumco rose at an average
rate of at least 0.05m a~'. This rate might have been higher, if the
lake level reached the highstand significantly earlier than 8.5 ka.
The additional water volume necessary to raise the lake level
about 94 m amounts up to approximately 162 km?*. For compari-
son, the lake level rise ongoing since A} 1997 of about 6 m has an
average rate of about 0.38 m a™1, while the annual precipitation is
about 200-250mm a™' (Miehe et al., 2014). The lake surface at
the lake level highstand is about 2074 kan? and thus about two and
a half times the recent size.

Comparison with other records from the Tangra
Yumeo catchment

Besides Rades etal (2013, 2015) and Kong etal. (2011), two
other studies were conducted in the Tangra Yumco catchment. A
Holocene climate reconstruction based on sedimentology, ostra-
cod analyses, and palynology of a sediment record from Targo
Xian (4700m as.l; 10km east of Tangra Yumco, part of the
Tangra Yumco catchment) indicated a moist early Holocene with
a lake level of Tangra Yumco below Targo Xian and dryer condi-
tions commencing roughly around 8 cal. ka BP (Miehe etal,
2014). This agrees perfectly with the lake level reconstruction
presented here that shows a rising lake level in the early Holocene
and a lake level highstand at 8.5 ka. The lake level reconstruction
presented here confirms an incorporation of Targoe Xian into
Tangra Yumco until 7-6 ka but implies that Targo Xian was dis-
connected from Tangra Yumco afterwards, although Miehe et al.
(2014) iitially suggested that Targo Xian was incorporated in
Tangra Yurmnco until 2.6 cal. ka BP. Moister and unstable condi-
tions are indicated at 1.8-1.0 cal. ka BP (Mighe et al,, 2014) and
coincide roughly with a rising lake level at 2.1 ka. Findings of
Miche et al. (2014) generally correspond with the data presented
here and support our lake level reconstruction and its climatic
implications.

Long et al. (2012) defined a moist phase between 7.6 and 2.3 ka
based on OSL data obtained from deep-lake sediments at about
25m arll (Figure 5b). The sediments described as deep-lake sedi-
ments by Long et al. {(2012) are identical to the sediments we
broadly described as lacustrine deposits or carbonate bank.
Despite some methodical uncertainties discussed by Rades etal.
(2013), data of Long et al. (2012) are well in phase with our data.
Since samples in the study of Long et al. (2012) were taken from
within the lacustrine deposits, the ages of 7.6, 3.4, and 2.3 ka
define a phase when the lake level was already significantly
higher than the sampling location well corresponding to our
reconstructed lake level in this period (Figure 5b). Methodical
uncertainties as described by Rades etal. (2013) might result in
an underestimation of the ages of Long et al. (2012). Especially
the age of 7.6 ka might be considerably underestimated as the
sample integrates over a sediment thickness of 10cm and was
recoverad 10 cm above the base of the lacustrine deposits. How-
ever, the lake level decline shown by our data after 2.8 ka might
probably be linked to the end of lacustrine deposition at around
2.3 ka that is indicated by Long et al. (2012).

Comparison with other fake level highstands on the
Tibetan Platequ

Lake level highstands comparable (Figure 5a) to the one of Tangra
Yumco at 8.5 ka were recorded, for example, at Nam Co (360km
east of Tangra Yumco) at 9.5 cal. ka BP (Doberschiitz etal.,
2014), at Linggo Co (340 km northeast) at 12.5-9.2 ka (Pan et al.,

2012), at Selin Co (180 ki northeast) at 9.6 ka (Li et al., 2009), at
Ngangla Ring Tso (300km west) at 10.0-8.6 ka (Hudson et al.,
20135), and at Bagan Tso (35km northwest of Ngangla Ring Tso)
at 9.5 and 8.1 ka (Huth et al,, 2015). A simultaneous lake level
highstand occurred in the Himalayan mountains of northwestern
India ( Tso Kar) at 8.0 cal. ka BP (Demske et al., 2009; Figure 5a).
Jia et al. (2001) defined a Holocene phase of lake-expanding
events on the Tibetan Plateau at 9.0-5.0 ka based on a review of
previously published studies. On the southern-central Tibetan
Plateau, where Tangra Yumco is situated, lake-expanding events
took place from 9.0 to 8.3 ka (Jia et al,, 2001; Figure 5a). The
review of these studies shows that lake levels on the Tibetan Pla-
teau were highest in the early Holocene and almost synchronous
with the lake level highstand at Tangra Yumco. The highest lake
levels in the early Holocene in parts of the Tibetan Plateau and
Himalayan mountains coincide with an increase of monsoonal
strength at 10.0-9.0 ka (Overpeck et al., 1996). This implies that
lake levels are monsoon controlled and the lake level highstand at
Tangra Yumco can thus be ascribed to an increase of monsoonal
precipitation in the early Holocene reflecting the monsoonal dom-
inance on the southem-central Tibetan Plateau. However, the lake
levelrise at 2.1 ka is not recorded in other monsoonal records, but
a short-term wet spell occurred at Nam Co at 1.5-1.3 cal. ka BP
(Kasper et al., 2012) that probably might correspond to this less
pronounced lake level rise at 2.1 ka (Figure 5a and b).

Conclusion

The MAR protocol after Waters etal. (2011) on quartz grains
proved to be suitable for age determination on shallow lacustrine
sediments from Tangra Yumco. The partial bleaching of the sedi-
ment samples can successfully be corrected by a mathematical
model. Based on the obtained OSL ages, recalculated cosmogenic
nuclide ages, and previously published OSL ages a lake level
reconstruction for Tangra Yumco shows that the lake level is rising
at least since 10.5 ka culminating in a lake level highstand of 181—
183m arll at 8.5 ka and falling thereafter intercalated by a less pro-
nounced lake level riseat 2.1 ka. Our data demonstrate synchronicity
of'the lake level variations at Tangra Yumeco and Xuru Co, which is
also confirmed by the review of other Tibetan studies, indicating
monsoonal control of the lake level. However, more data are needed
to trace the lake level evolution in the earliest Holocene and espe-
cially during the late Pleistocene because only little is known about
the lake level variations in these periods. The rate of recent lake
level rise has been 0.38m a™! since AT 1997. This greatly exceeds
the long-term average rate of 0.05m a™! that resulted in the about
94m of lake level rise between 10.5 and 8.5 ka, suggesting rapid
lake level changes i response to monsoon variability are possible
for the Tangra Yumco system. This lake level reconstruction and
the resultant calculated rate of lake level rise are unique for the
southern-central Tibetan Plateau and provide valuable information
about the monsoonal impact on lake level variations. Comparable
data are desirable for longer time scales and from other sites.
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Abstract

A possible heterogeneity of the spatial and temporal climate
development on the Tibetan Plateau has controversially been discussed
in recent years. Here we present the first attempt to systematically
investigate possible spatial and temporal variations of moisture
availability by examining two lakes, Nam Co and Tangra Yumco, on an
east-west-transect on the southern-central Tibetan Plateau that is
extended by Tso Moriri (northwestern Himalaya) and Naleng Co (south-
eastern Tibetan Plateau). In this study, an independent record from
Tangra Yumco was investigated with a multi-proxy approach to
reconstruct moisture variations since the Lateglacial. Results were
subsequently compared to Nam Co, Tso Moriri, and Naleng Co. As the
precipitation regime on the Tibetan Plateau is significantly influenced by
recycling and pre-monsoon precipitation, we compared our results to
several records of monsoon intensity to investigate a possible impact of
summer monsoon precipitation on the southern Tibetan Plateau.

Tangra Yumco was probably ice covered with only episodically
thawing prior to 17.1 cal ka BP. A temperature rise after 17.1 cal ka BP
resulted in seasonal ice coverage of the lake and probably thawing of the
permafrost resulting in an increased input of organic material from the
catchment. At 16.0 cal ka BP moisture availability initially increased,
while it was highest at 10.1-9.4 cal ka BP coincident with highest
temperatures. After 9.4 cal ka BP the moisture availability gradually
decreased and showed only minor amplitude variations.

The comparison with Nam Co and Tso Moriri revealed a
synchronous climate pattern on the southern Tibetan Plateau which is in
phase with monsoon intensity in the Arabian Sea, the Bay of Bengal, and

a Dole effect record. The synchronous pattern of moisture availability on
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the southern Tibetan Plateau and monsoon intensity probably implies
that moisture availability is predominantly controlled by monsoon-like

processes.

Keywords
Monsoon, precipitation, lake sediments, Tangra Yumco, Nam Co,

Tibetan Plateau
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4.1 Introduction
Monsoon, by definition, is a seasonal change in wind direction and
precipitation pattern (Goswami 2005). 1t is widely accepted that
precipitation regimes on the Tibetan Plateau are influenced by the
summer monsoon systems (e.g., Morrill et al. 2006, Jin et al. 2009, An et
al. 2012b, Dallmeyer et al. 2012, Chen et al. 2013, Maussion et al.
2014). However, the precipitation regime on the Tibetan Plateau is
generally dominated by convective precipitation not solely attributed to
monsoon but also to recycling and pre-monsoon (spring) precipitation
having regionally a significant effect on the hydrological cycle (Dallmeyer
et al. 2012, Maussion et al. 2014). In recent years, numerous studies
have been conducted on the Tibetan Plateau in order to reveal past
hydrological variations (Shen et al. 2005, Wang et al. 2005, Morrill et al.
2006, Mischke et al. 2010a, Kasper et al. 2012, Doberschiitz et al. 2014,
Ginther et al. 2015). In these studies moisture was equated to monsoon
meaning that all changes in moisture availability were attributed to
monsoonal dynamics. However, most proxies cannot define seasonal but
rather annual to centennial changes in moisture availability and thus
cannot provide information about seasonal changes in precipitation
necessary for a summer monsoon reconstruction (Dallmeyer et al. 2012).
Several studies suggested an asynchronous pattern of moisture
availability of the Tibetan Plateau since the Last Glacial Maximum (An et
al. 2000, He et al. 2004, Herzschuh 2006, Mischke et al. 2008). In
contrast, other studies rather indicate a synchronous pattern of moisture
availability (Feng et al. 2006, Chen et al. 2008, Dong et al. 2010,
Mischke and Zhang 2010). However, as reliable, continuous records
covering the Lateglacial and the Holocene are rare, a holistic picture of

variability of moisture availability, including spatial and temporal
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heterogeneities, and the impact on the environment is still missing
(Herzschuh 2006, Mischke and Zhang 2010).

To investigate past climate variability on the southern Tibetan
Plateau, two lakes along an east-west-transect, including Nam Co and
Tangra  Yumco (Figure 4.1)  were recently targeted for
paleoenvironmental studies. Nam Co has thoroughly been investigated
in recent years (e.g., Daut et al. 2010, Miigler et al. 2010, Kasper et al.
2012, Kasper et al. 2013, Doberschiitz et al. 2014, Glinther et al. 2015,
Kasper et al. 2015) and several studies have been conducted in the
Tangra Yumco catchment (Kong et al. 2011, Long et al. 2012, Rades et
al. 2013, Miehe et al. 2014, Ahlborn et al. 2015a, Ahlborn et al. 2015b,
Akita et al. 2015, Long et al. 2015, Rades et al. 2015, Henkel et al.
revised, Henkel et al. subm.). In this study we present results from an
11.2 m-long lacustrine sediment record from Tangra Yumco. The
objectives of this study are fourfold: (1) we aim to deduce changes in
moisture availability for the Tangra Yumco area since 17.4 cal ka BP. (2)
We infer the temporal and spatial moisture availability on the southern
Tibetan Plateau by comparison to Nam Co (Kasper et al. 2015) and, as
they extend our transect, Tso Moriri (northwestern Himalaya; for reasons
of simplification we refer to southern Tibetan Plateau; Mishra et al. 2015)
and Naleng Co (south-eastern Tibetan Plateau; Opitz et al. 2015)
(Figure 4.1). Plateau-wide inferences are based on a comparison to Lake
Qinghai (An et al. 2012b) and Pumoyum Co (Nishimura et al. 2014). (3)
As nowadays the moisture gradually decreases from west to east
(Maussion et al. 2014) we furthermore assess, if this moisture gradient
has an impact on the temporal variability. (4) To reveal if the moisture
availability on the southern Tibetan Plateau is influenced by monsoonal

variations, the southern Tibetan Plateau will then be compared to
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monsoon records from the Bay of Bengal (Rashid et al. 2011), the
Arabian Sea (Schulz et al. 1998), and to a Dole effect record which
reflects the deviation of the isotopic composition of air from seawater and
is primarily governed by Asian and African monsoon variations

(Severinghaus et al. 2009).

. S
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Figure 4.1: Study site. A: Map of China with Tibetan Plateau and Tangra Yumco
(circle), Nam Co (circle), Naleng Co, Tso Moriri, Pumoyum Co, Lake Qinghai. B:
Bathymetric map of Tangra Yumco with sampling location of cores TAN10/4 and
TAN12 with tracks of hydro-acoustic survey (black lines). Source:

http://www.geomapapp.org.

4.2 Regional setting

Tangra Yumco (30°45'-31°22'N, 86°23'-89°49’E; Figure 4.1) is located
on the southern-central Tibetan Plateau at an elevation of 4545 m asl
(Rades et al. 2013) with a catchment of 8219 km? (Long et al. 2012). The
Tangra Yumco basin belongs to a north-south-trending graben at the
northern slope of the Transhimalaya (Miehe et al. 2014). Well-preserved
paleoshorelines are exposed up to ~185 m above the recent lake level
(m arll) (Rades et al. 2013), whereas poorly-preserved paleoshorelines
are exposed up to >260 m arll indicating extensive lake level changes
during the past (Kong et al. 2011). Precipitation at Tangra Yumco is

dominated by convective rainfall (Maussion et al. 2014) often attributed
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to the Indian summer monsoon originating from the south (Miehe et al.
2014). Westerly winds prevail during the winter months (Maussion et al.
2014). The extrapolated mean annual precipitation is 200-250 mm, the
mean temperature in January is -11.4°C, and the mean July temperature
10.9°C (Miehe et al. 2014).

Tangra Yumco (Figure 4.1) is a brackish lake with a salinity of 8.3%o
(Akita et al. 2015) covering 818 km? (Long et al. 2012). With a water
depth of 230 m Tangra Yumco is the deepest lake recorded on the
Tibetan Plateau so far (Wang et al. 2010). The lake has a northern and a
southern part connected by a bottleneck-like structure. Two large rivers
drain into Tangra Yumco entering the southern part of the lake from the
southeast and west. Tangra Yumco lacks an outflow and is currently a
terminal lake. A connection to the nearby Tanqung Co (about 18 km
north of Tangra Yumco) is possible when the lake level of Tangra Yumco
reaches an elevation of ~64 m arll (Ahlborn et al. 2015b). Due to its
terminal character lake level variations of Tangra Yumco are mainly
controlled by precipitation and temperature (evaporation), while the
contribution of glaciers is negligible (Rades et al. 2013). The population
in the Tangra Yumco area is sparse and human impact is mainly

restricted to pastoralism (Miehe et al. 2014).

4.3 Material and methods

4.3.1 Field methods

Hydro-acoustic surveys (Innomar SES-96 Ilight and Lowrance
Echosounder HDS 5) were conducted in the northern part of Tangra
Yumco in 2010 and 2011. Based on these results coring locations were
selected for the field campaigns in 2010 and 2012, when the sediment

cores TAN10/4 and TAN12 were recovered (Table 4.1).
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4.3.2 Non-destructive laboratory methods

Until further processing all cores were stored in darkness at +4°C. The
cores were split and subjected to an initial core description including
high-resolution imaging and magnetic susceptibility logging. The split
cores were XRF scanned and X-rayed (ITRAX Corescanner; Croudace
et al. 2006). XRF-scanning was conducted with 2 mm resolution for
sections TAN12/1 to 7 and with 0.2 mm resolution for sections TAN12/8
to 11 and TAN10/4 using a molybdenum tube set to 55 kV and 40 mA.
Exposure time was 10 s for all sections of core TAN12 and 4 s for
TAN10/4. To compensate for different exposure times, element peak
area [pa] values were normalized to the exposure time applied and
subsequently to kilo counts per second [kcps]. For principle component
analysis (PCA), normalized values were z-transformed. Since core
TAN10/4 was obtained from a different location within Tangra Yumco,
overlapping XRF data of core TAN10/4 were plotted on a separate x-axis
and adjusted to the data of core TAN12. Elements with pa >100 were
considered as reliable and used for interpretation (Brunschén et al. 2010,
Kasper et al. 2012). Core TAN10/4 was parallelized with the upper part

of core TAN12 based on lithology and Ti.
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Table 4.1: Metadata of cores TAN10/4 and TAN12.

Cores metadata

TAN10/4 TAN12/2/1-11
Longitude E 86°43.369' E 86°43.246'
Latitude N 31°15.159' N 31°13.926'
Water depth 220 m 213 m
Coring methods ed o Uwitec piston corer
corer
Year of coring 2010 2012
Number of sections 1 11
Total length 1.62 m 11.5m
Diameter 63 mm 90 mm
Number of radiocarbon ages 6 22

4.3.3 Destructive laboratory methods
Double-L-channels (Nakagawa 2007, Nakagawa et al. 2012) were taken
from all sections and continuously sub-sampled in 1 cm intervals for
grain size and geochemical analyses. For grain size analysis, samples
were pretreated with H,O, 10% p.a. and HCI 10% p.a. to dissolve
organic compounds and carbonates. Dispersion of the grains was
ensured using sodium pyrophosphate (NasP,07+10 H,0, 0.1 mol L™") and
samples were shaken for 2 h. Grain size distribution was measured in
seven cycles of 60 s each and the first reproducible signal was used for
interpretation applying the Frauenhofer optical model and a modified
version of Gradistat 4.2 (Blott and Pye 2001) for statistical calculations.
Samples for geochemical analysis were freeze-dried and ground
(<40 pm). For core TAN10/4 and section TAN12/10 analyses were
performed in a varying resolution of 1 to 10 cm depending on observed

variations. All samples were subjected to analyses of total carbon (TC),
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total sulfur (TS), and total nitrogen (TN) using an elemental analyzer
(Vario El Cube). Carbonates were dissolved using HCI 30% p.a. prior to
measurements of total organic carbon (TOC). Total inorganic carbon
(TIC) was calculated as the difference of TC and TOC and atomic C/N
ratios were calculated. The error was estimated based on two triplicate
measurements for core TAN10/4 and sixteen for core TAN12. Mean
relative errors are 0.6% for TC, 11.2% for TS, 9.3% for TN, and 4.6% for

TOC.

4.3.4 Event corrected composite depth (ECCD)

Possible event-related deposits (ERD; Ahlborn et al. 2015a) resulting
from deposition of relocated sediment material were identified based on
lithology, radiographic images, Ti values, grain size data, and water
content (Henkel et al. revised). For final interpretation, event layers and
corresponding data were excluded from the record. The event corrected
record is presented on an artificial depth axis, the so-called event
corrected composite depth (ECCD) that is used hereafter (Henkel et al.
revised). Sedimentological units were established to subdivide the ECCD
record based on the patterns of K, TOC, and grain size. Due to coring
artefacts (piston and core catcher) data gaps of 17 cm occur between

the sections (Figure 4.3).

4.3.5 Chronology

The chronology of core TAN10/4 is based on four C AMS ages and
confirmed by magnetostratigraphy (Haberzettl et al. 2015), while the
chronology of core TAN12 is based on 14 C AMS ages (Henkel et al.
revised). Dating measurements were generally made on bulk sediment

samples except one piece of wood that was dated from core TAN10/4
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(Beta Analytics Inc., USA). To estimate the reservoir effect the water-
sediment-interface was dated as well as one recent water plant. The
mean of these ages was calculated as the reservoir effect and was
subtracted from all C ages except the age obtained from wood
presuming that the reservoir effect was constant over time (Henkel et al.
revised). To set up the chronology the ages were calibrated with
Calib 7.0 (Stuiver and Reimer 1993) applying the IntCal13 dataset
(Reimer et al. 2013) and linearly interpolated (Henkel et al. revised).
Ages that would considerably alter the sedimentation rate although the
changes in the lithology can be observed, were considered as too old
and excluded from the chronology. The chronologies of cores TAN10/4
and TAN12 are discussed in detail by Haberzettl et al. (2015) and Henkel

et al. (revised).

44 Results

4.4.1 Chronology and Lithology

The composite profile of the parallelized core sections has a total length
of 11.2 m. The event-corrected ECCD of the sediment sequence
comprises 849 cm covering 17.4 ka cal BP (Figure 4.2) (Henkel et al.
revised). K, TOC, and grain size data enabled a subdivision of the core
into six units (849-736 cm, 17.4-17.1 cal ka BP; 736-625 cm, 17.1—
16.0 cal ka BP; 625-558 cm, 16.0-12.8 cal ka BP; 558-456 cm, 12.4—
11.4 cal ka BP; 456-355 cm, 11.4-7.6 cal ka BP; 355-0 cm, 7.6—

0.0 cal ka BP; Figure 4.3).
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Figure 4.2: Chronology of record TAN12 as published in Henkel et al. (revised). A
change in sedimentation rate occurs around at 16.0 cal ka BP. The sedimentation

rate is ~3.3mma’’ prior to 16.0 cal ka BP and mostly <0.6 mm a”' thereafter.

Sediments are generally silty in the entire record and are disturbed
by microfaults. Black sandy layers occur exclusively below 736 cm
sediment depth. Colors are dark gray with faint lamination of millimeter-
scale below 626 cm sediment depth. At 626-575 cm sediment depth,
sediments are gray but overall lighter with clearly defined lamination of
submillimeter scale. Above 575 cm sediment depth, sediments are
brownish with light gray to gray laminae of subcentimeter to centimeter
scale. Seventeen ERDs were identified (Henkel et al. revised) (Figure
4.3). The sedimentation rate is 0.9-3.3 mm a™ prior to 16.0 cal ka BP and

<0.6 mm a™' after 16.0 cal ka BP.
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4.4.2 Geochemical data

Ti is positively correlated with K, Fe, and Rb (R1;x=0.69, Rr;F.=0.69, and
Rtirp=0.59) whereas the correlation to Ca is negative (Rcax= -0.47,
Rcati= -0.47, Rcare= -0.60, Rcarp=-0.73). Sr and Ca show a similar
pattern although the correlation coefficient of Rca.5,=0.40 is rather low.
Results of the PCA show that the principle components 1 (PC1) and
2 (PC2) account for 77.48% of the total variance. PC1 yields high values
for K, Ti, Fe, and Rb and accounts for 63.06% of the total variance while
PC2 accounts for 14.43% and basically represents Sr (Figure 4.3). The
remaining PCs have only low account on the total variance with <10%
each. PC1 is rapidly increasing at 625 cm sediment depth showing a
minor peak at 594-558 cm sediment depth. It is highly variable at 456—
355 cm sediment depth and remains relatively stable above 355 cm.
Between 456 and 297 cm sediment depth Ca is strongly negatively
correlated with PC1 as the correlation coefficient is Rcapci= -0.83
(Figure 4.3).

TIC, TOC, TN, and C/N data generally show related patterns
(Figure 4.3). TIC values range from 0.66—6.56 % and resemble the Ca
pattern with a correlation coefficient of Ryic.c,=0.74. Due to the higher
temporal resolution of Ca compared to TIC, Ca is used for further
interpretations instead of TIC. Even though there are similar trends in the
TOC and TIC patterns, the correlation coefficient of Rroc.11c=0.30 is low.
TOC content is generally low, varies from 0.1-1.1 %, and is highly
correlated to TN with Ryoc.tn=0.93. TOC and TN reveal lowest values in
the entire core below 736 cm, highest values at 736—625 cm, lower but
generally stable values at 625-594 cm, and a minor peak 594-558 cm
sediment depth. Values are markedly reduced at 558-456 cm,

increasing thereafter, and culminating in a broad maximum at 418-383
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cm sediment depth. TOC and N are relatively stable above 297 cm with
a maximum at 23-13 cm sediment depth. C/N ratios vary from 3.9-10.1

only exceeding 10 at 736—-625 cm sediment depth (Figure 4.3).
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Figure 4.3: Results of XRF (4 mm resolution), PC1 representing the minerogenic
input (gray) with 5 cm running mean (red) and event-related deposits (ERD), the past
6000 a on a different axis to reveal further details, CNS analyses (<10 cm resolution),
and grain size analyses (1 cm resolution, gray) with 1 cm running mean (red) on a
logarithmic scale. Discontinuity of the plots is due to data gaps between core

sections.

TIC, TOC, TN, and C/N data generally show related patterns
(Figure 4.3). TIC values range from 0.66-6.56 % and resemble the Ca
pattern with a correlation coefficient of Ryic.c,=0.74. Due to the higher
temporal resolution of Ca compared to TIC, Ca is used for further
interpretations instead of TIC. Even though there are similar trends in the
TOC and TIC patterns, the correlation coefficient of Rroc.11c=0.30 is low.
TOC content is generally low, varies from 0.1-1.1 %, and is highly
correlated to TN with Ryoc.tn=0.93. TOC and TN reveal lowest values in
the entire core below 736 cm, highest values at 736-625 cm, lower but

generally stable values at 625-594 cm, and a minor peak 594-558 cm
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sediment depth. Values are markedly reduced at 558-456 cm, increasing
thereafter, and culminating in a broad maximum at 418-383 cm sediment
depth. TOC and N are relatively stable above 297 cm with a maximum at
23-13 cm sediment depth. C/N ratios vary from 3.9-10.1 only exceeding

10 at 736-625 cm sediment depth (Figure 4.3).
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Figure 4.4: Results of the principle component analysis. The PC1 accounts for
63.06% while PC2 accounts for 14.43% of the total variance and basically represents
Sr. PC1 is considered to reflect the allochthonous clastic input as it has high

accounts of K, Ti, Fe, and Rb.

4.4.3 Grain size data

Arithmetic mean values of the grain size data vary between 7.3-
2251 um and roughly resemble the PC1 pattern (Figure 4.3). Large
modes between 120 and 220 um only occur below 736 cm associated
with an unimodal distribution and maximum mean values (220 pm).
Gravel (>2mm) is recorded at 768 and 750 cm sediment depth
(Figure 4.3). Above 736 cm mean values decrease down to 12 pm
followed by a sharp increase to 30 ym at 625 cm, and relatively stable
values thereafter. A drop to 8 um occurs at 558 cm sediment depth,
followed by a maximum of 56 ym at 418-387 cm. Values decline down to

9 um until 297 cm sediment depth and show minor variations thereafter
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(Figure 4.3). A final coarsening is visible towards the top of the sequence

within the uppermost 72 cm.

4.5 Interpretation
4.5.1 Geochemical data
As demonstrated in previous studies Ti can be considered as indicator
for allochthonous clastic input into a lake system (Haberzettl et al. 2009,
Kasper et al. 2012, Doberschiitz et al. 2014). Clastic material is often
transported fluvially into the lake due to enhanced surface runoff (Kasper
et al. 2012). Surface runoff, in turn, is closely related to moisture
availability in terms of precipitation (Haberzettl et al. 2005). As observed
in other studies before (Brunschén et al. 2010) high correlations of Ti
with K, Fe, and Rb indicate that these elements represent the
allochthonous clastic input into Tangra Yumco. As these elements have
a high load on PC1, it reflects the allochthonous clastic input by runoff
and is hence interpreted as indicator for precipitation (Figure 4.3).
Non-vascular aquatic plants contain high proportions of N-rich
protein resulting in low C/N ratios that are typically between 4 and 10.
Terrestrial vascular plants have a low protein content but are enriched in
TOC due to their cellulose content resulting in higher C/N ratios of >10
(Kemp et al. 1977, Krishnamurthy et al. 1986, Meyers and Ishiwatari
71993). As C/N ratios in this record are constantly <10, the TOC content
mainly reflects changes in the lake-internal biogenic production. C/N
values >10 can suggest enhanced input of terrestrial plant remains from
the catchment. Despite the weak correlation of TIC and TOC, the similar
pattern indicates a common long term controlling mechanism. Hence, it
is assumed that on long time scales carbonate production is coupled to

enhanced biological production. Sr is mainly associated with carbonates
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(Wu et al. 2006) but strongly influenced by the carbonate phase
dominating in the lake sediments as Sr can substitute Ca in the aragonite
crystal lattice (Jin et al. 2005). Since Sr closely resembles the Ca
pattern, Sr, Ca (and TIC), and TOC are thus indicative for autochthonous
biological production which has often been linked to temperature

variations (Zhu et al. 2008, Kasper et al. 2012).
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Figure 4.5: Grain size distribution of sand layers prior to 17.1 cal ka BP. Layer at
835 cm sediment depth (17.4 cal ka BP; red bold) has a mode at 176.9 ym. Layer at
741 cm sediment depth (17.1 cal ka BP; blue dashed) has a mode at 133.8 ym.
Unimodal distribution indicates aeolian transport. Rolling and saltation happens to
grains with a size of 90-250 ym (brown; Dietze et al. 2014) or 100-300 pm (gray;

Pye and Tsoar 2009).
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4.5.2 Grain size data and sedimentation rate

Coarser grains are associated with enhanced surface runoff which is
linked to moister conditions, whereas grain sizes are finer when runoff is
reduced (Hakanson and Jansson 2002). Unimodal and well sorted grain
size distributions with modes between 120 and 170 uym are probably
linked to aeolian processes such as saltation and associated with strong
winds (Figure 4.5) (Pye and Tsoar 2009, Dietze et al. 2014). The
sedimentation rate can serve as indicator for lake level variations
(Kasper et al. 2015). As the sedimentation rate is controlled by the
distance to the shore, the sedimentation rate is higher when the lake
level is low, while the sedimentation rate is lower when the lake level is
higher because less material is transported to the coring location (Kasper
et al. 2015) and the catchment to lake surface (which is the area of
potential deposition of transported sediment to the lake) becomes

smaller.

4.6 Discussion

4.6.1 Paleohydrology of Tangra Yumco

Unit 1: 17.4-17.1 cal ka BP, 849-736 cm. A high sedimentation rate, low
allochthonous clastic input, and low lake-internal biological production
(Figure 4.6) suggest that Tangra Yumco probably has been a very
shallow lake and environmental conditions were therefore generally dry.
Sandy layers might reflect aeolian transport (Figure 4.5) which also
points to a dry environment with sparse vegetation cover making
sediments easily available for erosion and aeolian transport. As the
climatic conditions on the Tibetan Plateau during this time have been
interpreted to be also rather cold (Kasper et al. 2015), this combination of

cold and dry climate is favorable for the formation of clear lake ice
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without a snow cover which would inhibit an aeolian transport by
saltation. Hence, Tangra Yumco probably was ice covered during long
periods of the year and sediments were moved by saltation on the ice.
Deposition of the coarse aeolian sediments probably occurred during
episodic thawing. Gravel might have been transported as ice-rafted
debris to the center of the lake and deposited during these thawing
episodes. The low internal biological production supports the idea of

cooler temperatures.

Unit 2: 17.1-16.0 cal ka BP, 736-625 cm. During this time the highly
variable, but in general enhanced carbonate precipitation and biological
productivity as well as enhanced input of terrestrial organic matter
suggest rising temperatures probably leading to a thawing of the
permafrost. The thawing permafrost released large amounts of terrestrial
TOC from the topsoil then available for erosion, transport, and deposition
in the lake. Higher temperatures moreover could have enhanced
autochthonous biological production resulting in higher carbonate
production, while climatic conditions were persistently dry as indicated by

low allochthonous clastic input.

Unit 3: 16.0-12.4 cal ka BP, 625-539 cm. The sudden rise of the
allochthonous clastic input and the decrease in sedimentation rate at the
beginning of this period (Figure 4.6) suggests the onset of moister
conditions at 16.0 cal ka BP probably associated with a rising lake level
(Figure 4.6). Tangra Yumco might have been a very shallow lake until
this time and the rising lake levels might have increased the distance of
the coring location to the shore consequently reducing the delivery and

deposition of terrestrial TOC from the catchment. The increasing water
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volume might have altered the water chemistry and decreased the
carbonate production. Autochthonous biological production and moisture
availability peak at 13.6—12.4 cal ka BP pointing to warmer and moister
conditions, coinciding with the first occurrence of ERDs in this record
(Figure 4.6). ERDs are generally caused by seismic events triggering
landslides or subaquatic mass movements (e.g., Karlin et al. 2004,
Petersen et al. 2014), hydrologic events (e.g., Brown et al. 2000, Nesje
et al. 2001, Ahlborn et al. 2015a), or lake level variations causing
instability of the slopes (e.g., Schnellmann et al. 2006, Akita et al. 2015).
Microfaults can be found within the sediment record, clearly proving
seismic impacts. However, there is no evidence for a seismic trigger of
ERDs or strong lake level variations leading to instability of the slopes at
this time. Probably hydrologic events, associated with intensive
precipitation (peak in PC 1), as described at the small TT Lake located
within the Tangra Yumco catchment (Ahlborn et al. 2015a), are more

likely triggers for these ERDs and support the idea of a rising lake level.

Unit 4: 12.4-11.4 cal ka BP, 5639-456 cm. Reduced allochthonous clastic
input, lower biological productivity (Figure 4.6), and variable but in
general finer grain sizes indicating variable sediment transport energy in
the tributaries, point to generally reduced moisture availability. ERDs do
not occur in unit 4 (Figure 4.6) possibly due to enhanced aridity and an
apparent lack of intensive precipitation events. Reduced intra-lake and
terrestrial biological productivity probably point to generally lower
temperatures during this time. However, cooler conditions would also
extend the ice covered winter season associated with calm water

conditions, probably leading to the deposition of the finer particles.
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Unit 5: 11.4-7.6 cal ka BP, 456-355 cm. The strong negative correlation
of the allochthonous input and the carbonate precipitation (Figure 4.3) in
this unit indicate a dilution effect of the clastic input by carbonate
precipitation. Thus, between 11.4 and 7.6 cal ka BP moisture availability
is reflected solely by the sediment transport energy (i.e., grain sizes)
revealing an increasing tendency until 10.1 cal ka BP and a decreasing
trend from 9.4 to 7.6 ka cal BP (Figure 4.6). A decoupling of biological
productivity and carbonate precipitation seems to have occurred during
this unit, probably due to a substantial change of the water chemistry
(lowering of ion concentration) caused by input of large amounts of
freshwater (Kasper et al. 2015). The freshwater could have been
provided by the nearby Xuru Co which would generate an overflow to
Tangra Yumco at about 24 m above its recent lake level and might have
discharged into Tangra Yumco at that time (Ahlborn et al. 2015b). ERDs
at 11.1 and 9.9 cal ka BP may coincide with enhanced moisture
availability and related hydrologic events or slope instabilities due to a
quick lake level rise. ERDs at 7.8 and 7.6 ka cal BP are likely related to
reduced moisture availability and probably a falling lake level and hence
exposed loose easily erodible sediments coupled with hydrologic events.

A Holocene lake level reconstruction from Tangra Yumco
(Figure 4.6) based on optically stimulated luminescence (OSL) ages of
exposed lacustrine sediments and recalculated cosmogenic nuclide ages
of beach terraces indicate a rising lake level at 10.5 ka, a lake level
highstand prior to 8.5 ka, and falling lake level thereafter (Ahlborn et al.
2015b). These results are well in phase with increasing moisture
availability until 10.1 cal ka BP and its maximum at 10.1-9.4 cal ka BP
observed in this study. Comparison with the OSL derived lake level

reconstruction also confirms a falling lake level after 9.2 cal ka BP
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(Ahlborn et al. 2015b). Results from the Targo Xian peat bog, located
about 16 km east of the southern shore of Tangra Yumco but within its
catchment, are in phase with reconstructions from Tangra Yumco as
they reveal an onset of wetter conditions at 11.5 cal ka BP and a further

increase in moisture availability at 11.0 cal ka BP (Miehe et al. 2014).

Unit 6: 7.6-0.0 cal ka BP, 355-0 cm. Environmental conditions during this
period were rather stable with only minor variations in autochthonous
biological production and moisture availability (Figure 4.6). Sediment
transport energy is again decoupled from the allochthonous clastic input
which is apparently still affected by dilution by Ca prior to 6.8 cal ka BP.
As finer particles were deposited, the sediment transport energy further
declined, suggesting a decrease in moisture availability at the onset of
this period. Moisture availability constantly diminished with several short-
term wet spells at 5.5-5.3, 2.4-2.1, and 1.5-1.3 cal ka BP. After
0.8 cal ka BP a trend towards moister conditions is visible Figure 4.6).
Autochthonous biological productivity fluctuated slightly prior to
5.2 cal ka BP and remained stable afterwards except for a significant
warm spell at about 0.8-0.4 cal ka BP. Eleven ERDs occurred in unit 6
(Figure 4.6) possibly due to a further falling lake level exposing large
amounts of sediments making them prone to erosion.

Lake level reconstructions at Tangra Yumco (Ahlborn et al. 2015b)
confirm the further falling lake level (Figure 4.6). An OSL dating derived
short-term lake level rise at 2.1 ka (Ahlborn et al. 2015b) might be
associated with wet spells shown by the allochthonous clastic input in
this study. The increase in moisture availability revealed by
allochthonous clastic input prior to 0.8 cal ka BP appears to be a little

earlier in this study than the OSL dated lake level rise at 0.3 ka (Ahlborn
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et al. 2015b). Probably the higher temperatures at 0.8—-0.4 cal ka BP
enhanced the evaporation maintaining a stable lake level of Tangra
Yumco although the moisture supply was still high (Figure 4.6). Data
from the Targo Xian peat bog imply drier condition after 7.5 cal ka BP
(Miehe et al. 2014) being in phase with the climatic conditions
reconstructed for Tangra Yumco (this study; Ahlborn et al. 2015b). After
2.6 cal ka BP dry conditions prevailed at Targo Xian interrupted by a
moist phase at 1.8—-1.0 cal ka BP that might correspond to increased
moisture at 1.5—-1.3 cal ka BP at Tangra Yumco. Moist conditions at
Targo Xian after 0.9 cal ka BP are in phase with the onset of enhanced

moisture supply at Tangra Yumco at 0.8 cal ka BP.

4.6.2 Paleohydrology of the southern Tibetan Plateau

As unit 1 comprises only 300 years, it is not used for comparison to other
records. At 17.1-16.0 cal ka BP (unit 2, Lateglacial) similar conditions as
at Tangra Yumco are observed at Nam Co (Kasper et al. 2015), Tso
Moriri (Mishra et al. 2015), and Pumoyum Co (Nishimura et al. 2014). At
Nam Co warming conditions (Figure 4.6) resulted in thawing permafrost
promoting terrestrial vegetation and higher input of TOC as a
consequence of now erodible topsoil, while melting glaciers contributed
to rising lake levels during generally dry climatic conditions (Kasper et al.
2015). At Tso Moriri (Figure 4.6) meltwater inflow increased at
16.4 cal ka BP causing rising lake levels (Mishra et al. 2015), while at
Pumoyum Co deglaciation started as early as 18.5 cal ka BP (Nishimura
et al. 2014). Conditions at Naleng Co have continuously been cold and
dry which is not in phase with results from other records on the southern

Tibetan Plateau (Opitz et al. 2015).
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From 16.0-12.4 cal ka BP (unit 3) the sharp increase in moisture
availability at 16.0 cal ka BP at Tangra Yumco and warmer and moister
conditions peaking at 13.6—12.4 cal ka BP have also been observed at
Nam Co (Kasper et al. 2015), whereas only the latter at Tso Moriri
(Mishra et al. 2015) and Naleng Co (Opitz et al. 2015). Moisture
availability at Naleng Co increased significantly at 14.8 cal ka BP (Opitz
et al. 2015) but because of this temporal shift of 1,200 years the
correspondence to enhanced moisture availability at Tangra Yumco is
vague. A comparison of the records from Tangra Yumco and Nam Co to
those of Naleng Co (Opitz et al. 2015) and Tso Moriri (Mishra et al. 2015)
might be hampered by the different resolution of the chronologies
especially during the Lateglacial. At Nam Co climate started to get
moister at 16.2 cal ka BP (Kasper et al. 2015), while an increase in
moisture availability is not clearly detectable at Tso Moriri (Mishra et al.
2015). At Pumoyum Co (Nishimura et al. 2014) and Lake Qinghai (An et
al. 2012b) climatic conditions became moister at 15.0 cal ka BP. At
Naleng Co (Opitz et al. 2015) and Nam Co (Kasper et al. 2015) peaks in
moisture availability at 13.4—12.3 and 14.0-13.0 ka cal BP, respectively,
while at Lake Qinghai conditions were moister at 13.7-12.5 cal ka BP.
These peaks were associated with the Bglling-Allerad chronozone (B/A)
(Kasper et al. 2015, Opitz et al. 2015) and occurred simultaneously to
minor peaks in moisture availability and temperature at Tangra Yumco at
13.6-12.4 cal ka BP and a significant peak in moisture availability at
13.1-11.7 cal ka BP in Tso Moriri (Mishra et al. 2015).

Similar cold and dry conditions as recorded at Tangra Yumco at
12.4-11.4 calkaBP (unit 4) occurred at Naleng Co at 12.3-
11.6 cal ka BP and at Nam Co (Figure 4.6) at 13.0-11.8 cal ka BP

(Kasper et al. 2015). Cold and dry conditions prevailed at Tso Moriri at
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11.7-11.4 cal ka BP (Mishra et al. 2015) and at Lake Qinghai at 12.5—
11.5 cal ka BP, while the Pumoyum Co record revealed only a minor
reduction of moisture at 12.2-11.6 ka BP (Nishimura et al. 2014). Aside
of the co-occurrence in all considered archives on the southern Tibetan
Plateau this climatic event has been discovered on the entire Northern
Hemisphere denoted as the Younger Dryas chronozone (Bard et al.
2000).

After 11.4 cal ka BP (unit 5) rapidly rising moisture availability at
Tangra Yumco culminating in the highest lake level at 10.1-9.4 cal ka BP
coincides with increasing moisture availability and temperature at Naleng
Co at 11.5 cal ka BP reaching their maxima prior to 8.3 cal ka BP (Opitz
et al. 2015). The highest lake levels since the Last Glacial Maximum at
Nam were recorded Co at 9.5 cal ka BP (Kasper et al. 2015) and highest
available moisture appeared at Tso Moriri at 11.2-8.5 cal ka BP (Mishra
et al. 2015; Figure 6). Contemporaneously, wettest conditions occurred
at Pumoyum Co at 10.8—-10.0 cal ka BP (Nishimura et al. 2014). At Lake
Qinghai an abrupt increase in moisture availability at 11.5 cal ka BP
marks the transition to the Holocene (An et al. 2012b; Figure 4.6). All
archives discussed here reveal a rapid increase in moisture availability at
the transition from the Late Glacial to the Holocene. Further, they show
their individual highest lake levels during the early Holocene suggesting
a homogenous evolution of moisture availability on the southern Tibetan
Plateau.

Nam Co shows a generally similar pattern as Tangra Yumco during
the mid- and Late Holocene (after 7.6 cal ka BP, unit 6) with gradually
decreasing moisture availability but reveals higher amplitude variations in
moisture availability probably representing local peculiarities. However, a

warm period at 0.8-0.4 calkaBP and a lake level increase after
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0.3 cal ka BP occurred concurrently with Tangra Yumco (Figure 4.7)
(Kasper et al. 2015). At Naleng Co (Opitz et al. 2015), Tso Moriri (Mishra
et al. 2015), and at Lake Qinghai (An et al. 2012b) the moisture
availability also gradually decreased or showed only minor variations
(Figure 4.6) suggesting a homogeneous aridification on the Tibetan
Plateau during the mid- and Late Holocene. Like at other lakes,
aridification prevailed at Pumoyum Co but was interrupted by higher
moisture availability at 4.5-2.5 cal ka BP attributed to local convective

precipitation (Nishimura et al. 2014).
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Figure 4.6: Comparison of clastic input of Tso Moriri (Mishra et al. 2015), summer
insolation at Tangra Yumco (Berger and Loutre 1991), PC1 of Tangra Yumco with
lake level curve (blue dots; Ahlborn et al. 2015b), inflow—evaporation index (IEl;
Kasper et al. 2015), mean annual precipitation (MAP) of Naleng Co (Opitz et al.
2015), Asian and African monsoon record (Severinghaus et al. 2009), Indian
monsoon record from the Arabian Sea (Schulz et al. 1998), Indian monsoon record
from the bay of Bengal (Rashid et al. 2011). Increase in moisture availability around
16.0 cal ka BP; moisture and temperature peak at around 13.6-12.4 cal ka BP on the
southern Tibetan Plateau; cold and dry conditions prior to Holocene transition at
around 13.6-12.4 cal ka BP on the southern Tibetan Plateau; increase in moisture

availability around 11.4 cal ka BP on the southern Tibetan Plateau (see text).
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As shown by the comparison of Tangra Yumco, Naleng Co, Nam
Co, and Tso Moriri (Figure 4.6) the evolution of the precipitation pattern
shows no temporal or spatial variability but a generally homogenous
evolution on the southern Tibetan Plateau superimposed by local
peculiarities. However, the onset of moister conditions recorded at
Tangra Yumco and Nam Co at around 16.0 cal ka BP are either less
pronounced (Tso Moriri) or a little later (Naleng Co and Pumoyum Co).
These effects might be due to dating uncertainties in the cases of Naleng

Co and Pumoyum Co.
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Figure 4.7: Indicators for temperature variations from the southern Tibetan Plateau.
TOC as indicator for biological productivity of Tangra Yumco (this study), TOC as
indicator for biological productivity of Nam Co (Kasper et al. 2015), and mean annual
temperature (MAT) of Naleng Co (Opitz et al. 2015).
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The nowadays documented east-west-gradient of available moisture
(Maussion et al. 2014, Biskop et al. 2015) does not influence the
temporally synchronous evolution of moisture availability. However, the
methods used in this study cannot determine quantitative moisture
availability and a potential moisture gradient may have existed in the
past. The precipitation pattern on the southern Tibetan Plateau is
generally consistent with results from Pumoyum Co (Nishimura et al.
2014) and Lake Qinghai (An et al. 2012b) probably suggesting a plateau-

wide synchronous climate pattern (Figure 4.6).

4.6.3 Implications for precipitation regimes on the Tibetan Plateau

To assess a possible monsoonal influence on the precipitation regime on
the southern Tibetan Plateau, records of monsoon intensity from the
Arabian Sea (Schulz et al. 1998), the Bay of Bengal (Rashid et al. 2011),
and a Dole effect record from an ice core from Antarctica that is primarily
governed by the African and Asian monsoon intensity (Severinghaus et
al. 2009; Figure 6) were compared to our data. The onset of higher
moisture availability on the southern Tibetan Plateau at 16.0 cal ka BP
(unit 3) occurs almost synchronous with an increase in monsoon
intensity recorded in the Bay of Bengal after 15.6 cal ka BP (Rashid et al.
2011) and in the Arabian Sea at 15.3 cal ka BP (Schulz et al. 1998),
while a strengthening of the African and Asian monsoon was recorded in
the Dole effect record at 15.1 cal ka BP (Severinghaus et al. 2009).
A moister and warmer period at 13.6-12.4 cal ka BP (unit 3) on the
southern Tibetan Plateau matches a peak in monsoon intensity in the
records from the Bay of Bengal at 14.6—-12.7 cal ka BP (Rashid et al.
2011), the Arabian Sea at 14.4—12.9 cal ka BP (Schulz et al. 1998), and

the Dole effect record around 13.0 cal ka BP (Severinghaus et al. 2009),
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which has been denoted as the B/A chronozone (Figure 6). This phase is
followed by distinct colder and drier conditions on the southern Tibetan
Plateau at 12.4-11.4 cal ka BP (unit 4). Contemporaneous reduced
monsoon intensities are reported from the Bay of Bengal at 12.8—
11.4 cal ka BP (Rashid et al. 2011), in the Arabian Sea at 12.8—
11.8 cal ka BP (Schulz et al. 1998), and in the Dole effect record around
12.0 cal ka BP (Severinghaus et al. 2009) and identified as the
YD chronozone. The subsequent rapid and significant increase in
moisture availability on the southern Tibetan Plateau around
11.4 cal ka BP (unit 5) coincides with a monsoonal strengthening as
shown in the Bay of Bengal at 11.0 cal ka BP (Rashid et al. 2011), the
Arabian Sea at 11.7 cal ka BP (Schulz et al. 1998), and in the Dole effect
record around 11.4 cal ka BP (Severinghaus et al. 2009). Monsoon
intensity recorded by the Dole effect record reaches its maximum at 9.8—
9.4 cal ka BP (Severinghaus et al. 2009) matching the moistest
conditions on the southern Tibetan Plateau. During the Mid- and Late
Holocene, monsoon intensity records suggest stable or decreasing
monsoon intensity with only minor amplitude variations (Schulz et al.
1998, Severinghaus et al. 2009, Rashid et al. 2011; Figure 6) similar to
the conditions on the southern Tibetan Plateau.

Moisture availability on the southern Tibetan Plateau appears to be
mainly synchronous to monsoon intensity as recorded in the Arabian Sea
(Schulz et al. 1998), the Bay of Bengal (Rashid et al. 2011), and in the
Dole effect record (Severinghaus et al. 2009). Even though synchronicity
of climatic events and shifts does not prove causality, a causal link
between moisture availability on the southern Tibetan Plateau and the
Asian summer monsoon is suggested based on the presented data. This

implies that moisture availability on the southern Tibetan Plateau and
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monsoon intensity in the Arabian Sea and the Bay of Bengal are likely
governed by the same processes. As the increase of moisture availability
on the southern Tibetan Plateau at around 16.0 cal ka BP coincides with
increased monsoon intensity (Schulz et al. 1998, Severinghaus et al.
2009, Rashid et al. 2011; Figure 6), it might probably reflect an initial
influence of monsoonal precipitation on the southern Tibetan Plateau
possibly caused by a rising summer insolation (Berger and Loutre 1991)
(Figure 6). The rapid increase in moisture availability at around
11.4 cal ka BP corresponds to a maximum in summer insolation at
Tangra Yumco (Berger and Loutre 1991). The mid- to Late Holocene
gradual decrease in precipitation also follows the declining summer
insolation pattern (Berger and Loutre 1991) (Figure 6) implying that
precipitation is probably controlled by changes in summer insolation as
previously assumed for the monsoon domain (Kutzbach 1981). As the
evolution of moisture availability at Pumoyum Co (Nishimura et al. 2014)
and Lake Qinghai (An et al. 2012b) is synchronous to the transect of
Tangra Yumco, Nam Co, Tso Moriri, and Naleng Co, a homogenous
monsoon pattern on the Tibetan Plateau is suggested. As indicated by
climatic models and reanalysis data locally occurring peculiarities may
probably be attributed to spatial differences in the annual cycle of
precipitation, i.e. the amount of pre-monsoon or winter precipitation in
different region of the Tibetan Plateau (Dallmeyer et al. 2012, Maussion
et al. 2014). Significant influences of pre-monsoon precipitation are
nowadays occurring, for example, at Tso Moriri (Mishra et al. 2015) but
cannot be assessed by our study. However, as all reviewed records
generally show a similar pattern corresponding to monsoon intensity

records a monsoon-like precipitation regime is suggested.
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4.7 Conclusions

The initial onset of moist conditions at Tangra Yumco occurs at
16.0 cal ka BP, while maximum moisture is reached in the early
Holocene and following a decreasing trend thereafter. A comparison to
results from Naleng Co, Nam Co, and Tso Moriri suggest a generally
synchronous precipitation pattern on the southern Tibetan Plateau. A
nowadays observed east-west-moisture-gradient did apparently not
result in a temporal shift of moisture variability. However, a spatial
moisture gradient referring to the amount of moisture might be likely and
could probably be revealed in future studies based on transfer functions
utilizing pollen or microfossils. A homogenous precipitation regime on the
entire Tibetan Plateau is indicated by a supraregional comparison to
records in the southernmost (Pumoyum Co) and northernmost (Lake
Qinghai) regions on the Tibetan Plateau. However, more systematical
studies are urgently needed to investigate spatial and temporal climate
evolution on the Tibetan Plateau and adjacent areas. Further, as implied
by the synchronicity of moisture evolution on the southern Tibetan
Plateau and monsoon intensity recorded in the source area of the
monsoon, the precipitation regime on the southern Tibetan Plateau is

primarily governed by monsoon-like processes.
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CHAPTER 5 — Synthesis

5.1 Synthesis

Changes in moisture availability and the sedimentary response to
catchment processes was thoroughly investigated by three studies
conducted in the Tangra Yumco area. The initial study of a sediment
core from the small TT Lake (chapter 2) assessed sedimentary
dynamics, its controlling mechanisms, and catchment processes and
thereby revealed that probably hydrologic events related to intense
precipitation triggered event-related deposits (ERD). The deposition of
ERD was apparently independent from the prevailing climatic conditions
showing that hydrologic events could appear in all climatic settings
arising in the Tangra Yumco region during the past.

The findings from TT Lake enabled the deciphering of sedimentary
modes during the past 17.4 cal ka BP which are covered by the sediment
record from Tangra Yumco (chapter 4). The validated methods and
criteria for ERD identification from TT Lake were employed at Tangra
Yumco identifying eleven ERDs in the record that are probably also
mostly triggered by hydrologic events. These ERDs including all
associated data were removed from the Tangra Yumco record allowing
the establishment of an event-corrected record. The multi-proxy
approach (chapter 4) applied on the sedimentary record from Tangra
Yumco proved to be useful to determine changes in moisture availability
and allowed the establishment of a well-dated record going far back in

time, which is generally scarce on the Tibetan Plateau. The different
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analytical methods applied allowed a more comprehensive assessment
of processes controlling proxies in the Tangra Yumco record. This was
shown for example in the early Holocene when allochthonous clastic
input loses correlation to grain size data indicating a dilution of the
allochthonous clastic input by biologically induced carbonates
complicating a straightforward interpretation and assessment of the
prevailing conditions. Striking climatic features in the Tangra Yumco
record are the aeolian input limited to the period prior to 17.1 cal ka BP,
an increase in moisture availability at 16.0 cal ka BP, a rapid increase in
moisture availability at the transition to the Holocene at 11.4 cal ka BP,
and moistest conditions at 10.1-9.4 cal ka BP.

The comparison of these results to the quantitative reconstruction of
lake level variations, based on OSL dating of currently exposed
lacustrine sediments, recalculated cosmogenic nuclide ages, and
previously published data, allowed a detailed assessment of lake level
variations and revealed magnitude, timing, and pace of lake level
changes as response to variations of moisture availability (chapters 3
and 4). A rising lake level was recorded at 10.5 ka and a lake level
highstand occurred prior to 8.5 ka. The lake level continuously dropped
after 8.5 ka intercalated by a minor lake level rise starting at 2.1 ka.
A recent ongoing lake level rise started at 0.3 ka. During the early
Holocene, the lake level decline at 8.5 ka is indicated by recalculated
cosmogenic nuclide ages but the onset of the lake level highstand prior
to 8.5 ka could not be resolved by OSL and cosmogenic nuclide data. A
refining of the lake level reconstruction in the early Holocene became
possible by the combination of both Tangra Yumco data sets. The
moistest conditions were recorded in the sedimentary record at

10.1-9.4 cal ka BP, while recalculated cosmogenic nuclide ages indicate
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a falling lake level after 8.5 cal ka BP. The lake level apparently rose
more quickly than suggested by the OSL based lake level reconstruction
and reached a highstand of 181-183 m arll probably during moistest

conditions at 10.1-9.4 cal ka BP (Figure 5.1).

5.2 Discussion

5.2.1 Tangra Yumco

Two previously published studies on lacustrine sediments from the
Tangra Yumco catchment (Long et al. 2012, Miehe et al. 2014) are
available for comparison with the Tangra Yumco sediment core and the
lake level history. Results of these studies from the Tangra Yumco
catchment (Long et al. 2012, Miehe et al. 2014) are generally in phase
with Tangra Yumco records presented in this thesis. As successfully
demonstrated by the OSL based lake level history and a study published
by Long et al. (2012) facies identification based on bedding, grains size,
and/or microfossils of exposed sedimentary profiles combined with
dating of the respective facies can provide valuable information about
lake levels changes. Long et al. (2012) found moist conditions at
7.6-2.3 ka in the Tangra Yumco catchment by dating exposed lacustrine
sediments that are generally consistent with the Holocene lake level
reconstruction in this study. Due to methodical uncertainties the ages of
Long et al. (2012) may underestimate the true age and do not define the
onset of moister conditions at Tangra Yumco (Rades et al. 2013).
Considering this underestimation, the onset of moister conditions of Long
et al. (2012) might be synchronous with the onset of lacustrine deposition
defined by the lake level reconstruction at 10.5 ka. The Targo Xian peat
bog, located within the Tangra Yumco catchment, revealed climatic

conditions similar to the pattern derived from the Tangra Yumco record in
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this study. Moisture availability rapidly increases around 11.5 cal ka BP,
is highest during the early Holocene, and declines around 8.0 cal ka BP
(Miehe et al. 2014). The established lake level history of Tangra Yumco
allowed a refining of the lake level of Tangra Yumco changes previously
proposed by Miehe et al. (2014). According to their data the Targo Xian
peat bog was flooded by Tangra Yumco at 11.1 cal ka BP until at least
2.6 cal ka BP. However, the reconstructed lake level history of Tangra
Yumco suggests that the lake level of Tangra Yumco reached the Targo
Xian peat bog initially around 10.0 cal ka BP and retreated from this site
as early as approximately 7-6 cal ka BP. Probably a small pond or lake
persisted at the peat bog site indicating prolonged lacustrine conditions

(Rades et al. 2013).

5.2.2 The southern Tibetan Plateau
This thesis evaluates and compares the results from the easternmost
lake of the east-west-transect Nam Co (Kasper et al. 2012, Kasper et al.
2013, Doberschilitz et al. 2014, Kasper et al. 2015) and the central lake
Tangra Yumco (chapter 4) for the first time and provides implications for
the variability of moisture availability on the southern Tibetan Plateau. As
investigations on Taro Co, the westernmost lake on the east-west-
transect, are currently in progress, the east-west-transect was extended
by recently published data from lake Tso Moriri further to the west
(Mishra et al. 2015) and Naleng Co further to the east (Opitz et al. 2015).
All four records, Tangra Yumco, Nam Co (Kasper et al. 2015), Tso
Moriri (Mishra et al. 2015), and Naleng Co (Opitz et al. 2015) generally
show a similar climatic pattern, whereas Tangra Yumco, Nam Co, and
Tso Moriri also record a synchronous rise in temperature at around

17.1 calkaBP (Figure 5.1). All records reveal a moisture and
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temperature peak at around 13.6-12.4 calkaBP, drier and colder
conditions at around 12.4-11.4 cal ka BP, sharply increasing moisture
availability at the transition to the Holocene around 11.4 cal ka BP, and
moistest conditions during the early Holocene followed by a gradual
decrease in moisture availability thereafter (Kasper et al. 2015, Mishra et
al. 2015, Opitz et al. 2015). Lake level of Tangra Yumco and Nam Co are
both constantly rising since 0.3 cal ka BP (Kasper et al. 2015). More
moisture became available around 16.0 cal ka BP at Tangra Yumco and
Nam Co, whereas this signal is indistinct and fuzzy at Tso Moriri and
occurs later at Naleng Co (Figure 5.1). The chronologies of Tso Moriri
and Naleng Co have a different resolution than chronologies of Tangra
Yumco and Nam Co especially in the Late Glacial what might complicate
the comparison of the records during that time. Hence, inconsistencies
between the records from Naleng Co and Tso Moriri with those from
Tangra Yumco and Nam Co at around 16.0 cal ka BP might be attributed
to the differences in the chronological resolution.

Despite the apparent similarities of the records on the southern
Tibetan Plateau, reanalysis data (Maussion et al. 2014) and the
ECHAMS/JSBACH climate model (Dallmeyer et al. 2012) revealed
differences in the past availability of moisture and the annual cycle of
precipitation. Reanalysis data covering the period AD 2000-2011
indicate that the decadal seasonal mean of precipitation shows a strong
east-west-gradient in summer rainfall (JJA) with more precipitation in
west than is the east (Maussion et al. 2014, Biskop et al. 2015). This
gradient in moisture availability was also observed during field
campaigns showing a decrease in moisture availability from Nam Co in
the east to Taro Co in the west as indicated by sparser vegetation and

dune formation closer to Taro Co (T. Haberzettl, personal
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communication). As all records shown here only provide data that
indicate a relative change in moisture availability over time (except for
Naleng Co), it cannot be assessed if a similar gradient existed in the
past. Moreover, all sites are currently affected by summer precipitation,
but Tso Moriri additionally receives a significant amount of winter
precipitation (Maussion et al. 2014). This winter precipitation regime
cannot be traced further back in time as an impact on the hydrological
budget cannot be assessed with the parameters used in this study
(Mishra et al. 2015). The data of the ECHAMS/JSBACH climate model
showed differences in moisture availability in the regions of the Tangra
Yumco, Nam Co, Tso Moriri, and Naleng Co regions during mid- to Late
Holocene (Dallmeyer et al. 2012). While Tangra Yumco and Nam Co
received more moisture during the mid-Holocene than today, regions of
Tso Moriri and Naleng Co were drier than today (Dallmeyer et al. 2012).
These results agree with sedimentary records from Tangra Yumco and
Nam Co (Kasper et al. 2015) but do not agree with records from Tso
Moriri (Mishra et al. 2015) and Naleng Co (Opitz et al. 2015).

While the long-term trend appears to be similar on the southern
Tibetan Plateau, minor short-term differences between the records could
possibly represent local peculiarities attributed to temporary differences
in the annual cycle of precipitation. While the moisture availability in the
Tangra Yumco record gradually decreases during the mid- to Late
Holocene (chapters 3 and 4), the variability of moisture availability was
markedly higher in Nam Co during this period (Kasper et al. 2015).
Pumoyum Co shows an increase in moisture availability at
4.5-2.5 cal ka BP that was not recorded elsewhere (Nishimura et al.
2014). These differences might result from local differences in the

precipitation regime (Nishimura et al. 2014) and probably represent
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deviations from the synchronous long-term trend of the records.

5.2.3 The precipitation regime on the Tibetan Plateau

As the impact of water recycling and pre-monsoon (spring) precipitation
was recently under discussion (Dallmeyer et al. 2012, Maussion et al.
2014), a thorough assessment of the monsoonal impact on the study
sites is of crucial importance because a significant amount of pre-
monsoon precipitation or water recycling may alter the pattern of
moisture availability and lead to misinterpretations concerning the
climatic development. Most studies equal moisture availability on the
Tibetan Plateau with monsoonal precipitation without defining the
prevailing precipitation process but lack a seasonal resolution to actually
determine season-related climate events such as monsoonal
precipitation (e.g., Morrill et al. 2006, Daut et al. 2010, Dietze et al. 2013,
Miehe et al. 2014). As the data presented here also lack a seasonal
resolution and cannot reveal the annual cycle of precipitation, a
comparison of the records from the southern Tibetan Plateau to records
of monsoon intensity from the Indian Ocean (Schulz et al. 1998, Rashid
et al. 2011) as well as a Dole effect record (Severinghaus et al. 2009)
systematically assessed the monsoonal impact on past variations of
moisture availability on the southern Tibetan Plateau. The Dole effect
describes the different isotopic composition of sea water and the
atmospheric water and is primarily governed by the African and Asian

monsoonal strength (Severinghaus et al. 2009).
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southern Tibetan Plateau monsoon intensity records
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Figure 5.1: Comparison of moisture availability on the southern Tibetan Plateau with
monsoon intensity records from the source area of the monsoon and summer
insolation. Indicated is high or highest moisture availability (darker bars) and
increasing moisture availability (light bars). The comparison reveals a generally
synchronous pattern of moisture availability. An increase in moisture availability

around 16 cal ka BP at Tso Moriri is not clearly defined (question mark).

The comparison revealed that the most pronounced features of the
records from the southern east-west-transect occur synchronous with the
monsoon intensity records. The moisture availability rose synchronously
around 16.0 cal ka BP (indistinct at Tso Moriri and delayed in Naleng
Co). Moisture availability and temperature were higher at around
13.6-12.4 cal ka BP followed by drier and colder condition until
11.4 cal ka BP, and a sharp increase in moisture availability thereafter
(chapter 4; Schulz et al. 1998, Severinghaus et al. 2009, Rashid et al.
2011, Kasper et al. 2015, Mishra et al. 2015, Opitz et al. 2015). The rapid
increase in moisture availability on the southern Tibetan Plateau
coincides with highest summer insolation, and the general pattern of both

through time match (Berger and Loutre 1991). This is in accordance with
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observations of Maussion et al. (2014) who showed that the southern-
central Tibetan Plateau, where Tangra Yumco and Nam Co are located,
is controlled by a summer precipitation regime, i.e., monsoon today.

The increase in moisture availability at around 16.0 cal ka BP
probably represents a first pulse of monsoonal influence on the southern
Tibetan Plateau. Similar inferences are also indicated by palynological
analysis on the Nam Co record. A significant change in the pollen
assemblage at 16.5 cal ka BP suggests a shift in the prevailing wind
direction (L. Zhu, personal communication). This change in wind
direction is interpreted as a modification of the controlling atmospheric
circulation and a change from westerly to monsoonal influence (L. Zhu,
personal communication).

A comparison of the southern (Tangra Yumco, Nam Co, Tso Moriri,
and Naleng Co) east-west-transect with the northern (Donggi Cona and
Lake Heihai) east-west-transect was supposed to reveal implications for
the precipitation regime on the entire Tibetan Plateau and has been one
of the major aims of the TiP research projects. However, until now, this
comparison does not allow a final conclusion about a synchronicity of
moisture development on the northern and southern Tibetan Plateau as
results from Donggi Cona, the eastern lake of the northern east-west-
transect, are not straightforward. Results from a multi-proxy record
indicate deglaciation after around 19.0 cal ka BP, cold and dry condition
during the Younger Dryas chronozone, a moist early to mid-Holocene,
and an aridification thereafter (Opitz et al. 2012). These results are well
in phase with the southern east-west-transect suggesting that moisture
availability evolved synchronously on the northern and southern Tibetan
Plateau and that this moisture availability is governed by the same

precipitation processes, most likely linked to monsoon. In contrast,
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results from ostracod analyses from Donggi Cona indicate drier condition
in the early Holocene and wettest condition after 6.8 cal ka BP (Mischke
et al. 2010a) and do not correspond to the southern east-west-transect.
This would imply a rather asynchronous development of moisture
availability or that moisture availability on the northern Tibetan Plateau is
probably not controlled by the same precipitation processes as on the
southern Tibetan Plateau. However, as suggested by a climate model
and reanalysis data influences of different monsoon regimes such as the
Indian and the East Asian monsoon or significant amounts of water
recycling and pre-monsoon precipitation may probably alter the
hydrological budget of a specific study site and complicate climatic
reconstructions (Dallmeyer et al. 2012, Maussion et al. 2014). Donggi
Cona, for instance, is located in a region where the climate model of
Dallmeyer et al. (2012) assessed drier conditions in the mid-Holocene (6
ka) compared to the present-day situation due to an East Asian monsoon
influence matching the results of the ostracod analysis (Mischke et al.
2010a). This is in contrast to the findings presented in this thesis, as on
the southern Tibetan Plateau the mid-Holocene was apparently moister
than present-day conditions and an exclusive control of the Indian
monsoon is indicated (Dallmeyer et al. 2012).

Lake Heihai, the western lake of the northern east-west-transect,
shows moist conditions during the early Holocene synchronous to the
southern east-west-transect. The rising lake levels after 3 cal ka BP are
not observed on the southern Tibetan Plateau suggesting a rather
different controlling mechanism of moisture availability (G. Lockot,
personal communication). Rising lake levels after 3 cal ka BP at Lake
Heihai could possibly either represent a local peculiarity resulting from a

site-specific annual cycle of precipitation or a distinct different
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precipitation regime after 3 cal ka BP. Wet conditions in the late
Holocene were also observed at the lakes Bosten and Balikun, north of
Lake Heihai, and were attributed to westerly wind influence (Huang et al.
2009, An et al. 2012a). This is possibly suggesting that a distinct different
precipitation regime from the southern Tibetan Plateau, particularly
westerly circulation, is prevailing in this region after 3 cal ka BP. As
monsoonal and westerly winds are in anti-phase relationship dependent
on their individual strength (An et al. 2012b), Lake Heihai might have
been under monsoonal influence during the early Holocene when
monsoonal influence was strongest and its northward extension
maximal. In the late Holocene, on the contrary, the lake might have been
under reinforced westerly dominance as a result of the weakened
monsoon with a reduced extension due to a decreased summer
insolation (Berger and Loutre 1991). These mechanisms controlling the
moisture availability in the Lake Heihai region might explain the
differences to the climate pattern on the southern Tibetan Plateau during

the mid- to Late Holocene.

5.3 Conclusions

5.3.1 Tangra Yumco

This thesis is part of the southern east-west-transect of TiP investigating
lake Tangra Yumco and its catchment processes in three individual
studies. The synthesis of these three studies allowed a better
understanding of climatic processes prevailing in the Tangra Yumco area
and of the variations of moisture availability during the past
17.4 cal ka BP and its impact on the lake levels changes. Results from
the sediments from TT Lake were transferable to the record from Tangra

Yumco and helped to decipher sedimentary dynamics in the Tangra



CHAPTER 5 9

Yumco long core during the past 17.4 cal ka BP. The combination of
sediment records with shoreline investigations allowed a detailed
assessment of the lake level history of Tangra Yumco. The long core
study further refined the early Holocene lake level highstand that was
determined based on recalculated cosmogenic nuclide ages highlighting
the value of this multi-proxy and multi-dating approach. This record is
suitable for comparison to other records along the east-west-transect on

the southern Tibetan Plateau.

5.3.2 The southern Tibetan Plateau

The results of the comparison of the records from the east-west-transect
on the southern Tibetan Plateau indicate a synchronous pattern of
moisture availability on the southern Tibetan Plateau. These results
contribute to the controversial discussions about the spatial and temporal
variability of moisture availability. Presented results support a
synchronous spatial pattern of moisture availability on the southern
Tibetan Plateau that was suggested previously. If the observed modern
east-west-gradient in available moisture prevailed also during the past, it
has apparently had no impact on the synchronicity of the records. Even
though the magnitude of changes in moisture availability might have
been different, their timing was not. The systematic study of several
lacustrine systems along the east-west-transect on the southern Tibetan

Plateau proved to be a target-aimed and reasonable research approach.

5.3.3 The precipitation regimes on the Tibetan Plateau
The major climatic features appear synchronous on the southern Tibetan
Plateau and in the monsoon intensity records. This correspondence of

the records suggests a similar dominating precipitation process.
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Therefore, it can be assumed that monsoonal or monsoon-related
precipitation contributed the major amount to the total annual
precipitation on the Tibetan Plateau. Water recycling as well as pre-
monsoon precipitation seem to be negligible in the hydrological budget of
the studied sites. The comparison of the records from the east-west-
transect to the monsoon intensity records demonstrates an easy
approach to assess the influence of monsoonal precipitation on the
annual cycle of precipitation on a certain study site. The coincidence of
the pattern of moisture availability and the summer insolation probably
indicates that summer insolation is the main controlling factor on the
precipitation regime.

The comparison to the northern east-west-transect is complicated.
Inconsistencies between studies from Donggi Cona demonstrate the
necessity to carefully assess the prevailing precipitation regime and the
impact of recycling and pre-monsoon precipitation. A comparison of Lake
Heihai and the southern Tibetan Plateau suggests that the same
precipitation process, most likely monsoon-related, prevailed before
approximately 3 cal ka BP at both sites. After 3 cal ka BP, however,
monsoon-related processed prevailed on the southern Tibetan Plateau,
while the area of Lake Heihai was possibly controlled by the westerly
winds. The comparison of the southern and northern Tibetan Plateau
reveals valuable information about the spatial limit of the monsoon-
related precipitation regime. However, a straightforward association to a
specific precipitation regime seems to be more difficult in the marginal
regions of the Tibetan Plateau than in the core regions such as the

Tangra Yumco and Nam Co areas.
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54 Outlook and future research

5.4.1 Extension of the multi-proxy data set for Tangra Yumco
Biomarker analyses were successfully applied on the sedimentary
records from Nam Co (e.g., Glinther et al. 2011, Giinther et al. 2015)
showing that compound-specific 86D values of sedimentary n-alkanes
primarily record evapotranspiration and relative humidity (Gdinther et al.
2011). Evapotranspiration cannot be assessed with methods used in this
thesis. However, as biomarker analyses on the sedimentary record from
Tangra Yumco are currently in progress, these data will provide valuable
additional information about the environmental response to temperature
and solar radiation.

A change in moisture availability at Tangra Yumco at around
16.0 cal ka BP may probably represent a change in the atmospheric
circulation as observed at Nam Co (L. Zhu, personal communication).
This hypothesis is supported by the presented data, and further research
needs to assess this change in moisture availability more precisely. For
this purpose a high-resolution palynological analysis on the Tangra
Yumco long record is currently in progress performed by Qingfeng Ma
(Key Laboratory of Tibetan Environment Changes and Land Surface
Processes, Institute of Tibetan Plateau Research, Chinese Academy of
Sciences, China). It is aimed to reveal a potential change in the wind
direction indicated by a change in the pollen assemblage as it occurs at
Nam Co at 16.5 cal ka BP (L. Zhu, personal communication) which is in

the same timeframe as at Tangra Yumco.
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5.4.2 Quantitative reconstructions of moisture availability on the
southern Tibetan Plateau
To distinguish a possible spatial east-west-gradient in moisture
availability in the past, quantitative estimates of precipitation or other
environmental parameters are necessary. Transfer functions based on
pollen (e.g., Herzschuh et al. 2014) or ostracods (e.g., Frenzel et al.
2010) or multi-proxy data sets (e.g., Giralt et al. 2011) should be applied
to quantitatively assess the differences in moisture availability in future
works. Although climate reconstructions based on pollen can be biased,
if anthropogenic activity modified the past vegetation pattern, pollen-
based transfer functions of suitable records provide a good estimation of
quantitative amounts of precipitation (Herzschuh et al. 2014).
Quantitative reconstruction of lake level or precipitation can assess the
magnitude of the monsoonal impact and absolute changes in
precipitation as recently demonstrated with a pollen transfer function

applied on pollen from Naleng Co by Opitz et al. (2015).

5.4.3 Spatial and temporal extension of the southern east-west-
transect

Efforts should be undertaken to complete the east-west-transect and to
extent it temporally and spatially. Preliminary results from Taro Co show
a decrease in moisture availability after 7.4 cal ka BP (unpublished data)
which is in phase with recently published palynological data (Ma et al.
2014). In 2014 colleagues from the Key Laboratory of Tibetan
Environment Changes and Land Surface Processes, Institute of Tibetan
Plateau Research, Chinese Academy of Sciences, China retrieved two
paired parallel cores from the profundal zone of Taro Co. The composite

record is about 12 m long and a basal radiocarbon age of this sediment
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core is 27 cal ka BP (J. Wang, personal communication). This record is a
promising basis for completing the east-west-transect and will further
contribute to a detailed picture of spatial changes of moisture availability
on the southern Tibetan Plateau.

A spatial extension of the east-west-transect into arid central Asia in
the west and the Chinese or Southeast Asian lowlands would allow to
further investigate the monsoon-westerly interaction and the relationship
and variability of the Indian and the East Asian monsoon systems. This
would be helpful for unraveling which climatic records may have been
influenced by the East Asian monsoon or by both monsoon domains in
the past.

A temporal extension of the records from the southern Tibetan
Plateau would allow valuable insights of monsoonal development during
a glacial-interglacial cycle. A recently conducted seismic survey on Nam
Co suggests that this lake is filled with more than 800 m of sediments as
no acoustic basement was detected down to this depth (Haberzettl
2015). These sediments could possibly represent the past
460 to 1.900 ka as indicated by an extrapolation of the known sediment
accumulation rates of the past 24 cal ka BP (Haberzettl 2015). As these
first results suggest Nam Co is a suitable archive for an International
Continental Drilling Program (ICDP) campaign a workshop proposal was

submitted to the ICDP in January, 2015.

5.4.4 Comparison of southern and northern east-west-transect

A more detailed comparison of the northern and southern east-west-
transect should be pursued in future. The preliminary comparison
conducted in this thesis provides first promising results that imply a

change in the precipitation in the Lake Heihai area, whereas the
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southern Tibetan Plateau is constantly controlled by the same
precipitation regime. A more detailed investigation about a potential
movement of the monsoonal limit on the northern Tibetan Plateau would
allow for a more detailed understanding of the forcing mechanisms of the

monsoon extension and intensity.

5.4.5 Understanding of the annual cycle of precipitation

A higher temporal resolution of the data sets would allow for a more
detailed assessment of short-term climatic fluctuations superimposed by
the long-term trend as well as an improved understanding of the annual
cycle of precipitation. Until now the knowledge about the impact of
recycling and pre-monsoon precipitation on the hydrological budget on
the Tibetan Plateau is very limited. There are only few archives that can
provide a subseasonal resolution to allow insights in the annual cycle of
precipitation on the Tibetan Plateau but there are efforts to access
archives with subseasonal resolution such as varved lake sediments
(e.g., Zhang et al. 2010, Chu et al. 2011), tree-rings (e.g., Brduning
2006, Shao et al. 2010), and skeletal remains of animals (Wang et al.
2008, Taft et al. 2012). However, the complexity of the annual cycle of
precipitation and its spatial extent highlights the necessity to include the
pre-monsoon season into climate reconstructions (Dallmeyer et al. 2012)
that is difficult to realize in studies using the common archives as the
temporal resolution is too low. While XRF data from Tangra Yumco partly
provide annual resolution, CNS data, for example, have a rather
bicentennial resolution. However, since CNS samples integrate over at
least 1 cm sediment thickness in this study, the potential resolution has
also been limited by methodical constrains. The complexity might be,

most properly assessed by climate models and reanalysis data. More
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climate models and reanalysis data sets are needed to better understand
cause and effect of variability on the annual cycle of precipitation and
improve the reliability of climatic predictions. Models such as an
atmosphere-only general circulation model (ECHAMS) have been used
to simulate the Indian monsoon through time on a interannual to multi-
decadal timescale (Polanski et al. 2013). The validity of this model is
monitored by a comparison to paleoclimate reconstructions based on
various proxies obtained from sedimentary records highlighting the
importance of establishing well-dated long-term climate records like the

Tangra Yumco record.

5.4.6 Moisture transport

Unlike previously assumed (e.g., Tian et al. 2001, Herzschuh et al. 2014)
reanalysis data show that the moisture transport from the Bay of Bengal
is blocked by the Himalayan mountains and redirected northeastwards
and not directly transported to the Tibetan Plateau (Maussion et al.
2014). Thus, the sources of monsoonal air masses and the transport
route are unknown and to further understand monsoonal dynamics a
determination and tracking of the transport pathways of monsoonal air

masses is obligatory by e.g., climate models.

5.4.7 Improvement of understanding of the proxies

Uncertain chronologies and a poor understanding of the proxies (Mischke
et al. 2010b, Opitz et al. 2015) may result in misinterpretation. In this
manner, the multi-dating approach of Tangra Yumco and Nam Co proved
to be a suitable method. As valid chronologies are a crucial precondition
for climate reconstruction (Mischke et al. 2013, Haberzettl 2015) more

effort should be spent on this. Studies like the recently published
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assessment of controlling mechanisms on sediment distribution pattern of
Nam Co (Wang et al. 2015) provide an understanding of the proxies used
for climatic reconstruction and should be applied more often prior to data
interpretation to avoid misinterpretation. This study was conducted within
the project “Central Asian Climate Dynamics — CADY”, funded by the
Federal Ministry of Education and Research of Germany (BMBF). CADY is
the first step towards a systematic monitoring of Tibetan lakes to reveal
sedimentary processes helping to facilitate proxy interpretation. Supported
by the recovery of additional sediment surface samples two morings
equipped with sequential sediment traps, thermistors, and two multiprobes
at the top and bottom were installed at Nam Co in order to follow seasonal

climatic variations affecting the water column and sediment deposition.
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