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Abstract  

The Tibetan Plateau (TP) is the largest elevated land mass on earth with a mean elevation of 4500 

m a.s.l. The uplift started about 50 million years ago with the collision of the Indian and Eurasian 

plates. The TP has become a major focus of palaeoclimatic and palaeoenvironmental research 

during the last two decades because it influences not only the atmospheric circulation in Asia but 

also on a global scale. During the north hemispheric summer the TP heats up causing a low-

pressure area over central Asia. It is generally accepted that this process results in a big land-

ocean-circulation, the Indian and East Asian monsoon, which transports moist air masses from the 

Indian and Pacific Ocean to the Asian mainland. However, these triggering factors have recently 

come under scientific discussion again. Moreover, the TP is a barrier for the westerly wind 

circulation, which is split into a northern and a southern branch at the western margin of the TP. 

Open research questions concern the chronology of single uplift processes of the TP and how they 

affect monsoon intensity, moisture transport pathways and global circulation patterns. The TP is 

sometimes called the “water tower” of Asia because it is the source area of major Asian rivers 

such as the Indus, Brahmaputra, Mekong, Yangtze and Yellow rivers on which billions of people 

depend. The water regimen primarily depends on monsoon precipitation and glacier dynamics. 

Thus, an understanding of the atmospheric and hydrologic patterns and processes in this region is 

essential for evaluating future climate predictions, particularly with emphasis on “Global Change” 

that implicates the anthopogenic factor. Of importance is not only a deeper understanding of 

modern climate and environmental dynamics. Reconstructing former climate events and trends is 

an important tool to comprehend the entire spectrum of interactions, dynamics and scales. For 

this purpose, temporal high-resolution climate archives are essential because they mirror both 

general long-term trends and short-term (extreme) events. Suitable archives are tree rings with a 

resolution of one year, varves and ice cores with a seasonal resolution. However, the application 

of these archives to the TP is limited because most of the plateau area is treeless, most lakes do 

not have varves and glaciated areas are difficult to access and limited to high mountain ranges.  

In the doctoral thesis presented here, aragonitic shells of the aquatic gastropod Radix were 

investigated in order to test whether they represent a suitable high-resolution archive for climatic 

and hydrologic patterns on the TP. 18O and 13C ratios of the shells are in equilibrium with the 

ambient lake waters and therefore allow conclusions about climatic and ecological conditions. In 

order to obtain the highest temporal resolution, the shells were sampled in equal distance along 

the ontogenetic order of the whorls. Using this method, up to 31 sub-samples per shell could be 

measured for oxygen and carbon isotope compositions.  
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The doctoral thesis is structured in three consecutive sections. The study started with the 

question if sclerochronological δ18O and δ13C values of modern Radix shells mirror modern 

climatic and hydrologic conditions on the TP and if it is therefore a promising archive for 

palaeoclimate reconstructions. Shells from three different localities at two lakes which are 

influenced by the monsoon system were isotopically analysed.  

The second step was a regional enlargement of the study in order to test if the isotope values of 

recent shells represent different lake settings within the atmospheric circulation. To answer this 

question, shells from seven lakes were analysed. Some of the lakes are located in the monsoon 

region, some are influenced by the westerly wind system and some are located in their transition 

zone.  

The application to fossil shells was the final step of this study. A limnological multi-proxy study on 

a sediment core from Lake Karakul in Tajikistan (Mischke et al., 2010) provided first results of 

climate and environmental conditions in the lake catchments for the last 4200 cal yr BP. 21 fossil 

Radix shells from the core were isotopically analysed and the results were compared to δ18O 

values of authigenic aragonite and ostracod calcite in order to test whether lake level changes 

were mainly triggered by glacial meltwater as  was previously suggested by Mischke et al., (2010). 

The results of these three working steps are published in two international peer-reviewed 

journals. A third manuscript has been submitted. 

The sclerochronological isotope patterns indicate seasonal changes of temperature, precipitation, 

evaporation, biological productivity within the lakes, exchange with the atmosphere and input of 

allochthonous CO2 from the catchment. Furthermore, it is possible to distinguish between 

precipitation and meltwater fluxes. Isotopic bulk values allow conclusions about lake setting 

characteristics and long-term trends. The study results have shown that 1) modern δ18O and δ13C 

compositions of the shells mirror modern climate and hydrologic conditions on the TP and are 

thus a promising tool for palaeoclimatic reconstructions, 2) shells from lakes which are influenced 

by the monsoon system show a distinct monsoon signal in the sclerochronological patterns, 3) 

modern δ18O and δ13C compositions of the shells mirror different lake settings within the 

atmospheric circulation, independent of the lake character and, 4) late Holocene  δ18O and δ13C 

compositions of fossil shells from Lake Karakul in Tajikistan indicate changes of temperature and 

meltwater flux since 4200 cal yr BP.  

The results of this doctoral thesis contribute to a better understanding and evaluation of 

atmospheric circulation patterns and hydrologic conditions on the TP. The aquatic gastropod 

Radix is a further suitable archive for palaeoclimatic and palaeoenvironmental studies which 
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differs from the already existing archives by its particularly high resolution. With the aid of the 

sclerochronological approach it is possible to distinguish between precipitation and meltwater. 

Open research questions exist concerning the dynamic and the evolution of the palaeo-monsoon 

on the TP and in surrounding regions as well as the uplift history of the TP which can also be 

highlighted by using fossil Radix shells.  

 

Kurzfassung  

Das Tibetplateau (TP) ist die höchstgelegene zusammenhängende Landmasse der Erde. Die 

Hebung des Plateaus begann vor ungefähr 50 Millionen Jahren durch die Kollision der Indischen 

mit der Eurasischen Platte. Aufgrund des großen Einflusses auf die asiatischen und globalen 

atmosphärischen Zirkulationsmuster war das TP innerhalb der letzten Jahrzehnte zunehmend im 

Fokus paläoklimatischer Studien. Durch die Höhe des Plateaus, die durchschnittlich ca. 4500 m 

ü.M. beträgt, wirkt es im nordhemisphärischen Sommer wie eine Heizfläche, was das 

Tiefdruckgebiet über Zentralasien verstärkt. Es ist allgemein anerkannt, dass dieser Vorgang zu 

einer großen Land-Seewind-Zirkulation führt, die feuchte Luftmassen vom Indischen und 

Pazifischen Ozean auf das asiatische Festland transportiert (Indischer und Ostasiatischer Monsun), 

obwohl es jüngst erneute Diskussionen über die auslösenden Faktoren gibt. Zudem stellt das TP 

eine Barriere für die globale Westwindzirkulation dar, die im Bereich des westlichen Plateaus in 

einen nördlichen und einen südlichen Zweig gesplittet wird. Offene Forschungsfragen bestehen 

hinsichtlich der zeitlichen Abfolge der einzelnen Hebungsprozesse des Plateaus und wie diese sich 

auf Monsunintensität, Feuchtigkeitstransportwege und globale Zirkulationsmuster ausgewirkt 

haben. Das TP ist Quellgebiet einiger großer asiatische Flüsse wie beispielsweise Indus, 

Brahmaputra, Mekong, Yangze und Gelber Fluss, deren Wasserführung wesentlich von 

Monsunniederschlägen und Gletscherdynamik abhängen und die das Leben von mehr als einer 

Milliarde Menschen beeinflussen. Das TP wird deshalb auch der „Water Tower“ Asiens genannt. 

Das Verständnis von atmosphärischen und hydrologischen Mustern und Prozessen in dieser 

Region ist folglich essentiell, um zukünftige Klimaprognosen zu bewerten, insbesondere unter 

dem Aspekt von „Global Change“, was den anthropogenen Faktor mit einbezieht. Dabei ist jedoch 

nicht nur das Prozessverständnis moderner Klima- und Umweltdynamiken von Bedeutung. Auch 

die Rekonstruktion von Klimaereignissen und –trends in der Vergangenheit sind ein wichtiges 

Werkzeug um die ganze Bandbreite von Wechselwirkungen, Dynamiken und Größenordnungen zu 

erfassen und zu verstehen, und um diese Erkenntnisse in zukünftige Prognosen mit einfließen zu 

lassen. Dafür sind zeitlich hochaufgelöste Archive wichtig, die nicht nur generelle Trends abbilden 
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sondern auch relativ kurzfristige (extreme) Klimaereignisse widerspiegeln. Geeignete Archive sind 

Baumringe mit einer Auflösung von einem Jahr, Warven mit einer saisonalen Auflösung oder 

Eisbohrkerne mit einer bestenfalls saisonalen Auflösung. Die Verwendung dieser Archive ist auf 

dem TP jedoch nur eingeschränkt möglich, da der größte Teil des Plateaus baumlos ist, die 

meisten Seen keine Warven aufweisen und sich Vergletscherungen auf einige wenige Gebiete 

beschränken. Zudem sind weite Teile des Plateaus nur unter erschwerten Bedingungen 

zugänglich. 

In der vorliegenden Dissertation wurde untersucht, ob die aragonitischen Gehäuse der 

aquatischen Gastropode Radix solch ein geeignetes Archiv für hochauflösende klimatische und 

hydrologische Muster auf dem TP darstellen. Als Klima- und Umweltproxy wurden 18O und 13C 

Verhältnisse analysiert, da sich die Isotopenwerte der Gehäuse im Gleichgewicht mit den 

Habitaten innerhalb der Seen befinden und somit Rückschlüsse auf die klimatischen und 

ökologischen Gegebenheiten erlauben. Um eine besonders hohe zeitliche Auflösung zu erreichen, 

wurden die Gehäuse in einem gleichmäßigen Abstand entlang der ontogenetischen 

Wachstumsspirale beprobt. Mit dieser Methode konnten bis zu 31 Einzelproben pro Gehäuse 

gewonnen werden, die isotopisch analysiert wurden.  

Die Dissertation ist in drei thematisch aufeinander aufbauende Abschnitte strukturiert. Am 

Anfang stand die Frage, ob sclerochronologische δ18O und δ13C Muster rezenter Radixgehäuse die 

rezenten klimatischen und hydrologischen Gegebenheiten widerspiegeln und somit ein 

vielversprechendes Archiv für paläoklimatische Rekonstruktionen darstellen. Dafür wurden je 

zwei Gehäuse an drei unterschiedlichen Lokalitäten zweier Seen die sich im Monsuneinfluss 

befinden, isotopisch analysiert. Der folgende Arbeitsschritt bestand aus einer regionalen 

Ausdehnung der Untersuchungen um herauszufinden, ob die Isotopenmuster in rezenten 

Gehäusen auch die unterschiedlichen klimatischen Gegebenheiten der Seen widerspiegeln die 

sich aufgrund verschiedener Positionen innerhalb der atmosphärischen Zirkulation ergeben. 

Hierfür wurden insgesamt jeweils zwei Gehäuse von sieben Seen beprobt, die teils dem 

Monsuneinfluss, teils dem Einfluss des Westwindsystems und teils keinem von beiden Systemen 

exakt zugeordnet werden können. Der abschließende Schritt bestand aus der Beprobung von 21 

fossilen Radixgehäusen aus einem Bohrkern der im östlichen Becken des Lake Karakul in Tajikistan 

geborgen wurde, welcher die letzten 4200 Jahre vor heute abdeckt. Unter diesen drei Aspekten 

sind drei Manuskripte entstanden, die bereits zum überwiegenden Teil in international peer-

reviewed Zeitschriften veröffentlicht wurden.  
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Diese sclerochronologischen Isotopenmuster geben Hinweise auf saisonale Änderungen von 

Temperatur, Niederschlägen, Evaporation, biologischen Aktivität innerhalb des Sees, Austausch 

mit der Atmosphäre und Eintrag von allochthonem CO2 aus der Umgebung.  Darüber hinaus ist es 

möglich, Niederschläge von Schmelzwassereinträgen zu unterscheiden. Aber auch die 

isotopischen Durchschnittswerte erlauben Rückschlüsse auf die Lage des Sees innerhalb der 

atmosphärischen Zirkulation, den Seentyp (offenes oder geschlossenes System) und klimatische 

Langzeitrends. Die Untersuchungsergebnisse haben gezeigt, dass 1) die modernen δ18O und δ13C 

Zusammensetzungen der Gehäuse die modernen klimatischen und hydrologischen 

Gegebenheiten auf dem TP widerspiegeln und somit ein vielversprechendes Werkzeug für 

paläoklimatische Studien darstellen, 2) die Gehäuse die aus Seen stammen die im Monsuneinfluss 

liegen, ein deutlich ausgeprägtes Monsunsignal in ihren sclerochronologischen Mustern 

aufweisen, das aus einem abrupten Anstieg der δ18O Werte und einem anschließenden graduellen 

Abfallen der Werte besteht, 3) die Isotopenmuster der rezenten Gehäuse die Lage der Seen 

innerhalb der atmosphärischen Zirkulation zeigen, unabhängig vom Charakter des Sees und 4) 

dass die spätholozänen δ 18O und δ13C Zusammensetzungen der Gehäuse aus dem Lake Karakul-

Bohrkern sowohl Änderungen der Temperatur als auch der Schmelzwassereinträge anzeigen und 

somit Rückschlüsse auf das Klima und die Gletscherentwicklung im Einzugsgebiet für die letzten 

4200 Jahre vor heute erlauben.  

Die Studienergebnisse die im Rahmen der vorliegenden Dissertation entstanden sind tragen dazu 

bei, die atmosphärischen Zirkulationsmuster und die hydrologischen Gegebenheiten auf dem TP 

besser zu verstehen und zu bewerten. Mit der aquatischen Gastropode Radix ist ein weiteres 

geeignetes Archiv für paläoklimatische Studien entstanden, das sich von den vielen bereits 

vorhandenen Archiven auf dem TP durch seine besonders hohe zeitliche Auflösung unterscheidet. 

Zudem ist es mithilfe der sclerochronologischen δ18O und δ13C Muster möglich, unterschiedliche 

Klima- und Umweltparameter voneinander zu unterscheiden. Hier sei insbesondere die 

Möglichkeit der Unterscheidung von Schmelzwasser und Niederschlag betont.  

Offene Forschungsfragen betreffen vor allem Dynamik und Verlauf des Paläo-Monsuns auf dem 

TP und den umliegenden Regionen sowie die Hebungsgeschichte des TP, die ebenfalls mithilfe 

fossiler Radixgehäuse beleuchtet werden kann. 
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1. Introduction  

1.1 Preface 

The TP is the largest elevated land mass on earth with a mean elevation of 4500 m a.s.l. (Sato, 

2009) spanning an area of about 3 million km² (Royden et al., 2008). The uplift of the plateau 

started about 50 million years ago with the collision of the Indian and Eurasian plates (Tapponnier 

et al., 2001; Royden et al., 2008; Wang et al., 2012). Although there are still quite different 

opinions about the uplift processes (Gloaguen and Ratschbacher, 2011; Xiao et al., 2012), it is 

generally accepted that the TP modifies global and regional climate and influence the Asian 

Monsoon intensities (An et al., 2001; Gupta et al., 2003; Harris, 2006; Molnar et al., 2009; Chen et 

al., 2010). It holds the headwaters of major south-east Asian rivers, e.g. Indus, Brahmaputra, 

Mekong, Yangtze and Yellow rivers on which about 1 billion people depend (Xu et al., 2008; Hua, 

2009; Immerzeel et al., 2010; Piao et al., 2010) as well as more than 1,000 lakes (Hou et al., 2012) 

exceeding a total area of ca. 30,000 km² (Kong et al., 2007). Due to its climate sensitivity, the TP 

acts as a key region for palaeoclimate and palaeoenvironmental studies and an understanding of 

its natural climate variability is essential for evaluating anthropogenic impacts on modern and 

future climate (Crowley, 2000; Henderson et al., 2003). 

For this reason, the Deutsche Forschungsgemeinschaft (DFG) has initiated a Sino-German Priority 

Program to combine studies on the interaction of the three major forcing mechanisms: plateau 

formation, climate evolution and human impact (http://www.tip.uni-tuebingen.de/index/php/de/). 

These parameters have been analysed on different time scales and resolutions. The sub-project 

from which the dissertation presented here resulted is titled: Age, development and limnology of 

extant Qinghai-Tibetan Plateau lakes: A reconstruction based on phylogeography and 

paleoecology of the gastropod genus Radix.  

 

Tectonics and climate dynamics have created thousands of lakes which are scattered on the TP 

representing important archives for palaeoclimatic and palaeoenvironmental as well as for 

phylogeographical studies. Only in the case of a few lakes is it known since when they have 

existed. The sub-project aims at a better understanding of age and dynamics of modern lakes on 

the TP and seeks to unravel the interplay of climate, lake development, phylogeography and 

palaeoenvironment within a broader spatial and temporal context. The aquatic gastropod genus 

Radix represents the biological and palaeontological object of research. Radix is one of the very 
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few invertebrate taxa with plateau-wide distribution and one of the first invaders of a newly 

developed lake (von Oheimb et al., 2011). The sub-project is subdivided into two parts: 1) 

generating a chronology of major genetic events by using molecular dating methods linked to 

geological, limnological and climate data from the TP; 2) establishing Radix as a (palaeo-) 

environmental and (palaeo-) climate archive in a sub-seasonal resolution by using geochemical 

approaches. The first part has been conducted by project-members from the University of 

Giessen, Germany. The second part is subject of my doctoral thesis which includes two already 

published international peer-reviewed papers and one submitted manuscript (see chapter 1.5).  

  

1.2 Scientific background  

1.2.1 Regional setting and climatic relevance of the Tibetan Plateau 

Figure 1: Overview map of the Tibetan Plateau and surrounding mountain ranges, including the dominant 
circulation systems. The basemap was created by Christian Leipe (FU Berlin) using ArcGis.  

 

Politically, the TP covers the provinces of Xizang (Autonomous Region of Tibet) and parts of 

Qinghai and Xinjiang of the People’s Republic of China. The TP is located between 74°-98° E and 

28°-40° N and is bounded by the Himalaya mountain range to the south rising up to more than 

8.000 m a.s.l. in places (Figure 1). To the north the TP is bordered by the Kunlun Shan and Qilian 

Shan ranges and the Karakoram Mountains in the west. Large intermontane basins are located in 

the north and north-east of the TP.  
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It is widely accepted that the uplift of the TP began about 50 million years ago, caused by the 

collision of the Indian and Asian plates (Wang et al., 2012); however, controversy still exists 

regarding the processes, mechanisms and evolution of the uplift (Gloaguen and Ratschbacher, 

2011). The plateau formation occurred in several uplift phases that were associated with the 

evolution of the Asian monsoon system (see below; An et al., 2001; Harris, 2006; Yanai and Wu, 

2006). Due to its immense size and elevation, the TP is an orographic barrier to the atmospheric 

circulation on the northern hemisphere and it highly influences the climates of Asia (Kutzbach et 

al., 1989; An et al., 2001).  

More than 1,000 lakes are scattered on the plateau (Hou et al., 2012). In the northern and 

western part of the TP most lakes are saline or hypersaline with poor biological diversity. Fresh 

water lakes are primary located in the eastern and southern area where the influence of the Asian 

monsoons dominates (Yu et al., 2001). Since when lakes on the TP have existed is known only in 

the case of a few lakes and only approximately. After Kuhle (1998) the TP was covered with a 2.4 

million km² ice sheet during the last glacial (LG) which spread over almost the entire TP. This 

would mean that all extant lakes must have developed after the last glacial maximum (LGM). This 

is in contrast to many studies in which lake sediments of Pleistocene age have been investigated 

(e.g. Yan et al., 1999; Wang et al., 2002; Opitz et al., 2012). However, many lakes are fed by 

meltwater and thus mirror the glacial history of their catchments, which in turn provides 

information about climate conditions. 

The modern climate on the TP is characterized by a marked gradient in continentality and aridity 

from the south and east to the north and west (He et al., 2004; Wu et al., 2006; Chen, 2012). 

Steppe, semi-desert and desert regions are located in the extreme continental northern and 

western plateau area and well-vegetated mountain regions characterize the southern and eastern 

plateau (Wu et al., 2006). The mean annual air temperatures are in a range between 12°C on the 

south-eastern TP and below 0°C on the central and western TP (Domrös and Peng, 1988). Mean 

annual precipitation varies from ca. 600 mm on the monsoon influenced south-eastern TP to 50 

mm on the central and western TP (Domrös and Peng, 1988). Due to the lack of meteorological 

stations climate data for the central plateau region and high mountain areas in particular are not 

available.  

The TP is located in a transition zone between four circulation systems: the Indian summer 

monsoon, the East Asian summer monsoon, the Asian winter monsoon and the westerlies and is 

therefore particular vulnerably to past and present climate change (Figure 1; Wang et al., 2010). 

The TP blocks the mid-latitude westerlies and splits the jet stream into a northern and southern 
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branch. During the summer, a strong latitudinal temperature gradient exists in the upper 

troposphere caused by partial heating of the atmosphere over the plateau which fuels the 

monsoon circulation (Morill et al., 2006). Low atmospheric pressure over the TP and high 

atmospheric pressure over the relatively cold water surfaces cause the initiation of summer 

monsoon circulation (Clemens et al., 1991). Moisture sources are the Arabian Sea and the Bay of 

Bengal for the Indian monsoon, the South China Sea and the Pacific Ocean for the East Asian 

monsoon and the North Atlantic, Mediterranean Sea, Black Sea and Caspian Sea for the westerlies 

(Clemens et al., 1991; Aizen et al., 1996; Wu et al., 2006). The two sub-systems, the Indian 

monsoon and the East Asian monsoon, can roughly be divided at 105°E (Wang et al., 2005). 

During the winter the climate on the TP is characterized by cold and dry air masses from the 

Siberian anticyclone caused by a cooling of the Asian continent and relatively warm ocean 

surfaces. The onset of the Indian and East Asian monsoon circulation is identified for about 9-8 

million years ago (An et al., 2001). Even though it is widely accepted that the heating of the 

plateau area is the dominant control of the monsoon system, a more recent study identifies the 

Himalaya mountain range, rather than the TP, as the dominant thermal forcing (Boos and Kuang, 

2010). This demonstrates that many open questions still exist concerning moisture transport onto 

the plateau and related driving mechanisms.  

Extreme events of summer monsoon precipitation can cause severe floods or droughts that 

impact nearly half of the world’s population (Morrill et al., 2006). Studying palaeoclimate records 

on the TP is therefore a fundamental step towards understanding how the TP has influenced the 

atmospheric circulation (Kong et al. 2007) and how changes of the monsoon circulations have 

affected human history. However, studying the Asian monsoon circulations is crucial not only in a 

regional but in a global context (e.g. Wang et al., 2005; Wang, 2009; Caley et al., 2011) because 

the system interacts with other circulation patterns, e.g. El Niño-Southern Oscillation (ENSO; 

Wang et al., 2005) and the North Atlantic thermohaline circulation (Overpeck et al. 1996; Morrill 

et al., 2003). This may also explain the teleconnections of the Asian monsoon with the African and 

South American monsoon systems (Morrill et al., 2003; Dykoski et al., 2005).  

Studying the palaeo-moisture availability on the TP may help in the investigation of precipitation 

trends in respect of long-term developments and allow scenarios of future moisture availability. 

However, archives which record high-resolution palaeo-moisture signals are scarce and mainly 

restricted to a few areas. Nevertheless, archives in a high resolution (annual, monthly, weekly) are 

essential because they mirror not only a long-term trend but also extreme events such as intense 

monsoon precipitation, strong meltwater fluxes or extreme temperatures. Therefore, an archive 
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which can be found plateau-wide and records different climate parameters in a sub-seasonal 

resolution has been lacking.   

1.2.2 O and C isotope compositions of aquatic gastropod shells as a palaeoclimate proxy 

Information about past climate and environmental conditions and changes can be obtained 

through various proxies. These are geochemical or physical signals recorded in biological or 

geological structures which reflect the environment in which they formed (Gröcke and Gillikin, 

2008). Usually, they can record a time series of climatic or environmental information because 

they typically accrete or deposit sequentially through time (Gröcke and Gillikin, 2008). Such 

climatic and environmental proxies are for example ice cores, tree rings, mollusc shells, mammal 

teeth,  corals, fish otoliths, speleothems and varves (e.g. Thompson et al., 2000, 2006; Bräuning, 

2001; Brauning and Mantwill, 2004; Schöne et al., 2004; Grimes et al., 2003; Dykoski et al., 2005; 

Cai et al., 2010; Schlolaut et al., 2012; Schöne and Gillikin, 2013). However, most of the TP area is 

treeless, most studied lake sediments do not have varves and caves and glaciers are only existent 

in some particular areas (Bräuning and Mantwill, 2004; Johnson et al., 2006; Thompson et al., 

2006; Liu, J. et al., 2011). Molluscs are attractive environmental recorders due to their abundance 

in diverse environments and their sequential skeletal deposition (McConnaughey and Gillikin, 

2008) and often good state of preservation.  

The study of oxygen and carbon isotope compositions in carbonate shells of aquatic gastropods is 

a widely used approach in palaeoclimate research (e.g. Abell, 1985; Abell and Williams, 1989; 

Bonadonna et al., 1999; Leng et al., 1999; Schmitz and Andreasson, 2001; Hailemichael et al., 

2002; Jones et al., 2002; Latal et al., 2004; Gajurel et al., 2006; Stevens et al., 2012). In general, 

the isotope composition of freshwater snail-shell carbonate reflects that of lake water and the 

temperature in which the carbonate has precipitated, providing a useful tool for environmental 

and limnologic studies (Fig. 2; Fritz and Poplawski, 1974; Leng et al., 1999; Leng and Marshall, 

2004). The O- and C-isotope composition of the lake water is primarily dependent on the isotope 

composition of precipitation and inflow, temperature, water residence time, evaporation, 

exchange with atmospheric CO2, input of allochthonous CO2, biological productivity in the water 

column, photosynthesis of aquatic plants and oxidation of organic matter at the lake bottom 

(Figure 2). The O-isotope composition of precipitation is related to the rainout history of the 

atmospheric moisture, air temperature and the so-called “amount effect” (Dansgaard, 1964; 

Rozanski et al., 1993; Lee and Fung, 2007). This effect appears in the oxygen isotope compositions 

of precipitation in monsoon influenced regions such as the south-eastern TP. The effect is 
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characterized by decreasing 18O/16O ratios with increasing monthly or annual mean precipitation. 

Such characteristic “monsoon signals” are also represented in the sclerochronological 18O shell 

patterns of the Tibetan gastropod Radix (Taft et al., 2012, 2013). The reasons for the “amount 

effect” are still under discussion but the effect is probably caused by a high relative loss of light 

oxygen isotopes when raindrops evaporate below the cloud base in arid regions (Lee and Fung, 

2007).  

Beside Radix only Gyraulus (Pulmonta, Planorbidae) and Pisidum (freshwater bivalve) could be 

found in the harsh TP environments, the diversity of aquatic invertebrates being generally very 

low. However, only Radix is a suitable organism for the approach presented here due to the shell 

size and life span.  

 

Figure 2: Climate and environmental parameters influencing the chemistry and biology of a lake on the 
Tibetan Plateau. Changes of these two parameters in turn are reflected in the δ18O and δ13C compositions 
of the lake water and the Radix shells.  

 

Gastropods are widespread in Quaternary lacustrine sediments and are often composed of 

thermodynamically unstable aragonite. The aragonite can convert to calcite, which effectively 

“resets” the isotope signals (Leng et al., 1999). Therefore, it is essential to check the shell material 

before using the shell for isotope analyses. One main advantage of using gastropod shells for 

palaeoclimate reconstructions is that no so called species-specific “vital effect” is known for  most 

taxa, in comparison to ostracod shells, for example (Leng et al., 1999; White et al., 1999; Leng and 

Marschall, 2004). “Vital effects” cause a divergence from the equilibrium between isotope 

compositions of biogenic carbonate and ambient water (Sharp et al., 2007).  
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1.2.3 Biology and life cycle of the aquatic gastropod Radix  

Knowledge of growth period, habitat and life cycle of the gastropods is essential for interpreting 

the stable isotope data (Leng and Marshall, 2004; Taft et al., 2012, 2013). The pulmonate aquatic 

gastropod Radix (Montfort, 1810; Basommatophora) belongs to the taxonomic family of 

Lymnaeidae (Rafinesque, 1815). The earliest fossil records of this family are known since the 

Middle Jurassic (Mordan and Wade, 2008). However, little is known about Radix from the TP. 

Radix is a widely distributed invertebrate and is adapted to extreme conditions like high altitude, 

extended ice cover periods on the water bodies or extreme temperature variations (Röpstorf and 

Riedel, 2004; Taft et al., 2012). Slow flowing rivers, lakes and back waters are the preferred 

habitats of this gastropod (Økland, 1990; Glöer, 2002). The life span is assumed to be 1-2 years, 

but a longer life span cannot be excluded because under cold-water conditions embryogenesis 

and ontogeny in general can be extremely prolonged (Röpstorf and Riedel, 2004). Shell accretion 

occurs during all seasons; size increase is much lower during the winter but does not cease 

(Gaten, 1986). The individuals remain active under the ice cover (Frömming, 1956; Glöer, 2002) 

and it is assumed that there is no shut down temperature for shell accretion. Further details 

about nutrition and biological traits are described in Manuscript I, chapter 2. A classification based 

on morphometric shell attributes turns out to be difficult because shell shape and size not only 

depend on the particular species but also on environmental conditions (Glöer, 2002). Radix from 

the TP have not been identified at the species level so far, and consequently, the name Radix sp. 

should be used. However, for reading convenience only Radix is used in this doctoral thesis.  

1.3 Aims and objectives of the thesis 

The main goal of this doctoral thesis is to improve the understanding of lake hydrology and 

dynamics, which depend on climate and environmental changes in modern times and late 

Quaternary on the TP. The medium for this study is the gastropod genus Radix, which could 

establish itself as a new archive for palaeoclimatic and palaeolimnological studies for the TP and 

surrounding regions in a sub-seasonal resolution. In this study, modern and past changes of 

monsoon intensity, patterns and moisture transport pathways are a particular focus. Radix is 

widely distributed on the plateau and adjacent areas and is therefore a suitable organism for 

regional and inter-regional comparisons. Fossil shells from Lake Karakul in Tajikistan were studied 

to determine whether the stable isotope signals provide additional detailed information about 

hydrological and climatic influencing factors such as meltwater flux, which cannot be 
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unambiguously distinguished by using conventional multi-proxy analyses. This thesis comprises 

the three following key questions:  

   

• Do sclerochronological δ18O and δ13C patterns of modern shells of the gastropod Radix 

from the TP generally mirror modern hydrological and climatic signals? Is this approach 

therefore a suitable avenue for palaeoenvironmental and palaeoclimatic studies? 

• Do sclercochronological δ18O and δ13C patterns of modern shells of the gastropod Radix 

collected from seven lakes across the plateau mirror modern hydrological and climatic 

signals and are the isotope signals dependent on particular lake characteristics (size, 

open/close, depth, etc.) and regional settings? 

• Do sclerochronological and bulk δ18O and δ13C values of fossil Radix shells mirror 

palaeoenvironmental and palaeoclimatic conditions and do they offer an additional 

benefit compared to other archives? 

This doctoral thesis comprises three research articles (three chapters) that were written for 

submission to international peer-reviewed journals. The first manuscript was published in 

Quaternary Science Reviews and the second one was published in Quaternary International, while 

the third manuscript has been submitted to Journal of Palaeolimnology. The following chapter 1.4 

gives an overview of the three manuscripts. 

1.4 Scientific approach and methods 

Stable isotope analyses of modern and fossil Radix shells for palaeoclimate and 

palaeoenvironmental reconstructions on the TP and in surrounding regions is a new scientific 

approach. This doctoral thesis is based on the principle of uniformitarianism as it is often applied 

in geosciences. It is essential first to understand and characterize modern natural systems and 

processes before it is possible to understand and assess former processes and climate dynamics. 

For this reason, the first stage of the study was comprised of extensive field work in order to 

sample living Radix specimens and water samples of different water bodies and habitats from 

areas with different atmospheric conditions across the TP.  
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1.4.1 Field work 

During field campaigns to the TP in 2008, 2009 and 2010, living Radix specimens and ambient 

water samples were collected from more than 50 water bodies with different characters and 

settings including lakes, rivers and wetlands.  

 Figure 3 shows the lakes from which recent Radix specimens were collected and the locations 

which fossil shells come from. Furthermore we measured pH, temperature, oxygen saturation and 

electrical conductivity of the ambient waters in order to characterize the habitats. Fossil shells 

were collected at Bangong Co in the western part and Donggi Cona in the north-eastern part of 

the TP. The fossil shells from Lake Karakul in Tajikistan were collected by Steffen Mischke during a 

field campaign in 2008.  

 
 Figure 3: Locations of lakes from which modern Radix shells were collected (green points and circles). 
These lakes are the subject of this doctoral study. Fossil shells (indicated by blue points) were collected 
from [1] Lake Karakul (Tajikistan), [2] Bangong Co and [3] Zhada Basin in the western part of the TP and 
[4] Donggi Cona located at the north-eastern margin of the plateau. 

   1.4.2 Sclerochronology, shell structure and shell preparation 

Seasonally to annually resolved, chronologically precisely aligned quantifiable proxy data are 

required to draw detailed pictures of the past (IPCC, 2007). In order to obtain detailed sub-

seasonal information from the isotope compositions of the Radix shells about climate and 

environment on the TP, a sclerochronological approach was selected.  
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“Sclerochronology is the study of physical and chemical variations in the 
accretionary hard tissues of organisms, and the temporal context in which they 
formed. Sclerochronology focuses primarily upon growth patterns reflecting 
annual, monthly, fortnightly, tidal, daily, and sub-daily increments of time 
entrained by a host of environmental and astronomical pacemakers. Familiar 
examples include daily banding in reef coral skeletons or annual growth rings in 
mollusk shells. Sclerochronology is analogous to dendrochronology, the study of 
annual rings in trees, and equally seeks to deduce organismal life history traits as 
well as to reconstruct records of environmental and climatic change through space 
and time.” (Definition by the Organization committee of the 1st International 
Sclerochronology Conference, St. Petersburg, Florida, USA, in July 2007) 

Sclerochronology is a relatively young discipline which has grown rapidly over the last few 

decades (Wanamaker, 2010).  It not only represents a supplement to already established 

geoscientific methods but has also evolved into a discrete discipline that involves biology, ecology, 

palaeontology, geology, geography and climatology.   

Some shells were investigated by scanning electron microscopy (SEM) to test whether the 

carbonate material is of calcite or aragonite structure. The chemical composition of these 

materials is the same (CaCO3) but the crystal structure is different which influences 

thermodynamic stability and preservation (Leng et al., 1999). Calcite has a trigonal and aragonite 

an orthorhombic crystal system which is often arranged in cross-lamination (Figure 4). The 

determination of the shell material is also important because aragonite exhibits a 0.6 ‰ more 

positive oxygen isotope value and has to be corrected if it is compared to calcite (Abell and 

Williams, 1989; Leng et al., 1999). For the SEM photos, the shells had to be prepared. First the 

shells were bisected and the cutting faces were polished. Subsequently, the material was treated 

in 1% acetic acid for 12 minutes to roughen the cutting faces before the shell parts were rinsed in 

deionized water for 2 hours. This procedure provided the best visible results in the SEM. The 

visual investigation confirmed that the shells are of aragonite structure (Figure 4).  
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Figure 4: SEM picture illustrating the cross-laminated aragonite structure of a Radix shell. 

Furthermore the shell structure itself has been studied by SEM in order to test whether the shell 

is secondarily thickened. If so, each shell section does not mirror a defined time period but a 

temporally mixed signal in the isotope composition. Significant secondary thickening was mostly 

excluded. A small zone (Pa 3 = 62.20 µm) of secondary thickening is indicated in Figure 5 however, 

compared to the broad primary built shell part (Pa 1 = >260 µm), this zone can be neglected for 

the shell preparation.  

 
 

Figure 5: Example of a SEM picture illustrating the shell thickness. Secondary thickening (Pa 3) is 
not significant for most of the Radix shells, but has to be checked before sampling. 
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For this thesis, the attempt was made to characterize morphometric shell attributes and compare 

them to particular genetic clades which have been classified by von Oheimb (2011) at the 

University of Giessen as part of this sub-project. By using the morphometric software tps morpho-

tool by Rohlf (2007) which is based on digitizing landmarks and outlines, typical shell attributes 

which are unique for a particular clade were investigated. However, this approach was not 

realizable because size and shape of the shells seem to be primarily dependent on ecological 

parameters of the particular habitats and not on particular genetic clades.  

Before shell sampling, the shells were cleaned in distilled water with ultrasound for 3-5 minutes 

before they were treated with 3.5% hydrogen peroxide (H2O2) for 24 hours to remove possible 

residues of the organic periostracum. Shell sampling was then conducted by drilling holes in the 

shells in equal distances of ca. 1 mm using a dental driller (Figure 6). The holes were drilled in 

ontogenetic order of the shell increments.  The latest shell part (= aperture) was sampled first and 

the embryonic shell (= protoconch) provided the last sample of a shell (Figure 7).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Dental driller which is used for shell sampling. The rotation speed 
can be regulated by foot. 
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For the specimens which were collected alive, meteorological datasets from the particular year 

could be compared directly by working backwards from the shell aperture.  

1.4.3 18O and 13C analyses 

The isotope analyses were conducted using a GasBench II linked to a MAT-253 ThermoFischer 

Scientific™ isotope ratio mass spectrometer. Borosilicate vials (10 ml) with ca. 200 ± 50 µg sample 

material were flushed with helium. After that, 3-5 drops of 100% phosphoric acid (H3PO4) were 

added in order to generate a reaction between carbonate and acid. The reaction produces CO2, 

which includes the elements oxygen and carbon. A constant temperature of 70°C during the 

transition of solid carbonate to gaseous CO2 causes a low fractionation factor α because isotope 

fractionation decreases with increasing temperature (Sharp, 2007). The reaction of carbonate 

with H3PO4 transports the carbon atoms into a gaseous state (McCrea, 1950):  

2H+ +CaCO3 → Ca2+ + H2O + CO2 

The mixture of helium and CO2 is automatically transported into the mass spectrometer. The CO2 

molecules are charged positively by ions in the ion source box (Figure 8) and accelerated by an ion 

accelerator. The stream of molecules is intensified and focused by electric lenses and led through 

Figure 7: The sampling material for stable isotope analyses was obtained 
by drilling holes along the ontogenetic spiral of growth increments, 
a=aperture to PRC= protoconch. 
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a magnetic field where the molecules are deflected according to the mass of the individual 

isotopologues (Sharp, 2007). The Faraday cup collectors are positioned according to the path of 

those isotopologues (Fig. 8). The molecules pass through them and pick up electrons (Sharp, 

2007).  

 

 

Figure 8: Schematic construction of a mass spectrometer. The complete tube is under high vacuum in 
order to minimize particle collisions. (Modified after Dyckmans, n.d., Centre for Stable Isotope Research 
and Analysis, Georg August University Göttingen, Germany). 

 

Three masses with corresponding isotopologues are recorded: Mass 44 (16O12C16O), Mass 45 

(16O13C16O, 17O12C16O, 16O12C17O) and Mass 46 (17O13C16O, 16O13C17O, 17O12C17O, 18O12C16O, 
16O12C18O). δ13C is mostly taken over from the ratio 44/45, δ18O is calculated from the ratio 46/44 

(Sharp, 2007). Prior to every measurement of a sample a standard gas is measured. The results 

from the standard gas provide the individual standard deviation. Standard materials are measured 

during every analysis and are placed randomly between the carbonate samples so that machine-

specific deviations can be detected and verified by data correction. Results are automatically 

given in δ-values representing the ratio of a heavier isotope (here 18O and 13C) related to the 

lighter isotope (here 16O and 12C).  

1.4.4 Reference standards and data correction  

For the comparison of isotope ratios measured by different laboratories, the ratios (here 18O/16O 

and 13C/12C) are calibrated against internationally accepted reference standards (Sharp, 2007). 

The isotope values for this thesis were standardized against Cararra marble (CAM) and Kaiserstuhl 

carbonatite in-house reference material (KKS) which had been calibrated against Vienna-PeeDee 
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belemnite (V-PDB) internationally accepted reference material NBS-19 and NBS-18.  The external 

error is based on the reproducibility of the in-house reference material Laaser marble (LM). 

Machine- and technique-specific variations require individual data corrections after every series 

of measurements. First the “linearity correction” must be conducted to balance variations in the 

sample weights causing different δ-values. Different initial weights of the reference material LM 

are measured with the samples. The results of this LM measurement (for both O and C) are 

plotted against peak area (ion signal intensity) to create a trend line. The trend line equation is 

used to adjust weight dependent variations. In the next step, all δ-values are multiplied by a 

constant “stretching factor” so that the measured difference between the standards is the same 

as the accepted difference (Sharp, 2007). In the last step, “shift correction”, a constant is added to 

all so far corrected δ-values to bring the measured values of the references into agreement with 

the accepted values (Sharp, 2007). All corrected δ-values of the samples are now on the IAEA 

scale.  

The isotopic analyses for the first and the third manuscript were conducted at the Freie 

Universität Berlin. Parts of the shell samples for the second manuscript were analysed at the 

GeoForschungsZentrum Potsdam (GFZ).  
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1.5 Overview of the manuscripts 

 

This thesis is a cumulative dissertation and therefore consists of three individual manuscripts 

(Chapters 2 – 4) prepared for publication in international peer-reviewed journals. An overview of 

all manuscripts is given in Table 1. 

Table 1: Overview of manuscripts presented within this dissertation 

Chapter Publication / Main Goal Journal / Status 

2 

“Sub-seasonal oxygen and carbon isotope variations in 
shells of modern Radix sp. (Gastropoda) from the Tibetan 
Plateau: potential of a new archive for palaeoclimatic 
studies” 
 
Taft L, Wiechert U, Riedel F, Weynell M, Zhang HC (2012) 
 
Main goal: 
To test whether δ18O and δ13C patterns in modern Radix 
shells from the Tibetan Plateau provide information about 
the modern climate in sub-seasonal resolution and wether 
the data thus open a promising new avenue of 
palaeoclimatic and palaeolimnologic research. 

Quaternary Science 
Reviews 34: 44-56. 

 
published 

 
(2012) 

 
http://dx.doi.org/ 

10.1016/j.quascirev.201
1.12.006 

3 

“Oxygen and carbon isotope patterns archived in shells of 
the aquatic gastropod Radix: Hydrologic and climatic 
signals across the Tibetan Plateau in sub-monthly 
resolution” 
 
Taft L, Wiechert U, Zhang HC, Lei GL, Mischke S, Plessen B, 
Weynell M, Winkler A, Riedel F (2013) 
 
Main goal: 
To test whether the climatic differences across and beyond 
the Tibetan Plateau are archived in the Radix shells and 
whether they mirror different lake characteristics in a 
broad spatio-temporal resolution.  

Quaternary 
International 290-291: 

282-298 
 

published 
 

(2013) 
 

http://dx.doi.org/ 
10.1016/j.quaint.2012.1

0.031 
 

4 

“Oxygen and carbon isotope ratios in Radix (Gastropoda) 
shells indicate changes of glacial meltwater flux and 
temperature since 4200 cal yr BP at Lake Karakul, eastern 
Pamirs (Tajikistan)” 

Taft L, Mischke S, Wiechert U, Leipe C, Rajabov I, Riedel F 

 
Main goal: 
To test the application to fossil shells and wether it is 
possible to detect and characterize the influence of 
meltwater supply in fossil Radix shells from Lake Karakul. 

Journal of 
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did critical reviews and therefore is co-author of all manuscripts. Dr. Uwe Wiechert is the head of 

a geochemical laboratory at the FU Berlin where major parts of the shell samples were measured. 

He did critical reviews, participated in the project and is therefore also co-author of all 
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Abstract  
 

Carbon and oxygen isotope ratios have been measured for nine aragonite shells of the gastropod 

genus Radix from the lake Bangda Co (30°29’N, 97°04’E, 4450 m a.s.l.) at the south-eastern edge 

and from two characteristic sites at the lake Kyraing Co (31°09’N, 88°17’E, 4650 m a.s.l.) on the 

central Tibetan Plateau. Radix shells were sampled for isotope ratio analysis with high spatial 

resolution along the ontogenetic spiral of growth providing the basis of isotope records with a sub-

seasonal time-resolution. δ18O values of shells from Bangda Co are on average ~ -15.0 ‰ relative 

to PDB and the pattern exhibits a clear onset and progression of the summer monsoon 

precipitation indicated by a strong “amount effect”. This pattern mirrors the precipitation pattern 

in the respective year and region as expected for a small (surface area ca. 0.3 km²) and shallow (< 

5 m) lake or habitat with short water residence times and little evaporative 18O enrichment of the 

lake water. In contrast, δ18O values of Radix shells from Kyaring Co habitat A which is connected to 

the deep (several tens of metres) and big (surface area ca. 660 km²) lake, average at ~ -13.0 ‰ 

consistent with a higher evaporation rate and longer water residence time. The latter is supported 

by more 18O enriched water in this habitat. The δ18O values of Radix shells from Kyaring Co habitat 

B are nearly as low as shells from Bangda Co due to the similar habitat characteristic but isotopic 

patterns of these shells exhibit a weaker “amount effect”. In both lake systems δ13C values of the 

shells are coupled with oxygen isotopes because a large amount of isotopically light carbon is 
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washed from mountain slopes into the lake during the rainy season. Although other processes 

influence the isotopic patterns, e.g. biological productivity (δ13C) or temperature (δ18O), these 

influences are minor compared with the monsoon signal or the effect of evaporation in the Radix 

shell records. The overall weaker amount effect in Radix shells from Kyaring Co habitat B 

compared with shells from Bangda Co are consistent with a current decreasing monsoon influence 

from the south-eastern edge towards the central Tibetan Plateau. Thus, fossil shells of the 

gastropod genus Radix are a valuable archive for reconstructing climatic and environmental 

changes on the Tibetan Plateau and provide information about former habitat sizes and depths. 

2.1 Introduction 

2.1.1 Scope 

The Tibetan Plateau, with a mean elevation of ca. 5 km over a region of almost 3 million km2 

(Royden et al., 2008), has been shown to modify global climate (e.g. Kutzbach et al., 1989; Raymo 

and Ruddiman, 1992; Yang and Scuderi, 2010; Yang et al., 2011) and to influence the Asian 

monsoon intensities (e.g. An et al., 2001; Gupta et al., 2003; Harris, 2006; Molnar et al., 2009; 

Chen et al., 2010). Understanding the role of the Tibetan Plateau for climate variability is crucial 

for ca. 2 billion people depending on the monsoon rains. Tectonics and climate dynamics have 

created thousands of lakes which are scattered on the Tibetan Plateau and which represent the 

main archives for studying climate variability of the past. Particularly late Quaternary sediments of 

several dozens of lakes across the plateau have been investigated (e.g. Hövermann and 

Süssenberger, 1986; Gasse et al., 1991, 1996; Wang et al., 2002; Herzschuh et al., 2005; Morill et 

al., 2006; Kong et al., 2007; Liu et al., 2007; Daut et al., 2010; Dietze et al., 2010; Liu et al., 2010; 

Mischke et al., 2010a; Rhode et al., 2010) to infer palaeoclimatic and palaeoenvironmental 

changes as a prerequisite to model scenarios of future climate dynamics. The temporal resolution 

of the data is usually centennial or multi-decadal and suitable to outline general moisture and 

temperature changes. In respect of predictability of future precipitation patterns, however, 

information on the intra-annual variability of the past is essential but still limited for this region. 

Dettman et al. (2001) provided stable isotope profiles from bivalve shells and mammal teeth from 

Himalayan foreland Siwalik Group sediments exhibiting seasonal climate variations from late 

Middle Miocene to Late Pliocene. Wang et al. (2008) used stable isotope profiles of mammal 

teeth from Late Pliocene sediments exposed at the northern Tibetan Plateau Kunlun Pass to infer 
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palaeo-environmental changes. Plateau-wide studies, however, have not yet been conducted 

perhaps due to the lack of suitable archives.  

The carbonate (aragonite) shells of the gastropod Radix (Montfort, 1810) (Basommatophora, 

Lymnaeidae) may represent such an archive for environmental signals at the sub-seasonal level. 

Radix belongs to the few aquatic taxa being widely distributed on the plateau and corresponding 

fossil shells can be found in Neogene and Quaternary fluvio-lacustrine sediments (e.g. Wu et al., 

2001; Yue et al., 2003; Wang et al., 2008; Mischke et al., 2010b; own observations).  

Shells of freshwater gastropods archive oxygen and carbon isotope signals which have been 

successfully analysed to infer climatic and environmental conditions (e.g. Linz and Müller, 1981; 

Abell, 1985; Abell and Williams, 1989; Hailemichael et al., 2002; Jones et al., 2002; Shanahan et 

al., 2005; Gajurel et al., 2006; Tütken et al., 2006). The oxygen isotope ratios in carbonate shells 

reflect water composition and temperature during carbonate precipitation. Photosynthesis of 

aquatic plants, decomposition of biological matter, mineralogical substrate and exchange with 

atmospheric CO2  affect the δ13C composition of the DIC within the lake which provides the basic 

material for the shells (e.g. Fritz and Poplawski, 1974; Grossman and Ku, 1986; Wu et al., 2002; 

Gajurel et al., 2006; McConnaughey and Gillikin, 2008). Furthermore metabolic or kinetic vital 

effects can significantly alter the isotopic composition of biogenic carbonates (Fritz and Poplawski, 

1974; Wefer and Berger, 1991; Shanahan et al., 2005). Detailed analyses along growth increments 

allow the documentation of seasonal variations in δ18O and δ13C (Fritz and Poplawski, 1974; 

Dettman et al., 1999; Jones et al., 2002; Gajurel et al, 2006). The isotopic pattern recorded in a 

single gastropod shell over a full life-cycle may thus mirror annual hydrological variations which 

are controlled by distinct climate parameters such as precipitation, evaporation, temperature, 

humidity, etc.  

The major purpose of this study is to address the question whether oxygen and carbon isotope 

patterns in shells of recent Tibetan Plateau Radix record the modern climate in sub-seasonal 

resolution and whether the data thus open a promising avenue of palaeoclimate research.

 2.1.2 Regional Setting 

We selected two exhoreic freshwater lakes of different origins which are located on a transect of 

decreasing monsoon influence from the eastern to the central plateau (Figure 9). At the eastern 

edge of the plateau we selected Bangda Co, a small, so far unnamed lake located at 30°29’N, 

97°04’E (4450 m a.s.l.) and named by us after the nearby Bangda Airport. The lake which formed 
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after a large mass movement that dammed a small braided river, is located in a wide U-shaped 

valley, and has a surface area of about 0.3 km² and a strong discharge. Based on the 

geomorphological setting and its origin the lake is considered comparatively shallow with a 

maximum water depth of a few metres only. The surrounding mountain ridges rise to about 5100 

m a.s.l. and flank the lake at the northern and southern shores. Bangda Co lies within the 

influence of the Asian monsoons. Total annual precipitation recorded at a meteorological station 

(31°09’N, 97°10’E, 3306 m a.s.l.) located ca. 70 km north of Bangda Co is 480 mm and the mean 

annual air temperature is 10.9°C (data from 1958 to 2009, Chinese Central Meteorological Office, 

2010). We selected a second meteorological station (33°48’N, 97°08’E, 4415 m a.s.l.) located 

about 360 km north of Bangda Co at an elevation similar to the lake area. Total annual 

precipitation there is 510 mm and the mean annual air temperature is -4.5°C (data from 1958 to 

2009, Chinese Central Meteorological Office, 2010). Bangda Co is located in the transition zone 

between seasonally frozen ground (Wang and French, 1995; Jin et al., 2000) and permafrost 

(personal observations) which is noteworthy in respect of a high surface runoff.  

 

Figure 9: Locality map with geographical position of Bangda Co and Kyaring Co including sampling sites 
(black dots near the lake shores) and modern atmospheric circulation systems. 

 

On the central Tibetan Plateau we selected Kyaring, Co which has a length of about 60 km, a 

maximum width of ca. 13 km and is located at 31°09’N, 88°17’E (4650 m a.s.l.). The tectonic origin 

is related to a strike slip fault located between the Indus-Tsangpo and Bangong-Nujiang suture 

(Blisniuk et al. 2001; Chengdu Institute of Geology and Mineral Resources, 2004). The minimum 
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width between the north-western basin with a surface area of about 300 km² and the south-

eastern basin with a surface area of about 360 km² is 3.8 km. Modern local climate conditions can 

be deduced from a meteorological station located about  9 km from the south-eastern lake shore 

at 30°57’N, 88°38’E (4672 m a.s.l.). Total annual precipitation there is 314 mm and the mean 

annual air temperature is 0.7°C (data from 1958 to 2009, Chinese Central Meteorological Office, 

2010). Based on its geomorphological setting the lake is considered significantly deeper than 

Bangda Co with a maximum water depth of several tens of metres at least. Some surrounding 

mountain peaks rise to about 5800 m a.s.l. and the lake area is located in a permafrost zone 

(personal observations).  

The ice cover periods of both lakes have not been observed but can roughly be inferred from a 

study of Beiluhe Basin lakes (Lin et al., 2011) which are located between Bangda Co and Kyaring 

Co although further north. Using the study by Lin et al. (2011) we suppose that Kyaring Co and 

Banga Co are completely covered by ice from early November to late April.  

2.1.3 Biology of the gastropod Radix 

The pulmonate gastropod Radix is widely distributed on the Tibetan Plateau living in freshwater 

and oligohaline to mesohaline systems. These gastropods inhabit preferably calm, shallow waters, 

e.g. bays, river overflows or backwaters in both lacustrine and riverine environments (Økland, 

1990; Glöer, 2002; personal observations). Among gastropods, beside Radix only Gyraulus 

(Pulmonta, Planorbidae) could be found in the harsh Tibetan Plateau environments, the diversity 

of aquatic invertebrates being generally very low. Radix species belong to the few continental 

gastropod taxa which inhabit extreme boreal and arctic environments such as lakes with ice cover 

periods of more than half a year, e.g. in northern Canada (e.g. Clarke, 1973), northern Norway 

(Økland, 1990) or Siberia (White et al., 2008). It has been observed in European Radix species that 

individuals remain active under the ice cover of lakes during the winter months (e.g. Frömming, 

1956; Glöer, 2002). Frömming (1956) noticed that Radix even move directly on the underside of 

ice. Gaten (1986) observed that Radix in Leicester Canal (England) moves in winter from the 

shallow littoral area to deeper water in order to avoid the ice. The same was observed by Burla 

(1972) for Lake Zurich (Switzerland). Gaten (1986) measured shell growth during all seasons and 

found that size increase was much lower in winter but did not cease. Stift et al. (2004) 

emphasized that palaearctic Radix auricularia, which had invaded Lake Baikal usually live in 

habitats with strong seasonal temperature changes while the cold water temperature in Lake 

Baikal varies very little. These data suggest that low temperature is not the limiting factor for 



2. Manuscript I: Introduction 

29 
 

growth but nutrition. Primary production is usually much reduced in winter, however, to quite 

different degrees in different systems. The nutrition of Radix consists mainly of chlorophyta, 

cyanobacteria, diatoms, protozoa and weed (Frömming, 1956; Knecht and Walter, 1977; 

Gittenberger et al., 1998; personal observations). We conclude that there is no shut-down 

temperature for shell accretion in Radix.  

The life span of Radix species is approximately one year (Young, 1975; Walter, 1977; Glöer, 2002). 

Several egg depositions during the warmer months have been observed in European species (e.g. 

Riedel, 1993; Gittenberger et al., 1998). Shell formation during embryonic ontogeny occurs within 

the egg capsules which are embedded in a gelatinous mass (Riedel, 1993). Until hatching, the 

embryo forms a conch of ca. 1.3 whorls which are ca. 0.8 mm in diameter. To this protoconch 

another ca. 3 whorls are added during later ontogeny (Riedel, 1993). The shell carbonate 

originates from either metabolic carbon or from the surrounding environment (Shanahan et al., 

2005). McConnaughey et al. (1997) concluded that the metabolic source is less than 10 % of the 

total and that 90 % comes from the DIC (dissolved inorganic carbon) which can be directly used 

for shell accretion. In respect of δ18O and δ13C analyses, it is noteworthy that we could not 

observe significant secondary thickening of the shell, which means that each shell section 

represents a clearly defined growth period.  

The pH tolerance range of Radix is between 5.8 and 9.9; pH values from 7.0-9.6 are preferred 

(Økland, 1990). The daily radius of movement is dependent on food supply (Knecht and Walter, 

1977). This means that the sampling locality is not necessarily the exact place where the 

specimens spend their whole life.  
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2.2 Materials and methods 

The studied Radix specimens were collected during a field trip to the eastern and central part of 

the Tibetan Plateau from August to October 2008. The specimens from Bangda Co were collected 

on September 27 and the specimens from Kyaring Co on September 14. The sampled gastropods 

were preserved in 80% ethanol. At the sampling localities (Figure 10) we determined water 

temperature, pH value and electrical conductivity. Water samples were taken to Berlin for 

inorganic chemical and isotopic characterization of the environment of the sampled gastropods. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: Sampling sites at Bangda Co and Kyaring Co site A and B. 

 

Bangda Co 

Kyaring Co site A 

Kyaring Co site B 



2. Manuscript I: Materials and methods 

31 
 

Our study is linked to investigations at the Justus-Liebig-University in Giessen where the 

specimens have been genetically analysed. The soft parts of the gastropods were removed from 

the shells and these were photographed for documentation purposes. Every DNA-sequenced 

specimen has a 5-digit serial lab number and an additional sample code which enables a clear 

identification (Table 2). Because Tibetan Plateau Radix have not been identified at the species level 

so far, we use Radix sp. The empty shells were conveyed to our group where the following steps 

were accomplished: All visible organic and inorganic material was removed from the shells using 

brushes. Subsequently the shells were treated with H2O2 to remove dispersed material. 

Afterwards the shells were rinsed with deionized water in an ultrasonic bath and then dried 24 

hours at room temperature. Three shells from Bangda Co and six shells from two distinct localities 

at Kyaring Co (sites A and B) of similar shell shape and shell thickness were selected (Figure 11).  

 

Figure 11: Radix shells (A-I) prior to drill sampling. The scale bar is 1 cm. Shells D and F still contain the 
soft parts and were photographed by P. von Oheimb (University of Giessen).  
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Sub-sampling of the shells was carried out along the ontogenetic spiral of growth increments 

using dental drillers of 0.1 to 0.5 mm in diameter depending on positions along the shells. To 

obtain a minimum of 150 µg, 200 ± 50 µg of the samples were taken within a constant distance of 

ca. 1.0 mm between the drilled holes along the whorls (Figure 12). We obtained a minimum of 13 

samples and a maximum of 23 samples per shell (Table 2).  

Table 2: Overview of analysed Radix shells from Bangda Co and Kyaring Co. 
 
Shell 
code 

DNA lab 
number 

Lake (site) 
Site water depth 

Geographical 
coordinates 

Height / Width 
in cm 

n samples Figure 
reference 

BCo2 11115 Bangda Co 
< 0.5 m 

30°29’N 
97°04‘E 

1.0 / 0.73 
 

17 
 

Fig. 11B 
 

BCo3 6 (ns) Bangda Co 
< 0.5 m 

30°29’N 
97°04‘E 

0.95 / 0.67 
 

13 
 

Fig. 11C 
 

KCoA1 10055 Kyaring Co (A) 
< 0.5 m 

30°95’N 
88°49‘E 

2.20 / 1.61 23 
 

Fig. 11D 
 

KCoA2 10054 Kyaring Co (A) 
< 0.5 m 

30°95’N 
88°49‘E 

1.17 / 0.86 
 

22 
 

Fig. 11E 
 

KCoA3 11112 Kyaring Co (A) 
< 0.5 m 

30°95’N 
88°49‘E 

1.25 / 0.95 
 

14 
 

Fig. 11F 
 

KCoB1 11113 Kyaring Co (B) 
< 0.5 m 

31°17’N 
88°17‘E 

1.33 / 0.97 
 

18 
 

Fig. 11G 
 

KCoB2 10058 Kyaring Co (B) 
< 0.5 m 

31°17’N 
88°17‘E 

1.60 / 1.19 
 

16 
 

Fig. 11H 
 

KCoB3 10060 Kyaring Co (B) 
< 0.5 m 

31°17’N 
88°17‘E 

1.14 / 0.71 14 
 

Fig. 11I 
 

 
The early ontogenetic shell was partly sampled using a different method because of its fragility: 

Shell parts of ca. 1.0 mm width were manually separated along the ontogenetic spiral of growth 

by a small knife under a binocular. Afterwards small particles of these stripes were treated in the 

same way as the other samples. It cannot be excluded that the distances between the particular 

samples vary marginally. For this reason the samples are labelled in letters and not in scale units. 

For each locality we adjusted the three diagrams in a way that assumed similar time spans are 

arranged in one column.  

 

 

 

 

  
Figure 12: Terminal shell of Radix specimen exemplifying 
sampling method. Diameter of drill holes is 0.3 mm. 



2. Manuscript I: Materials and methods 

33 
 

 

The aragonite samples were reacted in 10 ml borosilicate vials with phosphoric acid after flushing 

with helium. Resulting CO2 gas was analysed for δ18O and δ13C using a GasBench II linked to a 

MAT-253 THERMO Scientific™ Isotope Ratio Mass Spectrometer. The external error of the 

measurements is ±0.06 ‰ for δ18O and ±0.04 ‰ for δ13C both 2 SD (standard deviations) based 

on the reproducibility of the in-house reference material Laaser Marble. Measurements were 

standardized against Cararra Marble (CAM) and Kaiserstuhl carbonatite in-house reference 

material (KKS) which had been calibrated against Vienna PeeDee Belemnite (V-PDB) international 

isotope reference material NBS-19 and NBS-18. All results are reported in δ notation relative to V-

PDB. For comparing the results with measured meteorological data from the sampling year we 

used records from the Chinese Central Meteorological Office (2010). We selected the already 

mentioned three meteorological stations and calculated an average sum of precipitation and a 

mean annual temperature for the year 2008 (Figure 13). The data were recorded as 10-day 

average values and consequently three values per month are available. Temperatures are 

assessed as mean annual temperatures in °C based on 36 averaged values per year.  

 

 

 

 

 

 

 

 

 

 

 

Figure 13: Precipitation and temperature for the sampling year 
2008, recorded by the Chinese Central Meteorological Office 
(2010): A) ca. 70 km north of Bangda Co at 31°09’ N, 97°10’E 
and 3306 m a.s.l., 474 mm/a; B) ca. 360 km north of Bangda Co 
at 33°48’ N, 97°08’ E and 4415 m a.s.l., 562 mm/a; C) ca. 9 km 
south-east of Kyaring Co at 30°57’ N, 88°38’ E and 4672 m 
a.s.l., 314 mm/a. 
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2.3 Results 

2.3.1 Water parameters  

The water parameters of Bangda Co and Kyaring Co are displayed in Table 3. Salinity in PSU was 

calculated after Hölting and Coldewey (2009) based on electrical conductivity.  

Table 3: Lake water parameters measured in the field. The salinity was calculated after Hölting and 
Caldewey (2009) based on the electrical conductivity. δ18O and anorganic chemistry was determined at 
the Free University Berlin. 
 

Locality, 
Date 

measured 

Water 
temperature 

(°C) 

Electrical 
conductivity 

(µS/cm-1) 
PSU pH δ18Owater 

(‰) 
K+ 

mg/l 
Na+ 

mg/l 
Mg2+ 

mg/l 
Ca2+ 

mg/l 
Sr2+ 

mg/l 
HCO3

-

mg/l 
Cl-

mg/l 
NO3

-

mg/l 
SO4

2-

mg/l 

Bangda 
27-09-08 15.1 54 0.04 7.9 -18.3 0.6 1.4 1.1 7.9 0.0 48.8 0.3 0.1 3.0 

Kyaring 
Co A 
14-09-08 

8.3 293 0.21 9.4 -14.2 3.6 15.4 13.6 26.3 0.2 153 3.6 0.5 37.0 

Kyaring 
Co B 
14-09-08 

13.3 149 0.11 9.3 -16.3 0.7 5.5 2.8 22.5 0.1 91.5 1.0 0.0 13.0 

2.3.2 δ18O and δ13C in Radix shells from Bangda Co and Kyaring Co   

For the particular isotope value of each sample see Table 4 (A-I). The isotope patterns of the shells 

are described in some detail in the following and are displayed in Figs.Figure 14, Figure 15 and 

Figure 16. Every pattern is described ontogenetically from the embryonic shell (protoconch) which 

is formed prior to hatching, to the latest shell (aperture). The last sample from the embryonic 

shell is displayed at the left ordinate whereas the letter [a] indicates the first sampling point near 

the outer edge of the aperture and is displayed at the ordinate on the right.  
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Table 4: Oxygen and carbon isotope values of samples from Bangda Co (A-C), Kyaring Co site A (D-F) and 
Kyaring Co site B (G-I).  

A 
  

B 
  

C 
  shell code δ18O shell  δ13C shell  shell code δ18O shell  δ13C shell  shell code δ18O shell  δ13C shell  

BCo1 (‰) (‰) BCo2 (‰) (‰) BCo3 (‰) (‰) 

a (aperture) -15.3 -5,0 a (apt) -15.1 -4.8 a (apt) -15.5 -3.7 

b -15.4 -5.2 b -15.6 -4.8 b -15.9 -4.3 

c -15.7 -4.2 c -15.9 -4.6 c -15.9 -4.8 

d -15.2 -4.2 d -16,0 -4.3 d -14.8 -3.8 

e -14.5 -4.1 e -15.7 -3.9 e -13.9 -3.9 

f -14.7 -5.2 f -14.8 -3.7 f -13.6 -4.1 

g -13.5 -5.9 g -14.7 -3.8 g -13.3 -3.4 

h -12.6 -5.7 h -15.1 -4.5 h -12.9 -3.4 

i -12.7 -5.5 i -14.8 -5.2 i -12.3 -4.1 

j -15.3 -4.3 j -13.9 -5.2 j -12.3 -4.8 

k -15.3 -4.3 k -13.7 -7.3 k -14.4 -4,0 

l -14.9 -3.9 l -13.7 -6.7 l -15.6 -3.5 

m -14.7 -4.7 m -13,0 -6.2 m (prc) -15.3 -3.9 

n -14.5 -4.9 n -12.7 -5.9 
  

  

o -14.3 -4.4 o -14.7 -4.6 
  

  

p -14.1 -4,0 p -15.4 -4.7 
  

  

q -14.2 -4.3 q (prc) -14.8 -4.8 
  

  

r -14.1 -4.4 
  

  
  

  

s -14.4 -4.6 
  

  
  

  

t (protoconch) -14.3 -4.4             
 
D 

  
E 

  
F 

  shell code δ18O shell  δ13C shell  shell code δ18O shell  δ13C shell  shell code δ18O shell  δ13C shell  
KCoA1 (‰) (‰) KCoA2 (‰) (‰) KCoA3 (‰) (‰) 

a (aperture) -12,0 -5.2 a (apt) -11.1 -5.7 a (apt) -11.9 -6,0 

b -11.9 -5.2 b -11.3 -5.6 b -12.1 -6.4 

c -11.7 -5.6 c -11.5 -5.6 c -12.7 -6.6 

d -11.9 -5.7 d -11.7 -6.4 d -12.8 -6.9 

e -12.2 -5.4 e -12.1 -6.6 e n.d. n.d. 

f -12.8 -5.2 f -12.3 -6.5 f -13.2 -6.5 

g -13,0 -5.3 g -12.4 -6.5 g -12.8 -6.1 

h -13.1 -5.4 h -12.4 -6.6 h -12.7 -6.3 

i -12.8 -5.3 i -12.5 -6.8 i -12.9 -6.7 

j -12.2 -5.7 j -12.3 -7,0 j -13,0 -6.7 

k -12.3 -6.1 k -12.5 -7.2 k -12.8 -6.7 

l -12.5 -6.8 l n.d. n.d. l -13.2 -6.7 

m -12.8 -7.1 m -12.7 -7.2 m  -12.8 -7.1 

n -12.4 -7.4 n -13.3 -7.2 n (prc) -13,0 -6.7 

o -12.6 -7.3 o -12.8 -7.2 
  

  

p -13.2 -7.3 p -12.7 -7.1 
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q -13.1 -7.3 q  -12.7 -7.2 
  

  

r -13,0 -7.6 r -12.8 -7.4 
  

  

s -13.3 -7.5 s -12.6 -7.2 
  

  

t -12.3 -6.9 t -12.7 -7.2 
  

  

u -9.7 -6.4 u -12.9 -7.2 
  

  

v -10.3 -6.9 v (prc) -12.6 -7.3 
  

  

w (protoconch) -10.6 -6.1             
 
G 

  
H 

  
I 

  shell code δ18O shell  δ13C shell  shell code δ18O shell  δ13C shell  shell code δ18O shell  δ13C shell  
KCoB1 (‰) (‰) KCoB2 (‰) (‰) KCoB3 (‰) (‰) 

a (aperture) -13.8 -10.7 a (apt) -13.2 -10,0 a (apt) -13.1 -11.2 

b -14.7 -9.8 b -13.8 -10.2 b -13.2 -11.1 

c -14.6 -9.9 c -15,0 -10.4 c -14.1 -11.4 

d -14.3 -10,0 d -15.3 -9.7 d -14.7 -11.2 

e -15,0 -5.1 e -14.9 -10.1 e -14.9 -11.1 

f -14.7 -4.9 f -15.5 -6.5 f -14.5 -11,0 

g -15,0 -4.3 g -15.3 -6.8 g -14.3 -10.5 

h -14.9 -6.6 h -15.3 -7.1 h -14.6 -9.9 

i -14.5 -7.4 i -14.9 -7.9 i -14.6 -9.5 

j -14.1 -7.8 j -14.5 -8,0 j -14.9 -8.6 

k -13.5 -7.8 k -14,0 -8.2 k -14.8 -8.3 

l -13.5 -6.2 l -13.8 -7.6 l -15.2 -8.2 

m -15.1 -5,0 m -14.6 -6,0 m  -15.1 -8,0 

n -15.2 -5.4 n -15.1 -6.8 n (prc) -14.7 -8.3 

o -14.5 -6.4 o -15,0 -6.1 
  

  

p -14.6 -6.1 p (prc) -14.7 -6.5 
  

  

q -14.9 -5.5 
  

  
  

  

r (prc) -14.6 -5.5             
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2.3.3 Shells from Bangda Co 

δ18O total values of the three shells (BCo1-3) from Bangda Co range from -12.3 to -16.0 ‰. The 

absolute δ13C range is from -3.4 to -7.3 ‰.  

 

Figure 14: Patterns of oxygen and carbon isotope compositions in Radix shells from Bangda Co. The 
greyish lines indicate the onset of monsoon precipitation in June 2008. 
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Shell BCo1: 20 samples [a–t]: The protoconch δ18O value [t] is -14.3 ‰, which slightly decreases in 

the early juvenile [s] but increases again to the initial value in the later juvenile [r-q] before a 

significant gradual decrease to [k] -15.3 ‰ occurs. A particularly steep increase to -12.6 ‰ [h] 

represents the highest value in this shell. A subsequent steep decrease to -15.7 ‰ [c] (lowest δ18O 

value) is interrupted around -14.6 ‰ [e-f]. To the aperture [a] a terminal increase to -15.3 ‰ is 

observed. The protoconch δ13C value [t] in BCo1 is -4.4 ‰, which slightly decreases in the early 

juvenile [s] to -4.6 ‰ but subsequently increases to -4.0 ‰ [p]. A rather steep decrease to -4.9 ‰ 

[n] is followed by a similar steep increase to the highest δ13C value (-3.9 ‰ [l]). In two steps the 

values decrease to -5.9 ‰ [g] representing the lowest δ13C value in this shell. After a steep 

increase to -4.1 ‰ [e] little variation follows, before a steep decrease to -5.2 ‰ [b] characterizes 

the terminal shell. The aperture [a] has a δ13C value of -5.0 ‰.  

Shell BCo2: 17 samples [a–q]: The protoconch δ18O value [q] is -14.8 ‰., which decreases in the 

early juvenile [p], followed by a steep increase to -12.7 ‰ [n] (highest δ18O value) in the later 

juvenile. The value then decreases in three steps to -16.0 ‰ [d] (lowest δ18O value) with an 

intermediate increase during [h-g] to -14.7 ‰ [j]. The terminal increase from -16.0 ‰ [d] ends 

with a δ18O value of -15.1 ‰ at the aperture [a]. The protoconch δ13C value [q] is -4.8 ‰, which 

slightly increases in the early juvenile prior to a steep decrease to -7.3 ‰ [k] (lowest δ13C value). A 

two-stepped steep increase to -3.3 ‰ [f] (highest δ13C value) is followed by a terminal decrease 

with a δ13C value of -4.8 ‰ at the aperture [a]. 

Shell BCo3: 13 samples [a-m]: The protoconch δ18O value [m] is -15.3 ‰, which decreases in the 

early juvenile [l], followed by a sharp increase to -12.3 ‰ (highest δ18O value). A short period of 

little variation is followed by a two-phased decrease to -15.9 ‰ [c]. To the aperture [a] the δ18O 

value increases to -15.5 ‰. The protoconch δ13C value [m] is -3.9 ‰, which slightly increases in 

the early juvenile [l] and then decreases to a first minimum of -4.8 ‰ [j]. A subsequent increase to 

-3.4 ‰ [h] marks the highest value. A two-phased decrease, interrupted by a slight increase 

during [f-d], leads to a second minimum of -4.8 ‰. A terminal increase results in a value of -3.7 ‰ 

at the aperture [a]. 

2.3.4 Shells from Kyaring Co  

The δ18O total values of the three shells from Kyaring Co site A (KCoA1-3) range from -9.7 to -13.3 

‰ and the absolute δ13C range is from -5.2 to -7.6 ‰. The δ18O total values of the shells from 

Kyaring Co site B (KCoB1-3) range from -13.1 to -15.5 ‰ and the absolute δ13C range is from -4.7 

to -11.4 ‰. 
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2.3.4.1. Sampling site A 

 

 

 

Figure 15: Patterns of oxygen and carbon isotope compositions in Radix shells from Kyaring Co site A.  
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Shell KCoA1: 23 samples [a-w]: The protoconch δ18O value [w] is -10.6 ‰, which increases to -9.7 

‰ in the juvenile (highest δ18O value). A subsequent sharp decrease to -13.3 ‰ [s] (lowest δ18O 

value) is followed by a three-phased increase to -12.2 ‰ [j]. Another short-lived decrease to -13.1 

‰ [h] is followed by a rather regular increase to -11.7 ‰ [c]. The terminal shell ([b-a]) shows a 

slight decrease in δ18O. The protoconch δ13C value [w] is -6.1 ‰, which first decreases but then 

increases in the early juvenile [u-v], followed by a more significant decrease in the later juvenile to 

-7.6 ‰ [r] (lowest δ13C value), with little variation afterwards until a steep increase to highest 

values around -5.2 ‰  [i-a]. Slightly lower values were measured for [e-c].  

Shell KCoA2: 22 samples [a-v]: The protoconch δ18O value [v] is -12.6 ‰, which slightly decreases 

in the early juvenile [u] and subsequently varies little in early ontogeny (until [o]). A decrease to 

the lowest value (-13.3 ‰) is followed by a two-phased increase to the highest value (-11.1 ‰) at 

the aperture [a]. The protoconch δ13C value [v] is -7.3 ‰. This value varies little during early 

ontogeny (until [k]) and is followed by a two-phased increase to highest values of -5.6 ‰ during 

later ontogeny, with a slight decrease at the terminal shell [a].  

Shell KCoA3: 14 samples [a-n]: The protoconch δ18O value [n] is -13.0 ‰. The value varies 

comparatively little during early ontogeny. During later ontogeny the lowest value of -13.2 ‰ [f] 

is followed by a relatively regular increase to the highest value of -11.9 ‰ at the terminal shell [a]. 

The protoconch δ13C value [n] is -6.7 ‰. A slight decrease in the early juvenile is followed by a 

slight increase to the initial value and then by a period with no variation until [i]. A moderate 

increase from [i-g] to -6.1 ‰ is followed by a decrease to -6.9 ‰. The terminal shell shows a 

regular increase with the highest value of -6.0 ‰ at the aperture [a]. 
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2.3.4.2. Sampling site B 

 

Figure 16: Patterns of oxygen and carbon isotope compositions in Radix shells from Kyaring Co site B. The 
greyish lines indicate the onset of monsoon precipitation in June 2008. 

 

Shell KCoB1: 18 samples [a-r]: The protoconch δ18O value [r] is -14.6 ‰, which slightly decreases 

in the early juvenile but then reaches again the initial value. Subsequently the lowest value [n] of -

15.2 ‰ is observed from which a steep increase results in the highest values [l-k] of -13.5 ‰. 
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These are followed by a regular decrease to -15.0 ‰. The late ontogeny is characterized by three 

stages of increase, terminating at a δ18O value of -13.8 ‰ at the aperture [a]. The protoconch δ13C 

value [r] is -5.5 ‰, a value which decreases to -6.0 ‰ in the early juvenile. During [o-m] the 

second highest peak (-5.0 ‰) is formed which is followed by a sharp decrease to -7.8 ‰ [k] and a 

subsequent steep increase to the highest δ13C value (-4.3 ‰) in this shell. The decrease to the 

lowest value of -10.7 ‰ at the aperture [a] occurs in four steps, with a particularly sharp decrease 

from [e-d]. 

Shell KCoB2: 16 samples [a-p]: The protoconch δ18O value [p] is -14.7 ‰, which decreases in the 

early juvenile to -15.1 ‰ prior to a steep increase to -13.8 ‰ during [n-l]. A period of decrease to 

the lowest value of -15.5 ‰ [f] is followed by a two-phased increase to the highest δ18O value of -

13.2 ‰ at the aperture [a]. The protoconch δ13C value [p] is -6.5 ‰. It varies from -6.0 (highest 

value in this shell) to -6.8 ‰ in the early juvenile before it decreases more significantly to -8.2 ‰ 

[k]. A regular increase to -6.5 ‰ [m] is followed by a sharp decrease to -10.1 ‰ [e]. The terminal 

shell shows little variation in a range of -9.7 to -10.4 ‰ (lowest δ13C value).   

Shell KCoB3: 14 samples [a-n]: The protoconch δ18O value [n] is -14.7 ‰. An initial decrease to -

15.2 ‰ in the early juvenile is followed by a general increase to the highest value of -13.1 ‰ at 

the aperture [a]. An intermediate decrease to a value of -14.9 ‰ [e] occurs prior to the terminal 

steep increase. The protoconch δ13C value [n] is -8.3 ‰, which varies little during early ontogeny. 

From [j-c] the value decreases relatively regularly from -8.6 to -11.4 ‰ (lowest value). Terminally 

a slight increase can be observed. 
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2.4 Discussion 

2.4.1 Bangda Co (eastern Tibetan Plateau) 

We focus the discussion on isotope patterns of shell BCo1 which exhibits the longest life span of 

the three shells (Figure 14). Data from shells BCo2 and BCo3 are used supplementarily to support 

interpretations.  

The remarkable steep increase from -15.3 ‰ [j] to -12.6 ‰ [h] in BCo1 represents the reference 

point for the interpretation of the Bangda Co shells. Because we had no oxygen isotope data of 

precipitation from the lake regions, we compared the oxygen isotope patterns in the shells with 

the weighted annual isotope patterns in precipitation (IAEA/WMO, 2006) recorded for Lhasa 

(29°39’N, 91°08’E, 3650 m a.s.l.) which is located in a monsoon dominated area (Fig. 8): Lowest 

δ18O values in precipitation occur during the peak of the monsoon season in August and highest 

values occur when initial monsoon rains fall in May. Because Lhasa is more than 500 km from 

Bangda Co, the onset and peak of monsoon rains cannot be synchronized. For contrast see the 

δ18O composition in precipitation for Yinchuan (38°29’N, 106°13’E, 1111 m a.s.l.) located in 

Ningxia Autonomous Region in northern central China and beyond monsoon influence. Here the 

δ18O composition in precipitation follows the annual air temperature. On the basis of the δ18O 

patterns in the shells (Figure 14), the meteorological records for the sampling year (Figure 13) and 

the monsoon pattern in precipitation for Lhasa (Figure 17), the onset of monsoon precipitations 

can be identified in the Bangda Co shells and is dated to June.  
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Figure 17: Example of annual oxygen isotope patterns in precipitations which are controlled by 
temperature (Yinchuan, Ningxia Autonomous Region, 38°29’N, 106°13’E, 1111 m a.s.l.) and by monsoon 
precipitation (Lhasa, southern Tibetan Plateau, 29°39’N, 91°08’E, 3650 m a.s.l.). Mean annual 
temperature and precipitation of Lhasa and Yinchuan are based on data from the Chinese Central 
Meteorological Office (2010). Annual oxygen isotope patterns in precipitation are based on data from the 
Global Network of Isotopes in Precipitation, GNIP (2006). 

 

The first rains which are related to the monsoon circulation are characterized by isotope values 

which are heavier than the lake water of Bangda Co which has very low values due to the short 

residence time and low evaporation. Precipitation from February to May and from September to 

November (Figure 13) does not result in a significant variation of the δ18O composition in the lake 

water and therefore in the shells, because these rains have regional sources. After the steep 

increase of about 2.7 ‰, the oxygen isotopes show a gradual decrease to a minimum value of -

15.7 ‰. This pattern represents a typical full monsoon influenced oxygen isotope composition in 

precipitation which has been reported in several studies (e.g. Leng et al., 1999; Dettmann et al., 

2001; Breitenbach et al., 2010). The inverse correlation between precipitation amount and the 

oxygen isotope composition in the summer monsoon indicates the so called ‘amount effect’ 

(Dansgaard, 1964; Lee and Fung, 2007 and references therein; Yu et al., 2008). Most negative 

values are measured in late August during the peak of monsoon precipitation (Figure 13). The 

shell section between [c] and [a] represents the time between the peak of monsoon rains and the 
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sampling date in September and represents increasing evaporation. We interpret that the slight 

decrease in δ18O from [t] to [s] reflecting the time between hatching and the beginning of ice 

covering of the lake in November. The relatively stable values between [r] and [p] represent the 

period when the specimen lived under the ice cover and the lake water was influenced neither by 

evaporation nor by precipitation. The decrease in δ18O from -14.1 ‰ [p] to -14.9 ‰ [l] is 

interpreted to be triggered by decreasing winter temperatures from December to April. 

Subsequent decreasing values from -14.9 ‰ [l] to -15.3 ‰ [j] are a response to the input of snow 

and glacier melt waters which are characterized by light δ18O values. Although snow and ice 

melting continues during the summer months, this signal is not detectable during the monsoon 

season due to the strong overprint of the isotope composition in monsoon precipitation. BCo2 

and BCo3 hatched most likely in May because they cover the complete monsoon pattern from 

June to September in their shells but not the winter period. This is in correspondence with smaller 

shell sizes compared to BCo1 (Figure 11, Table 2). 

In all shells the onset of monsoon precipitations corresponds with a steep decrease in δ13C. This 

negative coupling between δ18O and δ13C provides evidence that this reflects a change in the 

water composition, because a change in temperature or pH would unlikely affect both isotope 

systems. Most likely decreasing δ13C values and simultaneously increasing δ18O values are a result 

of monsoon precipitation penetrating through unsaturated zones of soils before the water 

reaches the lake. Although Bangda Co is located in a transition zone between seasonally frozen 

ground and permafrost, the uppermost active layer contains a lot of micro-organisms, which 

produce isotopically light CO2 by respiration and decomposition of organic matter. The CO2 is 

accumulated in the pore volume and reaches the lake in a dissolved phase and leads to variations 

in δ13C. δ13C changes before and after the monsoon season might be attributed to changes in lake 

productivity which may be related to seasonal temperature and/or local nutrient variation. 

2.4.2 Kyaring Co (central Tibetan Plateau) 

We focus the discussion on isotope patterns of shell KCoA1 which has the highest number of 

whorls, the biggest size among all shells and thus exhibits the longest life span (Figure 15). Data 

from shells KCoA2 and KCoA3 are used supplementarily to support interpretations. 

The steep decrease in δ18O between [u] and [s] from -9.7 to -13.3 ‰ represents the reference 

point for the interpretation. The decrease is interpreted as the winter period when the lake 

surface was covered by ice from November 2007 until April of the sampling year. Based on a study 

from Gaten (1986) who observed winter growth rates of Radix of 0.35 mm per 4 week period, the 
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shell section between [u] and [s] would represent a period of about 5 months, which coincides 

with the ice covering on the lake. Most likely the lake water was evaporatively enriched before 

the surface was covered with ice when this specimen hatched in October 2007. The evaporative 

enrichment led to more positive oxygen isotope values between -10.6 [w] and -9.7 ‰ [u] 

between October and November. These values show a tendency towards the typical δ18O value of 

lake waters of about -8.0 ‰ in this region (Tian et al., 2008). Ice melting in April indicated by 

decreasing oxygen isotope values between [r] and [p] is only marginally detectable in the pattern 

because evaporative enrichment of the lake water starts once the ice cover has disappeared. The 

evaporation trend is also visible between [p] and [n] when the δ18O values increase from -13.2 to -

12.4 ‰ in May. The typical monsoon pattern is less pronounced in shells from site A at Kyaring Co 

because the water in the habitat is temporarily mixed with the large water mass of the lake basin 

which has a long reaction time to meteorological variations. However, a peak of the monsoon 

season in August is detectable at sample [h] which has a low δ18O value of -13.1 ‰. A similar 

pattern, but less pronounced, can be found in KCoA2 and KCoA3. After August, evaporation plays 

a more and more crucial role in the oxygen isotope composition in the habitat, which leads to 

increasing values in all three shells. This corresponds to a higher electrical conductivity and a 

higher SO4
2- content in the lake water in mid-September (Table 3). 

The carbon isotope pattern in KCoA1 starts to increase significantly from [n] to [f] initiated by a 

combination of surface water input and higher biological productivity from May onwards. δ18O 

and δ13C patterns in KCoA2 and KCoA3 differ from those of KCoA1, because of a different micro-

habitat. KCoA2 covers the period from April to September; KCoA3 hatched in May. The 

comparatively parallel developing of δ18O and δ13C in both shells indicates that the water in the 

habitat is consistently mixed with the lake water.  

In summary, the isotope patterns of shells from Kyaring Co site A indicate a habitat which is 

influenced by temperature and evaporation during the pre- and post-monsoon period. Only from 

the onset of monsoon rains in June to the peak of the rainy season in August are the isotope 

compositions in the shells mainly influenced by precipitation.   

For Kyaring Co sampling site B we focus the discussion on isotope patterns of shell KCoB1 which 

exhibits the longest life span of the three shells (Figure 16). Data from shells KCoB2 and KCoB3 are 

used supplementarily to support interpretations. 

The noticeable steep increase of δ18O from -15.1 ‰ [m] to -13.1 ‰ [l], and the following steep 

decrease to -15.0 ‰ [g] in KCoB1 have been the reference point for the interpretation of the 

isotope patterns at site B. Compared with the precipitation data from the meteorological station 
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(Figure 13) and the isotope values in precipitation for Lhasa (Figure 17), this pattern reflects the 

onset and progression of monsoon precipitation. The steep increase mirrors the onset in June, 

and the lowest value [g] represents the peak of the monsoon precipitation in August. The 

specimen which built shell KCoB1 hatched in April, when the ice cover on the lake started to 

disappear. The decrease of δ18O from -14.5 ‰ [o] to -15.2 ‰ [n] reflects the input from 

isotopically lighter snow and glacier melt water in May once the ice cover on the lake surface had 

disappeared. This corresponds with the fact that the sampling site B at Kyaring Co is very close to 

steep sloping mountains. The increasing trend after the monsoon peak to -13.8 ‰ [a], which 

reflects the increasing influence of evaporation in this habitat in late August and early September, 

is interrupted by a slight decrease from -14.3 ‰ [d] to -14.7 ‰ [b]. When the carbon isotope 

pattern is additionally integrated in the interpretation, this slight decrease in δ18O can be 

explained as follows: The steep decrease in δ13C values accompanied by an increase in δ18O after 

the peak of the monsoon season in August in KCoB1 and KCoB2 [e-d; f-e] may reflect a storm 

event in which isotopically heavier lake water was mixed into the somewhat sheltered habitat. 

After this storm event, the oxygen isotope composition in the habitat water again tended towards 

more negative values, which might be caused by new rain events at the beginning of September 

(Figure 13). Decreasing δ13C values [m-c] are also noticeable in KCoB3 but the trend is rather 

gradual. This is most likely because of a different micro-habitat of the particular specimen. The 

successive decrease of δ13C accompanied by an increase of the oxygen isotope values in KCoB3 is 

rather a result of evaporation and the oxidation/respiration of organic matter. In summary, KCoB1 

exhibits the period from April to September; KCoB2 hatched in May and KCoB3 hatched during 

the monsoon season in July. 

Mean δ18O values of shells from site A are about 2 ‰ higher than shells from site B. These 

differences must be related to distinct habitats because both sites at Kyaring Co are clearly under 

monsoon influence. The Radix specimens from site A are from a habitat which is connected to the 

main lake basin whereas site B represents a habitat which is partly and temporarily separated 

from the open lake (Figure 10). The δ18O compositions of KCoB1 and KCoB2 are similar to shells 

from Bangda Co and show distinct patterns with a steep increase followed by a rather gradual 

decrease, which we interpret as primarily controlled by monsoon precipitation. Note the strong 

negative coupling between δ18O and δ13C during the monsoon rains, providing evidence for 

meteorological and/or environmental changes which are not mainly controlled by temperature 

changes. 
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2.4.3 Comparison of Bangda Co and Kyaring Co 

The catchments of both lakes are reached by summer monsoon precipitation (Tian et al., 2001; 

Liu et al., 2010) which is clearly recorded by the isotopes in modern Radix shells from Bangda Co 

and Kyaring Co sampling site B, as discussed in earlier chapters. The δ18O signature of the lake 

water sample collected at Bangda Co (-18.3 ‰) is close to the average of many rivers (~ -18.0 ‰) 

in this region, as reported by Tian et al. (2008). The δ18O of water from site A (-14.2 ‰) and B (-

16.3 ‰) at Kyaring Co falls between river waters (ca. -18.0 ‰) and lake waters (~ -8.0 ‰) in this 

area (Tian et al., 2008). Big lakes with long water residence times such as Kyaring Co lose a lot of 

water by evaporation, which is evident from less variable and on average higher δ18O values in 

shells from site A. Although this habitat reacts slowly to water influx and therefore Radix shells 

from this site cannot provide as much information on seasonal variations as shells from the other 

habitats, long-term climatic changes may be detectable and a clear distinction of the habitat is 

extractable from these shells. 

Evidence for a significant difference between Bangda Co and Kyaring Co site B on the one hand 

and site A on the other hand is also the mean δ18O shell value. Whereas shells from Bangda Co 

and Kyaring Co site B have similar oxygen isotope mean values of around -14.5 ‰, shells from 

Kyaring Co site A exhibit mean values about 2 ‰ higher, around -12.5 ‰. The discharge is lower 

and water residence time longer than at site B which is also supported by the higher salinity, the 

higher δ18O value of the water (-14.2 ‰) and a higher ion concentration (Table 3). When the 

shallow, sheltered sample area B at Kyaring Co obtains δ18O depleted rain during the peak and 

late monsoon period and water from hill slopes, the composition of the lake water changes 

rapidly. A comparable habitat exists at Bangda Co. Radix shells from site B at Kyaring Co have low 

mean carbon isotope compositions. This is consistent with a strong input of light carbon, most 

likely from slope water input from the high mountains near the lake. However, shells from both 

sampling sites are far from having a typical lake water composition as described by Tian et al. 

(2008) due to the strong influence of the oxygen isotope composition in precipitation.  

We do not know whether carbon has been precipitated in equilibrium or is altered by vital effects 

(e.g. Fritz and Poplawski, 1974; Wefer and Berger, 1991; Shanahan et al., 2005) because the 

isotopic composition of dissolved inorganic carbon (DIC) in both lakes is unknown. It would be 

interesting to quantify the vital effect in the isotope compositions of the shells, but that would 

not change the interpretation of the results because vital effects would affect all samples to the 

same degree and the isotopic patterns would not change. 
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It is assumed that the growth rate of Radix increases significantly from April to September and 

that relatively small shell sections represent, in comparison to the winter months, less time. 

However, the specimens which cover a longer time period exhibit a larger size. 

2.5 Conclusions 

Oxygen and carbon isotopes in shells of the modern freshwater gastropod Radix provide valuable 

information on various parameters characterizing regional climate and lake environments. The 

oxygen isotope compositions in the shells are mainly dominated by precipitation and riverine 

inflows when water residence times in Radix habitats are short such as those at Bangda Co or 

sampling site B at Kyaring Co. Compared with meteorological data recorded during the life span of 

the animals, the isotope patterns within the shells provide an archive with sub-seasonal 

resolution.   

Shells from site A at Kyaring Co exhibit less isotopic variation, which is consistent with a longer 

residence time of water and carbon in this habitat. The isotopically heavier oxygen in habitat A 

compared with habitat B is consistent with a larger portion of water evaporated at site A. This is 

confirmed by a high cation and anion concentration in water samples of habitat A.  

Isotopically light carbon in the shells is coupled with monsoon precipitations. Before and after the 

monsoon season biological activity and respiration of organic matter compete with each other, 

but carbon isotope ratios are typically higher than during the monsoon season. 

When the meaning of distinct isotopic values and patterns in shells of modern Radix are 

understood the method can be applied to fossil shells for reconstructing climate and lake 

environments on the Tibetan Plateau of the past.  
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Abstract 

 

The Tibetan Plateau (TP), including its surrounding mountain ranges, represents the largest store 

of ice outside the polar regions. It hosts numerous lakes as well as the head waters of major Asian 

rivers, on which billions of people depend, and it is particularly sensitive to climate change. The 

moisture transport to the TP is controlled by the Indian and Pacific monsoon and the Westerlies. 

Understanding the evolution of the interaction of these circulation systems requires studies on 

climate archives in different spatial and temporal contexts. The objective of this study is to learn 

more about the interannual variability of precipitation patterns across the TP and how different 

hydrologic systems react to different climatic factors.  
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Aragonite shells of the aquatic gastropod Radix, which is widely distributed in the region, may 

represent suitable archives for inferring hydrologic and climatic signals in particularly high 

resolution. Therefore, sclerochronological studies of δ18O and δ13C ratios in Radix shells from seven 

lakes were conducted, each representing a different hydrologic and climatic setting, on a transect 

from the Pamirs across the TP.  

The shell patterns exhibit an increasing influence of precipitation and a decreasing influence of 

evaporation on the isotope compositions from west to east. δ18O values of shells from lakes on the 

eastern and central TP (Donggi Cona, Yamdrok Yumco, Tarab Co) mirror monsoon signals, 

indicated by more negative values and higher variabilities compared to the more western lakes 

(Karakul, Bangong/Nyak, Manasarovar). In Yadang Co, located on the central southern TP, the 

monsoon rains did not reach the lake in the sampling year, although it is located in a region which 

is usually affected by monsoon circulation. The δ18O values are used to differentiate the annual 

hydrological cycle into ice cover period, melt water period, precipitation period and evaporation 

period. δ13C compositions in the shells particularly depend on specific habitats, which vary in 

biological productivity and in carbon sources. δ18O and δ13C patterns show a positive covariance in 

shells originating from large closed basins. The results show that Radix shells mirror general 

climatic differences between the seven lake regions. These differences reflect both regional and 

local climate signals in sub-seasonal resolution, without noticeable dependence on the particular 

lake system. 

3.1 Introduction 

3.1.1 Scope 

The scientific and public interest in understanding and predicting the complex spatio-temporal 

variability of the Asian monsoons is especially high because these atmospheric circulation systems 

and linked teleconnections affect more than half of humanity worldwide (Benn and Owen, 1998; 

Cook et al., 2010). Of particular interest are long term changes of the system, and extreme events 

such as droughts which have occurred e.g. in India in 2000 and 2007 (Krishnan et al., 2003; Sinha 

et al., 2011) and in southwestern China in 2010 (Stone, 2010), or flooding events which were 

recorded in the Indian Himalayas, Pakistan and western Tibet in 2010 (Webster et al., 2011; 

Gautam, 2012). The Tibetan Plateau (TP), including its surrounding mountain ranges (Pamirs, 

Hindu Kush, Tien Shan, Himalayas, Karakoram), has been considered to control the Asian 

monsoons because the large and highly elevated and sparsely vegetated area receives strong 
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insolation during the Northern Hemisphere summer (Clemens et al., 1991; Prell and Kutzbach, 

1992; Ye and Wu, 1998; Fleitmann et al., 2003, 2007; Kong et al., 2007; Lee et al., 2009; Sato, 

2009; An et al., 2011). Modern observations of the climate, however, identify the Himalayas, 

rather than the TP, as the dominant thermal forcing in the region of the Indian Summer Monsoon 

(Boos and Kuang, 2010). Irrespective of the ongoing discussion about major forcing and driving 

mechanisms, the highly elevated region has an enormous water storage capacity. The TP 

represents Earth´s largest store of ice outside the polar regions (Qiu, 2008). Approximately 1600 

lakes larger than 1 km2 are scattered across the TP spanning ca. 50,900 km2 (Zheng, 1997). Billions 

of people depend on water from the Indus, Brahmaputra, Mekong, Yangtze and Yellow rivers 

which all have their head waters on the TP (Xu et al., 2008; Hua, 2009; Immerzeel et al., 2010; 

Piao et al., 2010). The ECHAM5 climate model, however, predicts severe freshwater resource 

shortages in China for the period AD 2071 to 2100 (Harding, 2012). The water resources of the TP 

are sensitive to climate change, and changes in temperature and precipitation are expected to 

seriously affect melt characteristics (Cui and Graf, 2009; Immerzeel et al., 2010). During recent 

decades, most of the glaciers have retreated (Qiu, 2008; Pang et al., 2010), but significant regional 

differences occur (Yao et al., 2006).  

Understanding moisture transport onto the TP not only in modern times but also during the past 

is crucial for understanding the development of this ice and water storage. Numerous 

publications have focused on the interplay of the Asian monsoons with the Westerly circulation 

and with ENSO, many discussing moisture transport and availability on the TP, considering 

different spatio-temporal resolutions (e.g. Gasse et al., 1991; Fan et al., 1996; An et al., 2000; 

Anderson et al., 2002; Brown et al., 2003; Yang et al., 2003; Wang, P.X., et al., 2005; Wang, Y.J., et 

al., 2005; Bookhagen and Burbank, 2006; Herzschuh, 2006; Xu et al., 2007; Mischke et al., 2008; 

Qian et al., 2009; Zhang and Mischke, 2009; Mischke and Zhang, 2010; Wang et al., 2010; An et 

al., 2011; Cook et al., 2011; von Oheimb et al., 2011; Wischnewski et al., 2011; Taft et al., 2012). 

Studying past climate variability in particular with high temporal resolution archives has helped to 

infer precipitation and temperature patterns of the past and compare them with the documented 

historical and modern situation (Yang, Y.D. et al., 2007; Liang et al., 2008; Qian et al., 2009; Yu et 

al., 2009; Fan et al., 2010). Speleothems which can have seasonal resolutions (Wang et al., 2001; 

Dykoski et al., 2005; Johnson et al., 2006; Overpeck and Cole, 2008; Tan et al., 2009; Cai et al., 

2010), ice cores which also have seasonal resolutions (Thompson et al., 1989, 2000; Yang, B. et al., 

2007) and tree rings which have annual resolutions (Feng et al., 1999; Bräuning and Mantwill, 

2004; Liu et al., 2009; Qin et al., 2011) are such archives which are used  in the study region. Such 

studies have demonstrated considerable interannual variability of precipitation patterns, with 

regard to the timing of monsoonal rains or snowfall controlled by the Westerlies and the range of 
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the moisture transport (Li and Yanai, 1996; Gadgil, 2003; Yu et al., 2009; Cook et al., 2010). 

Learning about the palaeo-seasonality across the TP, however, appears to be possible only from a 

few regions. Speleothems have not been described in detail from the TP. Trees are scarce at such 

high altitudes and information from tree rings is usually restricted to the last millennium 

(Bräuning, 2001). Ice cores have been studied from a few regions of the TP representing essential 

archives for high resolution climate studies across the TP (Thompson et al., 1997; Thompson, 

2000; Thompson et al., 2006; Kang et al., 2010; Zheng et al., 2010). Recently, Taft et al. (2012) 

have demonstrated that another archive can be used to infer information about the precipitation 

period during the monsoon season and melt water pulses of the pre-monsoon period etc. 

Sclerochronological analysis of stable oxygen and carbon isotope ratios in the aragonitic shells of 

the aquatic gastropod Radix (Montfort, 1810) provided hydrological and climatic information at 

sub-seasonal resolution (Taft et al., 2012). A major advantage of the climate archive Radix is that 

its populations are widely distributed in lakes and rivers across the TP (von Oheimb et al., 2011). 

The fossil record of Radix on the TP reaches back to the Miocene (Wu et al., 2001; Wang et al., 

2008), potentially opening a long time window for understanding moisture pathway dynamics of 

the Asian monsoons and the Westerlies. Before fossil shells can be used to infer climate variations 

of the past, however, additional fundamental research on the new archive is necessary. This 

paper presents a study of δ18O and δ13C patterns in modern Radix shells from six lakes of the TP 

and from one lake of the Pamirs, each representing a different climatic setting, either in relation 

to the Asian monsoons or to the Westerlies. The aim is to test whether the climatic differences 

across and beyond the TP are archived in the shells and whether Radix shells mirror different lake 

characteristics in a broad spatio-temporal resolution.  

The wide distribution of Radix in modern lakes and rivers as well as in Holocene fluvio-lacustrine 

sediments across Eurasia may open new possibilities for understanding human-environment 

interactions of the past. The sub-monthly resolution of palaeoclimate signals archived in Radix 

shells can be applied to infer the spatio-temporal variation of palaeo-seasonality which has 

influenced the livelihood of people and may even have triggered cultural shifts.  

3.1.2 δ18O and δ13C values in carbonate shells of aquatic gastropods 

Shells of continental aquatic gastropods archive oxygen and carbon isotope signals of the ambient 

water and have been successfully studied to infer environmental and climatic conditions (e.g. Linz 

and Müller, 1981; Abell, 1985; Abell and Williams, 1989; Hailemichael et al., 2002; Jones et al., 

2002; Shanahan et al., 2005; Gajurel et al., 2006; Tütken et al., 2006; Taft et al., 2012). Detailed 
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analyses along growth increments allow the documentation of seasonal variations in δ18O and 

δ13C values (Fritz and Poplawski, 1974; Dettman et al., 1999; Jones et al., 2002; Gajurel et al., 

2006; Taft et al., 2012). In general, the oxygen isotope ratios in the shells reflect the isotopic 

composition and temperature in the lake water during carbonate precipitation. The δ18O pattern 

recorded in a single Radix shell over a full life cycle, which lasts approximately one year, mirrors 

annual hydrological variations which are controlled by distinct climate parameters such as 

precipitation, evaporation, temperature, humidity, and distinct lake system parameters such as 

size, depth, water residence time, and water composition of inflows (Taft et al., 2012). Shells 

originating from monsoon-influenced exorheic lakes exhibit a characteristic monsoonal isotope 

pattern which is marked by a negative correlation between δ18O and the amount of rainfall 

mirroring the “amount effect” in precipitation (Pang et al., 2005; Lee and Fung, 2007; Cai et al., 

2010; Liu et al., 2010; Taft et al., 2012).  

The carbon in the shell originates from either metabolic carbon or from the surrounding 

environment (Shanahan et al., 2005). McConnaughey et al. (1997) concluded that carbon in 

aquatic gastropod shells is made of less than 10 % metabolic carbon and more than 90 % 

dissolved inorganic carbon (DIC). The δ13C composition of DIC in a lake is controlled by 

photosynthesis, decomposition of organic matter, mineralogical substrate, the isotopic 

composition of inflowing waters, soil carbon and exchange with atmospheric CO2 (Li et al., 2012). 

Increasing biological activity during spring and summer leads to more positive δ13C ratios in the 

lake water, indicating CO2 removal by photosynthesis (Henderson et al., 2003; Li et al., 2012). The 

carbon isotope composition in the lake water and the gastropod shells can thus represent 

seasonal changes of primary production within the lake. Calcareous rocks in the surroundings of 

lakes influence the saturation with aragonite, calcite, dolomite and gypsum in the habitat waters 

which also control the isotopic signature of the DIC. Although the δ13C composition of DIC cannot 

be used as a direct indicator for evaporation, strong evaporation increases the lake water salinity, 

which results in higher δ13C values through the loss of 12C-enriched CO2 to the atmosphere in arid 

areas and closed lakes (Li and Ku, 1997; Henderson et al., 2003; Li et al., 2012).  



3. Manuscript II: Regional setting 

56 
 

3.2 Regional setting 

 

On a transect from the Pamirs to the eastern edge of the TP, seven lakes were selected, located at 

altitudes between ca. 3930 and 5060 m a.s.l. and differing in size, origin, hydrology, and location 

with respect to the atmospheric circulation (Figure 18 A,B and Table 5). For comparison, data 

from Bangda Co (30°29’N, 97°04’E, 4450 m a.s.l.) and Kyaring Co (31°09’N, 88°17’E, 4650 m a.s.l.) 

(Taft et al., 2012) are displayed in Figure 18 A, B and listed in Table 5. 

 

 

 

 

 

 

A 

B Figure 18: A) Study area with 
positions of the sampled lakes 
Karakul [1], Bangong/Nyak Co 
[2], Manasarovar [3], Tarab 
Co [4], Yadang Co [5], 
Yamdrok Yumco [6] and 
Donggi Cona [7]. Kyaring Co 
[C1] and Bangda Co [C2] have 
been investigated in a 
previous study (Taft et al., 
2012). B) Lake outlines with 
main in- and outflows (black, 
thick arrows), small or 
temporary in- and outflows 
(grey, thin arrows), flow 
directions (black, thin arrow) 
and sampling sites (dots). 
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 Lake Karakul in the Pamirs in Tajikistan (39°00'N, 73°30'E, 3928 m a.s.l.) is an endorheic brackish-

water lake in a tectonic graben basin, although an origin as a meteorite impact structure has also 

been proposed (Gurov et al., 1993; Arrowsmith and Strecker, 1999; Robinson et al., 2007). It is 

located in an area which is influenced by the Westerly wind system and not by the monsoons. 

Precipitation is generally scarce, 82 mm per year (Mischke et al., 2010b), due to the mountain 

ranges to the west, which block the Westerly moisture penetration into the lake catchment 

(Komatsu et al., 2010). With a mean annual temperature of about -4°C, the climate is 

characterized as cold semi-arid, BSk in the Köppen-Geiger climate classification (Peel et al., 2007). 

The meteorological data are recorded at a station on the eastern lake shore. From the end of 

November until the end of May, the lake is covered with ice up to 1 m thick (Mischke et al., 

2010b). The main inflows are located on the northern shore of the lake. Radix gastropods and 

water samples were collected from the central part of the eastern basin (Figure 18B) at a water 

depth of 19.1 m (Table 5). 

Nyak Co (33°33'N, 79°55'E, 4250 m a.s.l.) is a freshwater to oligosaline lake, originated from 

tectonic faulting, and comprises the eastern basin of Bangong Co, the largest lake system of 

western Tibet (Fontes et al., 1996). Meteorological data are recorded at a station in Ali (also 

referred to as Shiquanhe, 30°32’N, 80°05’E, 4285 m a.s.l.), ca. 100 km south of the lake. Today, 

the area is mainly influenced by the Westerlies (Zhang et al., 2011) and convective rainfalls 

(Fontes et al., 1996), with mean annual precipitation of 70 mm (data from 1961 until 2009; 

Chinese Central Meteorological Office, 2010). However, exceptional strong and spatially extended 

monsoon rainfalls sometimes penetrate into this region because of its position close to the 

normal maximum northward extent of the Indian Summer Monsoon (Gasse et al., 1991; Fontes et 

al., 1996; Wu et al., 2006; Tian et al., 2007). The mean annual air temperature is 0.6°C (data from 

1961 until 2009; Chinese Central Meteorological Office, 2010) and the climate is characterized as 

cold-dry, BWk (Peel et al., 2007). The ice cover period on the surface of the lake is unknown, and 

therefore a time span from November to April has been estimated on the basis of a study of Lin et 

al. (2011) who observed alpine tundra lakes in Beiluhe Basin, central TP. Wang and French (1995) 

note that the lake is located in a permafrost region. The main inflows are located at the 

northeastern shore. The gastropod and water samples were taken from the easternmost shore of 

the lake (Figure 18B) at a water depth of 0.5 m (Table 5).  

Lake Manasarovar (30°45'N, 81°22'E, 4595 m a.s.l.), also referred to as Mapam Yumco (Murphy 

and Burgess, 2006; Murphy et al., 2010), is a freshwater lake located between the Himalaya 

Mountains and the Gangdisi Mountains in the southwestern part of the TP. The lake has an 

ephemeral outlet to its adjacent lake Langa Co, which is located 8 km westwards. Lake 
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Manasarovar originated from tectonic faulting (Murphy and Burgess, 2006; Yao et al., 2009) and 

lies within a zone of sporadic plateau permafrost (Wang and French, 1995). The main inflows are 

located in the north and northeastern region of the lake. The lake water has a long residence time 

and thus is characterized by intensive evaporation (Yao et al., 2009). The mean annual 

precipitation is 125 mm and the mean annual temperature is 3.6°C at Pulan County, 

approximately 40 km southwest of the lake (Yao et al., 2009). The climate is characterized as Dwb-

climate in the Köppen-Geiger climate classification (Peel et al., 2007). An ice cover period can be 

assumed for November to April (Lin et al., 2011). The region is influenced by precipitation from 

varying sources, but rainfall is concentrated in August (Yao et al., 2009). Samples were taken from 

the northwest lake shore (Figure 18B) at a water depth of 0.5 m (Table 5).  

Tarab Co (32°26'N, 83°12'E, 4450 m a.s.l.) is a small endorheic lake located on the central TP in a 

semi-arid region, Dwb-climate (Peel et al., 2007), where high mountains surrounding this area 

block moisture transport from the west and the south (Tian et al., 2007). Meteorological data are 

recorded at a station in Gaize (32°18’N, 84°03’E, 4430 m a.s.l.), 80 km east of the lake. Most of the 

sparse rainfall is concentrated in July and August (data from 1952 until 2009, Chinese Central 

Meteorological Office, 2010) provided by a small number of storm events which transport 

moisture originating from the Indian Monsoon onto the TP (Tian et al., 2007) The mean annual 

precipitation is 173 mm and the mean annual temperature is -7.5°C (data from 1952 until 2009, 

Chinese Central Meteorological Office, 2010). An ice cover period from November to April can 

roughly be inferred after Lin et al. (2011). The lake has two main inflows, from the north and 

southeast and is located in a zone with widespread plateau permafrost (Wang and French, 1995). 

Many beach ridges, primarily at the eastern part of the basin, are evidence of former higher lake 

levels. Radix and water samples were collected in the southern part of the lake (Figure 18B) at a 

water depth of 0.1 m (Table 5).  

Yadang Co (29°39'N, 85°44'E, 5060 m a.s.l.) is located in the southern part of the central TP which 

is mainly influenced by monsoon rainfalls, concentrated in July and August. The climate is 

characterized as BWk (Peel et al., 2007). The exorheic lake is located north of the Yarlung Tsangpo 

(Brahmaputra) River valley, one of the pathways of the Indian Monsoon moisture onto the TP 

(Tian et al., 2007). The mean annual precipitation recorded from a station 200 km east of Yadang 

Co (in Lhatse, 29°04’N, 87°38’E, 4030 m a.s.l.) is 277 mm and the mean annual temperature is -

3.7°C (data from 1959 until 2009, Chinese Central Meteorological Office, 2010). The main inflow is 

located on the northern shore of the lake, which lies within a zone of widespread permafrost 

(Wang and French, 1995). After Lin et al. (2011), the ice cover period is assumed to be from 
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November to April. The samples were taken in the central western part of the lake (Figure 18B) at 

a water depth of 0.3 m (Table 5).  

Yamdrok Yumco (29°02'N, 90°25'E, altitude of terminal basin 4437 m a.s.l.) is a lake system 

located on the southern TP, south of the Yarlung Tsangpo (Brahmaputra) Valley at the northern 

edge of the Himalayan Mountains. The lake system consists of several exorheic interconnected 

lakes which terminate in a large closed basin (see Figure 18B). The catchment area is drained by 

several rivers, which are located in the east, southeast and west (Tian et al., 2008). About 90% of 

the annual rain falls from June to September due to the influence of the Indian Summer Monsoon 

(Tian et al., 2008). Mean annual precipitation is 378 mm and the average annual temperature is 

3.3°C at Langkazi meteorological station located at 28°58’N, 90°24’E and 4460 m a.s.l. on the 

western shore of the terminal lake basin (data from 1991-2007, Chinese Central Meteorological 

Office, 2010). The climate is characterized as cold-dry, Dwb (Peel et al., 2007). The lake is covered 

with ice from November until March (Tian et al., 2008) and is located within a zone of alpine 

permafrost (Jin et al., 2000). Liu (1995) reported that the annual lake level variation is within 0.6 

meters and calculated a lake level fall of 0.6 meters for the last 100 years. Yamdrok Yumco is an 

important place for migrating and wintering waterfowl (Lang et al., 2007). The samples come from 

the western part of the terminal basin (Figure 18B) and were collected at a water depth of 0.3 m 

(Table 5).  

Donggi Cona (35°15'N, 98°30'E, 4090 m a.s.l.) is an exorheic freshwater-lake which is located in a 

pull-apart basin at the northeastern margin of the TP (Van der Woerd et al., 2002; Dietze et al., 

2010; Mischke et al., 2010a). Mean annual precipitation at Madoi, approximately 50 km 

southwest of the lake (34°55’N, 98°13’E, 4272 m a.s.l.), is 304 mm and the mean annual air 

temperature is -4.1°C (data from 1959 until 2009, Chinese Central Meteorological Office, 2010); 

the climate is characterized as BWk (Peel et al., 2007). The lake is covered with ice from 

November to April (Mischke et al., 2010a). The area is located close to the maximum western limit 

of the East Asian Monsoon trajectories (Zhang et al., 2011) and lies within a zone of discontinuous 

permafrost (Dietze et al., 2010). Ancient shorelines and erosional terraces document fluctuations 

in the hydrological balance in the past (Dietze et al., 2010; Mischke et al., 2010a). The main 

inflows come from the north and east (Dietze et al., 2010). Radix specimens and water samples 

were collected at the centre of the southern shore (Figure 18B) at a water depth of 0.3 m (Table 

5).   
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Table 5: Characterizing parameters of studied lakes and Radix sampling localities. Data for Kyaring Co and Bangda Co are presented in Taft et al. (2012).  

  Lake Karakul Nyak Co Lake 
Manasarovar Tarab Co Yadang Co Kyaring Co Yamdrok 

Yumco Bangda Co Donggi Cona 

  [1] [2] [3] [4] [5] [C1] [6] [C2] [7] 

Locality 
39°00'N, 
 73°30'E 

33°33'N, 
79°55'E 

30°45'N, 
81°22'E 

32°26'N, 
83°12'E 

29°39'N, 
85°44'E 

31°10'N, 
88°10'E 

29°02'N, 
90°25'E 

30°29'N, 
97°04'E 

35°15'N, 
98°30'E 

altitude (m a.s.l.) 3928a 4250 4595 4450 5060 4650 4437 4450 4090 

Surface area (km²) 380b 225 412d 28 12 660 621e 0.3 229f 

System endorheic endorheic semi-endorheic endorheic exorheic exorheic semi-endorheic exorheic exorheic 

Origin tectonic tectonic tectonicg fluvial? fluvial? tectonic tectonic dammed river 
lake tectonic 

Max. depth (m) 
238b (western sub-

basin) ~ 40c n.d. n.d. n.d. n.d. 55e n.d. 92f 

Dominant atmosph. system W + regional W +AM AM + regional AM regional AM AM AM AM 

Date of sampling July 5, 2008 Sept 24, 2009 Sept 19, 2009 Oct 02, 2010 Oct 02, 2009 Sept 14, 2008 Sept 08, 2008 Sept 27, 2008 Oct 05, 2008 

Trophic level oligotrophic oligo-
mesotrophic oligotrophic oligotrophic oligotrophic oligotrophic oligo-

mesotrophic oligotrophic oligotrophic 

Water depth at sampling point 
(m) 19.1 0.5 0.5 0.1 0.3 0.3 0.3 0.3 0.3 

water temperature (°C) 9.7 - 13.2a 12.41 11.91 9.11 4.51 13.31 17.61 15.11 19.81 

          
1 Water data refers to Radix sampling localities W = Westerlies 

       
a Mischke et al. (2010b) 

 
AM = Asian Monsoons 

      
b Komatsu et al. (2010) 

         
c Dortch et al. (2011) 

         
d Yao et al. (2009) 

         
e Tian et al. (2008) 

         
f Dietze et al. (2010) 

         
g Yao et al. (2009)                   
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3.3 Ecological and biological traits of the gastropod Radix  

The diversity of aquatic invertebrates in the harsh TP environments is generally very low. 

However, the pulmonate gastropod Radix (Figure 19) is widely distributed on the TP, living in 

freshwater and oligohaline to mesohaline water bodies and belongs to the few continental 

gastropod taxa which inhabit extreme boreal and arctic environments (Clarke, 1973; Økland, 

1990; White et al., 2008). The intrageneric diversity of Radix on the TP and its surrounding regions 

has been analyzed by von Oheimb et al. (2011).  

 

Figure 19: Shell of Radix, example from Lake Manasarovar. 

 

The preferred habitats are calm, shallow waters in both lacustrine and riverine environments 

(Økland, 1990; Glöer, 2002). The life span of Radix species is approximately one year (Young, 

1975; Walter, 1977; Glöer, 2002). Taft et al. (2012, and references therein) compiled further 

information about the biology and the life cycle of Radix.  

The individuals either remain active under the ice cover of lakes during the winter months (e.g. 

Frömming, 1956; Glöer, 2002) or move from the shallow littoral area to deeper water (Burla, 

1972; Gaten, 1986). The shell growth does not cease during the winter but is much slower. Gaten 

(1986) observed a winter growth rate of 0.35 mm per month. There is no shut-down temperature 

for accretion of shell carbonate and, concerning the isotope values, there is no significant 

secondary thickening of the shell, which means that there is no temporal mix-signal. Thus, each 

shell section represents a clearly defined growth period.  
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3.4 Materials and methods 

3.4.1 Sampling  

Living Radix specimens from the TP were collected near the shores of the lakes in shallow water (< 

0.5 m) during three field trips (August - October 2008, 2009 and September - October 2010) to the 

eastern, central and western part of the TP (von Oheimb et al., 2011) (Figure 18A, B). Living 

specimens from Lake Karakul were collected in July 2008 at a water depth of 19.1 m with a Hydro-

Bios-Ekman mud grab (Mischke et al., 2010b).  

The gastropods were preserved in 80% ethanol in the field. At the sampling localities, the 

temperature, pH value and specific conductivity of the habitat water were determined using a 

Hach® HQ 40d multiparameter instrument. The inorganic chemical composition of the ambient 

water was analyzed at the Free University of Berlin. The water chemistry was processed with 

AquaChem 5.1.  

This study is linked to investigations at the Justus-Liebig-University in Giessen where genetic 

studies of Radix specimens have been conducted by von Oheimb et al. (2011), who described 

different clades but did not indicate species names. The term Radix sp. is therefore used. 

Specimens from the lakes Yamdrok Yumco, Manasarovar, Yadang Co and Nyak Co belong to Clade 

2 and specimens from Tarab Co and Donggi Cona belong to Clade 9 (von Oheimb et al., 2011). 

Radix specimens from Lake Karakul have been identified as Radix auricularia (Linnaeus, 1758). 

Shells of genetically analyzed specimens (for example see Figure 19) were sent to Berlin where 

they were cleaned, prepared and sampled for isotopic measurements (see Taft et al., 2012). The 

sampling was carried out at a constant distance of 1 mm between the samples and along the 

ontogenetic spiral of growth increments using a dental drill, starting with the latest shell part at 

the aperture. Depending on shell size and total number of whorls, 14 to 31 samples per shell were 

obtained (Table 6).  

 

 

 

 



3. Manuscript II: Materials and methods 

63 
 

Table 6: Overview of analyzed Radix shells 

Shell 
code 

DNA lab 
number 

Lake (site) 
 

Height / Width 
in cm n whorls n samples 

Kar1 11551 Lake Karakul 1.22 / 0.75 4.1 15 

Kar2 11552 Lake Karakul 1.37 / 0.84 4.6 18 

NyCo1 12047 Nyak Co 1.57 / 0.97 3.7 24 

NyCo2 12068 Nyak Co 1.43 / 1.11 3.95 23 

Manas1 12062 Lake 
Manasarovar 1.46 / 0.95 4.15 26 

Manas2 not 
completed 

Lake 
Manasarovar 1.52 / 1.06 3.8 24 

TaCo1 15126 Tarab Co 0.9 / 0.6 4.0 16 

TaCo2 15127 Tarab Co 1.08 / 0.73 4.3 20 

YaCo1 not 
completed Yadang Co 2.19 / 2.09 2.8 31 

YaCo2 not completed Yadang Co 1.97 / 1.7 3.25 25 

YaYu1 11111 Yamdrok 
Yumco 1.97 / 1.54 4.1 26 

YaYu2 10051 Yamdrok 
Yumco 1.84 / 1.06 3.75 18 

DoCo1 10069 Donggi Cona 1.03 / 0.91 4.0 15 

DoCo2 10070 Donggi Cona 0.97 / 0.64 3.8 14 

3.4.2 Isotopic analysis 

Carbonate samples Kar1, Kar2, YaYu2, DoCo1 and DoCo2 (Table 6) were isotopically analyzed in 

the laboratory at the Free University in Berlin, using a GasBench II linked to a MAT-253 

ThermoFisher Scientific™ Isotope Ratio Mass Spectrometer. The external error of the 

measurements is ±0.06 ‰ for δ18O and ±0.04 ‰ for δ13C both 2 SD (standard deviations) based 

on the reproducibility of the in-house reference material Laaser Marble. The measurements were 

standardized against Cararra Marble (CAM) and Kaiserstuhl carbonatite in-house reference 

material (KKS) which had been calibrated against Vienna PeeDee Belemnite (V-PDB) international 

isotope reference material NBS-19 and NBS-18. The other samples were analyzed at the GFZ 

(GeoForschungsZentrum) Potsdam, using a Gas Bench II linked to a DELTAplusXL ThermoFisher 

Scientific™ Isotope Ratio Mass Spectrometer. Replicate analysis of reference material NBS19 

reported relative to the Vienna PeeDee Belemnite standard (V-PDB) yielded standard errors of 

±0.06 ‰ for δ18O and ±0.04 ‰ for δ13C both given in 2 SD. All results are reported in δ notation 

relative to V-PDB. 
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The lake water samples were isotopically analyzed in the laboratory at the Free University in 

Berlin, using a GasBench II linked to a MAT-253 ThermoFisher Scientific™ Isotope Ratio Mass 

Spectrometer. The external error of the measurements is ±0.012 ‰ for δ18O and ±2.5 ‰ for δD 

both 2 SD based on the reproducibility of the in-house reference material Feth-2. Measurements 

were standardized against Talo Dome (TD) and Alboran Seewater (ASW) in-house standards which 

had been calibrated against Vienna Standard Mean Ocean Water (V-SMOW) and Vienna Standard 

Light Antarctic Precipitation (V-SLAP). All results for the water samples are reported in δ notation 

relative to V-SMOW. 

3.4.3 Meteorological data  

Meteorological data of the sampling years from the Chinese Central Meteorological Office (2010) 

were used for comparing the isotope patterns in the shells with meteorological conditions. In 

cases where meteorological stations are not located in the lake drainage system, data from the 

nearest stations were used. Temperature and precipitation data were recorded as 10-day average 

values for stations on the TP. For Lake Karakul, only monthly average values were available (Figure 

20). 

 

Figure 20: Meteorological data for the lakes obtained from nearest weather stations. The data 
correspond to the particular sampling year and are expressed in 10-day average values. The 
meteorological data for Lake Karakul represent monthly average values.  
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3.5 Results and discussion 

3.5.1 Water properties 

The lake water properties are compiled in Figure 21 and Figure 22.  

Most of the samples have a dominance of Mg and/or Na, except the waters from Yadang Co and 

Yamdrok Yumco which are Ca dominated. Lake Karakul is the only lake without HCO3
- as a 

dominant species, due to the high salinization. A unique property of most waters is the 

supersaturation of dolomite, calcite and aragonite. Gypsum is always undersaturated even in the 

brackish Lake Karakul. 

 

Figure 21: Piper Plot of major anions and cations for the lake waters. 

 

The only two lakes with undersaturation of carbonate are those with a low specific conductivity of 

140 µS·cm-1 (Yadang Co, for all carbonates) and 430 µS·cm-1 (Tarab Co, for aragonite only) and 

more importantly with the lowest pH of all samples (Table 7). Considering that rainfall in 

equilibrium with normal partial pressure of CO2 (without components of acid rain) has a pH of 

about 5.6, these waters had the shortest contact time with the rocks or contact with the least 

soluble rocks. They are not buffered enough to have carbonate oversaturation.
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Table 7: Chemical properties of the studied lakes.  

Locality 
 

Electrical  
conductivity  
(µS/cm-1) 

PSU pH K+ 

mg/l 
Na+ 

mg/l 
Mg2+ 

mg/l 
Ca2+ 

mg/l 
Sr2+ 

mg/l 
HCO3

- 

mg/l 
Cl- 

mg/l 
NO3

- 

mg/l 
SO4

2- 

mg/l 

Karakul 10300 7.5 9.2 160 1014 1211.5 165 0.3 830 1297 0.0 4520 

Nyak Co 913 0.7 8.8 9 103 53 30 0.3 330 93 0.0 79 

Lake 
Manasarovar 

688 0.5 10.4 63 112 36 16 0.3 336 44 0.0 87 

Tarab Co 430 0.3 8.4 29 315 165 7 0 671 180 0.2 420 

Yadang Co 142 0.1 7.4 2 12.5 2 17 0.1 77 4 0.2 13 

Yamdrok 
Yumco 

353 0.3 9.0 2 4 10 56 0.5 79 0.5 0.0 127 

Donggi Cona 711 0.5 8.9 5 66.5 36 28 0.4 268 90 0.0 57 

 

Based on the high δ18O and δD values of the lake waters (Figure 22), it is clearly visible that Lake 

Karakul, Nyak Co and Lake Manasarovar have the character of large closed water bodies with a 

relatively long water residence time. These lakes are located in arid regions and are strongly 

influenced by evaporation, which leads to a relative enrichment of δ18O in the lake waters. The 

values for the lake water of Donggi Cona range around this group as well, but this lake has an 

outflow. Donggi Cona is a large and deep water body and the water has a relatively long residence 

time. The large surface of the lake is also highly influenced by evaporation. The low values for 

Yadang Co, Kyaring Co and Bangda Co indicate open lakes with a high discharge and a relatively 

short water residence time. These lakes are located in regions which are influenced by monsoon 

precipitation and glacier and melt water run-off. Although Kyaring Co for example has also a large 

surface, the isotope values suggest little influence of evaporation (Taft et al., 2012). Alternatively, 

it is overprinted by the isotopic signal of precipitation. The δ18O and δD values for the lake water 

of Yamdrok Yumco are between these two groups. Most likely the complex character of this lake 

(see Regional Setting) causes this ambiguous signal. The lake is a closed water body but the 

exorheic sub-basins have the character of open lakes.  

In summary, based on the δ18O and δD values of the lake waters, one can distinguish between the 

lakes located in the more arid western part and the lakes located in the eastern part of the TP. 

Furthermore, the isotope values allow the classification of open and closed basins.  
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Figure 22: δ18O and δD of the lake waters: [1] Lake Karakul, [2] Nyak Co, [3] Lake Manasarovar, [5] Yadang 
Co, [6] Yamdrok Yumco, [7] Donggi Cona, [C1] Kyaring Co, [C2] Bangda Co. Data for Tarab Co could not be 
detected. Further details in Weynell et al. (in prep.) 

3.5.2 δ18O and δ13C patterns of Radix shells 

The approximate life spans result from the date at the latest shell section [a] which is exactly 

known and the hatching date at the embryonic shell section (protoconch) which is estimated 

based on seasonal meteorological changes and ice cover periods which are mirrored in the 

isotope patterns of the shell carbonate.  

3.5.2.1 Lake Karakul  

The isotopic patterns of two Radix shells are displayed in Figure 23.  

Shell Kar1: The range of δ18O values is from -1.60 to -0.45 ‰ and the average value is -1.23 ‰. 

The slight increase of δ18O values from -1.50 ‰ [c] to -0.45 ‰ [a] indicates the evaporation in 

June when no rainfall occurred and the solar radiation is high. Although evaporation starts directly 

when the ice cover on the lake disappears in May, this effect is not visible in the δ18O shell pattern 

between [g] and [c] which mirrors the time period between May and June. This may be due to the 

fact that melt water from the surrounding glaciers, which have lower oxygen isotope values than 

the lake water, dominate the pattern during this phase. From [k] to [h] the δ18O values are the 

lowest (-1.36 to -1.60 ‰). This period may reflect the time when the lake surface was covered by 

ice up to 1 m thick from the end of November until May (Mischke et al., 2010b). The shell section 

between [k] and [h] mirrors a longer time period than does the shell part from [g] to [a]. This is 

due to decelerated shell growth during the winter months compared to the warmer season 
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(Gaten, 1986; Taft et al., 2012). Most likely, slightly decreasing values from [o] to [n] from -0.67 to 

-1.18 ‰ mark the difference between an encapsulated embryo and a hatchling. 

 δ13C values ranges from -1.76 to -0.65 ‰ and the average value is -1.23 ‰. The little variation of 

1.11 ‰ is an indicator that the amount and isotopic composition of HCO3
- which the specimen 

used for shell accretion remained constant throughout the life cycle (Leng et al., 1999). The 

carbon isotope pattern is very similar to the oxygen pattern in most parts of the shell. Because the 

vegetation in the catchment is restricted to some cold- and drought-tolerant plants and soil 

formation is reduced, the δ13C range of the lake water and therefore in the Radix shell mainly 

reflects lake productivity by phytoplankton and authigenic carbonate formation. Thus, the slight 

increase of δ13C from -1.76 ‰ [g] to -0.65 ‰ [a] indicates increasing lake productivity, which 

implies preferential uptake of 12C by phytoplankton, between May and July. Small variations in 

δ13C between -1.26 ‰ [n] and -0.98 ‰ [l] cannot be attributed to particular parameters. The life 

span of this specimen is from ~ October 2007 before the lake was covered by ice to 5th July 2008. 

Hence, the age of Kar1 was around nine months when it was collected.   

 

Figure 23: δ18O and δ13C shell patterns of two Radix specimens from Lake Karakul. 
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Shell Kar2: The δ18O range is from -1.40 ‰ to -0.59 ‰ and thus in a very similar range as the 

values of Kar1. The average oxygen isotope value is -0.96 ‰. The pattern covers a longer time 

span because shell Kar2 has more whorls than Kar1 (Table 6) and the values at the protoconch [r] 

are comparable to those of the aperture [a] indicating that a complete annual hydrological cycle is 

archived. 

The δ13C values of shell Kar2 also show very little variation and range between -1.60 ‰ [h] and 

0.06 ‰ [a]. The average value is -1.10 ‰. The slight increase from -1.52 ‰ [e] to 0.06 ‰ [a] 

probably shows increasing lake productivity between May and July when the ice cover on the lake 

had disappeared. The carbon isotope values from the protoconch [r] to sample [n] reflect the time 

between hatching in July 2007 and ice covering of the lake in November 2007. The life span is 

defined to be approximately one year from ~ July 2007 to 5th July 2008. 

In summary, the patterns show only very little isotope variations during the life span of the 

gastropods which indicates that the specimens lived in a habitat with relatively constant 

conditions. The Radix specimens were sampled from a water depth of 19 m where more constant 

conditions prevail than in shallow water habitats. The patterns represent thus a characteristic 

“lake pattern” and mirror long-term conditions rather than short-term (sub-seasonal) changes 

contrary to the other lakes with sample depths of 0.1-0.5 m. Hence, these data sets are hardly 

comparable but present suitable information about climatic trends. 

The δ18O “lake-pattern” is not primarily controlled by precipitation or temperature, but by 

evaporation (high absolute values). Also the relatively high δ18Owater value of -4.0 ‰ and the 

absent outflow point to a system which is rather influenced by evaporation. The lake is large 

enough and well enough mixed to average out the short-term variations (Leng and Marshall, 

2004). High Na, HCO3 and Cl contents in the lake water also indicate high evaporation. The high 

similarity between δ18O and δ13C values in both shells depends on the buffering effect of total CO2 

on the δ13C composition of the lake water, vapour exchange, enhanced evaporation and 

productivity and can be an indicator for a closed brackish-saline lake (Talbot, 1990; Li and Ku, 

1997; Leng and Marshall, 2004).  

3.5.2.2 Nyak Co 

The isotopic patterns of two Radix shells are displayed in Figure 24.  

Shell NyCo1: The range of δ18O is from -2.81 to -1.39 ‰ and the average value is -2.18 ‰. The 

lake water in the Radix habitat had a value of -4.34 ‰ at the sampling date which means that it is 
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strongly enriched in18O by evaporation. The small variation of 1.42 ‰ during the life span of this 

specimen indicates a habitat with comparatively constant conditions. The shell pattern phase 

from [n] to [j] probably reflects the period when the lake was covered by ice between November 

and April.  

The range of δ13C in NyCo1 is from -4.97 to -0.63 ‰ and the average value is -2.35 ‰. 

Continuously increasing carbon isotope values from -4.97 ‰ [k] to -0.76 ‰ [a] mirror most likely 

increasing lake productivity from April to September. Based on the assumption that the habitat is 

completely covered by ice from November on, the δ13C value at [r] reflects the water composition 

at the beginning of October 2008. Consequently, specimen NyCo1 had lived for more than one 

year and hatched around July 2008, when the isotope composition in the shell was similar to shell 

section [d] to [c].  

 

Figure 24: δ18O and δ13C shell patterns of two Radix specimens from Nyak Co. 

Shell NyCo2: The range of δ18O is from -2.54 to -1.96 ‰, the average value is -2.23 ‰ and hence 

in the same range as the values of shell NyCo1. The absolute variability is even lower and within 
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0.59 ‰. This means that the habitat water conditions were constant during the whole life span of 

this specimen. 

The range of δ13C is from -3.98 to -1.30 ‰ and the average value is -2.48 ‰. The variability is 

lower than in shell NyCo1. The striking signal in this pattern is the decrease from -1.71 ‰ [n] to -

3.98 ‰ [i] and the following gradual increase to -1.30 ‰ [a] which marks the same period as the 

δ13C signal [r] to [a] in the shell pattern from NyCo1. This section probably represents again the 

phase of reduced lake productivity between the end of October 2008 and April 2009 and the 

following period with increasing productivity until September 2009. The life span is from ~ June 

2008 to 24th September 2009. 

The fact that the variability in both isotope compositions is lower compared to NyCo1 indicates 

slight differences between the habitats. In summary, both δ18O shell patterns show only very little 

seasonal variation, which is characteristic of a lake with a long water residence time, probably 

several decades. Only the δ13C patterns indicate a seasonal defined change in photosynthesis by 

aquatic organisms caused by the preferential uptake of the lighter isotope 12C, leaving the TDIC 

(total dissolved inorganic carbon) relatively enriched in 13C during the period without ice covering. 

The shell pattern phase from [n] to [j] in NyCo1 which presents the ice cover period from 

November to April is marked by constant  δ18O values and synchronously decreasing δ13C values 

due to the reduction in biological productivity.  

3.5.2.3 Lake Manasarovar 

The isotopic patterns of two Radix shells are displayed in Figure 25.  

Shell Manas1: The range of the oxygen isotope values is from -1.80 to 0.71 ‰ and the average 

value is -0.70 ‰. From the latest shell section [a] to sample [e], the values vary only between -

1.42 and -1.68 ‰. From [f] to [s], the pattern is plateau-like with a clear trend towards lighter 

values in a range between 0.71 and -0.80 ‰. Subsequently the values decrease again to -1.34 ‰ 

[t] and remain constant to the protoconch [z] which has a value of -1.31 ‰. Concerning the shell 

size, the number of whorls (Table 6) and the isotope values at the aperture [a] and the 

protoconch [z], we assume a life span of ca. one year of this specimen. Therefore, decreasing 

values from 0.71 ‰ [g] to -1.42 ‰ [a] reflect the period between August 2009 and the sampling 

date. The decrease might be caused by an interaction of melt water input from the glaciers 

located to the south, precipitation and river waters, which all exhibit more negative δ18O values 

than the lake water which has a δ18OSMOW value of 3.39 ‰. Precipitation concentrates in August 
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with an average δ18O SMOW value of -14.42 ‰ and the rivers have an average value of -14.95SMOW 

‰ during this time (Yao et al., 2009).  Slightly increasing values from -0.80 ‰ [o] to 0.70 ‰ [g] 

indicate the time from the end of May until the end of July when the isotope composition of the 

lake water is mainly controlled by evaporation due to increasing temperatures and solar radiation. 

After the ice cover disappeared in late April, the pattern shows a slight decrease from -0.39 ‰ [q] 

to -0.80 ‰ [o] which probably corresponds to an increase in temperature of about 1.5°C after the 

equation of Dettman et al. (1999). The short shell section between [s] and [q] was most likely built 

during the winter period from November until April, when shell accretion decelerated. Decreasing 

temperatures between October and November caused increasing δ18O values from -1.77 ‰ [v] to 

0.06 ‰ [s]. From the protoconch [z] to sample [v], the pattern mirrors the period from late 

August to the end of September 2008.    

The range of δ13C in shell Manas1 is from -3.50 to 3.11 ‰ and the average value is -0.56 ‰. This 

pattern exhibits a large variability indicating a) sub-seasonal changes in carbon input, and b) 

varying portions of different carbon sources. Highest values in August and September 2009 from 

1.62 ‰ [e] to 3.11 ‰ [a] mirror the highest annual biological productivity in the lake. Lowest 

values were measured in the shell section between [j] and [g] which range between -3.50 and -

3.14‰. This indicates an input of dissolved inorganic allochthonous carbon into the habitat of this 

specimen in June and July, transported by glacial melt waters. Possibly the drop from -1.19 ‰ [o] 

to -3.45 ‰ [n] is also caused by melt waters which transport a first inflow of dissolved inorganic 

carbon into the lake. Decreasing δ13C values from 1.38 ‰ [u] to -1.53 ‰ [q] mirror decreasing 

lake productivity, caused by decreasing temperatures and the onset of ice cover on the lake. 

Between the protoconch [z] and section [u], the pattern varies between 1.72 and 1.38 ‰. This 

specimen lived ca. one year, from the end of August 2008 to 19th September 2009. 
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Figure 25: δ18O and δ13C shell patterns of two Radix specimens from Lake Manasarovar. 

 

Shell Manas2:  The δ18O values vary between -2.15 and 0.42 ‰ and the average value is -0.70 ‰. 

The pattern of the values is very similar to that of shell Manas1, indicating that these specimens 

spent their lives in similar habitats. Due to the smaller shell size of Manas2, the lower number of 

whorls and the slightly different isotope values at the protoconch, this specimen hatched 

somewhat later than specimen Manas1. The hatching date was ca. September 2008, before the 

lake surface was covered by ice.   

δ13C in shell Manas2 varies between -2.04 and 2.98 ‰ and the average value is -0.53 ‰. Similar 

to shell Manas1, most negative values occur between [r] and [p] from -1.99 to -1.85 ‰ and reflect 

the period when the lake surface was ice covered. From [j] to [a] the values increase continuously 

from -1.85 to 2.98 ‰ which mirrors an increase in biological productivity. Although the oxygen 

isotope patterns indicate the same habitat of the two gastropods, the micro-habitats seem to 
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diverge due to the slightly different δ13C pattern. The life span is approximately one year, from 

September 2008 to September 19th 2009. 

In summary, the high δ18O values of the shell patterns indicate high evaporation rates and a long 

residence time of the lake water, which is also supported by a δ18Owater value of 3.23 ‰ and a δD 

value of -21‰ . The noticeable evaporative characteristic of Lake Manasarovar has already been 

confirmed by Yao et al. (2009). They reported an average δ18O value of the lake water of  -5.52 ‰ 

and an average δD value of -60.04 ‰ in August 2004 and 2005. Based on the variability of the 

shell patterns, the habitat water reflects both sub-seasonal changes which are in particular 

triggered by glacial melt water input, ice cover and biological productivity, and evaporation. Most 

positive δ13C values in both shell patterns indicate high biological lake productivity during the 

warmest months from July to September. The isotope shell patterns show a clear signal of a 

closed basin, although Lake Manasarovar is a temporarily morphologic exorheic basin due to its 

ephemeral outlet to its adjacent lake Langa (Figure 18B). The shell patterns suggest that this 

outlet was not active during the life spans of the gastropods. 

3.5.2.4 Tarab Co 

The isotopic patterns of two Radix shells are displayed in Figure 26.  

Shell TaCo1: The range of δ18O is from -13.43 to -11.52 ‰ and the average value is -12.39 ‰. 

Most negative values occur between -13.34 ‰ [g] and -13.43 ‰ [f] and mirror the precipitation 

maximum in late August which is isotopically influenced by moisture from the Indian Summer 

Monsoon onto the TP (Tian et al., 2007). The depletion of the oxygen isotope values is caused by a 

weak “amount effect” during the peak of precipitation which has been the subject of numerous 

studies (e.g. Dansgaard, 1964; Araguás-Araguás et al., 1998; Lee and Fung, 2007 and references 

therein; Yu et al., 2008). From sample [e] to [a] the values increase continuously from -12.97 to -

11.63 ‰ due to the interaction of decreasing temperatures and an evaporation trend which is no 

longer overprinted from the precipitation signal between the beginning of September and the 

sampling date on 2nd October. Specimen TaCo1 hatched during the first summer precipitation 

events when the δ18O signal was still more positive.  

δ13C values in TaCo1 vary between -12.71 and -11.65 ‰, with an average value of  -12.27 ‰. The 

variability in this pattern is low and characterizes a habitat in which the biological lake 

productivity varies only slightly, at least from July until October. Between August and September, 

the values show a slight increase whereas the oxygen isotope values decrease. This can be caused 
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by isotopically light CO2 from the soil air which is transported in a dissolved phase by water from 

the surrounding hill slopes into the habitat during stronger rainfalls. The life span is from ca. the 

end of June to 2nd October 2010. 

 

Figure 26: δ18O and δ13C shell patterns of two Radix specimens from Tarab Co. 

 

Shell TaCo2:  We measured δ18O values from -13.18 to -10.44 ‰. The average value is -11.77 ‰. 

The shell section from sample [n] to [a] is very similar to the same section in TaCo1 and thus very 

likely covers the same time interval from July to October. From [t] to [n] the values increase from -

11.31‰ to -10.44 ‰ reflecting the period from April (hatching) to July. The slight increase of the 

values might be caused by the onset of evaporation after the ice had disappeared from the lake 

surface.  

δ13C values in TaCo2 vary between -12.36 and -10.91‰, with an average of -11.88 ‰. The 

variability is slightly larger than in TaCo1 due to the longer life span of TaCo2, but also does not 

show large variations. The life span is from ~ April to 2nd October 2010. 



3. Manuscript II: Results and discussion   

76 
 

The isotope patterns of Radix shells from Tarab Co indicate a water body which is mainly 

influenced by the isotope composition of precipitation, at least from April to October. The low 

δ18O values in both shells suggest a short water residence time and high run-off. A weak, but 

visible, “amount effect” combined with negative δ18O shell values indicates that the isotope 

composition of precipitation in the Tarab Co area is affected by long-distance transport instead of 

local water recycling processes. The general low δ13C values point to a different source of organic 

carbon compared to other lakes.  

3.5.2.5 Yadang Co 

The isotopic patterns of two Radix shells are displayed in Figure 27.  

Shell YaCo1: δ18O values vary between -15.85 and -13.05 ‰ and the average value is -14.62 ‰. 

From [d] to [a], the pattern decreases from -13.38 to -15.35 ‰ and reaches the previous lower 

level. From [p] onwards the values increase from -15.40 to -13.05 ‰ [g] and reach the highest 

value of this pattern. The values from [z6] to [s] vary only between -15.85 and -14.79 ‰ and 

mirror probably the period from April to June. Thus this specimen hatched after the ice cover had 

disappeared.  There is no winter signal in the pattern and the noticeable sequence between [p] 

and [a] does not replicate in an earlier section of the shell. This suggests a life span of about six 

months, although the highest number of samples was obtained from shell YaCo1. The shell was 

very large (Table 6) but the number of whorls (< 3) was low compared to shells from other lakes, 

indicating a shorter life span of this specimen and favourable nutrient conditions for shell growth 

in the habitat.  

The δ13C values vary between -8.89 and -6.10 ‰ with an average of -7.16 ‰. The decrease from -

6.21 ‰ [n] to -8.89 ‰ [f] and the subsequently increasing values to -6.98 ‰ [a] correspond to the 

δ18O sequence with increasing values, which is interpreted as influenced by precipitation in July 

and August. The negative coupling of δ13C and δ18O values indicates precipitation caused by 

isotopically lighter CO2 produced by microorganisms. This depletion probably results from 

respiration and decomposition of organic matter in the uppermost soil layer. The CO2 reaches the 

lake water in a dissolved phase as runoff from the hill slopes in the west during stronger rainfalls, 

which leads to more negative δ13C shell values (Taft et al., 2012). From the protoconch [z6] to [n], 

the values remain rather constant between -6.98 and -6.21‰. Variations seem to be attributable 

to short-term changes in the isotope composition of the habitat. For example, decreasing values 

from -6.39 ‰ [z1] to -7.75 ‰ [x] can be caused by a decreased biological productivity or input of 
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CO2 into the lake caused by an intense rainfall event in May. This specimen lived from ~ April to 

2nd October 2009. 

 

Figure 27: δ18O and δ13C shell patterns of two Radix specimens from Yadang Co. 

 

Shell YaCo2: δ18O values range between -15.99 and -12.87 ‰. The average value is -14.73 ‰. The 

oxygen isotope pattern is characterized by short-term variations of values in the shell section 

between [y] and [j] which vary between -14.44 ‰ [v] and -15.99 ‰ [m]. Noticeable is the 

subsequent gradual increase from -15.99 ‰ [m] to -12.87 ‰ [b] which reflects moisture from a 

regional source between June and August, but the pattern is less pronounced compared to YaCo1 

indicating that the specimens spent their lives in different micro-habitats. The specimens were 

collected within a radius of a few meters but it cannot be excluded that one specimen spent its 

life in a habitat where, for example, the exchange with the main water body is different which can 

lead to various patterns. However, the general trend and the absolute values are similar. 

The δ13C values in shell YaCo2 vary between -8.72 and -4.24 ‰ and the average value is -6.30 ‰. 

The variability is higher than in YaCo1 which is a further indicator that the specimens did not 
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spend their lives in the same habitat. Decreasing δ13C values and synchronously increasing δ18O 

values which reflect the precipitation peak in late August in shell YaCo1 are also visible in shell 

YaCo2 but only in the latest shell section between [d] and [a]. Slightly increasing values from -6.98 

‰ [m] to -5.94 ‰ [e] mirror a trend to an increasing biological productivity in the habitat 

between June and August.  The life span is from ~ April to 2nd October 2009. 

YaCo1 and YaCo2 exhibit isotope patterns which are not clearly attributable to distinct 

meteorological or environmental parameters. Because Yadang Co is a lake with high discharge 

and, probably, a rather short water residence time and is located near the Yarlung Tsangpo 

(Brahmaputra River) Valley which is one of the pathways of the Indian Summer Monsoon 

moisture onto the TP, the isotope composition in the water and the shells should clearly reflect 

the precipitation. A “monsoon pattern” characterized by decreasing δ18O values during the peak 

of rainfalls in late August caused by the “amount effect” would be expected. Instead, the pattern 

shows a clear trend to more positive values during the rainy season. Perhaps due to the 

northward location and the higher altitude of the lake (5060 m a.s.l.) compared to the Yarlung 

Tsangpo Valley (ca. 4400 m a.s.l. at this longitude), the monsoonal precipitation did not reach the 

lake in 2009 which is supported by the India Meteorological Department (2012) reporting a 

weaker monsoon in 2009 compared to the average normal amount and distribution. The values 

between -14.71‰ [o] and -13.38 ‰ [d] probably indicate a regional source of moisture 

originating from the lake district located to the north. If monsoon moisture had reached the lake 

in 2009, this should be mirrored in the isotope shell patterns due to the lake system 

characteristic.  

As in the shell patterns of Tarab Co, the δ13C values are more negative compared to other lakes 

which indicate a different source of organic carbon into the lake.  

3.5.2.6 Yamdrok Yumco 

The isotopic patterns of two Radix shells are displayed in Figure 27. Shell YaYu1: δ18O values vary 

between -10.85 and -8.82 ‰ and the average value is -9.92 ‰. From [v] to [j] the values show a 

slight increasing trend from -10.30 to -8.92 ‰ which mirrors increasing evaporation between May 

and July. Subsequently the δ18O composition tends to more negative values to -10.84 ‰ [a] which 

is a precipitation signal between July and September. Although this signal is not very pronounced 

and steeply increasing values during the initial monsoon rains are lacking compared to strongly 

monsoon-influenced lakes (Taft et al., 2012), it is assumed that monsoon rains led to this slight 

depletion in δ18O values because it was recorded that the monsoon rainfalls reached the lake in 
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2008 (Chinese Central Meteorological Office, 2010). The shells were collected from the closed 

terminal lake basin which has a long water residence and reaction time, and thus the shell 

patterns show a different signal compared to other monsoon-influenced localities.  

The range of δ13C in YaYu1 is from -4.01 to -0.52 ‰ with an average of -2.89 ‰. In most sections 

the δ13C pattern is very similar to the δ18O pattern indicating a closed system and a long water 

residence time (Li and Ku, 1997). Increasing values from -3.66 ‰ [t] to -0.63 ‰ [j] reflect 

increasing biological productivity and evaporation in the lake from April to June. During the peak 

of monsoon precipitation in July, the δ13C values decrease to -4.01‰ due to the increased input 

of isotopically light soil CO2 or due to distinct biological activities in the habitat. The life span is 

from ~ October 2007 to 8th September 2008. 

 

Figure 28: δ18O and δ13C shell patterns of two Radix specimens from Yamdrok Yumco. 
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Shell YaYu2: δ18O values range between -12.3 and -7.04 ‰ and the average value is -10.05 ‰. The 

δ18O peak at -7.04 ‰ [j] in the shell pattern is the reference point for our interpretation and 

discussion. This peak coincides with the first monsoon precipitation at the end of May 2008, 

recorded at Langkazi Meteorological Station (Figure 20). Subsequently decreasing δ18O values 

from -7.04 to -10.60 ‰ [f] mirror the period from the end of May until July when monsoon rains 

had reached the maximum in the sampling year. This pattern reflects the “amount effect” in 

precipitation which is reflected in the shell patterns and leads to more negative δ18O values during 

the peak of monsoon rains. From [f] to [b] the pattern is stable, which might be caused by high 

precipitation rates and relatively stable air temperatures around 10°C between mid-July and mid-

August. The sharp decrease in δ18O values from -10.53 ‰ [b] to -12.30 ‰ [a] in the latest shell 

section marks the increasing influence of river inflow and the decreasing influence of precipitation 

on the isotope composition in the lake water and therefore also in the snail shell. From the end of 

May until August the isotope composition in the shell is mainly controlled by the isotope 

composition of precipitation and only to a minor portion by temperature, evaporation and 

river/melt water inflow. The increasing trend in δ18O values from -10.15 [m] to -9.30 ‰ [k] 

mirrors increasing evaporation after the ice cover on the lake surface disappeared in April. The 

unvarying pattern from [r] to [m] from -10.24 to -10.15 ‰ indicates the ice cover period of the 

habitat when neither temperature variations nor the sparse precipitation in February (Figure 20) 

had affected the stable isotope composition of the lake water. Probably, the Radix specimen 

which built shell YaYu2, hatched shortly before the lake was covered by ice in late October 2007. 

Burla (1972) and Gaten (1986) observed that Radix moves in winter from the shallow littoral area 

to deeper water in order to avoid the ice, which would result in relatively unvarying isotope 

compositions because of more constant conditions in the deeper lake. Although Yamdrok Yumco 

is also fed by glacial melt waters (Tian et al., 2008), the specific melt water signal could not be 

detected in the oxygen isotope pattern. Probably, this signal is overprinted by evaporation and 

precipitation signals or the contribution of melt water is too low in comparison to the lake water 

volume.  

The range of δ13C in YaYu2 is between -6.14 and 2.41 ‰ and the average value is -2.40 ‰. The 

numerical variability in this shell is thus comparatively high. In most parts of the pattern the δ13C 

values run parallel to the δ18O pattern, but from [f] to [b] the carbon isotope values show a steep 

increase from -5.64 ‰ [f] to -3.06 ‰ [e] followed by a decrease to -5.85 ‰ [b] whereas the 

oxygen isotope values remain constant. Because shell growth decelerated during the winter 

season, the shell section between [q] and [m] reflects a longer period than other parts of the 

same length formed during spring and summer. Therefore, the shell section [r] to [q] mirrors the 

period before the lake was completely covered by ice, and the increasing δ13C values in shell part 



3. Manuscript II: Results and discussion 

81 
 

[q] to [m], from -2.09 to -0.56 ‰, suggest slightly increasing biological productivity in the lake 

under the ice cover from February until April. The parallel trend of δ18O and δ13C values from [k] 

to [g] reflects the period from May to July. Because the carbon isotope composition in the lake 

water strongly depends on the particular habitat, small variations of carbon sources can lead to 

rapid changes in the shell pattern, such as in shell section [h] to [c]. This specimen lived from ca. 

late October 2007 to 8th September 2008. 

 The shell patterns from Yamdrok Yumco diverge from each other, which indicates differences in 

habitats of the gastropods. The δ18O composition in shell YaYu2 shows a more pronounced 

precipitation signal caused by the Indian Summer Monsoon precipitation. In YaYu1, this signal is 

only a slight gradual decrease instead of a steep decrease. Based on these observations, it is likely 

that the Radix specimen of shell YaYu1 lived in a somewhat deeper part of the sampling area 

where the conditions remained more stable during the year. The δ13C pattern of shell YaYu1 

shows more pronounced seasonal changes in biological productivity in the habitat. δ18O and δ13C 

of shell YaYu2 recorded both sub-seasonal habitat variations. 

In summary, the oxygen and carbon isotope pattern of both shells mirror a large closed lake basin 

with a long water residence time due to the covariance in most shell sections (Talbot, 1990; Li and 

Ku, 1997; Leng and Marshall, 2004). The values in shell YaYu1 exhibit only slight variations and a 

less pronounced precipitation signal than expected due to the terminal lake character. Shell 

YaYu2, which was probably mainly built in a different micro-habitat shows a pronounced 

monsoon precipitation signal and exhibits a large variability in the isotope values, similar to what 

is observed from a small exorheic lake with high discharge (Taft et al., 2012). The data suggest 

that, although the terminal lake is a large endorheic basin, it is significantly influenced by the 

upstream exorheic lakes which mirror short-time climatic and/or environmental changes. The low 

average oxygen isotope values of the shells indicate that the lake is mainly influenced by 

precipitation from distant moisture sources. 

3.5.2.7 Donggi Cona 

The isotopic patterns of two Radix shells are displayed in Figure 29.  

Shell DoCo1: δ18O values range between -9.84 ‰ and -7.59 ‰ and the mean value is -9.33 ‰. 

The δ18O pattern exhibits one steep increase from -9.08 ‰ [k] to -7.59 ‰ [j] and a subsequent 

steep decrease to -9.77 ‰ [g]. This pattern is characteristic of a shell which was built in a habitat 

in which the water composition is significantly influenced by precipitation during the rainy season 
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(Taft et al., 2012). The first more intense rainfall started in mid-July 2008 (Figure 20), mirrored by 

an increase of the δ18O value at sample [j]. The following continuing decreasing trend in the shell 

pattern is characterized by an inverse correlation between precipitation amount and the oxygen 

isotope composition. This pattern indicates monsoon precipitation and is characteristic of shallow 

habitats, which have a short water residence and reaction time. During the monsoon season, the 

precipitation signal overprints the evaporation signal. Furthermore, when rainfalls continue, the 

air gets more humid and evaporation decreases. Relatively constant values distinguish the 

embryonic and juvenile shell part between [o] and [m] with values between -9.47 and -9.67 ‰. 

Because Radix specimens do not hatch while a lake is covered by ice and the winter period is not 

reflected in the pattern, specimen DoCo1 hatched after the ice had disappeared in late April or 

early May.  

δ13C values in DoCo1 range between -7.16 ‰ and 0.84 ‰ and the mean value is -2.08 ‰. The 

variability of 8.00 ‰ is very high compared to δ18O. The amount and composition of the TDIC 

(total dissolved inorganic carbon) utilized in the shell carbonate varied a lot during the life span.   

During the onset of monsoon rains, the δ13C values decrease steeply from -0.75 ‰ [m] to -7.16 ‰ 

[j]. The same pattern could be observed in a monsoon-influenced small exorheic lake, Bangda Co, 

at the southeastern margin of the TP (Taft et al., 2012).  

Decreasing δ13C values and simultaneously increasing δ18O values can be a result of rain water 

penetrating through unsaturated zones of soils before the water reaches the lake. Variabilities in 

lake productivity before and after the monsoon season may be related to local nutrient variations. 

However, the mean δ13C value of DoCo1 is high, indicating high lake productivity during the whole 

shell growth period. This specimen lived from ~ late April to 5th October 2008. 
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Figure 29: δ18O and δ13C shell patterns of two Radix specimens from Donggi Cona. 

 

Shell DoCo2: The δ18O pattern varies between -10.16 and -8.62 ‰. The average value is -9.75 ‰. 

Between [i] and the aperture [a] the values remain relatively constant between -9.58 and -10.16 

‰. From [l] to [j] the pattern shows a peak from -9.87 to -8.62 ‰ similar to DoCo1 but less 

pronounced. The shell section from [n] to [l] represents the period between late May and June.  

δ13C values in DoCo2 range between -6.32 and 0.15 ‰ with an average value of -3.78 ‰. The 

absolute variability is 6.47 ‰ and thus lower than in DoCo1 but still high. From [m] to [e] the 

values increase from -6.20 to 0.15 ‰ and subsequently decrease steeply to -5.54 ‰ [a]. At 

sample [e] the peak in δ13C is very similar to that in DoCo1. The more negative values in DoCo2 

during the peak of the monsoon rains are also similar to those in DoCo1, but less pronounced. The 

life span is from ca. May to 5th October 2008. 

Donggi Cona is located close to the modern limit of the East Asian Monsoon (Zhang et al., 2011) 

which means that the interannual variation of monsoon precipitation is particularly high. The δ18O 

patterns of the shells indicate that precipitation in the sampling year is characterized by long-

distance transport and is not of local origin.  
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3.5.2.8 Summary and comparison of all lakes 

δ18O and δ13C patterns in shells of Radix provide valuable information characterizing lake systems 

and large-scale as well as regional climate conditions. The oxygen isotope compositions in shells 

from the seven lakes show very different patterns depending on lake hydrology (open/closed, 

size, water residence time, depth) and locality within the atmospheric circulation (source of 

precipitation, Westerly or monsoon dominated). The carbon isotope compositions are particularly 

dependent on specific habitats, which vary in terms of biological productivity and in respect of 

carbon sources. δ18O and δ13Cvalues show a positive covariance for shells originating from large 

closed basins.  

On the transect from Lake Karakul in the Pamirs to Donggi Cona at the eastern margin of the TP, 

the shell patterns show an increasing influence of precipitation and a decreasing influence of 

evaporation on the isotope compositions.  A precipitation pattern controlled by the monsoon 

circulation is visible in shells from Yamdrok Yumco, Tarab Co and Donggi Cona, although the lake 

systems differ strongly in terms of size, discharge and hydrology. The values are significantly more 

negative, and the shell patterns exhibit a higher seasonal variability compared to the western 

lakes, which provides evidence that the lake waters mirror short-term sub-seasonal changes. The 

δ18O shell patterns from Nyak Co and Lake Manasarovar, which are located in arid regions on the 

western TP, are predominantly controlled by evaporation, indicated by relatively high values and 

mirror rather long residence times of the lake waters. The δ13C shell patterns of Tarab Co and 

Yadang Co exhibit more negative values compared to the other lakes which indicate a different 

source of organic carbon. Unlike the other lakes, the specimens from Lake Karakul were collected 

at a depth of 19 m. Thus it is not surprising that the isotopic shell patterns are more stable than all 

other patterns because the influence of precipitation, temperature changes or glacial melt water 

is low. Nevertheless, the shell patterns of Lake Karakul mirror the arid climate, the closed lake 

system, the long water residence time and the evaporative influence by relatively high oxygen 

isotope values, which is also supported by the water analysis.  

 Even interannual meteorological variabilities can be shown, for example in the case of Yadang Co 

on the southern TP. The isotope shell patterns indicate that the monsoon rains did not reach the 

lake in 2009, although it is located in a region which is usually affected by the modern monsoon. 
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3.6 Conclusions 

In comparison to other climate archives from the TP, the isotope patterns from the archive Radix 

mirror general climatic differences and trends as well as interannual and even sub-seasonal 

changes on a plateau-wide scale.  

The shell patterns exhibit an increasing influence of precipitation and a decreasing influence of 

evaporation on the isotope compositions from west to east. δ18O values of shells from lakes on 

the eastern and central TP (Donggi Cona, Yamdrok Yumco, Tarab Co) mirror monsoon signals, 

indicated by more negative values and higher variabilities compared to the more western lakes 

(Karakul, Bangong/Nyak, Manasarovar). 

General climatic differences of the lake regions due to the different regional settings are clearly 

mirrored in the isotope patterns of the Radix shells, without noticeable dependence on the 

particular lake system.  

 

Supplementary data 

Numerical isotope values for each shell sample and numerical values of hydrogeochemical 

analyses are available in the PANGAEA data information system, www.pangaea.de, doi: 

10.1594/PANGAEA.777838.  
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Abstract 

We report δ18O and δ13C ratios of 21 fossil Radix (aquatic gastropod) shells from a sediment core 

taken in the eastern basin of Lake Karakul, Tajikistan (38.86-39.16°N, 73.26-73.56°E, 3928 m 

above sea level) which covers the last 4200 cal yr BP. The lake is surrounded by many 

palaeoshorelines evidencing former lake level changes, most likely triggered by changes in 

meltwater flux. This hypothesis was tested by interpreting the isotope ratios of Radix shells 

compared to δ18O of Ostracoda and authigenic aragonite. The mean δ18O Radix and Ostracoda 

values fall along the same general negative long-term trend indicating decreasing air 

temperatures, probably influenced by decreasing solar summer insolation. The sclerochronological 

δ18O and δ13C patterns in Radix shells provide seasonal climatic and/or hydrological information 

which are discussed in context with previously proposed climatic changes in the last 4200 cal yr 

BP. The period ~4200-3000 cal yr BP was characterized by cooling, stepwise decreasing lake level 

and, most likely, glacier advance in the catchment. Subsequently the climate remained cold and 

the lake system became increasingly unstable characterized by fluctuating lake levels and climate 

conditions. From ~1800 cal yr BP the sclerochronological patterns provide evidence for increasing 

melt water flux and transport of allochthonous carbon into the lake, most likely due to glacier 

retreat. The period around 1500 cal yr BP was characterized by strong warming, increasing 
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meltwater flux, glacier retreat and an increasing lake level. Warm conditions continue until ~500 

cal yr BP probably representing the Medieval Warm Period. A short relatively cold (dry?) period 

and a lower lake level are assumed for ~ 350 cal yr BP, maybe indicating the Little Ice Age. Since 

ca. 350 cal yr BP the lake level has been increasing due to warmer conditions. Our results show 

that the lake system is quite complex and that changes were triggered by changing meltwater 

fluxes and temperature. The similarity between Radix and ostracod δ18O ratios demonstrates that 

both archives provide significant information.  

 

4.1 Introduction 

The dynamics of mountain glaciers are among the most visible indications of the effects of 

climatic changes (Solomina et al. 2004; IPCC Report 2007) and it has been observed that many 

glaciers all over the world melt in response to warmer air temperatures since 150 years (World 

Glacier Monitoring Service 2012). However, timing and extent of glacial responses are highly 

variable and depend on size, location and climate regime (Bolch 2007). In most areas of Central 

Asia the glaciers retreat since the termination of the Little Ice Age (LIA; Solomina et al. 2004; 

Khromova et al. 2006; Bolch 2007; Kutuzov and Shahgedanova 2009). On the other hand, more 

than 50% of observed glaciers in the Karakoram region are advancing or stable since the last 

decade (Scherler et al. 2011). As long as glaciers are large, one visible response of glacial retreat is 

the meltwater discharge which can cause rising water levels in glacier-fed lakes (Sorrel et al. 2006; 

Komatsu et al. 2010; Osipov and Khlystov 2010). Glacier and meltwater fluctuations in modern 

and historical times can be monitored by remote sensing, morphologic studies and mass-

balancing or evaluated from written records (Solomina et al. 2004; Khromova et al. 2006; Narama 

et al. 2010). Variations which occurred further back in time can only be modeled (Sarikaya et al. 

2009; Goehring 2012) or reconstructed by using proxy data indicating glacier stages, temperature 

fluctuations or freshwater supply (Ricketts et al. 2001; Owen et al. 2002; Seong et al. 2007, 2009). 

Lakes represent important systems in this context because they archive a number of suitable 

proxies in their sediments (Wünnemann et al. 2006; Mischke and Zhang 2010; Vasskog et al. 

2012). 

Of special interest are lakes located in regions which are particularly sensitive to environmental 

and climatic changes. One example is Lake Karakul located in the eastern Pamir Mountains of 

Tajikistan (Figure 30). Palaeoshorelines up to 205 m above the modern lake level evidence lake 

dynamics which are related to Pleistocene climate fluctuations (Komatsu 2009; Komatsu et al. 
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2010). Mischke et al. (2010) analyzed a 104 cm long sediment core, covering the last 4200 cal yr 

BP, studying geochemical, granulometrical and palynological properties and concluded, that the 

data indicate mainly temperature-driven changes in meltwater supply due to the presence of 

glaciers in the catchment area and the aridity of the region. However, the qualitative 

characterization of meltwater supply and other processes which influence lake level changes 

could not be provided. 

δ18O and δ13C signals from fossil ostracod shells have been used for the palaeolimnological 

reconstruction (Mischke et al. 2010). As ostracods shed and build their valves several times during 

ontogeny, sclerochronological analyses which could cover the annual hydrological cycle from 

which the meltwater signal can be inferred, are not practical. Mischke et al. (2010) interpreted 

the ostracod isotope data with certain limitation because palaeoecological inferences seemed not 

to be represented by the studied, probably endemic taxon.   

Taft et al. (2012, 2013) have demonstrated that sclerochronological δ18O and δ13C patterns in 

aragonite shells of the aquatic gastropod Radix mirror seasonal variations in modern lakes across 

the Tibetan Plateau. Ice cover, meltwater, precipitation and evaporation periods can be 

differentiated. The method has also been applied to modern shells of Lake Karakul (Taft et al. 

2013).  

In the here presented study, we adopt the method to fossil Radix shells from late Holocene 

sediments of Lake Karakul and evaluate whether late Holocene meltwater input rates can be 

inferred from the shells and related to temperature changes and glacier fluctuations in the 

catchment area. We further consider whether the shell data can be related to the geochemical 

results of Mischke et al. (2010) to improve our understanding of the hydrological system.  

 

4.2 Study area 

Karakul (38.86-39.16°N, 73.26-73.56°E, 3928 m above sea level) is an endorheic brackish-water 

lake in the eastern Pamirs in Tajikistan, (Figure 30) which are part of the extensive high mountain 

system of Central Asia, comprising the Pamir-Karakoram-Hindu-Kush ranges. The lake consists of a 

relatively shallow eastern sub-basin with a maximum water depth of ca. 20 m and a deep western 

sub-basin with a water depth of 242 m (Molchanov 1929). The surface area of the lake is ca. 380 

km² (Komatsu et al. 2010), which is covered by ice of up to ca. 1 m thickness from the end of 

November until the end of May (Mischke et al. 2010). The lake is located in a tectonic graben 
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basin (Melack 1983; Hammer 1986; Gopal and Ghosh 2009) but an origin as meteor impact 

structure was discussed in the past 

(Gurov et al. 1993; Safarov 2006). The highest mountain peaks in the catchment area are above 

6000 m asl and many of the surrounding mountains are covered by snow and ice, which are the 

most important sources of the lake water (Ni et al. 2004). The main seasonally active inflow is 

located at the northern shore of the lake (Figure 30). Three water samples from the eastern basin 

have δ18O values ranging from -3.8 to -3.5 ‰ relative to V-SMOW and inflowing streams, which 

transport predominantly glacial meltwater, have values ranging from -18.0 to -14.0 ‰ (Mischke et 

al. 2010). The comparatively higher δ18O value of the lake water mirrors the long residence time 

and the strong influence of the insolation which results in low air humidity and a high evaporation 

rate for the lake surface.  

Lake Karakul is located in an area dominated by the Westerly wind system but due to the high 

mountain ranges to the west, blocking the Westerly moisture penetration into the lake catchment 

(Komatsu et al. 2010), the annual precipitation is only 82 mm with slightly higher precipitation 

between March and July and least precipitation during the winter months (Mischke et al. 2010). 

Meteorological data have been recorded at the station located on the eastern lake shore 

(39.01°N, 75.36°E, 3930 m asl) since 1934 with a break between 1995 and 2004. With a mean 

annual temperature of about -4°C, the climate is characterized as cold semi-arid, BSk in the 

Köppen-Geiger climate classification (Peel et al. 2007). 

Komatsu (2009) and Komatsu et al. (2010) studied the palaeoshorelines and reconstructed a lake 

history for the Mid- to Late Pleistocene based on remote sensing data, field mapping and 

tentative chronology. They classified four groups of shorelines indicating higher or constant lake 

levels which are correlated to the glacial maxima of MIS 8, 6, 4 and 2. Geomorphic glacial 

landforms show that Pleistocene glaciers came close to the modern eastern, northern and 

southern lake shore (Komatsu et al. 2010; Mischke et al. 2010). Relatively little is known about the 

Holocene glacial history of the Lake Karakul region. On the base of dendrochronological data, 

colder conditions were concluded for 1897-1916 indicating a glacier advance in the drainage area 

of Lake Karakul (Ni et al. 2004). For 1925-1980, it is assumed that the glacier area in the lake 

catchment has decreased (Ni et al. 2004), probably in response to global warming. Based on 

historical surveys and remote sensing, Khromova et al. (2006) detected a glacier decrease 

between 1978-2001 in the eastern Pamir region. However, detailed glacial studies in the 

catchment of Lake Karakul have not been conducted yet.  
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Figure 30: Lake Karakul with core location and periodical inflows. The catchment area of Lake Karakul 
measures 4464 km2 and was calculated in ArcGIS v10.0 (ESRI, 2011) with the use of HydroSHEDS v1.0 data 
(Lehner and Döll 2004; Lehner et al. 2006) in the projected coordinate reference system Pulkovo 1942/3-
degree Gauss-Kruger CM 72E (EPSG: 2599). 

 

4.3 Material and methods 

4.3.1 Shell sampling and preparation 

21 Radix (Figure 31) shells (17 complete shells and four large fragments) were collected from 21 

sediment layers from a core of 104 cm length (Figure 32), which was obtained from 19.1 m water 

depth in the center of the eastern sub-basin of Lake Karakul (Figure 30). The core covers the last 

4200 cal yr BP (Mischke et al. 2010). Modern Radix specimens from Lake Karakul represent the 

species Radix auricularia (Linnaeus 1758; von Oheimb et al. 2011). Fossil shells from the core 

show the same shell morphology and thus are assigned to the same species. Details about 

biology, shell growth, life cycle, nutrition, etc. are presented by Taft et al. (2012, 2013).  
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The shells were cleaned manually and in an ultrasonic bath from coarse mud. Subsequently, they 

were treated with H2O2 for 24 hours to remove remaining organic matter before they were dried 

for 24 hours at room temperature. The shells were sampled for stable isotope samples in a 

constant distance of 1mm along the ontogenetic spiral of growth increments using a dental driller. 

Depending on shell size and total number of whorls, we obtained 7 to 25 sub-samples per shell. 

The sub-samples were labeled in alphabetical order beginning with [a] which represents the latest 

shell part. The four shell fragments (from core layers 10 cm; 30 cm; 61 cm and 101 cm) were 

homogenized and isotopically analyzed as powdered bulk samples.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.3.2 Stable isotope analysis 

The aragonite shell samples were isotopically analyzed at the Freie Universität Berlin using a 

GasBench II linked to a MAT-253 ThermoFisher Scientific™ isotope ratio mass spectrometer. The 

external error of the measurements is ±0.06‰ for δ18O and ±0.04‰ for δ13C both 1 SD (standard 

deviations) based on the reproducibility of the in-house reference material Laaser marble. The 

Figure 20: Sediment core of 104 
cm length taken from the 
eastern sub-basin of Lake 
Karakul (Mischke et al. 2010) 
with positions of fossil Radix 
shells.  

 

Figure 19: Example of a well-
preserved fossil Radix shell 
from Lake Karakul. 
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measurements were standardized against Carrara Marble (CAM) and Kaiserstuhl carbonatite in-

house reference material (KKS) which had been calibrated against Vienna PeeDee Belemnite (V-

PDB) international isotope reference material using NBS-18 and NBS-19. All results are reported in 

δ notation relative to V-PDB (Table 8, Figure 33 and Figure 34C, D). 

4.4 Results 

4.4.1 Mean δ18O and δ13C shell values  

Mean δ18O shell values cover a range from -1.43 to 0.86 ‰. The highest values occur at 95 cm 

(0.86 ‰), 83 cm (0.22 ‰) and 15 cm (0.36 ‰) core depth (Table 8 and Figure 34C). The values are 

low at 43 cm (-1.12 ‰) and from 6 cm core depth to the top (from -1.43 to -0.93 ‰). From the 

deepest part of the core to the top, a trend to more negative values is visible (Figure 34C). This 

general trend is interrupted by excursions to more positive values (at 95, 83, 61, 35, 30, 15 and 10 

cm core depth). The shifts at 95 cm (0.86 ‰), 83 cm (0.22 ‰) and 15 cm (0.36 ‰) core depth are 

most pronounced.  

Mean δ13C shell values cover a range from -1.53 to 1.70 ‰. The highest values occur at 81 cm 

(1.53 ‰), 30 cm (1.11 ‰) and 10 cm (1.70 ‰) core depth (Table 1). The values are relatively low 

at 83 cm (-0.98 ‰), 25 cm (-1.53 ‰) and 1 cm (-0.87 ‰) core depth. 
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Table 8: Individual mean and absolute δ18O and δ13C values for each shell sub-sample. Sub-sample [a] represents the latest shell part, respectively. Shells from 

10, 30, 61 and 101 cm core depths were isotopically measured as bulk samples. Maxima and minima values are marked in bold.    
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4.4.2 Sclerochronological δ18O and δ13C variations  

δ18O intra-shell values of all samples cover a range from -2.07 to 1.42 ‰. δ13C values are in a 

larger range from -3.29 to 2.61 ‰. The individual mean and absolute values for each sub-sample 

are presented in Table 8 and the sclerochronological patterns are shown in Figure 33. 

Sub-samples from 73 and 43 cm core depth exhibit the highest δ18O variability (> 1.90 ‰) of all 

samples. Sub-samples 25 and 6 cm core depth feature the lowest variability (< 0.51 ‰). Sub-

samples from 83 and 25 cm core depth show the highest δ13C variability (4.43 and 3.5 ‰) and 

sub-sample from 15 cm core depth exhibits the lowest variability (0.37 ‰).  
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Figure 33: Sclerochronological δ18O and δ13C patterns of all Radix shells. The letter [a] represents the 
latest shell part.  
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4.5 Discussion 

4.5.1 Bulk isotope compositions of the Radix shells 

 

The mean δ18O values of the Radix shells exhibit a long-term trend to more negative values from 

4200 cal yr BP until present which is similar to the ostracod calcite values reported in Mischke et 

al. (2010; Figure 34C). The notional equilibrium lines (Figure 34C) are based on the assumption of 

a steady state of the lake when the input by precipitation and meltwater equals the output by 

evaporation. The similar isotope trends provide evidence that Radix and ostracods shared the 

same habitat in the deeper water column of the relatively shallow eastern basin of Lake Karakul, 

in contrast to the assumption by Mischke et al. (2010) that the analyzed ostracod species lived 

within the uppermost sediments. The long-term trend is caused by a decrease of the isotope 

fractionation during evaporation of the lake water, which is dependent on humidity and 

temperature. Changes of temperature and relative humidity in turn, are controlled by changes of 

solar insolation intensity which has decreased since 4200 cal yr BP (Laskar et al. 2004; Figure 34A). 

The decreasing δ18O trend (Figure 34C) is a result of decreasing air temperature but follows a 

long-term equilibrium. Changes of the meltwater flux to the lake disturb this equilibrium on much 

shorter time scales.  

The dynamic of the Radix δ18O curve mirrors several environmental parameters such as changes 

in the meltwater flux, water temperature, or dry periods (Figure 34C). Therefore a detailed 

interpretation of individual mean δ18O values is difficult. However, the characterization of these 

processes can be provided by the sclerochronological Radix shell patterns which exemplify 

seasonal climatic and environmental changes (Taft et al. 2012, 2013).   

The range of the δ18O Radix shell values is higher than that of the ostracod shells (Figure 34C). 

This is probably caused by different temporal resolutions of the archives. Whereas one mean 

oxygen isotope value of a Radix shell averages a maximum of 1.5-2.5 years, each ostracod sample 

of ten individual shells may integrate the summer months of about 30 years (Mischke et al. 2010). 

However, both archives show similar trends in most core sections, even considering that δ18O 

values of Radix aragonite should be generally about 0.6 ‰ higher than that of ostracod calcite if 

any vital-effects can be excluded (Grossman and Ku 1986; Abell and Williams 1989; Leng and 

Marshall 2004). It is assumed that an individual ostracod shell represents calcification during a 
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period as short as a day in the summer half year. The detailed sclerochronological Radix patterns 

indicate that the bottom lake water has a 0.5-1.0 ‰ lower δ18O value during the summer months 

compared to the annual mean which explains the similarity of Radix and ostracod isotope ratios. 

In their multi-proxy study, Mischke et al. (2010) concluded that the studied Ostracoda taxon from 

Lake Karakul is probably not suitable for palaeoecological inferences in this region due to its 

assumed endobenthic habitat. However, the similarity between the Radix and the ostracod shell 

isotope data demonstrates that the ostracod dataset provides significant information. 

δ18O values of authigenic aragonite and ostracod calcite have different ranges and are partly 

opposite (Mischke et al. 2010; Figure 34C). This is most likely due to the fact that authigenic 

aragonite precipitates in the near surface water reflecting its isotope composition and 

temperature, and ostracod calcite is formed in the deeper water column primarily depending on 

the isotope composition of the water. A strong warming of the surface water is indicated for the 

period around 1500 cal yr BP (Figure 34C) which caused a higher evaporation mirrored by high 

Radix and ostracod δ18O values. The following signal of glacial meltwater flux between ca. 1400 

and 1200 cal yr BP, indicated by lower ostracod δ18O values, most likely overprints the 

temperature effect in the δ18O values of authigenic aragonite.  

Interpreting the sclerochronological Radix shell pattern (Figure 33) is helpful to understand the 

δ18O compositions of ostracod shells and authigenic aragonite from the sediment core in more 

detail. For this reason we grouped the isotope patterns in three sections of different inferred 

climate and environmental conditions.  

4.5.2 Sclerochronological isotope patterns 

Zone I (~ 4200-1800 cal yr BP, 104-45 cm core depth) 

Core section 95 cm (~3850 cal yr BP): δ18O and δ13C shell values run nearly parallel which is typical 

for closed-basin lakes (Figure 33 and Figure 34D; Taft et al. 2013). This covariance mirrors the 

equilibration of the DIC in the lake water with atmospheric CO2 (Talbot 1990; Li and Ku 1997; 

Lamb et al. 2002). Furthermore, because the δ13C follows the δ18O shell values, this pattern 

represents lake internal processes and not a signal from the catchment. The absolute δ18O value is 

the highest in the whole core which indicates high evaporation and reduced meltwater input. The 

sclerochronological pattern is characterized by three peaks and subsequent decreasing values. 

This pattern points to a Radix specimen which lived more than two years. This inference is 

remarkable because modern Radix shells usually have a life span of about 12 to 16 months (Taft 
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et al. 2012, 2013). The sections from [t] to [m] and from [j] to [f] probably reflect meltwater input 

of two consecutive years which is supported by slightly decreasing δ13C values representing inflow 

of allochthonous carbon with low δ13C values from the catchment area. The increasing δ18O and 

δ13C values from [m] to [j] and from [f] to [c] mirror increasing evaporation and increasing 

biological activity in the lake.  In general, the meltwater signal in this Radix shell is not well 

pronounced and the oxygen isotope values are high (> 0.00 ‰) during the whole life span of this 

specimen. Thus, at ~ 3850 cal yr BP glacial meltwater input during the summer months was most 

likely relatively low. Considering the life span of more than one year, it remains uncertain why the 

sclerochronological pattern does not mirror distinct ice cover periods during the winter months 

indicated by relatively constant isotope values. Probably the ice cover duration was reduced due 

to the warm conditions. Alternatively, the temperature effect overprinted the ice cover signal 

during the winter. The pollen composition and the ostracod oxygen isotope data for that period 

indicate warm and wet conditions (Mischke et al. 2010; Figure 34B,C).  

Core section 89 cm (~3650 cal yr BP): The mean δ18O value is lower than in the previous section 

indicating conditions near a steady state of the lake system (Figure 34C). Relatively balanced 

conditions concerning the amount of meltwater input and evaporation are therefore assumed. 

There is no distinct meltwater signal in the sclerochronological pattern. The δ13C values between 

sub-samples [g] and [d] may represent biological productivity in the lake during the summer 

months.  

Core section 84 cm (~3450 cal yr BP): The isotope shell pattern (Figure 33) shows a pronounced 

meltwater signal with decreasing δ18O values from sub-samples [h] to [d]. If we consider that the 

meltwater input begins after the ice cover has disappeared in late May (Mischke et al. 2010), this 

shell section represents end of May to August / September. Increasing values to the latest shell [a] 

most likely mirror the increasing influence of evaporation. Increasing δ13C values during and after 

the ice cover period indicate high lake productivity, comparable with the previous core section. 

The mean δ18O value is rather low most likely as a result of decreasing air temperatures which is 

supported by more positive δ18O values of authigenic aragonite (Mischke et al. 2010; Figure 34C) 

reflecting a cooling of the surface water . 

Core section 83 cm (~3400 cal yr BP): The relatively high mean δ18O value indicates another 

decrease of the meltwater flux compared to the previous section. The sclerochronological isotope 

pattern shows a slight meltwater signal in form of decreasing δ18O values and subsequently 

increasing values as a result of evaporation. The δ13C values are low from sub-sample [q] to [l] 

indicating input of light carbon originating from the catchment area. The ostracod calcite and 

authigenic aragonite δ18O analyses give equivalent results (Mischke et al. 2010).  
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Core section 81 cm (~3300 cal yr BP): The lower mean δ18O value points to increasing meltwater 

fluxes which is confirmed by δ18O of authigenic aragonite (Mischke et al. 2010). The lower δ18O 

ostracod value is concordant with the Radix shell value (Figure 34C). Because this shell was small 

and partly broken, the sclerochronological isotope pattern (Figure 33) is hard to interpret. 

However, the δ13C values are high which indicates a lake internal source like biological 

productivity and not an input from the catchment. Mischke et al. (2010) reconstructed an abrupt 

shift to colder conditions around 3500 cal yr BP based on the TOC content, but such a sharp shift 

is not recorded in the Radix shells, most likely due to differing sample resolutions at this core 

section.  

Core section 73 cm (~3050 cal yr BP): The lower mean δ18O value indicates further increasing 

meltwater flux which is confirmed by lower ostracod δ18O values (Mischke et al. 2010).The low 

TOC content and the higher δ18O of authigenic aragonite suggest lower lake productivity and 

rather cooler conditions (Mischke et al. 2010; Figure 34C). The δ18O and δ13Cvalues of the 

sclerochronological pattern run relatively parallel which points to a “lake-signal” not significantly 

influenced by processes originating in the catchment. Further information is hardly to provide due 

to the curtness of this pattern.  

 

Zone II (~ 1800-500 cal yr BP, 44-8 cm core depth) 

Core section 43 cm (~1800 cal yr BP): The low mean δ18O value indicates a higher meltwater flux. 

The sclerochronological pattern represents two negative δ18O and δ13C peaks at sub-samples [k] 

and [h] indicating freshwater input followed by an evaporation signal. Compared to core section 

95 and 84 cm, these meltwater fluxes are short-term events. In contrast, Mischke et al. (2010) 

reconstructed a rather low freshwater inflow based on δ18O values of authigenic aragonite. 

However, TOC values in the core increase as a result of higher lake productivity and palynological 

data indicate increasing temperatures (Mischke et al. 2010; Figure 34B).  

Core section 35 cm (~1500 cal yr BP): The higher mean δ18O value indicates strong evaporation 

which is supported by the ostracod oxygen isotope data (Mischke et al. 2010; Figure 34C), most 

likely as a result of warmer conditions. The isotope composition of authigenic aragonite mirrors a 

warming of the surface water. A meltwater signal is not detectable in the sclerochronological shell 

pattern (Figure 33 andFigure 34D) and it is noticeable that the δ18O and δ13C pattern run relatively 

parallel indicating a high evaporation rate and a lake-intern signal. From sub-samples [q] to [h] 

both isotope values increase as a result of increasing evaporation and increasing biological 

productivity in the lake and/or exchange with atmospheric CO2.  
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Core section 25 cm (~1100 cal yr BP): The mean δ18O value indicates near steady state conditions 

of the lake system (Figure 34C) compared to the previous section. However, the 

sclerochronological δ18O pattern shows a high meltwater flux represented by decreasing values 

from sub-sample [u] to [i] and synchronously decreasing δ13C values. From sub-sample [j] to [a] 

the meltwater discharge decreases and the δ13C values mirror probably both the increasing 

biological productivity in the lake and the reduced input of allochthonous carbon. Increasing 

oxygen isotope values from [i] to [a] represent increasing evaporation. Lower δ18O values of 

authigenic aragonite indicate warm surface water (Mischke et al. 2010; Figure 34C).  

Core section 23 cm (~1000 cal yr BP): The mean δ18O value is higher compared to the previous 

section and is interpreted as a return of drier conditions which is supported by warmer surface 

water represented by negative δ18O values of authigenic aragonite and a positive peak of δ18O in 

the Ostracoda data set (Mischke et al. 2010; Figure 34C). The sclerochronological pattern shows 

two different aspects: a “lake-signal” represented by synchronously decreasing δ18O and δ13C 

values from [m] to [k], and a “catchment-signal” represented by still decreasing δ18O values but 

increasing δ13C values from [k] to [d] caused by biological productivity in the lake. A high TOC 

content was recorded in the core (Mischke et al. 2010). Palynological data indicate a tendency to 

slightly warmer but drier conditions (Mischke et al. 2010; Figure 34B).  

Core section 19 cm (~900 cal yr BP): The lower mean δ18O value indicates meltwater flux which is 

supported by the ostracod data (Mischke et al. 2010; Figure 34C). However, the 

sclerochronological pattern exhibits relatively parallel δ18O and δ13C trends and does not show a 

clear meltwater signal. Increasing δ18O values from [n] to [j] most likely represent increasing 

evaporation and decreasing values between [j] and [h] probably mirror a slight meltwater influx. 

The high δ13C values indicate a high biological productivity in the lake during the whole life span of 

this specimen.  

Core section 18 cm (~880 cal yr BP): The mean δ18O value is only slightly higher indicating 

relatively similar conditions to that of the previous section. Lower δ18O values of authigenic 

aragonite and higher δ18O values ostracod calcite mirror slightly warmer water and air 

temperature (Mischke et al. 2010; Figure 34C). The sclerochronological pattern (Figure 33) shows 

decreasing δ18O values from [p] to [j] which probably indicate meltwater inflow to the lake. This is 

probably also indicated by decreasing δ13C values from [m] to [k]. Close to the shell aperture, 

increasing biological productivity in the lake is mirrored by high δ13C values. From [j] to [a] both 

isotope patterns run relatively parallel, indicating a “lake-signal”. 
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Core section 15 cm (~780 cal yr BP): The mean δ18O value shows a positive shift due to a higher 

evaporation rate most likely as a result of warmer conditions compared to the previous section. 

This is confirmed by a positive trend in the δ18O ostracod data and decreasing δ18O values of 

authigenic aragonite (Mischke et al. 2010, Figure 34C). The high δ13C shell values indicate a low 

inflow and / or that the climate conditions were favorable for biological productivity. Because this 

shell was partly broken and the upper part was lacking, the sclerochronological pattern is too 

short to infer further information about seasonal changes. 

Core section 11 cm (~650 cal yr BP): The lower mean δ18O value indicates conditions relatively 

similar to the sections 19 cm and 18 cm, mirroring near steady state conditions which is 

supported by lower δ18O ostracod values (Mischke et al. 2010; Figure 34C). However, the 18O 

ratios of authigenic aragonite decreases at the same time, which points to a change in the isotope 

water composition, possibly by increasing evaporation due to warmer conditions. The 

sclerochronological isotope pattern (Figure 33) shows increasing δ18O values from sub-samples [f] 

to [a] representing increasing evaporation. A slight meltwater signal is possibly shown from [i] to 

[f]. The δ13C values are relatively high and stable along the whole pattern indicating a high 

biological productivity in the lake which is supported by a relatively high TOC content (Mischke et 

al.2010).   

 

Zone III (~500 cal yr BP-present, 7-0 cm core depth)  

Core section 6 cm (~350 cal yr BP): The mean δ18O value is the lowest of all samples which maybe 

indicates high meltwater flux to the lake confirmed by δ18O values of ostracods showing a positive 

peak at the same time indicating warmer conditions (Mischke et al. 2010; Figure 34C). The 

positive peak of the authigenic aragonite δ18O values indicates rather cold surface water 

conditions maybe as a result of the cold meltwater input. Because the shell was very small and 

only a few sub-samples could be obtained, the sclerochronological shell pattern is difficult to 

interpret. However, the δ13C values are high which point to a high biological productivity in the 

lake.  

Core section 5 cm (~300 cal yr BP): The mean δ18O value is still low during this period indicating 

high meltwater flux which is supported by low δ18O ostracod values (Mischke et al. 2010; Figure 

34C). The sclerochronological isotope pattern (Figure 33) shows a meltwater signal from [l] to [e] 

by decreasing δ18O values. However, the δ13C values do not indicate a high flux of light carbon 

from the catchment into the lake, instead, the values increase from [i] to [c]. Most likely the 

meltwater signal is overlain by a temperature signal during the summer months.  
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Core section 1 cm (~40 cal yr BP): The higher mean δ18O value indicates less meltwater input  

likely due to slightly colder conditions compared to the previous section which is confirmed by 

lower δ18O ostracod values (Mischke et al. 2010; Figure 34C). However, the reduced meltwater 

flux can also be a result of lacking glaciers masses in the catchment because it is assumed that 

they had melted in the period after 1500 cal yr BP. The slightly higher δ18O values of authigenic 

aragonite point to relatively cold surface water, however, the general trend to more negative 

values from ca. 300 cal yr BP until present indicates increasingly warmer conditions. The 

sclerochronological δ18O values show again a distinct signal of meltwater input to Lake Karakul at 

sub-samples [k] to [f] which probably reflect the period from ~May to July with decreasing values 

due to the significantly more negative δ18O values of inflowing streams in comparison to the lake 

water (Figure 33 and Figure 34C). From [f] to [c] the values increase again as a result of increasing 

evaporation. The ice cover period for that winter period is probably reflected by the shell section 

from [p] to [l]. The δ13C signal shows a relatively high variability even during the ice cover period. 

It can be assumed that the snow cover on the lake ice was reduced which enabled the light to 

penetrate deeper through the ice. Thus, the primary production could continue during the winter 

months. Increasing δ13C shell values from [j] to [a] reflect increasing biological productivity during 

the summer months.  
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Figure 34: A) Summer (JJA) insolation curve for 39°N from 4200 cal yr BP until present generated 
following Laskar et al. 2004). B) Palynological data from the sedimen core of Lake Karakul after Mischke 
et al. (2010). The sample scores of pollen principle component analysis (PCA) axis 3 mainly indicate air 
temperatures. C) Mean δ18O values from Radix shells (filled blue circles) in comparison to ostracod 
calcite, which represents the same habitat conditions, and authigenic aragonite, which represents surface 
water conditions. Four Radix shells were isotopically measured as bulk samples (open blue circles). The 
grayish lines represent notional equilibrium-lines. Lower-case letters illustrate the sections of the 
sclerochronological patterns representing the four different zones characterizing varying climate and 
environmental conditions at Lake Karakul (D). 

 

4.6 Summary and comparison with other records 

Zone I (~ 4200-1800 cal yr BP, 104-45 cm core depth): Low lake level, increasing instability of the 

lake system, glacier advance, cooling  

The mean δ18O shell values show a slight negative trend (Figure 34C) which primarily indicates 

decreasing air temperatures during this period. This is most likely a result of a decreasing summer 

insolation intensity (Figure 34A). The Radix shell data as well as the ostracod data from Mischke et 

al. (2010) indicate a decreasing glacial meltwater input flux to Lake Karakul during this period. It is 

assumed that the reduced input caused a lowering of the lake level and a reduced water surface 

area. At the same time, the δ18O values of authigenic aragonite increase which is probably caused 
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by a cooling of the surface lake water by up to 4°C, following the equation after Dettman et al. 

(1999). The cooling and the reduction of the meltwater input flux occurred in several steps, 

interrupted by warmer phases with enhanced meltwater input. It is assumed that the glaciers in 

the catchment generally expanded between ca. 4200 and 3000 cal yr BP.   

Advancing glaciers and colder conditions were reconstructed for ca. 4200 and 3300 cal yr BP in 

the Muztag Ata and Kongur Shan region located about 150 km east-southeast of Lake Karakul, 

based on remote sensing, geomorphic mapping, and 10Be terrestrial cosmogenic nuclide (TCN) 

surface-exposure dating of boulders (Seong et al. 2009). Hedrick et al. (2011) dated moraines in 

the Ladakh and Zanskar Ranges of Transhimalaya by using cosmogenic 10Be and inferred glacier 

advances around 4.2 and 3.6 ka.  A cold-period was also inferred for other Central Asian records, 

e.g. from Bosten Lake in northwestern China from 3.4-3.2 ka cal yr BP (Wünnemann et al. 2006), 

the central Tienshan between 3.5-2.1 ka cal yr BP (Zhang et al. 2009) or the Guliya ice core on the 

northwestern Tibetan Plateau between 3.5-3.0 ka cal yr BP (Thompson et al. 2005).  

δ18O values of Radix, ostracods and authigenic aragonite indicate oscillations of climate conditions 

and lake levels (Mischke et al. 2010; Figure 34C) but in general still relatively cold conditions until 

ca. 1800 cal yr BP. This period is characterized by an increasing instability of the lake system. It is 

assumed that the glaciers in the catchment had built up the ice volume during the previous 

period. The lake level was most likely still low because it is assumed that the glacial meltwater 

input to Lake Karakul was still reduced.  

High evaporation but wet conditions and a low water level have been reported for the period 

between ca. 3200 and 2100 cal yr BP at lake Bangong Co located at the westernmost Tibetan 

Plateau (Gasse et al. 1996). A lake level low stand due to a long dry period was also suggested for 

ca. 3700-2400 cal yr BP for Lake Qinghai located on the northeastern Tibetan Plateau (Liu et al. 

2011). Wünnemann et al. (2010) reconstructed mostly dry conditions and a shallow water level 

for the Tso Kar basin in Ladakh in India which is supported by a low moisture index value for the 

lake Tso Moriri area in the northwestern Himalaya (Leipe et al. 2013). 

 

Zone II (~1800-500 cal yr BP, 44-8 cm core depth): Increasing meltwater input, increasing lake 

level, glacier retreat, warming 

Between ca. 1800 and 1500 cal yr BP, the δ18O values of authigenic aragonite, ostracod and Radix 

shells point to a strong warming of the surface water indicated by sharp declines and rises, 

respectively (Mischke et al. 2010; Figure 34C). The sclerochronological pattern of the Radix shell 
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from 35 cm core depth confirms the change to warmer and probably drier conditions which 

caused a higher evaporation rate (Figure 33 and Figure 34D). This period is characterized by a 

turnaround of the climate and environmental conditions at Lake Karakul which was already 

foreshadowed by the previous period. Until ca. 1800 cal yr BP, the glaciers in the catchment were 

thus far built up and the albedo was relatively high that a longer warm phase was needed to 

trigger an extensive glacier retreat. It is assumed that large masses of meltwater flowed into the 

lake and changed the isotope composition of the water which is indicated by negative δ18O values 

of authigenic aragonite and ostracod calcite between ca. 1400 and 1200 cal yr BP (Mischke et al. 

2010; Figure 34C). It is assumed that the isotope composition of the lake water deviated from the 

long-term isotopic equilibrium caused by this effective interference of the lake system.  

Subsequently, as a result of the glacier retreat, the albedo decreased in this area. This self-

reinforcing process most likely caused even warmer local conditions. These assumptions are 

primarily based on the core record from Mischke et al. (2010) due to the lack of a 

sclerochronological pattern. Between ca. 1200 and 500 cal yr BP the lake system seemed to 

approach a new steady state which is characterized by fluctuations of warmer and slightly cooler 

conditions and varying lake levels.  

Narama (2002) found evidence for a retreat of the large Raigorodskogo Glacier (Pamir-Altai) as a 

result of a warm period shortly before 1545 cal yr BP. In contrast, Seong et al. (2009) dated 

moraines by 10Be surface-exposure dating indicating a glacier advance around 1400 cal yr BP in 

the Muztag Ata and Kongur Shan region in westernmost Tibet. Boomer et al. (2000) found 

evidence for a maximum regression phase of Lake Aral around 1600 cal yr BP. The assumed strong 

warming around 1500 cal yr BP at Lake Karakul corresponds with the onset of the North Atlantic 

Medieval Warm Period and a maximum of the Indian monsoon intensity (Gupta et al. 2003).  

 

Zone III (~500 cal yr BP-present, 8-0 cm core depth): Cool and dry (?) between ~500-300 cal yr BP, 

since ~ 300 cal yr BP increasing lake level and temperature? 

As it can be seen in the ostracod dataset, the δ18O of the lake has not been moved from the 

equilibrium (steady state; Figure 34C). Relatively cold and dry conditions are suggested for the 

period between around 350 cal yr BP possibly representing the LIA of Europe and the North 

Atlantic region. Subsequently increasing meltwater flux and an increasing lake level due to a slight 

warming is assumed for the period from ca. 300 cal yr BP until present. This inference of recent 

warming corresponds to several studies which confirm negative glacier mass balances for Central 

Asia since the first half of the 19th century due to warmer conditions (Unger-Shayesteh et al. 
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2013). However, the ice volume of the glaciers in the catchment of Lake Karakul was relatively 

small after the previous melting period and the amount of the meltwater flux is assumed to be 

low.  

The first cooler and probably drier phase corresponds to inferred drier conditions from the Aral 

Sea, parts of the catchment are located only ca. 200 km south of Lake Karakul, between 500 and 

400 cal yr BP (Boomer et al. 2000; Filippov and Riedel 2009) and from Sumxi Co at ca. 400 cal yr 

BP (Gasse et al. 1996).  

4.7 Conclusions 

The aim of this study was to test the hypothesis whether changes of the hydrologic system of Lake 

Karakul were primarily triggered by changing meltwater flux since 4200 cal yr BP as it was 

previously suggested by Mischke et al. (2010). The δ18O and δ13C record of 21 fossil Radix shells 

were compared with δ18O ratios of ostracod shells and authigenic aragonite which have been 

interpreted by Mischke et al. (2010). Our results demonstrate that changes of the hydrologic 

system are not only triggered by meltwater fluxes but are more complex and additionally 

triggered by changes in temperature.  

The decreasing long term δ18O trend of Radix and ostracod shells mainly indicates decreasing air 

temperature causing a higher relative humidity. Over the last 4200 years, the general isotopic 

composition of the lake water follows the decreasing solar insolation. This isotopic trend is 

overprinted by short-term meltwater flux rates. The similarity between the Radix and the 

ostracod δ18O values reflects the same benthic habitat conditions. Furthermore, the similarity 

demonstrates that palaeoecological conclusions can be inferred by the studied, probably endemic 

ostracod taxon, although Mischke et al. (2010) interpreted the data with certain limitation.   

The period between 4200-3000 cal yr BP is characterized by cooling, and stepwise decreasing lake 

level and, most likely, a glacier advance in the catchment. From ca. 3000-1800 cal yr BP, the lake 

system became instable but the lake level remained low. The period 1800-1200 cal yr BP is 

characterized by a turnaround of the climate and environmental conditions, marked by increasing 

meltwater input due to warmer conditions, a glacier retreat and an increasing lake level. The 

assumed strong warming around 1500 cal yr BP probably represents the onset of the Medieval 

Warm Period. Warmer conditions and a higher lake level are indicated for the period until ca. 500 

cal yr ΒP. A short relatively cold and probably dry period associated with a change of the lake 

level is assumed for the phase from around 350 cal yr BP, probably indicating the LIA. 
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Subsequently, an increasing lake level and a higher temperature until present are indicated by our 

results. 

However, further studies are required to quantify the amount of former meltwater discharge, 

associated lake level changes, and to investigate the glacial history in the catchment area.  
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5. Synthesis and outlook  

This doctoral thesis was composed of three major working steps and key questions. In the first 

step, it was tested whether sclerochronological δ18O and δ13C ratios in shells of the gastropod 

Radix mirror modern climate and environmental conditions on the TP at all. The study of a total of 

six modern shells from two lakes which are located under monsoonal influence provides valuable 

information on various parameters characterizing regional climate and lake environments. The 

oxygen isotope compositions in the shells are mainly dominated by precipitation and inflows if 

water residence times are short. If the water residence time is long (~ several tens of years), the 

isotope shell patterns exhibit less variation. An essential conclusion of the first working step is 

that the sclerochonological isotope shell patterns show a distinct “monsoon signal” composed of 

steep increasing δ18O values during the first monsoon rains and subsequently gradually 

decreasing values during the peak of the monsoon. Thereby the isotopically light carbon in the 

shells is coupled with the monsoon precipitation (Chapters 2 and 3). Compared with 

meteorological data recorded during the life span of the Radix specimens, the sclerochronological 

shell patterns provide an archive with sub-monthly resolution.   

In the second step, this study was spatially extended and a total of 14 shells from seven lakes 

across the TP were isotopically analysed to learn more about the interannual variability of 

precipitation patterns and how different hydrologic systems react to different climatic factors. 

The main result is that that sclerochronological δ18O and δ13C values of modern Radix shells mirror 

the different climate conditions, which are a result of the different lake settings, without 

noticeable dependence on the particular lake system. In comparison to other climate archives 

from the TP, the sclerochronological isotope patterns from the archive Radix mirror general 

climatic differences and trends as well as interannual and even sub-monthly changes on a 

plateau-wide scale. The sclerochronological patterns exhibit an increasing influence of 

precipitation and a decreasing influence of evaporation on the isotope compositions from west to 

east. The δ18O values of shells from lakes on the eastern and central TP mirror monsoon signals, 

indicated by more negative values and higher variabilities compared to the more western lakes.  

The last step of this study was to test whether the isotope compositions of fossil shells indicate 

different climatic and environmental parameters for the last 4200 cal yr BP at Lake Karakul. The 

main aim was to test the hypothesis whether changes in the hydrologic system of the lake were 

primarily triggered by changing meltwater flux as was previously suggested by Mischke et al., 

(2010). The δ18O and δ13C record of 21 fossil Radix shells from a lake sediment core were 
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compared with δ18O ratios of ostracod shells and authigenic aragonite which have been 

interpreted by Mischke et al., (2010). The results demonstrate that changes in the hydrologic 

system are not only triggered by meltwater fluxes but are more complex and additionally 

triggered by changes in temperature. With the aid of sclerochronological patterns of the fossil 

shells, it is possible to distinguish between meltwater fluxes and precipitation, which is an 

essential step for the interpretation of multi-proxy studies of lake sediment cores.  

5.1 Do we need another climate archive?   

Considering the multitude of archives which are used for palaeoclimate reconstructions, it is a 

valid question whether we really need another archive. In this doctoral thesis it has been 

demonstrated that the interpretation of sclerochronological δ18O and δ13C patterns provides 

important additional information on single seasonal climate events. This information not only 

supplements limnological multi-proxy studies but also provides a more detailed insight into 

limnologic and climatic processes. This extra knowledge facilitates the understanding of the 

hydrology and moisture transport pathways on the TP, which is essential for more than 1 billion 

people in Asia. Moreover, with the aid of the new archive which provides a deeper insight into 

single climate processes and interactions, the understanding of natural climate (extreme) events 

improve. This knowledge is important for future climate predictions particularly in respect of the 

anthropogenic factor.  

The question whether another climate archive is needed can be clearly affirmed. The 

sclerochronological isotope patterns of Radix shells are able to validate assumptions based on 

limnological multi-proxy studies and should be involved whenever fossil shells are found.  

Because the δ18O and δ13C shell patterns mirror a distinct monsoon signal in regions which are 

monsoon influenced, studying lake level highstands in respect of monsoon evolution and intensity 

is a promising further approach.  

5.2 Moisture transport pathways to the TP: implications from the new archive Radix  

Stable isotope compositions of living Radix as well as fossil shells were studied from various lake 

systems. These lake systems are scattered across the TP, being located in different climatic and 

tectonic settings. This doctoral thesis has demonstrated that climatic and environmental signals 

preserved in modern and fossil shells allow conclusions about moisture transport pathways to the 

TP. Lakes which are beyond monsoon influence at the present time may have been reached by 
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monsoon precipitation in the past, which can be proved by the sclerochonological isotope 

patterns in the shells. δ18O values in shells obtained from lakes which are located under monsoon 

influence mirror a characteristic “monsoon pattern” (Manuscript I and II). These signals can be 

compared to and integrated with geomorphological evidence of former lake level highstands such 

as palaeoshorelines providing detailed information about former atmospheric circulation patterns 

and moisture pathways. Because the 18O ratios of precipitation are dependent on altitude and 

rainout history (Lee and Fung, 2007), it is possible to localize the moisture sources. This signal is 

mirrored in the shells, which represent a potential means by which to study changes of moisture 

sources in the past on the TP and in surrounding regions.     

5.3 Outlook and open questions 

The results of this doctoral thesis have demonstrated that the new archive Radix provides 

valuable information about climate and environmental conditions on the TP and in surrounding 

regions. Comparing the isotope compositions of fossil shells with multi-proxy analyses of 

lacustrine sediments, as  was conducted at Lake Karakul in Tajikistan, is an essential step towards 

understanding different influencing parameters on lake systems. Sclerochronological isotope 

patterns in the shells clearly mirror the influence of meltwater on Lake Karakul. Deciphering 

meltwater and precipitation cannot be done using conventional multi-proxy analyses due to the 

lower temporal resolution. Thus, the approach of combining sclerochronological Radix datasets 

with geochemical results of lacustrine sediments and geomorphological observations in the 

catchment should be developed in the future whenever fossil shells are found. Varved sediments 

are most adequate in such studies due to the seasonal resolution at best. However, lakes with 

varved sediments are not known on the TP. In my opinion, it would be helpful if actual 

sedimentary trap data from a well monitored existent lake were available in order to compare it 

with modern Radix shells first. This would be essential to improve our understanding of the 

sclerechronological isotope patterns and shell accretion. These results should be compared with 

meteorological datasets and water chemistry.  

The sclerochronological shell δ18O values mirror distinct monsoon signals in lakes which are 

located under monsoon influence (Taft et al., 2012, 2013). If this signal is found in fossil shells in 

regions which are nowadays not under monsoon influence, conclusions about former monsoon 

limits and moisture transport pathways can be drawn. Moreover, extreme precipitation events 

can be detected and compared with archaeological findings to study the effects on human history 

and settlements.  
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Topographic reliefs have an intensely strong effect on the isotopic composition of precipitation. 

The 18O composition becomes lighter with increasing altitude because air masses hold less water 

when they are cooled (Sharp, 2007). More rainout of the heavier oxygen isotope occurs. This 

“altitude effect” can be used to model palaeoaltitudes of the TP. This approach will be focused on 

the basis of fossil Radix shells from the Zhada Basin in the south-western part of the TP. This basin 

is located ca. 4,000 m a.s.l. and represents a potential pathway for the Indian monsoon moisture 

onto the TP in the past. Today, the basin is not reached by the monsoon (Clift and Plumb, 2008). 

Fossil shells from Miocene lacustrine sediments will be studied and if there is a monsoon signal in 

the shells, the Himalayan mountain range must have been lower during a certain time period. 

These results will contribute to an understanding of the uplift history of the TP. Moreover, if the 

Indian monsoon reached the Zhada Basin in the past, what are the possible effects on the 

atmospheric circulation in this area? 

 

Figure 35: Overview map illustrating the two lake systems of Nyak Co and Donggi Cona and the 
intramontane Zhada Basin. Future studies with fossil Radix shells will be conducted at these locations.  

 

The comparison of two extant lake systems on the TP each exhibiting Late Glacial and Holocene 

sediments in the catchment will help in the investigation of changes of moisture conditions and 

hydrological dynamics in the past. Lake Donggi Cona is located on the eastern margin of the TP 

and fossil Radix shells have been found in sediment outcrops in the catchment. The lake system is 
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located in a transition zone between the East Asian monsoon, the Indian monsoon and the 

westerlies, which makes this lake particularly sensitive to climate changes. The other lake, Nyak 

Co, is located on the western TP, influenced by the westerlies and only exceptionally influenced 

by the Indian monsoon. Fossil Radix shells were found ca. 370 m above the present lake level; a 

study will be conducted to determine whether this lake highstand was caused by intensified 

monsoon precipitation during the Holocene Climate Optimum. Both lake systems will be 

compared in order to characterize and quantify hydrological changes in the past and its trigger 

factors. 

In summary, the new climate and environmental archive Radix opens up various options, to 

answer many open questions concerning changes in atmospheric and hydrologic conditions on 

the TP and in surrounding regions.   
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