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CHAPTER 1 

1 Introduction 

1.1 Reconstruction of the Asian monsoon at the Tibetan Plateau 

As seasonal reversal of the atmospheric circulation and associated precipitation, the 
Asian monsoon represents a crucial component of the climate system whose variations 
affect the global hydrological cycle and energy flow. The monsoon does not only 
influence ecosystems, but also the livelihood of billions of people through the available 
water resources for agriculture and industry as well as through the impact of droughts or 
floods (Gadgil and Kumar, 2006; Cook et al., 2010). During the summer months, the 
monsoon transports water vapor from the Indian and Pacific Ocean to the Tibetan 
Plateau, while in the winter months the wind direction is inverted (Wang, 2006) (Fig. 
1.1). In general, the Tibetan Plateau is influenced by four different air masses. The 
South Asian (or Indian) and East Asian (or Pacific) monsoon deliver most of the 
precipitation, while the Westerlies and the winter (or North East) monsoon are of minor 
importance (Fig. 1.1) (Araguás-Araguás et al., 1998; Tian et al., 2001a and 2007). 

 

Figure 1.1: Air masses influencing the Tibetan Plateau in summer and winter months and 
modeled hydrogen isotopes of mean annual precipitation in this region (Bowen and 
Revenaugh, 2003). 
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However, the influence of the East Asian Monsoon at the Tibetan Plateau is still under 
discussion and increasingly questioned (Ding and Chan, 2005; Long et al., 2010; 
Scherer, personal communication). The Indian Ocean summer monsoon (IOSM) is 
initiated by a change in the thermally induced pressure gradient between the Asian 
continent and the Southern Indian Ocean in summer and winter seasons (Li and Yanai, 
1996; Webster et al., 1998; Wang, 2006). The timing of the rainy season is determined 
by the seasonal migration of the Intertropical Convergence Zone (ITCZ), an equatorial 
low-pressure zone of converging trade winds and resultant rainfall belts (Wang et al., 
2005a; Fleitmann et al., 2007; Yancheva et al., 2007). The strength of the monsoon is 
linked to solar insolation as external influencing factor and several internal feedback 
mechanisms which are still under debate (Fig. 1.2). These feedback mechanisms in the 
climate system and the atmosphere - ocean - land - ice coupling can amplify or dampen 
the response of the Asian monsoon. The monsoon is influenced by sensible heating 
(warming), but can also reinforce its own intensity through the latent heat (water 
vapour) transport along the land-ocean pressure gradient (Clemens et al., 1991). An 
increase in the vegetation cover or a decrease in the snow cover will reduce the surface 
albedo and further enhance the warming at the Tibetan Plateau which, consequently, 
increase the land-ocean temperature and pressure gradient and strengthen the Asian 
monsoon (Fig. 1.2).  

  

Figure 1.2: Driving factors and positive (+) as well as negative (-) feedback mechanisms 
influencing the Asian monsoon (in terms of precipitation and wind) at the Tibetan 
Plateau. 
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A stronger monsoon is generally characterized by increased precipitation and/or 
increased wind speed. Although many studies focused on IOSM dynamics and its 
development (summarized in Wang, 2006; He et al., 2007), models still have difficulties 
to display the monsoon variability which suggest that not all driving processes and 
feedbacks are completely understood. 

Additionally, the driving factors vary on different timescales. On geological timescales 
(> 1 Ma), tectonic events linked to the uplift of the Tibetan Plateau and to the land-
ocean distribution control the strength of the Asian monsoon (An et al., 2001; Liu and 
Yin, 2002). Orbital parameters such as the shape of the earth’s orbit (eccentricity), the 
tilt (obliquity) and the direction of its rotation axis (precession) directly influence the 
insolation intensity on earth and are important driving factors on the Milankovitch 
timescale (10 ka – 1 Ma). However, it is still unclear to which extent the eccentricity, 
obliquity and precession influence monsoon proxies (Wang et al., 2006; reviewed in Liu 
and Shi, 2009; Shi et al., 2011). On shorter timescales, solar insolation and ice-sheet 
extension may also be relevant, particularly with regard to changes in the snow cover 
over Eurasia and the related albedo, changed sea surface temperature or different 
thermohaline circulation patterns resulting in a changed energy transport (Ding et al., 
1995; Webster et al., 1998; Wang et al., 2006). As a result of the coupling between the 
Asian monsoon and the global atmospheric and oceanic circulations, several studies 
document a close relationship between the monsoon and other circulation systems such 
as the El Niño-Southern Oscillation (ENSO) or the North Atlantic Oscillation (NAO) 
via the Walker circulation (Gupta et al., 2003; Kumar et al., 2006; Sun et al., 2011b).  

The impact of the Tibetan Plateau on the Asian monsoon is still under discussion (Qiu, 
2013). On the one hand, the Plateau is considered as an elevated heat source which 
strengthens the monsoon (Wu et al., 2012a). On the other hand, the barrier effect of the 
Himalaya is regarded to be more important for the monsoon intensification than the 
warming effect of the Plateau itself (Boos and Kuang, 2010; Molnar et al., 2010). Tibet, 
in general, represents an ideal site for investigating the Asian monsoon variability. This 
area reacts sensitively to changes in the monsoon extent and intensity, because the 
present borderline of the Asian monsoon precipitation crosses the Plateau (Winkler and 
Wang, 1993; Liu and Chen, 2000; Morrill et al., 2003). In the past, the boundaries of the 
Asian monsoon have changed and paleohydrological studies can be used to retrace the 
paleomonsoon dynamics. 

Different types of archives such as ice cores, speleothems or lake sediments are used to 
investigate the monsoon variability. Various proxies, indirect climate indicators, can be 
applied to reconstruct distinct parameters such as precipitation or temperature. Ice cores, 
for example, are the most suitable archives for monsoon reconstructions, because they 
directly capture the isotopic signature of precipitation, even on Milankovitch timescales. 
However, they are limited to glacier areas and increasingly affected by global warming 
(Qiu, 2010). Oxygen isotopes from speleothems are also commonly used to record the 
monsoon intensity or moisture sources as they are influenced by the precipitation 
amount and the isotopic composition of the precipitation (Wang et al., 2001; Fleitmann 
et al., 2003; Maher and Thompson, 2012). Depending on the speleothem record 
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Milankovitch and shorter timescales can be investigated. However, they are also very 
scarcely available at the Tibetan Plateau. In contrast, the numerous lakes at the Plateau 
present ideal on-site multiproxy archives which preserve long-time paleoclimate 
records. The sedimentary organic matter contains different aquatic and terrestrial lipid 
biomarkers, molecular fossils, which can be used for paleoreconstructions. At the 
Plateau, most of the proxy records cover the Holocene and/or the Younger Dryas event 
(e.g. Gasse et al., 1991; Cook et al., 2010; Berkelhammer et al., 2012), but only a few 
sediment cores can be dated back to the Late Pleistocene including the Bølling-Ǻllerød, 
Heinrich event 1 or even the Last Glacial Maximum (LGM) (e.g. Wang et al., 2002b; 
Zheng et al., 2011; An et al., 2012). 

Technical progresses in the late 1990ies (Burgoyne and Hayes, 1998; Hilkert et al., 
1999) facilitate measurements of hydrogen isotope ratios (expressed as δD) on specific 
compounds such as lipid biomarkers. Sedimentary n-alkanes are appropriate biomarkers 
for paleoclimate studies, because they only consist of carbon-bound hydrogen which is 
non-exchangeable for temperatures up to 150 °C and quite resistant to chemical 
degradation (Schimmelmann et al., 1999; Radke et al., 2005; Pedentchouk et al., 2006). 
Therefore, n-alkanes are stable even over geological timescales. Moreover, n-alkanes 
can be attributed to specific aquatic and terrestrial origins (e.g. Eglinton and Hamilton, 
1967; Cranwell et al., 1987; Ficken et al., 2000; Meyers, 2003). The isotopic 
composition of n-alkanes can differ substantially depending on the biosynthetic 
pathway, plant physiology or water-use efficiency of the aquatic and terrestrial plants 
(Chikaraishi and Naraoka, 2003; Smith and Freeman, 2006). The δD values of n-
alkanes can be used to retrace the signal of their source water. Aquatic organisms use 
the ambient lake water as primary hydrogen source for biosynthesis, while terrestrial 
plants mainly use the meteoric water, but can also resort to the lake water (reviewed by 
Castañeda and Schouten, 2011; Sachse et al., 2006, 2012). Under arid conditions, 
perennial terrestrial plants can also get access to the deeper soil water or even 
groundwater through intensified root growth and, hence, change their water source 
(Ehleringer and Dawson, 1992; Sekiya and Yano, 2002). The isotope signal of the 
precipitation is affected by temperature, elevation (altitude effect), distance to the ocean 
(continental effect) and equator (latitude effect), amount of precipitation (amount effect) 
and the source region of moisture (Dansgaard, 1964; Rozanski et al., 1992; Gat, 1996). 
Due to its high altitude, the precipitation at the Tibetan Plateau is characterized by more 
depleted isotope values than the bordering regions (Fig. 1.1).  

The isotope signal of the source water is remained in the isotopic composition of the 
aquatic and terrestrial n-alkanes. The difference between the δD values of n-alkanes and 
δD values of the source water is described by the isotopic fractionation (ε). The 
fractionation mainly depends on biosynthetic pathways, but also on environmental 
factors (Sessions et al., 1999) which are still under investigation and yet not quantified. 
In the aquatic system, evaporation of the lake water is an essential factor at the Tibetan 
Plateau (Mügler et al., 2008), while in the terrestrial system, evaporation of the soil and 
transpiration of the leaf water are the main driving factors (Sachse et al., 2012). 
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Against this background, the n-alkane origin and its specific source waters must be 
identified in modern studies by analyzing surface sediments and catchment water as 
well as plant samples to properly apply δD values of sedimentary n-alkanes. After 
establishment of these modern studies, δD values of sedimentary n-alkanes are a 
foremost proxy to reconstruct the isotope signal of the source water and can be used to 
retrace the monsoon signals which are as a combined signature of precipitation and 
temperature recorded in the lake sediments.  

The multiplicity of proxies allows the reconstruction of different climate parameters, 
but each proxy may not only differ in its covered time period and temporal resolution, 
but also in its response to monsoon variations. This complicates the reconstruction of 
the monsoon history. In consequence, more present day calibration studies are required 
to precisely evaluate the controlling climate parameters and mechanisms for each proxy. 
Although the number of calibration studies is continuously increasing, quantitative 
estimates of parameters of the hydrological cycle such as evaporation, precipitation or 
humidity are still rare. Concerning the timescale of the records, the LGM is still 
scarcely investigated at the Plateau and more long-term records are needed to fathom 
the last glacial period in more detail. The missing continuous long records reaching 
back to the LGM also hamper a plateau-wide compilation of the monsoon development. 

1.2 Objectives 

This thesis is part of the joint research “Lake System Response to Late Quaternary 
Monsoon Dynamics on the Tibetan Plateau” within the priority program 1372 “Tibetan 
Plateau: Formation – Climate – Ecosystems (TiP)” and within a framework of a Sino-
German cooperation. This project is targeted on tracing climatic and environmental 
changes in lake systems and their catchments to track the influence of different wind 
systems (IOSM, East Asian monsoon, Westerlies, Winter monsoon) at the Tibetan 
Plateau in space and time back to the LGM.  

The general aim of this thesis was to apply the newly developed compound-specific 
hydrogen isotope proxy to reconstruct the influence of the Asian monsoon, particularly 
the IOSM, on Tibetan lake systems.  

More specifically, I wanted to 

(1) Identify the biological origin of sedimentary n-alkanes as well as the 
source waters used for biosynthesis in Tibetan lake systems. 

(2) Indicate climatic relevant parameters that are displayed by sedimentary 
n-alkane δD values in this high-altitude region. 

(3) Investigate the utility of glycerol dialkyl glycerol tetraethers (GDGTs) as 
paleoclimate proxy in Tibetan lake systems. 

(4) Facilitate the quantitative reconstruction of past environmental and 
hydrological changes on the Tibetan Plateau. 
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(5) Reconstruct the monsoon induced changes of the hydrological cycle of 
the Nam Co back to the LGM using aquatic and terrestrial biomarkers (n-
alkanes, GDGTs) as well as isotope records (compound-specific δD, 
δ13Corg, δ

15N). 

Therefore, the adaptability of the compound-specific hydrogen isotope proxy to Tibetan 
high-mountain lakes was investigated and the environmental influence factors at the 
Plateau were identified. We compared compound-specific δD values of Nam Co 
sediments, covering the last millennium, with oxygen isotope (δ18O) records from ice 
cores, temperature and radiation records for China to test if the variability of source 
water or climate variation at the catchment scale is recorded in the sedimentary δD 
values (topic 2, chapter 2). In the following transect study across the Tibetan Plateau, 
we analyzed δD values of n-alkanes in recent sediment and plant samples as well as δD 
values of different water sources (lake and inflow water, precipitation as well as leaf, 
root and soil water) to investigate the biological source of sedimentary n-alkanes as well 
as the source water used for biosynthesis (topic 1 and 4, chapter 3). In addition to n-
alkanes, we also examined the distribution of bacterial and archaeal ether lipids in lake, 
river and soil samples across the Plateau as another possible biomarker that can be 
applied for monsoon and paleoclimate reconstructions (topic 3 and 4, chapter 4). Based 
on a multi-proxy approach using different lipid biomarkers and isotope records, we 
reconstructed the IOSM dynamics at lake Nam Co on a sedimentary record which spans 
the LGM to the Early Holocene (topic 4 and 5, chapter 5) and is directly attached to 
already published results covering the Holocene (Mügler et al., 2010). 

1.3 Thesis organization 

The thesis is organized in 6 chapters. Chapters 2 to 4 are peer-reviewed published 
(Chapter 2 and 3 in Quaternary International and Chapter 4 in Organic Geochemistry) 
articles. The article in chapter 5 has to be submitted.  

The following chapter 2 describes the response of δD values of sedimentary n-alkanes 
to changes in δ18O values of ice cores as well as changes in temperature and radiation 
records. Chapter 3 deals with the hydrogen isotope variability and its hydrological 
significance at the Tibetan Plateau indicating the specific source waters of aquatic and 
terrestrial n-alkanes and the potential use of the evaporation to inflow (E/I) ratio and the 
ΔδDC23-C29 proxy to quantitatively reconstruct the water cycle. In Chapter 4, the 
applicability of GDGTs as paleoclimate proxy is investigated and local calibration 
functions are established for Tibetan lake systems to reconstruct paleotemperatures and 
pH values. Chapter 5 presents the combined results from a multi-proxy approach to 
reconstruct IOSM dynamics at Nam Co using different lipid biomarkers (n-alkanes, 
GDGTs) and isotope records (δD, δ13Corg, δ

15N).  

All results and achievements of this thesis are finally summarized and discussed in 
Chapter 6, together with outlooks for future research perspectives.   
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CHAPTER 2 

2 Response of δD values of sedimentary      
n-alkanes to variations in source water 

isotope signals and climate proxies at  
Lake Nam Co, Tibetan Plateau 

 

Chapter source: Günther, F., Mügler, I., Mäusbacher, R., Daut, G., Leopold, K., 

Gerstmann, U.C., Xu, B., Yao, T., Gleixner, G., 2011. Response of δD 

values of sedimentary n-alkanes to variations in source water isotope 

signals and climate proxies at lake Nam Co, Tibetan Plateau. 

Quaternary International 236, 82-90. 

 

Abstract 

Compound-specific δD values of sedimentary n-alkanes from Nam Co were compared 
with oxygen isotope values from three different ice cores of the Tibetan Plateau and 
other climate proxies including temperature and solar radiation. This enabled estimation 
of the importance of source water and of environmental factors at the ecosystem scale 
on variations of the isotopic composition of sedimentary n-alkanes. The ice core records 
from Dasuopu, Puruogangri and Rongbuk glacier of the past 1000 years recording the 
source water isotopes show a continuous deuterium enrichment indicating a warming 
trend or decreased precipitation. Sedimentary n-alkane δD values also represent the 
same general tendency to enrichment in heavier isotopes. However, the correlation to 
the δ18O values derived from the ice record is very weak. The δD values of n-alkanes 
agree with known climatic events such as the Little Ice Age and Medieval Warm Period 
showing depleted and enriched δD values, respectively. The δD values of the n-alkanes 
were best related to environmental drivers including temperature and solar radiation. 
The results suggest that δD values of sedimentary n-alkanes mainly record 
evapotranspiration and relative humidity that strongly influence δD values at the plant 
level, while variability of the source signal is less important. 

Keywords:  δD; δ18O; Nam Co; Dasuopu; Puruogangri; East Rongbuk glacier 
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2.1 Introduction 

The Tibetan Plateau is one of the major drivers of the global climate and is very 
sensitive to climatic changes (Kutzbach et al., 1989; Liu and Yang, 2003). It is located 
at the intersection of the Asian monsoon and Westerlies. At present, the air masses of 
the Tibetan Plateau mainly originate from moist, warm air from the Indian and Pacific 
summer monsoon providing the main part of precipitation to this region (Fig. 2.1). 
During winter, cold and dry polar air reaches the Plateau (winter monsoon). In addition, 
the western Tibetan Plateau is influenced by returning westerly winds (Araguás-
Araguás et al., 1998; Tian et al., 2007). The southern part of the Plateau, between the 
Himalaya Mountains and the Tanggula mountains, is dominated by the Indian monsoon 
that is transported from the Bay of Bengal along the Brahmaputra-Yalongzangbo river 
valley, while in the most northern regions precipitation is delivered by continental 
moisture recycling (Tian et al., 2001a). 

 

Figure 2.1: Map showing the study sites and the general pattern for the circulation system of 
the Tibetan Plateau (1 - Dasuopu, 2 - East Rongbuk, 3 - Puruogangri, 4 - Nam Co) 
[after Winkler and Wang, 1993; redrawn in Morrill et al., 2003; Holmes et al., 
2009. Map source: Google Earth, http://earth.google.com]. 

During the past the boundaries of these air masses and monsoon intensity have changed 
and the Tibetan Plateau is a suitable area to study changes in the past environmental 
conditions, especially the Asian monsoon history and the hydrological cycle. 
Alternating monsoonal circulation over the Tibetan Plateau causes hydrological changes 
and affects the stable isotope content of precipitation.  

This study focuses on lake Nam Co, assumed to be influenced mainly by the Indian 
monsoon. It compares different climate proxies including δD values from sedimentary 
n-alkanes and δ18O values from different ice cores with environmental drivers including 
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temperature and solar radiation. Ice cores capture the isotopic signature from 
precipitation within the ice. The controlling factors for variations in δ18O values are 
mainly temperature, precipitation and alternating water sources. The isotopic variability 
in areas above approximately 35°N seem to be mainly driven by temperature, while in 
southern regions the amount of precipitation is the controlling parameter (Araguás-
Araguás et al., 1998; Johnson and Ingram, 2004). Besides ice cores, lacustrine 
sediments are another archive of climate and environmental change. They preserve 
aquatic and terrestrial records of environmental conditions within the deposited organic 
matter. This organic matter in lake sediments contains individual molecular fossils, so-
called biomarkers, which are derived from distinct organisms including bacteria, aquatic 
organisms (e.g. algae, submerged or floating vascular plants) or terrestrial vascular 
plants (Meyers, 2003). Short chain alkanes n-C17/19 are derived from algae and 
photosynthetic bacteria (Meyers and Ishiwatari, 1993). Submerged and floating aquatic 
plants as well as Sphagnum species produce middle chain alkanes n-C21/23/25 (Baas et 
al., 2000; Ficken et al., 2000), and long chain alkanes n-C27/29/31 (Eglinton and 
Hamilton, 1967; Ficken et al., 2000) are synthesized by terrestrial vascular plants. 
While aquatic organisms and water plants use the lake water as their primary hydrogen 
source, terrestrial plants mainly use meteoric water to produce n-alkanes, but can also 
resort to the lake water (Sachse et al., 2006). Consequently, the isotopic composition of 
their leaf waxes retraces the isotope signal of their source water, precipitation and lake 
water, modified by soil and leaf water evaporation and biosynthetic fractionation 
respectively. Changes in the environmental parameters such as temperature, relative 
humidity and evapotranspiration over time are recorded in sediments (Sachse et al., 
2009). Numerous studies (Sauer et al., 2001; Sachse et al., 2006; Smith and Freeman, 
2006; Mügler et al., 2008; Xia et al., 2008; Sachse et al., 2009) on δD values of n-
alkanes aimed to classify the parameters responsible for changes in the isotope signal. 
At present, it is not clearly understood if the variability of source water or climate 
variation at the catchment scale are recorded in the sedimentary δD values of 
biomarkers. Therefore, the hydrogen stable isotope ratios of sedimentary n-alkanes from 
Nam Co, oxygen isotope ratios from three different ice cores (Dasuopu, Rongbuk and 
Puruogangri) and temperature and radiation records for China were analyzed in order to 
identify the driving processes. 

2.2 Regional Settings 

2.2.1 Nam Co 

Lake Nam Co (30°30’-30°56’N; 90°16’-91°03’E; 4722 m a.s.l.) is located in the 
southern part of the Tibetan Plateau about 230 km north of the city of Lhasa (Fig. 2.1). 
It is the second highest and largest saline lake on the Tibetan Plateau with a lake surface 
area about 2015 km² and a corresponding catchment area of approximately 10,610 km² 
(Guan et al., 1984; Zhu et al., 2008). The present climate of this region is semi-arid to 
semi-humid continental and is characterized by a very strong solar radiation. The mean 
annual temperature is around 0 °C to +3 °C (Leber et al., 1995). As a closed lake, the 
water balance of Nam Co is controlled by precipitation, inflow and evaporation. The 
annual evaporation exceeds the annual precipitation: 790 mm evaporate from the lake 
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surface and 320 mm from the terrestrial basin (Wang and Zhu, 2006). Annual 
precipitation is only around 280 mm, with the majority brought by the Indian Asian 
monsoon (Li et al., 2008). The main water supply derives from precipitation and 
melting glacier water from the Nyainqentanglha Range (Guan et al., 1984). Due to the 
melt-water streams from the glacier and several rivers that enter the lake in the southern 
and south-eastern part of the lake, the southern bank is more humid than the northern 
bank. However, the isotopic composition of rivers and vegetation surrounding the lake 
from both sites is identical (Mügler et al., 2008). Vegetation reflects the climatic 
conditions and is dominated by alpine meadows and steppe grasses such as Stipa sp., 
Artemisia sp. and Kobresia sp. (Miehe et al., 2008). 

2.2.2 Study sites at the Glaciers 

The three observed glaciers Dasuopu, East Rongbuk and Puruogangri are located in the 
southern and central part of the Tibetan Plateau, but are influenced by the same air 
mass, the Indian monsoon which is also the dominating air mass at the Nam Co 
(Fig. 2.1).  

The Dasuopu (28°21’N; 85°46’E; 5600-8000 m a.s.l.) lies at the north slope of 
Xixabangma peak, the center of the Himalaya Mountains. This glacier has a length of 
10.5 km and a total area of about 21.67 km² (Yao et al., 2002). About 1000 mm of water 
equivalent per year (w.e./a) accumulates on the glacier, mainly representing Indian 
monsoon-derived snowfall (Thompson et al., 2000). The ice core was drilled at the 
elevation of 7200 m a.s.l. (Yao et al., 2002). The firn temperature at the bedrock is         
-14 °C (Thompson et al., 2000).  

The continental Rongbuk glacier lies also in the Himalaya and consists of the East and 
West Rongbuk glacier (Fig. 2.1). The East Rongbuk glacier (28°01’N; 86°57’E) is 
located at the northeast slope of Mt. Everest. The ice core was collected at the elevation 
of 6518 m a.s.l. (Kaspari et al., 2007). The borehole temperature is about -8.9 °C at the 
bottom (Hou et al., 2007). The average net accumulation is about 400 mm w.e./a and as 
at Dasuopu, precipitation mainly derives from the Indian summer monsoon from June to 
September. 

The Puruogangri ice cap (33°44’-34°44’N; 88°20’-89°50’E; 5500-6500 m a.s.l.) is 
located in the western part of the Tanggula Mountains. It is the largest modern ice field 
in the Tibetan Plateau with an area of 422.6 km² and a plateau area of 150 km² (Yao et 
al., 2006). The net mass accumulation reaches 440 mm w.e./a (Thompson et al., 2006a). 
The Puruogangri glacier lies at the boundary of the Indian monsoonal circulation and 
the northern and western continental air masses. However, the precipitation is 
dominated in summer by the Indian monsoon with minor addition in winter by westerly 
cyclonic activity. The ice core was drilled at the elevation of 5980 m a.s.l.. The 
temperature at the bottom of the borehole was -0.9 °C, but did not reach the bedrock 
(Thompson et al., 2006b).  

The three glaciers are suitable sampling sites, because of the low temperatures and high 
accumulation rates. 
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2.3 Materials and methods 

2.3.1 Analysis of sedimentary n-alkanes 

The sediment core Nam Co 8 was taken from the north-eastern basin of the lake 
(30°54‘N; 90°54‘E) from 31 m water depth using a piston corer (UWITEC, Mondsee, 
Austria). The core was opened, photo-documented and sampled with 1 cm slices. The 
samples were freeze dried and ground for chemical analyses. 

In a previous study stable hydrogen analyses were performed at 5 cm and 10 cm 
intervals (Mügler et al., 2010). To increase the temporal resolution in order to facilitate 
the comparison to the ice core δ18O record, samples were taken at 2 cm and 3 cm 
intervals. In both studies, between 1-2 g dry sediment was used for total lipid extraction 
using an accelerated solvent extractor (ASE-200, DIONEX Corp., Sunnyvale, USA). 
The ASE was operated with CH2Cl2/MeOH (9:1) at 100 °C and 2000 psi for 15 min in 
2 cycles. To remove elemental sulfur activated copper (Cu 99%, Acros Organics) was 
added to the samples. n-Alkane were isolated from the total extract by known standard 
procedures (McCarthy and Duthie, 1962; Radke et al., 1980). The first sample set was 
cleaned using Medium Pressure Liquid Chromatography (Mügler et al., 2010). For the 
second sample set the total extract was separated by solid phase extraction on silica gel 
(Sachse et al., 2006). Pre-combusted glass columns (20 cm height, ø 2.5 cm; QVF 
Labortechnik GmbH; Ilmenau, Germany) were filled with two microfiber filters 
(Whatman, GF/C, ø 25 mm), about 25 cm³ activated silica gel (0.040-0.063 mesh size; 
Merck KGaA, Darmstadt, Germany) and a final layer of purified and acid-washed sea 
sand (Merck) per column. Alkanes were eluted with hexane (80 ml). 

In both preparations an external standard, the 184 Ma old Posidonia shale (Radke et al., 
2005), that passed all preparation steps, was used to standardize the methods and to 
exclude systematic errors by the methods. If necessary the second dataset was peak wise 
corrected using equation (2.1). 

2.1 	 δDcorrected	 ‰ 	 	 δDSMP	 	δDDif. 	 	 δDSMP	x	δDDif. 	/	1000 	

      where  δDDif.= δDSTD 1. Prep. – δDSTD 2. Prep.  

δDSMP = measured δD value of a peak from the second preparation 

2.3.2 Measurement of δD values of sedimentary n-alkanes 

n-Alkanes were quantified by gas chromatography with flame ionization detection using 
a GC-FID (TraceGC, ThermoElectron, Rodano, Italy) and a HP6890 GC-FID (Agilent 
Technologies, Palo Alto USA), respectively, based on retention times and the 
comparison with an external n-alkane standard mixture (n-C10 to n-C31). Peak purity 
was checked with an ion trap mass spectrometer (GCQ ThermoElectron, San Jose, 
USA) attached to the IRMS system (see below). The gas chromatograph was equipped 
with a DB5 column (30 m, 0.32 mm ID, 0.5 µm film thickness; Agilent, Palo Alto, 
USA). The injector was operated at 280 °C with a split ratio of 1:10. The oven was held 
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at 50 °C for 2 minutes and then raised to 320 °C at 9°C min-1. The column flow was 
constant at 1.8 ml min-1 throughout the whole run. 

Stable hydrogen isotopes were analyzed using a coupled GC-IRMS system (HP5890 
GC, Agilent Technologies, Palo Alto USA, IRMS: Delta+ XL, Finnigan MAT, Bremen, 
Germany). The HP5890 GC was equipped with a DB1ms column (50 m, 0.32 mm ID, 
0.52 µm film thickness, Agilent). The injector was operated at 280 °C in a splitless 
mode. The oven was held at 60 °C for 2 minute and then raised to 320 °C at 6 °C min-1 
and held there for 10 minutes. The column flow was constant at 1.7 ml min-1. Each 
sample was measured in triplicate. The results are expressed as conventional δ notation, 
in per mil relative to the V-SMOW (Radke et al., 2005), where R is 2H/1H of the sample 
and the standard respectively (equation 2.2).  

2.2 	 δDsample	 ‰ 	 	 Rsample	–	RSTD 	/	RSTD 	∙	1000	

To ensure the accuracy for δD measurements standards were analyzed after every two 
or three samples and if necessary a drift correction was applied to the δD values of the 
samples. The average standard deviation for the standards was 5.9 ‰. The H3+ factor 
was determined daily to warrant stable ion source conditions. The H3+ factor of the 
measured samples of Nam Co was 9.26 ± 0.19.   

2.3.3 Chronology of sediments 

The chronology is based on 27 AMS 14C ages and on 33 210Pb dates of bulk sediment. 
Radiocarbon measurement was carried out at the laboratory of the Max Planck Institute 
for Biogeochemistry, Jena, Germany (Steinhof et al., 2004). The age-depth model was 
discussed earlier (Mügler et al., 2010). The sediment record reaches back to 
approximately 7300 cal years BP, but this study only focused on the last 1000 years. For 
this period, sedimentation rates of 1.19 mm/a were calculated. For the top of the core 
Nam Co 8, the specific 210Pb and 226Ra activities of the surface samples were measured 
by gamma-spectrometry at the Radioanalytical Laboratory (RADLAB) of the 
Helmholtz Zentrum Munich, Germany. There, calibrations are done and controlled with 
certified reference materials e.g. from IAEA, and quality assurance is permanently 
carried out by participation in national and international proficiency tests. Negative-
poled high purity Germanium (HPGe) detectors of coaxial shape (rel. efficiency of 
25 %) were used for determining 210Pb via its gamma emission at 46.5 keV and 226Ra 
via its progenies 214Pb (295 keV and 351 keV) and 214Bi (609 keV). Roughly 4 g of 
sample material were filled into a specific thin layer geometry enabling to neglect self-
absorption effects and then measured for some days until the uncertainty of 210Pb was 
lower than 10 %; the uncertainty of the measurements corresponds to 1-Sigma. The 
sediments’ ages were calculated using the CRS model (“constant rate of supply”) based 
on the assumption of a constant rate of 210Pb deposited in the sediment (Appleby and 
Oldfield, 1978), which is verified for sedimentation rates varying in dimensions over 
time. The CRS sedimentation rate in the surface sediments amounts to 0.96 mm/a. Steeb 
(2006) dated another short core from Nam Co at the laboratories of the GGA 
(Geowissenschaftliche Gemeinschaftsaufgaben) Institute, Hannover, Germany and 
ascertained a sedimentation rate of 1.15 mm/a using the CIC model (“constant initial 
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concentration”) assuming a supply of 210Pb proportional to the sedimentation rate. 
Based on the different age models, an average sedimentation rate of 1.1 mm/a was 
assumed (Fig. 2.2). 

 

Figure 2.2: Activity profile of unsupported 210Pb and age-depth profile of surface sediments 
from Nam Co (black diamond - 210Pb ages from RADLAB, grey dots - 210Pb ages 
from GGA, dash line - mean sedimentation rate extrapolated from 210Pb and 
14C ages). 

2.3.4 Isotopic records from ice cores and other climatic records 

The ice core data and the climatic records were achieved from the literature (Thompson 
et al., 2000; Thompson et al., 2006b; Kaspari et al., 2007; Yang et al., 2002; Bard et al., 
2003). The chronology of the Dasuopu ice core is established on annual dust layers and 
on δ18O stratigraphy controlling the layer-counting method. The East Rongbuk ice core 
was dated by seasonal variations in δD and soluble ions respectively and confirmed by 
identifying volcanic layers. The chronology of the Puruogangri ice core is based on 
AMS 14C ages of plant remains. 

The temperature record is derived by the high-resolution proxy records of the Guliya ice 
core, the Dunde ice core and the Dulan tree-ring record, and the solar irradiance is based 
on the variations of the cosmic nuclides 10Be and 14C taking into account a geomagnetic 
modulation and a polar enhancement factor. The past 1000 years are characterized by 
three major climate periods that differ in mean average temperature, solar radiation and 
moisture conditions: the Medieval Warm Period (MWP), the Little Ice Age (LIA) and 
the Current Warming Period (CWP) which span from 1000 to 1400 AD, 1400 to 
1900 AD and the recent years since 1900 AD respectively (Yang et al., 2002; Ge et al., 
2007; Zhang et al., 2008). 
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2.4 Results 

2.4.1 Concentration and distribution of n-alkanes in lake sediments 

The sediments from Nam Co contain n-C10 to n-C31 alkanes with a bimodal distribution 
(Fig. 2.3). Highest n-alkane concentration occurs at n-C18, n-C23 and n-C25, suggesting 
the sediments mainly consist of autochthonous organic matter. Total alkane 
concentrations range between 7 and 28 µg/g dry sediment. On average, the odd short 
chain n-alkanes with C17 and C19 carbon atoms account for 12 %, the middle chain 
alkanes (n-C21/23/25) 29 % and the long chain alkanes (n-C27/29/31) average out at 5 %. In 
the younger part of the core Nam Co 8, short and long chain n-alkanes are mainly 
accumulated, while in the older part more middle chain n-alkanes dominate (Fig. 2.4). 
The long chain n-alkanes are ascribed to the allochthonous contribution from terrestrial 
plants. n-Alkanes with 27/29/31 carbon atoms are dominant compounds of Poaceae 
(like Stipa sp.) or Cyperaceae (like Carex and Kobresia schoenoides) (Lin et al., 2006; 
Jansen et al., 2006; Miehe et al., 2008). They are typical representatives of dry steppe 
vegetation for the northern part of Nam Co, and of wetlands in the southern part of the 
lake. Changes in the distribution of n-alkanes are an important sign of climate-induced 
alterations of vegetation. Under warm and humid conditions, longer chain lengths are 
produced to build up a thicker wax layer to protect from evaporative water loss 
(Simoneit et al., 1977; Cui et al., 2008). 

 

Figure 2.3: Mean concentration and composition of n-alkanes in the lake sediments from Nam 
Co (error bars indicating the variability over the core). 

The average chain length (ACL; Poynter, 1989) varies between 18.6 and 24.9, 
expressing the high contribution of middle chain n-alkanes to the sedimentary organic 
matter. The long chain sedimentary n-alkanes show a clear odd over even 
predominance, while n-alkanes < C21 have higher even carbon numbered compounds 
as a result of post depositional reduction of fatty acids (Simoneit, 1977) or follow from 
a specific input from organisms producing such patterns (Ekpo et al., 2005; Grimalt & 
Albaiges, 1987). The average odd-even preference value is 3.1 and the carbon 
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preference index (CPI; Marzi et al., 1993) is around 8.1, indicating a fresh organic 
origin.  

 

Figure 2.4: Average amount of n-alkanes over the sediment core Nam Co 8 (o - C17/19,             
■ - C21/23/25, * - C27/29/31) 

2.4.2 δD values of sedimentary n-alkanes 

The measured δD values range between -135 and -230 ‰ (Fig. 2.5). In general, the long 
chain n-alkanes are depleted in deuterium, whereas the short chain n-alkanes (except n-
C18) show more positive values. n-C18 has the lowest measured mean δD values of         
-208 ± 51 ‰, which suggest that this compound divines from another source like 
methanotrophic bacteria or post sedimentary reduction of fatty acids. However, as the 
origin of this compound is unclear, it is not used for further interpretations. The mean 
δD values are -162 ± 18 ‰ for n-C17/19, -193 ± 19 ‰ for n-C21/23/25 and -207 ± 14 ‰ for 
n-C27/29/31. The middle and long chain n-alkanes are highly correlated (Table 2.1), 
especially in the Medieval Warm Period (r = 0.76) and the Little Ice Age (r = 0.87).  

Table 2.1: Correlation matrix between δD and δ18O records, the solar irradiance and 
temperature as additional climate proxies (including the linear trend). 

 
δ18O 
Dasuopu 

δD        
Rongbuk 

δ18O 
Puruogangri 

δDalgae    δDaqua. δDterr. 
solar 
irradiance 

temperature 

δ18O Dasuopu 1        
δD Rongbuk 0.42* 1       
δ18O Puruogangri 0.71** 0.56* 1      
δDalgae -0.01 -0.31* -0.26 1     
δDaqua. 0.18 -0.22 0.07 0.26 1    
δDterr. 0.30* -0.12 -0.43 0.39* 0.71** 1   
solar irradiance 0.03 -0.31* 0.11 0.07 0.67** 0.34* 1  
temperature -0.08 -0.10 0.09 0.03 0.58** 0.26 0.46** 1 
p* < 0.05 (t-test) 
p** < 0.01 (t-test) 
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This suggests that they explain the same trend and reflect a common source whereas the 
short chain n-alkanes exhibit another signal. In general, all δD records show the highest 
enrichment in deuterium in both warm periods (Fig. 2.6). Especially heavy δD values 
appear around 1150-1200 AD and 1350 AD in all records. In the Little Ice Age, the δD 
values average out at -168 ‰ (n-C17/19), -202 ‰ (n-C21/23/25) and -206 ‰ (n-C27/29/31). 
This period is characterized by strongly depleted δD values from 1550 to 1650 AD. 
Around 1800 AD, enrichment in the δD values is recorded again before the δD values 
become depleted once more. In the Current Warming Period, the short and middle chain 
n-alkanes were strongly enriched, while the long chain n-alkanes become more 
depleted, and only in the last years is an enrichment in the δD values recorded. 

 

Figure 2.5: Mean δD values of n-alkanes from Nam Co (error bars indicating the variability 
over the core). 

2.4.3 Comparison of isotope records from ice cores and sediments and other climate 
drivers 

The Dasuopu oxygen isotope ratios are approximately -20.6 ± 0.9 ‰. The δ18O values 
from Dasuopu glacier get continuously enriched by around 4.4 ‰ over the past 1000 cal 
years (Fig. 2.6). Heavier δ18O values are observed around 1100-1150 AD and 1330-
1350 AD in the MWP, and around 1650 and 1700 AD in the LIA. In the CWP a strong 
enrichment in 18O is recorded. The oxygen isotope record of the Puruogangri only 
covers the last 400 years, but correlates to the Dasuopu record (Table 2.1). The period 
from 1600 to 1722 AD and the transition from the LIA to the CWP also show a strong 
enrichment. Generally, the δ18O values from Puruogangri ice cap average                       
-14.5 ± 1.0 ‰, which is 6 ‰ heavier than the Dasuopu record. At the East Rongbuk ice 
core, δD values were measured with an average value of about -134.4 ± 5.1 ‰. Because 
δD and δ18O values are strongly correlated in form of the meteoric water line on the 
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global scale, δD values can be converted into δ18O values with the following equation 
(2.3): 

2.3 	 δD	 	8	∙	δ18O	 	10	‰	

Accordingly, δ18O values of -18.1 ‰ are recorded. The isotope values at Rongbuk ice 
core are on average 2 ‰ heavier than the Dasuopu record and 4 ‰ lighter than the 
Puruogangri record. In general, the East Rongbuk record is characterized by a strong 
enrichment in deuterium and a period (1650–1750 AD) with significantly depleted 
isotope values. All ice records are significantly positive-correlated. The comparison 
between the δD records of the n-alkanes and the δ18O records significant positive 
correlation. The n-alkane records themselves show a stronger correlation, and especially 
the δD values of the long- and middle chain n-alkanes are highly significantly 
correlated. They are also well related to solar irradiance and temperature (Table 2.1).  

2.5 Discussion 

2.5.1 Hydrogen source for sedimentary n-alkanes 

The δD values of sedimentary n-alkanes reflect the isotopic composition of their source 
plants and agree with known distribution of the n-alkanes in plants. The mean δD value 
of -212 ± 19 ‰ for n-C29 is concordant with the δD value of Stipa sp., Oxytropis sp. and 
Morina sp. that average out at -211 ± 13 ‰. For the alkane n-C23, the δD value of          
-185 ± 19 ‰ agrees with the mean δD value of -174 ± 16 ‰ for the n-C23 of aquatic 
macrophytes determined earlier (Mügler et al., 2008). Aquatic n-alkanes at the Nam Co 
are more enriched in deuterium due to lake water evaporation (Sachse et al., 2006; 
Mügler et al., 2008). Algae and photosynthetic bacteria with chain length of C17 and C19 
have mean δD values of -162 ± 18 ‰, represent the isotopic signal of the lake water. By 
contrast, the terrestrial plants retrace the isotopic signature of the precipitation modified 
by soil and leaf water evapotranspiration (Sachse et al., 2009).  

The mean hydrogen isotope signal of precipitation is -122 ‰, which is almost identical 
with the mean δD value of about -119 ‰ for the inflow water to the lake (Mügler et al., 
2008). Because δD values of n-C21/23/25 are well correlated to δD values of n-C27/29/31, 
the aquatic plants derive mainly from swamp areas that are more influenced by inflow 
water than lake water. Consequently, the terrestrial and aquatic plants nearly retrace the 
same hydrogen water source modified by environmental conditions. 

2.5.2 Paleoenvironmental reconstruction on the basis of the isotope ratios 

At the Tibetan Plateau, precipitation decreases from south to north, and therefore 
Puruogangri is a more arid area and the ice core record show more enriched isotope 
values than at the East Rongbuk and Dasuopu glacier (Fig. 2.6). However, the isotopic 
content in all three ice cores are well correlated, which suggest that they represent the 
same air masses, i.e. the Indian monsoon. Depleted isotope values at the Himalaya ice 
core records are the result of the so-called amount effect. Increased precipitation leads 
to an accumulation in the isotopically light 16O. The depletion at East Rongbuk and 
Dasuopu glacier in the MWP gives evidence to wetter conditions. 
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Figure 2.6: Comparison of δD values of Nam Co with the δ18O values of the three ice cores vs. 
the reconstructed temperature and solar irradiance (Yang et al., 2002; Bard et al., 
2003). A 3-point smoothing was performed for isotope records to set the secular 
trend. Dashed lines illustrate the standard deviation of the δD values. 
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Due to this, the impact of precipitation on the isotopes seems to overprint the 
temperature influence at the Himalaya. This region is affected by summer monsoonal 
precipitation, and so the amount effect is more important than temperature in such areas 
(Araguás-Araguás et al., 1998; Johnson and Ingram, 2004) 

Numerous paleoclimate studies noted higher temperatures in the MWP. The 
reconstructed temperature in China in the MWP is 0.6 °C higher than in the LIA due to 
a stronger solar irradiance (Yang et al., 2002; Mann et al., 1999; Bard et al., 2003). 
Reconstructed temperatures and solar irradiances can also be used as an indicator for 
monsoon intensity (Fig. 2.6). Accordingly, the δD values from algae, bacteria, aquatic 
and terrestrial plants reflect an enrichment in deuterium in the MWP due to intensified 
evaporation and upcoming evaporation loss of „light“ molecules as a result of increased 
mean air temperature, especially around 1150-1200 AD and 1350 AD. Large 
fluctuations of δD values can be caused by changes in precipitation regime between 
“heavier” convective rains and “light” monsoonal precipitation (Araguás-Araguás et al., 
1998).  

In the LIA, different cold and warm periods can be detected. At the beginning of this 
period, total solar irradiance and temperature strongly decrease, associated with a 
decreasing precipitation intensity. Accordingly the lake water receives less and slightly 
heavier precipitation and is additionally enriched in deuterium due to evaporation and 
ice formation. Consequently, the alkanes n-C17/19 have enriched δD values. Terrestrial 
plants relay on precipitation water and, therefore, do not record this event to such an 
extent. In the following period, around 1600 AD, temperature and thus monsoonal 
intensity increases causing ice melting, and extremely depleted δD values of n-C17/19 are 
recorded. The δD values of n-C21/23/25 and n-C27/29/31 also display depletion in deuterium, 
indicating a higher amount of precipitation and transpiratory enrichment. Around 
1800 AD isotope enrichment is documented in all δD records, indicating increased 
temperature and higher evapotranspiration. From 1600 to 1750 AD, a continuous 
enrichment in the δD values of n-C17/19 is obvious representing a decreasing lake level 
due to low relative humidity or precipitation. The ice core records indicate intensified 
precipitation from 1600 to 1750 AD, because of increasing accumulation of 16O. At 
Dasuopu glacier, especially high accumulation rates are recorded in this time period 
(Thompson et al., 2006b). In the East Rongbuk ice core, this phase emerges earlier from 
1650 to 1750 AD. Therefore, the δD values of n-alkanes are more influenced by solar 
irradiance and temperature induced evaporation processes than by moisture availability, 
which is the controlling factor of the ice core records. At the end of the LIA temperature 
and precipitation decrease, which is well traceable at the hydrogen and oxygen isotope 
records. Based on the δD values of sedimentary n-alkanes, the LIA already had ended 
by 1700 AD. 

The CWP is characterized by increasing mean air temperatures and a higher monsoonal 
activity. The δD record of the short and middle chain n-alkanes show an enrichment due 
to the higher solar irradiance associated with higher temperatures. The δD values of the 
long chain n-alkanes become depleted as a consequence of increased precipitation. The 
precipitation signal is not recorded in the δD values of n-C17/19 and n-C21/23/25, because 
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the amount of precipitation is not enough to influence the lake volume of the sea or the 
rivers. 

The oxygen isotope from Dasuopu, East Rongbuk and Puruogangri show strongly 
enriched values, although the monsoon intensity rises, as well. However, no further ice 
accumulation is observed on the ice caps, but rather a glacier retreat owing to rapid 
melting in the 20th century. This means that temperature is a more important factor on 
the glaciers at the present time. The amount effect is probably limited to short-term 
timescales, while long time series are more affected by temperature.  

2.5.3 Environmental drivers of δD variability 

Comparison between δD values of the sedimentary n-alkanes and δ18O values of the ice 
cores reveals large variations by nearly 60 ‰ in the stable hydrogen isotopes of 
sedimentary n-alkanes and variations by 4 to 5 ‰ in the 18O composition of the ice 
cores. Based on the meteoric water line this translates to variations of 42 – 50 ‰ in δD 
values. The variability is about 10 – 18 ‰ larger in the sediments, suggesting that 
additional environmental effects need affect δD values of sedimentary n-alkanes.  

This is also seen in the results from absolute δD values of the n-alkanes. On the one 
hand, the source signal of the precipitation water is in line with the results from the ice 
cores, i.e. between δD values of -105.9 ‰ and -134.4 ‰, which nicely agrees with the 
measured isotope signal of -120 ‰. This suggests that the ice core isotopes record 
precipitation isotopes. On the other hand, applying the transfer function of Sachse et al. 
(2004) would translate to δD values for terrestrial n-alkanes of about -250 ‰. However, 
only -210 ‰ are found (Fig. 2.5). Consequently, additional environmental parameters 
such as solar irradiance, temperature and relative humidity enrich the terrestrial signals.  

Table 2.2: Cross-correlation matrix between δD and δ18O records and climate proxies after 
trend adjustment (by difference transformation of the data). 

 
δ18O  
Dasuopu 

δD  
Rongbuk 

δ18O  
Puruogangri 

δDalgae δDaqua. δDterr. 
solar  
irradiance 

temperature

δ18O Dasuopu 1        

δD Rongbuk 0.20 1       

δ18O Puruogangri 0.71 0.30 1      

δDalgae -0.28 -0.80 -0.28 1     

δDaqua. 0.18 -0.42 -0.03 0.61 1    

δDterr. 0.03 -0.47 -0.22 0.44 0.61 1   

solar irradiance -0.14 0.05 -0.18 -0.03 0.40 0.56 1  

temperature 0.11 0.13 -0.31 -0.11 0.19 0.42 0.55 1 

 

Cross correlation of the different time series assessed if climate or precipitation signal 
are better recorded in the sedimentary n-alkanes (Table 2.2). There was no positive 
cross correlation between ice core records and δD values. Only in case of Rongbuk was 
a negative correlation observed. This suggests that the isotopic content of precipitation 
is of minor importance for the δD values of n-alkanes. However, the correlation of 
temperature and solar radiation to δD values of terrestrial n-alkanes was very good. It 
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was somehow weaker for the relation of radiation and aquatic n-alkanes, and no 
correlation could be observed for algal alkanes. This suggests strong evapotranspiration 
content on the plant level, whereas the algae might be more controlled by the isotopic 
lake water composition. 

2.6 Conclusion 

Tibetan Plateau is one of the most sensitive and interesting study sites, representing a 
very complex and variable climatic system. Adapted from the stable hydrogen isotope 
ratios of sedimentary n-alkanes from lake Nam Co and the stable oxygen isotope ratios 
from the three ice core records, the climatic changes in the past 1000 years were 
reconstructed. Based on the data, the n-alkane distribution and the isotopic content 
reflect known environmental history and climate variability. However, there is only a 
low correlation of the δD values of sedimentary n-alkanes to their source water signal 
recorded in the ice cores. This suggests that variations in the source signal are less 
significant than modifications by environmental conditions. 

Apparently, the isotope signal of precipitation is directly formed by the amount effect 
that is related to the monsoon activity, while the isotope signal of the lake system is 
primarily a function of temperature, humidity controlled evapotranspiration and vapour 
pressure deficit. For this reason, the δD values seem to be suitable to reconstruct 
environmental factors including evapotranspiration, relative humidity and vapour 
pressure deficit. 
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CHAPTER 3 

3 A synthesis of hydrogen isotope variability 
and its hydrological significance at the 

Qinghai-Tibetan Plateau 

Chapter source: Günther, F., Aichner, B., Siegwolf, R., Xu, B., Yao, T., Gleixner, G., 

2013. A synthesis of hydrogen isotope variability and its hydrological 

significance at the Qinghai-Tibetan Plateau. Quaternary International 

313-314, 3-16. 

 

Abstract 
Hydrogen isotope ratios of sedimentary biomarkers are known to record the climatic 
variability in terrestrial and marine environments. However, there is still a lack of 
calibration studies that can quantitatively retrace the driving forces, especially at the 
Tibetan Plateau. Here, we elaborate the actual influence of environmental parameters 
such as temperature, evapotranspiration, salinity and biosynthetic fractionation on δD 
values of n-alkanes. We measured hydrogen isotope values (δD) of n-alkanes in recent 
sediment and plant samples as well as δD values of different water sources (lake and 
inflow water, precipitation as well as leaf, root and soil water) from six Tibetan lakes 
along a 10°-spanning longitudinal transect covering an aridity gradient. As expected, the 
deuterium record can be used to distinguish two water pools at the Plateau: 
(I) precipitation water, which supplies water for the lake inflow and terrestrial plants, 
and (II) enriched lake water having a clear evaporative signal. Based on significant 
correlations of the source water and δD values of n-alkanes, δD of alkane n-C23 record 
the lake water isotope composition and track the evaporative enrichment of the lake 
system. In contrast, δD of alkane n-C29 can be used to retrace the isotope composition of 
the inflow displaying the integrated rainfall signal in the vegetation period modified by 
soil and leaf water evaporation. While temperature changes are less pronounced across 
the Tibetan transect, the isotopic difference between n-C23 and n-C29 could potentially 
be used as a proxy to reconstruct effective moisture (precipitation minus evaporation). 
Areas with lower precipitation amounts and higher evaporation rates are characterized 
by higher ΔδDC23-C29 values. This relationship is more pronounced in regions with mean 
annual precipitation below 350 mm. Even in contrasting environments, the application 
of the δD proxies is very promising. Combining other Tibetan studies, it is possible to 
present a comprehensive picture of the usage of compound-specific hydrogen isotopes 
of n-alkanes on the Tibetan Plateau. 

Keywords: n-alkane; deuterium; lake; calibration; paleoclimate proxies 
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3.1 Introduction 

The Tibetan Plateau is known as the “Third Pole” (Qiu, 2008) or the “Asian Water 
Tower” (Lu et al., 2005) already indicating its importance not only for the climate 
system, but also for the resident population. Many studies have analyzed the Plateau and 
its climate change in the past using different proxies (cf. reviews by Morrill et al., 2003; 
Herzschuh, 2006; Li and Kang, 2006; Kang et al., 2010). Most of the studies in Tibet 
using organic geochemical proxies are focused on sedimentary n-alkanes, which are 
very abundant in the numerous lakes on the Plateau (e.g. Herzschuh et al., 2005; Lin et 
al., 2008; Zhu et al., 2008; Aichner et al., 2010a,b,c; Mügler et al., 2010; Günther et al., 
2011; Pu et al., 2011). Other advantages are their facile extraction, their resistance to 
degradation (Schimmelmann et al., 1999) and their possible classification to particular 
source organisms such as algae, bacteria, aquatic and terrestrial plants (e.g. Eglinton and 
Hamilton, 1967; Cranwell et al.,1987; Grimalt and Albaiges,1987; Ficken et al., 2000; 
Meyers, 2003). 

In recent decades, compound-specific hydrogen isotope values (δD) gain in importance. 
The δD values of n-alkanes are increasingly used as a tool to retrace hydrological 
changes, because they record the isotope signal of the source water. Terrestrial n-
alkanes reflect δD values of the ambient meteoric water, and aquatic n-alkanes the 
isotope signal of the correspondent lake water modified by additional environmental 
and physiological parameters (reviewed by Castaneda and Schouten, 2011; Sachse et 
al., 2012). In general, the isotopic composition of the meteoric water is influenced by 
the amount of precipitation, the distance to the ocean, latitude and altitude as well as by 
temperature (Dansgaard,1964; Rozanski et al., 1992; Gat, 1996; Bowen and Revenaugh, 
2003). n-Alkane δD values undergo further enrichment due to evapotranspiration 
processes of lake, soil and leaf water (Sachse et al., 2006; Mügler et al., 2008; Feakins 
and Sessions, 2010). The biosynthetic incorporation of the water hydrogen leads to 
further fractionation between n-alkanes and their source water. The biosynthetic 
fractionation depends on physiological factors of the different organisms such as 
biosynthetic pathway, water-use strategy, leaf morphology etc. (Chikaraishi and 
Naraoka, 2003; Smith and Freeman, 2006). All these hydrogen isotope fractionation 
studies enable and boost the qualitative application and interpretation of n-alkane δD 
results. There is still a lack of appropriate calibration studies, which are needed to 
understand the driving factors of individual proxies in a specific study area and facilitate 
quantitative interpretations. 

In Tibet, only a few modern data sets are available, mainly in the form of North-South 
(NS) transects bounded to the central and eastern part of the Plateau. In a Chinese 
transect study, also reaching the Qaidam Basin, terrestrial plants are investigated, whose 
δD values of n-alkanes depend on the plant type and are negatively correlate with 
latitude and positively with temperature revealing the influence of climate and 
environment (Duan and Wu, 2009). δD values of surface sediments and source waters 
are strongly enriched because of the very arid conditions in the Qaidam Basin (Xia et 
al., 2008). The sedimentary n-alkane δD values of Qinghai lake, near the Qaidam Basin, 
also contain the biological source δD adapted to environmental factors (Duan et al., 
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2011). Under consideration of the recent aquatic and terrestrial plants in and around the 
lake, the main source for sedimentary n-alkanes are terrestrial grasses (such as Kobresia 
sp. or Poa sp.) with mean δD values of -173 ‰ to -109 ‰ depending on the specific 
plant type (Duan et al., 2011; Duan and Xu, 2012). By adding δ13C measurements of n-
alkanes to the hydrogen values, the biological source contribution can be assessed in a 
more quantitative method (Aichner et al., 2010a, c). In addition to Qinghai province, 
Nam Co has been rigorously investigated regarding surface sediments as well as aquatic 
and terrestrial plants. δD values of terrestrial n-alkanes reflect the isotopic composition 
of the precipitation modified by evapotranspiration of soil and leaf water (Xia et al., 
2008), whereas enriched δD values of aquatic n-alkanes display strongly evaporated 
lake water (Mügler et al., 2008; Aichner et al., 2010c). The isotopic difference between 
both was proposed to be used to calculate the ratio of evaporation to inflow and to set 
up a lake water balance (Mügler et al., 2008). 

n-Alkanes are the most used organic biomarker on the Tibetan Plateau and, therefore, 
are especially appropriate for a calibration study in this high altitude ecosystem. Until 
now, the western part of Tibet has hardly been investigated using sedimentary n-
alkanes. To plug this gap, we analyze a 10°-spanning East-West (EW) transect covering 
a climatic gradient across the Tibetan Plateau. Our results are combined with already 
published data to establish a regional calibration database for the Tibetan Plateau. 

In this study, we want to identify the biological origin for sedimentary n-alkanes as well 
as the source water used for biosynthesis and highlight the influencing factors on the δD 
values of sedimentary n-alkanes at the Tibetan Plateau. Finally, the applicability of the 
C23-C29 proxy as a parameter for precipitation and relative humidity is tested. Attendant, 
quantitative reconstructions of past changes on the Tibetan Plateau should be facilitated. 

3.2 Regional settings and data sources 

The Qinghai-Tibetan Plateau, also called Qinghai-Xizang Plateau, lies between         
28°-39° N and 74°-98° E in western China and contains numerous lakes covering a total 
area of about 47,000 km² (Lu et al., 2005; Yao, 2008). With an average elevation of 
over 4000 m a.s.l., it is the highest plateau of the world and is exposed to strong solar 
radiation (Liu and Chen, 2000). In general, Tibet is characterized by a cold and dry 
continental climate, varying from west to east and from north to south. 

The air masses in Tibet originate from the Indian Ocean (Indian Monsoon), the Pacific 
(Pacific Monsoon), the Arctic (Northerlies) and the Atlantic (Westerlies). The Indian 
Monsoon provides the majority of precipitation to the south-eastern part of Tibet in the 
summer months (IAEA/WMO, 2012). North- and westward across the Plateau, the 
influence of the Monsoon decreases and Westerlies/Northerlies as well as continental 
moisture sources such as lakes gain in importance (Araguás-Araguás et al., 1998; Tian 
et al., 2001a; Hren et al., 2009). On the basis of δ18O signatures, the atmospheric 
circulation zones may be divided into Monsoon-dominated areas, south of 30°N (δ18O ≈ 
-16.2 ‰, δD ≈ -118.8 ‰), Westerly-dominated areas, north of 35°N (δ18O ≈ -7.7 ‰, 
δD ≈ -49.6 ‰) and the transitional zone between 30°-35°N (δ18O ≈ -11.8 ‰,         
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δD ≈ -82,95 ‰) (Yao et al., 2009a; δD values calculated according to LMWL – Fig. 
3.2). The mean annual precipitation (MAP) is less than 300 mm shifting from less than 
200 mm in the north (Delingha) to more than 500 mm in the south (Nyalam) (Zhang et 
al., 2001), and from less than 80 mm in the west (Shiquanhe) (Yu et al., 2009) to more 
than 450 mm in the east (Yushu) (Yu et al., 2006). In the analyzed study areas, the mean 
annual precipitation varies from less than 70 mm in western Tibet to more than 2000 
mm in the mountain areas and the mean annual air temperature (MAT) ranges from -1.5 
°C in the western part to 20.3 °C in the south-eastern part (Fig. 3.1, Table 3.1). Air 
temperature also shows a decreasing tendency from south-east to north-west and from 
lower to higher altitudes. Precipitation and temperature distribution patterns result in 
high aridity regions with high evaporation due to low precipitation and high 
temperature. Overall, evaporation at the Plateau is mainly controlled by the dry climate, 
long sunshine time and strong winds. Consequently, evaporation and aridity increases 
from south-east to north-west. Applying the simplistic Haude model mainly using 
relative humidity and air temperature as input data to compute evapotranspiration (ETP) 
values, the investigated lakes in the south-eastern part of the Plateau are characterized 
by values from 600 to 730 mm/y and lakes in the western parts show higher ETP values 
of more than 1000 mm/y (Fig. 3.3). The aridity index r (as the ratio of annual 
evaporation to annual precipitation) has values of less than 1 in the south-eastern part, 
2-5 in the central part and 10-20 in the north-western part of Tibet (Liu, 1989). 

 

Figure 3.1: Study sites at the Qinghai-Tibetan Plateau using n-alkanes in modern surface 
analysis [Map source: Google Earth, http://earth.google.com]. 

The sparse vegetation reflects climate conditions and consists of different zones of 
forests, steppes, meadows, shrublands as well as deserts. Forests are restricted to the 
south-eastern margins of the Plateau, while alpine meadows, steppes and deserts are the 
dominant vegetation on the Qinghai-Tibetan Plateau (Yu et al., 2001). According to the 
climate conditions, vegetation cover decreases from more than 90 % in the south-east to 
less than 30 % in the north-western part (Wu and Zhang, 2010). This study compares 
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results from an E-W transect (Fig. 3.1) with already published data covering a large 
climatic gradient. 

Table 3.1: Characteristics of the study areas. 

 

3.3 Materials and Methods 

3.3.1  Sampling 

This survey study of six lakes along the E-W transect on the Tibetan Plateau was jointly 
carried out by the Max Planck Institute for Biogeochemistry (MPI-BGC) and the 
Institute of Tibetan Plateau Research and the Chinese Academy of Sciences (ITPR-
CAS) in August and September between 2009 and 2011. All sampled lakes are high 
altitude lakes with elevations over 4500 m a.s.l. They are characterized by low human 
impact and similar vegetation types. However, the study areas differ in size and 
limnological parameters involving shallow and deep water lakes as well as freshwater 
and saline lakes (Table 3.2).  

Table 3.2: Limnological parameters for the investigated lake sites. 

 

Common limnological parameters (pH, water temperature, electrical conductivity, O2, 
redox and chlorophyll values) were measured in situ using a multi-parameter probe 

Site code Name Type Latitude Longitude Altitude MAT MAP Reference
of samples (°N)  (°E) (m) (°C) (mm)

Nam Co 1, 2, 3 present study
1, 2 Mügler et al., 2008

1 30.64 90.60 4718 0 282 Xia et al., 2008
TRC Tangra Yumco 1 30.75 86.38 4549 0.7b 315b present study
TC Taro Co 1, 2, 3 31.05 83.92 4570 0 - 2c 190c present study

KYC Kunggyu Co 1, 2 30.60 82.05 4798 3.6d 125d present study

LMC Lungmu Co 1, 2, 3 34.58 80.35 5030 -1.5e < 70f present study

SXC Songmuxa Co 1, 2 34.58 80.20 5070 -1.5e < 70f present study
JC Jiana Co 1, 2 30.90 90.87 4718 -1 - 3 280 Mügler et al., 2008
QY Qiangyong Glacier Lake 1 28.89 90.22 4855 3.8 379 Xia et al., 2008
YZY Yamzho Lake 1 29.03 90.47 4445 3.8 379 Xia et al., 2008
KLK Keluke Lake 1 37.28 96.88 2812 5.1 196 Xia et al., 2008
XQ Xiao Qaidam Lake 1 37.47 95.49 3163 3.1 95 Xia et al., 2008

1 Duan et al., 2011
2 Duan and Xu, 2012

QAI Qaidam Basin 1 37.04 - 37.46 95.58 - 100.58 2812 - 3205 11.1 - 18.1* 43 - 312 Aichner et al., 2010c
NTP Northeastern Plateau 1, 2 33.99 - 35.23 97.22 - 98.65 4095 - 4701 5.1 - 8.2* 304 - 511 Aichner et al., 2010c
CTP Central Plateau 1, 2 32.10 - 32.57 89.53 - 91.86 4724 - 5133 6 - 9.2* 488 - 540 Aichner et al., 2010c
STP Southeastern Plateau 1, 2 25.92 - 29.83 94.43 - 100.12 1967 - 4431 7.1 - 20.3* 685 - 1413 Aichner et al., 2010c
GS Gongga Shan 3 29.55 - 29.66 101.13 - 102.17 1231 - 4275 -1.4 - 11.8 1050 - 2740 Bai et al., 2011
KSY Kunlun Shan (Yecheng Xian) 3 36.55 - 36.65 77 - 77.14 3836 - 4993 -1 450 Bai et al., 2011
KSK Kunlun Shan (Kule Xian) 3 36.2 - 36.65 80.76 - 81.27 1900 - 3200 4 - 11.9 250 - 450 Bai et al., 2011
MG Mount Gongga 3 30 102 1180 - 3819 3.4 - 11.8 993 - 1938 Jia et al., 2008

Type of samples: 1 - surface sediments, 2 - plants, 3 - soils
MAT = mean annual temperature, MAP = mean annual precipitation
* Mean temperature in July
a Data from Li et al. (2007)
b Data from Zhang et al. (2011)
c Data from Yu et al. (2007)
d Data from Yao et al. (2009b)
e Data from Fontes et al. (1993)
f Data from Wei and Gasse (1999)

3543193QH

NC

Qinghai Lake 37.19 -0.4100.08

30.50 90.27 4718 0a 281a

Site code Name Area Max. deptha
Thermocline depth Temperatureb pHb Conductivityb Salinityb

O2
b Redoxb Chlorophyllb

(km²) (m) (m) (°C) (mS/cm) (‰) (mg/l) (mV) (µg/l)
NC Nam Co 1962 99 20-30 13.1 8.7 1.16 1.3 7.7 n.a. n.a.
TRC Tangra Yumco 835 213 18-33 13.0 9.2 10.26 8.2 10.0 13 2.1
TC Taro Co ≈ 450 95 15-30 13.0 9.0 0.87 0.7 7.4 93 0.3
KYC Kunggyu Co ≈ 50 25 10-15 13.8 9.4 8.03 6.4 7.0 63 2.7
LMC Lungmu Co ≈ 100 64 10-20 12.9 7.9 140.28 119 3.7 145 0.1
SXC Songmuxa Co 23 12 n.d. 10.9 8.7 0.46 0.3 6.4 133 1.9

n.a. = not available / not determined
a Determined using an echosounder
b Measured at lake surface
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(YSI 6920V2-1-M, Yellow Springs, Ohio, USA). Altitude and geographic location of 
each study site was determined by a handheld GPS system with an error of ± 10 m (map 
datum WGS 84). 

3.3.1.1  Water 

Different source waters were sampled at each lake including lake water, river water, 
groundwater (from wells), precipitation (if available), as well as leaf, root and soil 
water. The lake water was collected at different depth (up to 160 m deep in Tangra 
Yumco) with a submersible pump (model QGDa series) combined with a filtration unit 
(construction of MPI-BGC) or with a water sampler (Hydro-Bios Apparatebau GmbH, 
Kiel, Germany). River, groundwater and precipitation samples were directly collected 
by hand in clean HDPE bottles and tightly sealed preventing any water loss by 
evaporation. 

To determine the isotopic changes in soil, root and leave water, we collected leaves and 
roots as well as the ambient soils from the prevalent species in the early afternoon to 
reflect the maximum capacity of isotope enrichment that may occur. We cleaned the 
plants as far as possible and sieved the soil using a mesh size of 2 mm to remove roots 
and other coarse materials. The samples were filled in clean plastic bottles and airtight 
sealed until water extraction and analysis. 

3.3.1.2  Lake particulate organic matter (POM) 

Particulate organic matter was filtered out of the lake water with our filtration system 
(MPI-BGC construction), which is equipped with two prefilters of 50 and 10 µm and a 
removable glass fiber filter of 1 µm pore size. Lake POM was sampled above the 
thermocline in the chlorophyll maximum zone in water depth between 4 and 18 m. 

3.3.1.3  Sediment 

Surface sediments were taken from each lake using a HTH-gravity corer (6.6 cm 
internal diameter; Pylonex, Luleå, Sweden). Short sediment cores of 3-5 cm were 
retrieved in the larger lakes (Tangra Yumco, Nam Co, Taro Co) from a water depth of 
about 20 m. Shallower lakes (Songmuxa Co, Kunggyu Co, Lungmu Co) were sampled 
in their deepest points ascertained by the echosounder. In the field, cores were cut into 
1 cm slides and packed in plastic bags.  

3.3.1.4  Soils 

After removing bigger stones, soil samples were collected in depth of 0-5 cm and         
5-10 cm sieved with 2 mm mesh size. Three subsamples randomly taken in a 4 x 4 m 
quadrate were pooled and finally stored in paper bags. Soil samples were sun-dried in 
the field and finally transported in an additional plastic bag.  
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3.3.1.5  Plants 

Vegetation samples were collected from living plants. Submerged macrophytes are 
more abundant near the shores and were collected from an inflatable boot with a 
mechanical gripper or by using wade trousers. The predominant terrestrial vegetation 
consists of alpine meadows and steppe grasses such as Kobresia, Stipa, Oxytropis or 
Artemisia. For each species, various individuals were collected to overcome the 
interspecies variability and get a more reliable signal. After collection, plants were 
cleaned of soil remains, sun-dried in the field as far as possible and stored in paper bags. 

3.3.1.6. Manure 

To better estimate the influence of pasture livestock, already sun-dried sheep and yak 
manure was collected in the field and stored in paper bags.  

3.3.2  Sample Analysis 

All samples were transported to the MPI-BGC in Jena, preprocessed and measured as 
described. 

3.3.2.1 Water δD and δ18O values 

Leaf, root and soil water extraction was conducted at the Paul Scherrer Institute in 
Villingen, Switzerland. The extraction was performed using a cryogenic distillation 
under vacuum of 0.03 mbar (Ehleringer et al., 2000). In this extraction line, samples 
were heated to 80 °C and the evaporated water was collected in U-shaped glass tubes, 
which were submerged in liquid nitrogen.  

Water δD and δ18O values of the extracted water as well as water samples from Tangra 
Yumco and Taro Co were analyzed using an adapted high-temperature elemental 
analyzer (TC/EA) coupled online with an isotope ratio mass spectrometer (IRMS, 
Delta+ XL) (both Thermo Fisher Scientific, Bremen, Germany) (Gehre et al., 2004). The 
average standard deviation was 0.26 ‰ for δD and 0.05 ‰ for δ18O (n = 200). Water 
samples from the other lakes were measured with a Cavity Ring-Down Spectrometry 
(CRDS) analyzer (L1102-i, Picarro, Sunnyvale, CA, USA) (Brand et al., 2009). The 
average standard was 0.45 ‰ for δD and 0.06 ‰ for δ18O (n = 88). 

3.3.2.2 n-Alkane identification and quantification 

Dried soil, plant, manure, filter and sediment samples were extracted using an 
accelerated solvent extractor (ASE-200, Dionex Corp., Sunnyvale, USA) with a 
dichloromethane/methanol mixture (9:1) at 100 °C and 2000 psi for 15 min in 2 cycles. 
Depending on the amount of organic carbon in the sample, 1-7 g of sample was used for 
extraction. The total lipid extract was separated into 3 fractions (aliphatics, aromatics 
and other compounds) by solid phase extraction on silica gel following the method 
explained by Sachse et al. (2006). n-Alkanes were eluted with hexane. Identification 
and quantification of alkanes was performed by comparison to an external n-alkane 
standard mixture (n-C15 to n-C31) using a gas chromatography with flame ionization 
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detection (TRACE-GC 2000; CE Instruments, Thermo Quest, Rodano, Italy). 
Components were separated with a DB1ms column (30 m, 0.25 mm ID, 0.25 µm film 
thickness, Agilent Technologies, Santa Clara, USA) at a constant helium carrier gas 
flow of 2 ml min-1. The PTV injector was operated in splitless mode at an initial 
temperature of 45 °C and is heated up to 300 °C. The GC oven was maintained for 
1 min at 90 °C, raised at 10 °C min-1 to 300 °C (held for 9 min) and finally heated at 
30 °C min-1 to 335 °C (held for 3 min). 

3.3.2.3 δD values of sedimentary n-alkanes 

Hydrogen isotopes of individual n-alkanes were determined using a coupled GC - IRMS 
system (GC: HP5890, Agilent Technologies, Palo Alto USA; IRMS: Delta+ XL, 
Thermo Fisher Scientific, Bremen, Germany). The GC was equipped with a DB1ms 
column (50 m, 0.32 mm ID, 0.52 µm film thickness, Agilent). The injector was operated 
at 280 °C in splitless mode. The oven was held for 2 min at 60 °C and then heated at 
6 °C min-1 to 320 °C (held for 10 min). The column flow was constant at 1.7 ml min-1. 
To detect possible co-elution of n-alkanes with other components, 5 % of the samples 
were transferred to an ion trap mass spectrometer (GCQ ThermoElectron, San Jose, 
USA). All δD values were normalized to the Vienna Standard Mean Ocean Water (V-
SMOW) scale using a standard mixture of alkanes (n-C12 to n-C31). The δD values of 
each n-alkane in the standard mixture were calibrated against international reference 
substances (NBS-22, IAEA-OH22) using the offline TC/EA technique (Gehre et al., 
2004). Each sample was measured at least in triplicate. To ensure the accuracy of the 
measurements the standard mixture was analyzed after a maximum of 3 samples (9 GC 
runs). If necessary, a drift correction was applied to the δD values of the samples. The 
results are reported as conventional delta notation in per mil relative to the V-SMOW.  

Because many of the Tibetan sediment samples contain only low amounts of n-alkanes, 
the samples were reduced up to 20 µl before injection of 1 µl for δD measurements. 
Moreover, only peaks with amplitude over 50 mV were used for evaluation, which is 
the threshold for our GC - IRMS system based on serial dilution tests (R. Witt, personal 
communication). For calculation of the δD values, ISODAT NT 2.0 (Thermo Fisher 
Scientific, Bremen, Germany) was used to apply individual background correction. The 
precision of measurement expressed as standard deviation of replicate measurements for 
all peaks in the standard mixture was 3.8 ‰ for the first measurement period 2010, 
3.9 ‰ for the second measurement period 2011 and 4.3 ‰ for the third measurement 
period 2012. The H3

+ factor attesting stable ion source conditions was determined once 
a day with pulses of increasing reference gas amount and stayed constant at 7.2 
(SD = 0.2 for 2010), at 16.5 (SD = 0.5 for 2011) and at 9.7 (SD = 0.3 for 2012). 

The hydrogen isotope fractionation (ε) between the δD values of n-alkanes and those of 
their source waters was calculated using equation (3.1). 

3.1  εalkane/water	 	1000	 δDalkane	 	1000 	/	 δDwater	 	1000 	–	1 	
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3.4 Results 

3.4.1  Water δD and δ18O values  

Source water δD values are the fundamental basis for reliable interpretation of the 
hydrogen isotope of n-alkanes and their hydrological origin. To determine differences in 
the water source, we measured the δD and δ18O values of lake, surface, meteoric, 
ground, leaf, root, and soil water at each study site. Because the isotope composition of 
the different water sources varies throughout the year (Tian et al., 2003, 2007; Sachse et 
al., 2009), our measured values rather represent a late summer signal (August-
September). Due to the availability of precipitation, we could only measure the meteoric 
water in two study areas and further regarded the interpolated dataset from the Online 
Isotope Precipitation Calculator (OIPC; Bowen, 2012). The calculated meteoric water 
for the summer months in the study areas is -88 ± 17.8 ‰ for δD and -13 ± 2.2 ‰ for 
δ18O, while the measured meteoric water is more depleted with a mean value of about     
-144 ± 25.6 ‰ for δD and -19 ± 2.8 ‰ for δ18O (Table 3.3).  

Table 3.3: Isotope signal of catchment waters (δDLW – lake water, δDSW surface water, δDLeaf 
– leaf water, δDRoot – root water, δDSoil – soil water, δDMW – meteoric water (δDMW-

OIPC from Bowen, 2012)). 

 

The meteoric relationship for 18O and 2H in measured precipitation is comparable to the 
ground water and the local meteoric water line (LMWL), which also resembles the 
Tibetan river water line (TRWL) (Fig. 3.2). All their intercepts are close to 8, while the 
regression lines for the surface, soil and root water have lower slopes of about 7. In the 
mean, soil and root water δD values are slightly enriched with up to 16 ‰ for δD and up 
to 6 ‰ for δ18O with a tendency to less enriched values with increasing longitude. The 
difference between both datasets is just 5 ‰ for δD and 2 ‰ for δ18O (Table 3.3). 
Compared to the measured meteoric water, the lake water is enriched up to 84 ‰ for 
hydrogen and up to 14 ‰ for oxygen, while the leaf water is enriched up to 68 ‰ for 
hydrogen and up to 20 ‰ for oxygen (Table 3.3). There is a very good agreement 
between our measurements and the Tibetan lake water line (TLWL) (Fig. 3.2). Along 
the transect, lakes in the western part of the Tibetan Plateau are more enriched in 

Site code Name δDLW SD δDSW SD δDMW SD δDMW-OIPC
a

SDb δDLeaf SD δDRoot SD δDSoil SD

(‰) (‰) (‰) (‰) (‰) (‰) (‰)

NC Nam Co -74.13 11.55 -123.90 17.98 -118.06c 58.88c -117.00 22.46 n.a. n.a. n.a. n.a. n.a. n.a.
TRC Tangra Yumco -77.09 2.08 -141.61 4.65 -169.19 6.81 -102.67 15.54 -86.47 12.09 -120.55 27.64 -137.41 12.64
TC Taro Co -70.02 3.18 -123.70 28.21 n.a. n.a. -89.33 11.12 -106.32 0.95 -144.92 2.20 -144.37 0.54
KYC Kunggyu Co -62.24 5.64 -158.55 4.14 n.a. n.a. -88.33 11.73 -141.27 4.30 -191.56 8.97 -194.27 18.76
LMC Lungmu Co -17.87 3.36 -64.91 4.81 n.a. n.a. -67.33 4.92 -43.24 2.73 -107.23 17.60 -96.57 22.83
SXC Songmuxa Co -55.40 0.82 -63.49 n.a. n.a. n.a. -67.67 4.99 -2.18 1.16 -76.15 0.98 -92.69 16.85
MW -59.46 19.96 -112.69 36.26 -143.63 25.57 -88.72 17.77 -75.90 48.60 -128.08 38.73 -133.06 37.03

δ18OLW SD δ18OSW SD δ18OMW SD δ18OMW-OIPC
a

SDb δ18OLeaf SD δ18ORoot SD δ18OSoil SD

(‰) (‰) (‰) (‰) (‰) (‰) (‰)

NC Nam Co -7.51 2.01 -16.74 2.06 -16.30c 7.01c -16.47 3.06 n.a. n.a. n.a. n.a. n.a. n.a.
TRC Tangra Yumco -6.68 0.34 -18.97 0.87 -21.89 0.57 -14.67 2.02 -1.76 4.03 -11.24 4.96 -14.82 2.36
TC Taro Co -5.90 0.54 -15.57 5.17 n.a. n.a. -12.97 1.23 -8.21 0.00 -17.21 0.19 -18.79 0.09
KYC Kunggyu Co -4.68 1.00 -21.10 0.53 n.a. n.a. -12.97 1.27 -7.91 3.69 -22.05 1.95 -24.64 2.89
LMC Lungmu Co 1.17 0.56 -9.44 0.79 n.a. n.a. -10.30 0.14 7.74 2.08 -10.33 2.73 -9.74 3.08
SXC Songmuxa Co -6.90 0.09 -9.05 n.a. n.a. n.a. -10.40 0.14 14.03 3.26 -6.82 0.24 -11.40 0.90
MW -5.08 2.93 -15.15 4.52 -19.10 2.80 -12.96 2.19 0.78 8.80 -13.53 5.42 -15.88 5.37

n.a. = not available / not determined
SD = standard deviation between the measurements (n = 1 to 255)
LW = lake water, SW = surface water, MW = meteoric water
Leaf = leaf water, Root = root water, Soil = soil water
a - Data from Bowen (2012)
b - standard deviation between summer months
c - Data from Kang (personal communication)
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hydrogen and oxygen, especially the hypersaline Lungmu Co (Fig. 3.3). In the same 
line, the amount of precipitation, temperature as well as relative humidity is decreasing. 

 

 

Figure 3.2: Source water δ18O and δD values at sampled lake sites. The local meteoric water 
line (LMWL) is defined as δD = 8.14 x δ18O + 13.1 and calculated on the base of 
different studies (Araguás-Araguás et al., 1998; Tian et al., 2001a; Liu et al., 2008; 
Hren et al., 2009). The Tibetan river water line (TRWL) specified as 
δD = 8.5 x δ18O + 17.5 and the Tibetan lake water line (TLWL) with 
δD = 5.2 x δ18O – 38.9 display the distinct relationship of δ18O and δD at the 
Plateau for two different water sources (Yuan et al., 2011). 

3.4.2  Molecular distribution of biomass and sedimentary n-alkanes  

In general, highest concentrations of n-alkanes are measured in terrestrial plants with a 
maximal amount of 573 µg/g dry weight (d.w.) at Kunggyu Co (range for transect: 
143 – 573 µg/g d.w.). Terrestrial plants are dominated by odd-numbered, long-chain n-
alkanes, especially C27 (Fig. 3.4, left side). Topsoil and manure samples also reveal a 
predominance of long-chain n-alkanes, maximizing at C31. Lowest concentrations are 
measured in soil samples ranging from 1 to 5 µg/g d.w. Manure samples contain      
191 - 470 µg/g d.w. of n-alkanes. Aquatic plants show a high concentration of middle-
chain n-alkanes, especially C23. Filtered lake POM is composed of algae and bacteria 
and contains short- as well as middle-chain n-alkanes without a clear odd over even 
preference. Total amount of n-alkanes vary between 7 µg/g d.w. (in Nam Co and Taro 
Co) and 25 µg/g d.w. (in Kunggyu Co).  

In general, the n-alkane pattern in surface sediments is dominated by odd-numbered n-
alkanes and shows a mono- or bimodal distribution maximizing at n-C17, n-C21/23/25 or n-
C31 (Fig. 3.4, right side). The distribution and amount of n-alkanes varies strongly 
between the lakes. Lungmu Co and Songmuxa Co are characterized by a lower amount 
of n-alkanes, while the other lakes have higher amounts of n-alkanes. 
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Figure 3.3: Variations in altitude, precipitation, temperature, relative humidity, 
evapotranspiration (after ETPHaude = k * es * (1 – F/100))  and water δD values 
(δDLW – lake water, δDSW – surface water, δDLeaf – leaf water, δDRoot – root water, 
δDSoil – soil water, δDMW – meteoric water (δDMW-OIPC from Bowen, 2012)) along 
the Tibetan Plateau transect during field work. 

  



Chapter 3  33 

 

 

Figure 3.4:  Relative abundance and distribution of n-alkanes in (I) surface sediments, (II) 
topsoils, (III) lake particulate organic matter (POM), (IV) aquatic plants, (V) 
terrestrial plants and (VI) manure. Concentration, distribution, HCtot (total 
concentration in ng/g), CPI (carbon preference index = ∑odd Cn / ∑even Cn) and 
ACL (average chain length = (∑ Cn * n) / ∑ Cn) of n-alkanes in lake sediments (Ia 
– If). Note that the scale of the y-axis (concentration in ng/g dry weight) for lake 
sediments is varying depending on the concentrations in the lakes. 
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All biomass and sediment concentrations are combined in the electronic Appendix 
(A3.1). Low concentrations of n-alkanes in some samples preclude the accurate 
measurement of hydrogen isotopes and exclude them from further discussion. 

3.4.3  δD values of sedimentary n-alkanes  

Only the most abundant alkanes in lake sediments, i.e. n-C17, n-C23, n-C29, n-C31 are 
qualified for isotope measurements. They are widely used as distinct proxies for surface 
and lake water δD values. In general, analyzed δD values of sedimentary n-alkanes C15 
to C31 range from -72 ‰ (n-C21 at Lungmu Co) to -346 ‰ (n-C21 at Songmuxa Co) 
(electronic Appendix A3.3). The mean δD values of n-C15 to n-C31 are more enriched in 
the north-western part of the Plateau with an offset of 65 ‰ (between Nam Co and 
Lungmu Co).  

Comparing δD values of odd n-alkanes with δD values of source waters, δD n-C23 is 
significantly correlated with the lake water (R² = 0.89, p < 0.01) (Table 3.4, Fig. 3.5a). 
There is also a significant correlation with the surface water (R² = 0.72, p = 0.03). 
However, the δD of n-C23 is stronger associated with the δD of lake water. Highest 
correlation for δD of n-alkanes and source waters is found for the long-chain C29 and 
C31 with the leaf, root, soil and surface water (Table 3.4, Fig. 3.5b). These source waters 
are also significantly correlated with each other (Table 3.4).  

 

Figure 3.5:  n-Alkane δD of (a) aquatic n-C23 and (b) terrestrial n-C29 vs. source water δD. The 
thick black line is the regression line and the thin grey lines show the 95 % 
confidence interval of the regression line. 

The δD of n-alkane C17 is not correlated with the lake water (R² = 0.11, p = 0.59) (Table 
3.4). Instead, δD n-C17 is correlated with the terrestrial source waters, but the correlation 
is not significant (R² = 0.86, p = 0.06). There is a significant correlation between δD n-
C17 and δD n-C29 (R² = 0.94, p = 0.02). Isotopically, n-C29 (-216 ± 13 ‰) is more 
depleted than n-C17 (-165 ± 39 ‰) still indicating their different water sources (Table 
3.5). 

Values for εC17/LW range from -66 to -178 ‰ showing the largest fluctuations, while 
εC23/LW is least variable with a mean value of -105 ± 24 ‰ (Table 3.5). The differences 
in the fractionation for aquatic n-alkanes are not significantly related to longitude, 
temperature or precipitation. 

 



 

 

 

Table 3.4:  Correlation matrix for δD values of odd n-alkanes (C17, C19, C21, C23, C25, C27, C29, C31), source waters (δDLW – lake water, δDSW surface water, 
δDLeaf – leaf water, δDRoot – root water, δDSoil – soil water, δDMW-OIPC – meteoric water (Bowen, 2012) and environmental parameters (MAT – mean 
annual temperature, MAP – mean annual precipitation, RH – relative humidity, salinity, Long – longitude, Lat – latitude, elevation). 

 

  

n -C17 n -C19 n -C21 n -C23 n -C25 n -C27 n -C29 n -C31 δDLW δDSW δDLeaf δDRoot δDSoil δDMW-OIPC MAT MAP RH Salinity Longitude Latitude Elevation

n -C17 1

n -C19 0.59 1

n -C21 -0.23 -0.02 1

n -C23 0.48 0.54 0.48 1

n -C25 0.80 0.49 -0.28 0.57 1

n -C27 -0.01 0.52 -0.19 0.38 0.46 1

n -C29 0.94* 0.52 -0.27 0.52 0.95** 0.22 1

n -C31 0.61 -0.12 -0.05 0.51 0.69 -0.12 0.71 1

δDLW 0.33 0.63 0.61 0.94** 0.32 0.34 0.29 0.24 1

δDSW 0.86 0.60 0.04 0.85* 0.78 0.24 0.81* 0.71 0.71 1

δDLeaf 0.85 0.98* -0.22 0.70 0.99** 0.37 0.97* 0.97* 0.48 0.96* 1

δDRoot 0.92 0.98* -0.22 0.65 0.97* 0.22 1.00** 0.99* 0.43 0.97* 0.99* 1

δDSoil 0.91 0.99** 0.00 0.76 0.92 0.12 0.96* 1.00** 0.58 0.99** 0.95* 0.97* 1

δDMW-OIPC 0.45 0.98** 0.02 0.46 0.25 0.46 0.30 -0.26 0.60 0.48 0.96* 0.96* 0.99** 1
MAT -0.85 -0.32 -0.03 -0.71 -0.85* -0.04 -0.90* -0.89* -0.49 -0.91* -0.94 -0.97* -1.00** -0.15 1
MAP -0.37 -0.92* -0.07 -0.67 -0.25 -0.51 -0.21 0.00 -0.77 -0.63 -0.72 -0.61 -0.60 0.81* 0.25 1
RH -0.75 -0.79 -0.02 -0.85 -0.83 -0.82 -0.88 -0.39 -0.78 -0.94* -0.95 -0.93 -1.00** -0.72 0.92* 0.88 1

Salinity 0.20 0.41 0.83* 0.87* 0.22 0.15 0.21 0.23 0.92** 0.55 0.29 0.27 0.46 0.38 -0.45 -0.46 -0.54 1

Longitude -0.36 -0.96* -0.04 -0.57 -0.30 -0.62 -0.27 0.20 -0.69 -0.53 -0.75 -0.64 -0.63 0.96** 0.16 0.91* 0.87 -0.43 1

Latitude 0.70 0.72 0.07 0.90** 0.76 0.52 0.72 0.53 0.81* 0.95** 0.94 0.89 0.90 0.61 -0.77 -0.77 -0.99** 0.61 -0.71 1

Elevation 0.40 0.57 0.04 0.83* 0.56 0.62 0.43 0.42 0.77 0.79 0.78 0.67 0.66 0.50 -0.54 -0.85* -0.92* 0.50 -0.68 0.91* 1

p* < 0.05 (t-test)
p** < 0.01 (t-test)

C
hapter 3 
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In general, the isotope fractionation between aquatic n-alkanes and lake water is about -
110 ± 32 ‰ which is slightly enriched than in other studies averaging at -160 ‰ 
(Sessions et al., 1999; Sauer et al., 2001; Sachse et al., 2006). For terrestrial n-alkanes 
and surface water, the mean isotope net fractionation is similar to the aquatic one with -
107 ± 28 ‰. Largest fractionations are observed for εalkane/leaf (-145 ± 36 ‰). To the 
western part of the Tibetan Plateau the fractionation for terrestrial n-alkanes is 
decreasing (Table 3.5). Similar to the findings of Aichner et al. (2010c), there is the 
tendency to enriched fractionation factors for n-alkanes with decreasing precipitation, 
temperature and relative humidity along the transect (electronic Appendix A3.4). This 
relationship is especially obvious for the terrestrial n-alkane C29, while the aquatic n-
alkane C23 seems to be additionally influenced by salinity. 

Table 3.5:  δD values of n-alkanes C17, C23, C29 and C31, standard deviation (SD) and 
fractionation ε between alkanes and source water (LW – lake water, SW – surface 
water, Leaf – leaf water, Soil – soil water). 

 

3.5 Discussion 

3.5.1 Biological sources for sedimentary n-alkanes 

The molecular distribution of n-alkanes in aquatic and terrestrial samples is reflective of 
previous studies (Mügler et al., 2008; Aichner et al., 2010a; Duan and Xu, 2012). 
Concerning the biomass sources of sedimentary organic matter, the n-alkanes C17, C23 
represent an aquatic signal produced by aquatic plants and lake POM, while the n-
alkanes C29, C31 are derived from terrestrial sources or emergent macrophytes. 
Terrestrial and aquatic plants are the most important terrestrial source for sedimentary 
n-alkanes. The contribution of soils is low, because soils at the Tibetan Plateau are just 
poorly developed. As did Pu et al. (2011), no change of the n-alkane distribution 
between grass samples and manure through the grazing and digestion of herbivores was 
detected. Accordingly, enhanced grazing is not influencing the n-alkane patterns in the 
study areas. The sediment samples scatter between aquatic and terrestrial sources 
depending on the major input type (Appendix A3.2). Terrestrial material is a larger 
source for sedimentary organic matter than aquatic substance, especially for Lungmu 
Co and Nam Co.  

Surface sediments can be combined in three major groups by hierarchical cluster 
analysis performed with SPSS using Ward’s algorithm (Ward, 1963) as linkage rule and 
the squared Euclidean distance as distance measure (Everitt et al., 2001) (Fig. 3.4). 
Lungmu Co and Songmuxa Co are summarized in type I sediments. Both lakes with a 
low amount of n-alkanes were formerly united to one deep, single lake disconnected 
only at 5.5 ka BP (Fontes et al., 1993). Nowadays, Lungmu Co as a hypersaline lake 

Site code n -C17 SD n -C23 SD n -C29 SD n -C31 SD ƐC17/LW ƐC23/LW ƐC29/SW ƐC29/Leaf ƐC29/Soil ƐC31/SW ƐC31/Leaf ƐC31/Soil

NC -186 3 -173 6 -221 13 -189 14 -121 -107 -111 -75
TRC -184 8 -211 9 -205 11 -116 -81 -74
TC -146 2 -192 5 -219 7 -208 5 -81 -131 -109 -126 -87 -96 -114 -74
KYC -229 2 -182 3 -239 10 -220 4 -178 -128 -95 -114 -55 -74 -92 -32
LMC -146 6 -80 7 -209 5 -195 3 -130 -63 -154 -173 -125 -139 -158 -109
SXC -118 8 -135 12 -196 11 -192 8 -66 -84 -142 -195 -114 -137 -190 -109
Mean -165 -158 -216 -201 -115 -105 -115 -152 -95 -99 -138 -81
SD 39 39 13 11 39 24 25 33 27 29 38 31
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with diminished oxygen supply hinders bioproductivity in the lake. Main contribution to 
the sediments is derived from terrestrial surroundings indicated by high amounts of n-
C31 (Fig. 3.4). Songmuxa Co as a small freshwater lake provides better conditions for 
enhanced bioproductivity resulting in a high amount of n-C17, mainly produced by 
submerged aquatic plants and lake POM. However, there is also a high input of 
terrestrial material into the lake system. 

Nam Co and Kunggyu Co are merged in a second group. Sediments of type II are 
characterized by a higher amount of n-alkanes originating from aquatic as well as 
terrestrial sources. Nam Co shows a bi-modal distribution maximizing at n-C23/25 and    
n-C31. The aquatic n-alkanes in Kunggyu Co are dominated by n-C17. In type III the 
middle-chain n-alkane C21 is most abundant in the surface sediments of Taro Co and 
Tangra Yumco characterizing a high aquatic bioproductivity. 

3.5.2 Hydrogen source for biosynthesis 

The hydrogen for biosynthesis is derived from different source waters at the Plateau. In 
our transect study, the δD of n-C23 correlates with lake as well as surface water because 
the submerged macrophytes are still strongly influenced by inflow waters. The δD of n-
C23, which is the main component in submerged macrophytes, is averaging at                 
-158 ± 39 ‰ (Table 3.5). In contrast, mean δD values of collected submerged 
macrophytes at Nam Co of about -243 ± 61 ‰ show a strong depletion compared to 
sedimentary δD values of n-C23. This difference can be attributed to the sampling. The 
macrophytes at Nam Co were collected near the shoreline which was mainly influenced 
by inflow water. The sampled macrophytes rather reflect the inflow signal than the lake 
signal. In a previous study, macrophytes collected at different positions at the Nam Co 
show more enriched and reliable values of -151 ± 34 ‰ for n-C23 (Mügler et al., 2008). 

The correlation between δD n-C17 and δD n-C29 is caused by the relative small number 
of samples for statistical analysis. At Tangra Yumco, the amount of short-chain n-
alkanes was too low for precise isotope measurements. In Kunggyu Co, δD values of n-
C17 and n-C29 are strongly depleted. The source water at this lake is more depleted due 
to Rayleigh fractionation during moisture transport along the Tibetan Plateau. This 
pattern generates a relationship between both δD values. Based on the isotope signals, 
the δD of n-C17 reflect δD values of the enriched lake POM averaging at -143 ± 28 ‰ 
and the δD of n-C29 resemble δD values of the terrestrial plants averaging at                   
-204 ± 63 ‰. In the main, long-chain alkanes of terrestrial origin use the isotopically 
lighter meteoric and surface water as primary hydrogen source for biosynthesis. In 
contrast, short- and middle-chain n-alkanes of aquatic origin use the lake water as 
ambient hydrogen which is isotopically heavier due to evaporative loss (Mügler et al., 
2008). This connection is also obvious in the sedimentary δD values which are more 
depleted with increasing chain length. 

Major influencing factors on source water δD are temperature, evaporation, moisture 
sources, precipitation amount and processes. On the Tibetan Plateau, there is a distinct 
gradient for temperature, precipitation amount and evaporation decreasing to the north-
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western parts. The major precipitation is delivered by the Indian Monsoon, which 
weakens across the Plateau. In our study, δD of precipitation on the Tibetan Plateau 
increases to the western part due to the drier climate and weaker monsoon influence 
(Tian et al., 2007). Precipitation by the Indian Monsoon is transported from the Indian 
Ocean along the Brahmaputra valley to the south-eastern Tibetan Plateau (Tian et al., 
2001a) and along major river valleys directly through the Himalaya (Tian et al., 2007; 
Hren et al., 2009). The western part of the Plateau is additionally influenced by 
isotopically enriched Westerlies and recycled continental moisture. The interpolated 
OIPC values along our transect show a slight tendency to enriched values to the western 
part of the Tibetan Plateau. In general, it is better to revert to real measurements, e.g. the 
Global Network of isotopes in Precipitation, GNIP (IAEA/WMO, 2012). Unfortunately, 
the database on the Plateau is very scarce, especially in the western part. 

As expected, the Tibetan lakes are characterized by evaporation caused isotope 
enrichment, especially in the dry western regions. In the arid parts of the Plateau, lake 
water δD values are strongly enriched (with up to 77 ‰) in comparison to meteoric 
water δD values. With decreasing relative humidity the leaf, soil and root water δD 
values are getting more enriched, too. Over the Plateau, there is no significant change 
between soil and root water δD (p = 0.72 by Wilcoxon’s test). This agreement displays 
that the water uptake through the roots involves no fractionation (Dawson and 
Ehleringer, 1993). The alpine shrubs and grasses on the water-limited Tibetan Plateau, 
which are characterized by root depths up to maximal 0.50 m (Luo et al., 2005), mainly 
use the meteoric, surface and soil water as water source (meteoric water: R² = 0.96, 
p < 0.05; surface water: R² = 0.97, p < 0.05; soil water: R² = 0.97, p < 0.05) (Table 3.4). 

3.5.3  Isotopic signature of aquatic and terrestrial n-alkanes on the E-W transect 

The observed isotopic difference between source water and sedimentary n-alkanes in 
the arid Tibetan lakes is the very reverse of humid lake systems, in which terrestrial n-
alkanes are more enriched than aquatic ones (Sachse et al., 2004; Mügler et al., 2008). 
Due to exceptional solar irradiance, the lake water at the Tibetan Plateau undergoes 
strong evaporation-induced isotopic enrichment. Consequently, aquatic organisms using 
the lake water as hydrogen source for biosynthesis are highly enriched in deuterium by 
about 60 ‰ in comparison to terrestrial n-alkanes (Fig. 3.6). Terrestrial organisms using 
the meteoric, soil and surface water for biosynthesis are influenced by evaporation of 
the soils as well as evapotranspiration of the leaves (Chikaraishi and Naraoka, 2003; 
Sachse et al., 2004; Sessions, 2006). Growth chamber experiments suggest that the 
enrichment of leaf water is controlled by evaporation from soil and stem surface and 
less by evapotranspiration from leaves (Hou et al., 2008; McInerney et al., 2011). 
However, the fractionation strongly depends on leaf transpiration in ecosystems like the 
arid Tibetan Plateau (Feakins and Sessions, 2010; Polissar and Freeman, 2010). We 
measured a mean isotopic enrichment of 11 ‰ caused by evaporation from soil and an 
enrichment of about 52 ‰ caused by transpiration from leaves (Fig. 3.6). As 
anticipated, evapotranspiration from leaves exceeds evaporation from soils in the 
Tibetan Plateau. This result further supports the assumption that leaf waxes are 
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continuously renewed over the growing season retaining the transpiration signal 
(Sessions, 2006; Sachse et al., 2009).  

 

Figure 3.6:  Isotopic difference between source water and sedimentary aquatic and terrestrial n-
alkanes in Tibetan lake systems. Isotope values represent the arithmetic average of 
measured δD values in the presented E-W transect on the Tibetan Plateau. 

In our transect study, isotopic effects of lake water evaporation and evapotranspiration 
in the terrestrial system are comparable. In the aquatic system, the isotopic difference 
between source water and lake water is about 85 ‰ and the measured meteoric water 
and leaf water differ with about 68 ‰ in the terrestrial system (Fig. 3.6). In the aquatic 
system, the hydrogen isotopes of short- and middle-chain n-alkanes are not only 
controlled by lake water δD and evaporation-induced enrichment, but salinity could be 
an important influencing factor (Table 3.4). Lungmu Co show exceptionally increased 
lake and aquatic n-alkane δD values with an enrichment up to 93 ‰. Source water δD 
alterations connected to increased evaporation can explain 50 % of this enrichment. The 
remaining enrichment may be partly explained by salinity which caused a reduced 
uptake of the extracellular lake water and an increased use of enriched metabolic water 
for biosynthesis (Sachse and Sachs, 2008). With Lungmu Co as a hypersaline lake, we 
assume the aquatic n-alkanes can be accessorily enriched due to increasing salinity in 
addition to the evaporation-induced isotopic enrichment. The combination of both 
factors, salinity as well as evaporation, lead to the strongly enriched aquatic n-alkanes in 
Lungmu Co. Sachse and Sachs (2008) discovered a factor of 0.8-1.1 ‰ for every 1 unit 
increase in salinity for ponds on Christmas Island. In Tibet, we calculated a smaller 
factor of 0.43 ‰ per salinity unit. This value must be carefully considered and should 
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be more regarded as a tendency in comparison to the other studies, because our 
investigation only includes one hypersaline lake. The smaller factor can be explained by 
the fact that the Plateau as a colder study area shows lower deuterium enrichment in 
lake as well as in aquatic n-alkane δD values. Besides, the most important 
environmental factors on the isotopic signature in Tibet seem to be evapotranspiration 
processes. 

In a European transect, the biosynthetic fractionation adds up to -157 ± 13 ‰ for 
εC17/MW and to -128 ± 12 ‰ for εC29/MW (Sachse et al., 2004). Mügler et al. (2008) 
summarize several previous studies and finally result in a mean biosynthetic 
fractionation of -133 ± 16 ‰ for terrestrial plants and -145 ± 14 ‰ for aquatic plants. In 
semi-arid to arid environments, the net fractionation between source water and 
terrestrial leaf waxes is around -90 ‰ (Feakins and Sessions, 2010). Our E-W transect 
result for εC29/Leaf, with up to -152 ± 33 ‰ in the mean (Table 3.5), goes with the 
published values. The smaller εC23/LW with -105 ± 24 ‰ is caused by the balanced lake 
water evaporation and terrestrial evapotranspiration and the resulting increased 
enrichment of the aquatic n-alkanes in the arid environment of the Tibetan Plateau. 

3.5.4 Hydrogen isotope variability on the Tibetan Plateau 

Based on the n-alkane distribution and hydrogen isotopes in our study, n-C23 can be 
identified as an aquatic marker and n-C29 can be used as a terrestrial proxy. To point up 
the hydrogen isotope variability of the n-alkanes C17, C23, C29, and C31 on the Tibetan 
Plateau available datasets from other studies (Aichner et al., 2010c; Duan et al., 2011; 
Mügler et al., 2008; Xia et al., 2008), mainly located on a north-south transect 
(Fig. 3.1), are added to our data.  

δD of n-C17  

The hydrogen isotope variability of n-C17 is barely analyzed on the Plateau. Most 
studies focus on middle and long-chain n-alkane δD values, because of their higher 
abundances compared to short-chain n-alkanes. At the present time, n-C17 production by 
algae and cyanobacteria is very low due to the low amount of nutrients in most of the 
Tibetan lakes. Therefore, we cannot add further data and the analysis of the δD values 
of n-C17 for the Tibetan Plateau is limited to our transect study.  

δD of n-C23 as proxy for lake water 

The δD values of n-C23 from the present study are in line with values from Nam Co by 
Mügler et al. (2008). Qinghai lake shows a larger deviation, mainly caused by the 
stronger enriched lake water due to the larger water surface (Duan et al., 2011, 
Fig. 3.7a). In other studies, the isotope composition of the lake water was not measured. 
In general, the most enriched values are recorded in Lungmu Co (-80 ± 7 ‰) at the arid 
western Tibet and the most depleted at the south-eastern edge of the Tibetan Plateau      
(-245 ± 1 ‰) (Aichner et al., 2010c) following the pattern of precipitation amount and 
water source. Based on the measured δD values of n-C23 at the Tibetan Plateau, the 
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isotope signal of the original lake water can be reconstructed following equation (3.2) 
(Fig. 3.7a). 

(3.2) δD n-C23 = 1.89 δDLW – 46.34 (R² = 0.94, p < 0.001) 

In the mean, the net isotope fractionation between δD of aquatic n-C23 and δD of lake 
water is -116 ± 28 ‰ and rather constant across the Plateau. Compared to humid 
regions (Sachse et al., 2004; Huang et al., 2004; Rao et al., 2009) the fractionation 
values on the Plateau are smaller due to lower amount of precipitation and increased 
lake water evaporation.  

 

Figure 3.7:  n-Alkane δD of (a) aquatic n-C23 and (b) terrestrial n-C29 vs. source water δD for 
Tibetan study areas. The δD of lake water for Qinghai is from (Duan and Xu, 
2012). The thick line is the regression line and the thin lines show the 95 % 
confidence interval of the regression line. 

δD of n-C29 and n-C31 as proxy for surface water 

Previous surface studies on the Plateau already prove the connection between long-
chain n-alkanes and the precipitation signal, especially the Monsoon precipitation in the 
summer months (Xia et al., 2008; Aichner et al., 2010c). In our study, δD values of the 
terrestrial n-alkanes C29 and C31 are also significantly correlated with the surface water 
δD (Table 3.4, Fig. 3.7b). Accordingly, the measured δD values of n-C29 can be used to 
calculate the former isotope signal of the surface water using equation (3.3) (Fig. 3.7b). 

(3.3) δD n-C29 = 0.70 δDSW – 129.18 (R² = 0.66, p < 0.005) 

In the mean, the net fractionation between δD of terrestrial n-alkane and surface water 
on the Plateau adds up to -115 ± 25 ‰ for n-C29 and -99 ± 29 ‰ for n-C31 (Table 3.5). 
These are smaller fractionation values than reported for humid study areas in Europe, 
North America and eastern China (Sachse et al., 2004; Huang et al., 2004; Rao et al., 
2009). The smaller values can be attributed to higher leaf and soil water 
evapotranspiration (Smith and Freeman, 2006; Aichner et al., 2010c). Towards the 
northern part of Tibet, terrestrial n-alkanes are more enriched with up to 100 ‰, which 
is related to the relative humidity (R² = 0.89, p < 0.05). Similar changes in the 
fractionations factors caused by variations in relative humidity are reported in eastern 
China (Rao et al., 2009).  
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C23-C29 proxy for effective moisture 

In a humid lake system with a positive water balance the δD of terrestrial n-alkanes are 
more enriched than aquatic n-alkanes due to evapotranspirative enrichment (Sachse et 
al., 2004). In arid systems where evaporation exceeds precipitation, the additional 
enrichment of lake water results in strongly enriched aquatic n-alkanes. At Nam Co and 
Co Jiana in southern Tibet, the δD of n-C23 are enriched by 68 ‰ in comparison to the 
δD of n-C29 (Mügler et al., 2008). In contrast, recent sediments and a short core from 
Lake Qinghai in the north-eastern part of the Plateau show in average a depletion of 
11 ‰ and 19 ‰ for n-C23 vs. n-C29 (Duan et al., 2011). In a previous transect study 
covering the south-eastern and north-eastern part of the Plateau, δD n-C23 vs. δD n-C31 
was balanced at most study sites (Aichner et al., 2010c).  

In lake sediments of the E-W transect, the aquatic n-C23 is enriched in the mean by 
58 ‰ vs. terrestrial lipids. The largest difference between n-C23 and n-C29 occurs at 
Lungmu Co with 119 ‰. As n-C23 and n-C29 are ascribable to different water source 
and the lake evaporation and leaf evapotranspiration are balanced, the difference 
between the δD of n-C23 and n-C29 can be used as a proxy to reflect changes in effective 
moisture (precipitation - evaporation) and accordingly relative humidity of the lake 
systems. At the Tibetan Plateau, there is a general tendency for the C23-C29 proxy, 
which is in concert with environmental data, announcing low relative humidity attended 
by a high evaporation and low precipitation in the western part of the Plateau (Figs. 3.3 
and 3.8a). Lakes located in the western regions are characterized by high aridity indices 
(r of 15 and 17 for Songmuxa Co and Lungmu Co, respectively), high evaporation rates 
(ETPHaude over 1000 mm/yr) and higher ΔδDC23-C29 values. The precipitation amount is 
the most influencing factor for the C23-C29 proxy (R² = -0.68, p = 0.02) (Fig. 3.8b). In 
areas with less than 350 mm of mean annual precipitation the C23-C29 values are getting 
more enriched based on strongly enriched n-C23, while in more humid areas the isotopic 
differences between n-C23 and n-C29 are less pronounced. Another factor describing the 
available moisture in a lake system is the evaporation inflow (E/I) ratio. The model used 
to compute E/I ratios for the different study areas is described in the electronic 
Appendix (A3.5). Calculated E/I values increase towards the western part of the 
Plateau. E/I ratios above 1 (at Kunggyu Co, Lungmu Co and Songmuxa Co) are related 
to evaporation at the lake surface as well as in the catchment area and can further be 
ascribed to already enriched inflow waters. As expected, the E/I ratios significantly 
correlate with the ΔδDC23-C29 values indicating the explanatory power of the C23-C29 
proxy (Fig. 3.8c). 

The investigated Tibetan transect is characterized by less distinctive temperature 
changes, whereby the available water amount is the most limiting factor in this arid 
region. When the sources for the individual alkanes are clearly determinable, C23-C29 is 
a promising proxy to estimate the available water amount, especially in areas with less 
than 350 mm mean annual precipitation. In shallower lakes with high macrophyte 
productivity and low terrestrial input, where n-C29 might contain a significant 
proportional contribution from submerged macrophytes (Aichner et al., 2010a), the 
long-chain n-C31 would be a more reliable proxy. 
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Figure 3.8:  Changes of ∆δDC23-C29 proxy across the Tibetan Plateau as a function of (a) 
longitude, (b) mean annual precipitation and (c) in comparison to evaporation to 
inflow (E/I) ratios. Data from present study; Aichner et al., 2010c; Duan et al., 
2011 and Mügler et al., 2008. Grey area in (b) marks the precipitation amount until 
350 mm. The thick line is the regression line and the thin lines show the 95 % 
confidence interval of the regression line. 

To test its applicability in future paleoclimate studies, the C23-C29 proxy should be 
further applied to downcore data. It needs to be evaluated whether local moisture 
changes lead to a significant change of the signal throughout a sedimentary record. 

3.5.5  Outlook on a global view 

To test the significance of the n-alkane proxies, we also compared our results from the 
Tibetan Plateau with already published data from America (Polissar and Freeman, 
2010), Europe (Sachse et al., 2004) and Cameroon (Garcin et al., 2012). On the global 
view, the δD of the aquatic n-C23 is significantly correlated with the δD of lake water 
(Fig. 3.9a). The Tibetan samples show the highest enrichment caused by high solar 
irradiance in the arid regions. Nevertheless care is demanded, because n-C23 can also be 
produced by terrestrial trees in some environments, for example Betula in Scandinavia 
(Sachse et al., 2006). Under consideration of all available data, the correlation between 
δD of the terrestrial n-C29 and the surface water stays significant, too (Fig. 3.9b).  

 

Figure 3.9: n-Alkane δD of (a) aquatic n-C23 vs. lake water δD and of (b) terrestrial n-C29 vs. 
surface water δD on the global scale in comparison with studies from America 
(Polissar and Freeman, 2010), Cameroon (Garcin et al., 2012)  and Europe (Sachse 
et al., 2004). Tibetan data from present study; Aichner et al., 2010c; Duan et al., 
2011; Mügler et al., 2008 and Xia et al., 2008. The thick line is the regression line 
and the thin lines show the 95 % confidence interval of the regression line. 
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δD of n-C23 as well as n-C29 seems to be very compelling proxies, which can be adopted 
to different study areas. The explanatory power of δD of the terrestrial n-C31 remains 
difficult. Adding all available data, a significant correlation to the δD of surface water 
as well as to the δD of lake water is detectable. In Tibet, this proxy is strongly related to 
the surface water (R2 = 0.67, p = 0.002). With R2 = 0.52 (p = 0.05) the correlation to the 
δD of lake water is less distinctive. 

In Europe and America, there is a strong relationship to both - the lake and the surface 
water (Europe: R2 = 0.92, p = 0.02 for the lake water; R2 = 0.94, p = 0.016 for the 
meteoric water; America: R2 = 0.82, p < 0.001 for the lake water; R2 = 0.81, p < 0.001 
for the surface water) (Sachse et al., 2004; Polissar and Freeman, 2010). Only in 
Cameroon the correlation to the δD of lake water is prevailing after removing the 
human influenced sites (R2 = 0.84, p < 0.001) (Garcin et al., 2012). The plants 
producing n-C31 seem to use different water sources. In Cameroon, terrestrial plants 
transported to and deposited in the lake use more evaporated waters, maybe the lake 
water at the shoreline itself. The contemporaneous correlation to lake and surface water 
endorse the assumption that enriched leaf and/or lake water is used as water source for 
building up of n-C31. Because the source water for n-C31 cannot be properly assigned, 
the use of δD of n-C23 and n-C29 for the proxy is further corroborated.  

Unfortunately, due to missing or not published data in the American (no MAP), 
European (missing δD of n-C23 in most lake areas, only four values are available) and 
Cameroon (no δD of n-C23) study the database for analysis remains insufficient. At 
present, no reliable conclusion can be drawn for the use of the ∆δDC23-C29 proxy on the 
global scale.  

3.6 Conclusion 

The results from our transect study covering an aridity gradient at the Tibetan Plateau 
display the dependency of the hydrogen isotope values on environmental factors such as 
temperature, moisture source, precipitation amount, relative humidity and salinity. The 
hydrogen isotope variability can be used to retrace moisture sources as the Indian 
Monsoon delivers highly depleted precipitation, but the Westerlies and convective 
precipitation are more enriched. The decreasing precipitation amount and accordingly 
decreasing relative humidity is displayed in enriched δD values in the north-western 
part of the Tibetan Plateau. The fractionation between source water and alkane δD 
values in high salinity lakes in western Tibet is further enhanced by a factor of 0.43 ‰ 
per salinity unit. 

The analysis and identification of specific n-alkane sources is a necessary basis for 
reliable δD analysis and correct source water determination. At the Tibetan Plateau, the 
middle-chain alkane n-C23 is produced by submerged macrophytes and can be used as a 
proxy for lake water. The long-chain n-C29 is produced by steppe grasses and is a good 
proxy for the meteoric water. Evaporative enrichment in the aquatic system accounts for 
85 ‰ and evapotranspirational effects in the terrestrial side add up to 68 ‰. The 
isotopic difference between n-C23 and n-C29 has the potential to reflect the basic 
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hydrological state of a lake system. Further studies on downcore data are needed to test 
if local hydrological changes are sufficient to be tracked by this proxy. Finally, the 
comparison of American, European, Cameroon and Tibetan data again approve the 
connection between the δD of n-alkanes with the source water and show the potential 
use of the ΔδDC23-C29 proxy in different climate areas. 

 

Appendix A. Supplementary material 

Supplementary data associated with this article can be found in the online version. 
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CHAPTER 4 

4 Distribution of bacterial and archaeal 
ether lipids in soils and surface sediments 
of Tibetan lakes: Implications for GDGT-

based proxies in saline high mountain 
lakes 

Chapter source: Günther, F., Thiele, A., Gleixner, G., Xu, B., Yao, T., Schouten, S., 

2014. Distribution of bacterial and archaeal ether lipids in soils and 

surface sediments of Tibetan lakes: Implications for GDGT-based 

proxies in saline high mountain lakes. Organic Geochemistry 67, 19-

30. 

 

Abstract 
Bacterial and archaeal lipids, such as glycerol dialkyl glycerol tetraethers (GDGT) and 
dialkyl glycerol diethers, are increasingly used as proxies for specific environmental 
parameters such as air temperature and soil pH in lacustrine environments. Little is 
known, however, about the distribution and applicability of bacterial and archaeal lipids 
on the Tibetan Plateau. We investigated nine different watersheds across the plateau by 
way of sediments from lakes and rivers as well as the surrounding soils. Our transect 
study included a salinity gradient and focused on saline lakes, which are rarely 
examined. We analyzed archaeal isoprenoid and bacterial branched GDGTs as well as 
archaeol to trace their sources and environmental factors influencing their distributions. 
We could show that isoprenoid GDGTs were produced in situ and branched GDGTs 
were primarily soil-derived although we cannot exclude in situ production of branched 
GDGTs in the lakes. The most important environmental variables correlating with 
GDGT distributions were temperature and salinity. Bacterial GDGT distributions 
correlated mainly with salinity, while archaeal lipid distributions correlated with 
temperature. Based on the correlation of methylation (MBT’) and cyclisation (CBT) 
indices of branched GDGTs with pH and mean annual air temperature (MAAT), we 
established the local calibrations for the Tibetan lakes. TEX86 could also be applied to 
reconstruct temperatures which are strongly biased towards measured summer lake 
water temperatures indicating an enhanced production of iGDGTs in the summer 
months. Existing proxies, therefore, show great potential for paleoclimate 
reconstructions on the Tibetan Plateau if local calibrations are applied. 

Keywords: GDGTs; BIT; MBT/CBT; TEX86; MAAT; archaeol; surface sediments; 
calibration  
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4.1 Introduction 

Glycerol dialkyl glycerol tetraethers (GDGTs) are membrane lipids of archaea and 
bacteria occurring ubiquitously in soils, peats, waters, and sediments. The origin and 
distribution of GDGTs and GDGT-based proxies have been reviewed recently by 
Schouten et al. (2013). In general, branched GDGTs (bGDGTs) occur mainly in soils 
and peat, but are also found in lower concentration in sediments and lake water (Weijers 
et al., 2006a; Sinninghe Damsté et al., 2009; Tierney and Russell, 2009). Based on their 
structure and stereochemistry, they are of bacterial origin (Weijers et al., 2006a), but the 
specific type of bacteria is not known though they have been found in some 
Acidobacteria (Weijers et al., 2009; Sinninghe Damsté et al., 2011). The degree of 
cyclisation (CBT) and methylation (MBT) of bGDGTs is related to soil pH and to air 
temperature and soil pH, respectively (Weijers et al., 2007). This relationship enables 
environmental reconstruction using these parameters. Peterse et al. (2012) refined these 
calibration functions using a larger soil dataset and developed a simplified form of the 
methylation index (defined as MBT’). 

Another ubiquitous group of GDGTs are isoprenoid GDGTs (iGDGTs), produced by 
archaea. The most abundant are the non-specific iGDGT-0 and crenarchaeol, which is 
exclusively synthesized by Thaumarchaeota (Schouten et al., 2000, 2002; Pitcher et al., 
2011). By comparing soil-derived bGDGTs and aquatic crenarchaeol in the form of the 
branched and isoprenoid tetraether (BIT) index, the input of soil organic matter (OM) to 
aquatic systems can be retraced (Hopmans et al., 2004; Huguet et al. 2007; Walsh et al., 
2008). However, the application of the BIT index can be compromised by in situ 
production of bGDGTs in aquatic systems and the input of crenarchaeol from terrestrial 
environments (reviewed by Schouten et al., 2013). As a ratio, BIT is influenced by 
changes in the concentration of bGDGTs and crenarchaeol (Castañeda et al., 2010). 
Therefore, the BIT should be applied advisedly. Another iGDGT-based proxy is TEX86, 
which is widely used to reconstruct water temperatures (Schouten et al., 2002; Kim et 
al., 2008; Powers et al., 2010). Isoprenoid dialkyl glycerol diethers including archaeol 
are also synthesized by archaea (Kates, 1996). Because halophilic archaea produce only 
archaeol and not iGDGT-0, the relative abundance of archaeol and iGDGT-0 has been 
used as a proxy for salinity in lakes (Turich and Freeman, 2011; Wang et al., 2013a). 
However, it is also used as an indicator for methanogenic Euryarchaeota in peat 
(Weijers et al., 2009). 

All GDGT-derived proxies were initially developed for application in marine systems, 
but are now increasingly being applied to lacustrine freshwater systems. Because of 
possible in situ production of bGDGTs in lakes and iGDGTs in soil, as well as different 
factors influencing the GDGT distribution and abundance, local calibration studies are 
often needed (e.g. Blaga et al, 2009; Sinninghe Damsté et al., 2009; Tierney and 
Russell, 2009; Tierney et al., 2010; Blaga et al., 2010; Sun et al., 2011a; Loomis et al., 
2011 and 2012). 

The Tibetan Plateau contains numerous freshwater and salt water lakes and represents a 
sensitive study area for climate change (Zheng, 1997; Liu and Chen, 2000). However, 
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there are only a few studies which have examined the applicability of GDGT-based 
proxies at the Plateau (partially by Sun et al., 2011a; He et al., 2012; Wang et al., 2012; 
Xie et al., 2012; partially by Yang et al., 2012; Wang et al., 2013a). To bridge the gap, 
we have tested the applicability of GDGT-based proxies by analyzing nine different 
lake areas at the Tibetan Plateau. To this end we (i) investigated the distribution patterns 
of bGDGTs, iGDGTs and archaeol in lake, river and soil samples across a salinity 
gradient, (ii) assigned their sources and (iii) determined the influence of environmental 
parameters on GDGT distributions. 

4.2 Material and methods 

4.2.1 Study site 

The high mountain study areas on the Tibetan Plateau are characterized by a cold and 
dry continental monsoon climate. Mean annual air temperature (MAAT) varies from     
-1.5 to 3.6 °C and mean annual precipitation (MAP) lies between < 70 mm and 315 mm 
(Table 4.1). The numerous lakes at the Plateau provide an excellent study area including 
lake systems with freshwater up to more marine characteristics. Deep and large lakes 
mainly have a dimictic thermal pattern, while small and shallow lakes are polymictic 
(Williams, 1991). The aquatic organisms are strongly influenced by low MAAT, but 
high UV radiation in the surface water as well as by oligotrophy and low productivity. 
All the sampled lakes have pH ≥ 7.9 and a high concentration of Cl-, Na+ and Mg2+. 
Conductivity of the water ranges from 0.46 to 140.28 mS/cm, representing a salinity 
gradient from 0.31 to 153 psu (Table 4.1). Limnological parameters (pH, water 
temperature, conductivity and dissolved O2) were measured in situ using a multi-
parameter probe (YSI 6920V2-1-M, Yellow Springs, Ohio, USA).  

Table 4.1:  Characteristics of the study sites. MAAT (mean annual air temperature) and MAP 
(mean annual precipitation) derived from literature (Fontes et al., 1993; Wei and 
Gasse, 1999; Li et al., 2007; Yu et al., 2007; Yao et al., 2009; Zhang et al., 2011), 
while geographical and limnological parameters were measured on site (n.d. - not 
available / not determined). 

 

In Tangra Yumco (TRC-NB), Taro Co (TC), Kunggyu Co (KYC) and Lungmu Co 
(LMC), we measured the limnological variables along water depth profiles from the 
surface to the lake bottom. The landscape of the study areas is dominated by alpine 
meadows and steppes, including mainly Stipa spp. and Kobresia spp. In these grassland 
ecosystems, typical soils are alpine and subalpine meadow soils and steppe soils which 
represent the main organic carbon storage of the Tibetan Plateau (approximately 69% of 

No Site code Study site Date of Latitude Longitude Altitude Area MAAT MAP Temperaturea pHa Conductivitya Salinityb
O2

a

sampling (°N)  (°E) (m) (km2) (°C) (mm) (°C) (mS/cm) (psu) (mg/l) Ca2+
K Mg2+ Na+

S Cl- SO4
2-

1 NC Nam Co 08/2009 30.50 90.27 4718 1962 0c 281c 13.1 8.7 1.16 0.76 7.7 0.01 0.03 0.07 0.26 0.06 0.05 0.16

2
TRC-NB

Tangra Yumco -
northern basin

09/2011 30.75 86.38 4549 13.0 9.2 10.26 7.71 10.0 0.01 0.34 0.35 3.45 1.29 1.72 2.95

3

TRC-SB
Tangra Yumco -
southern basin

06/2012 31.04 86.50 4553 17.6 8.8 14.81 10.20 5.4 0.01 0.34 0.37 3.47 1.41 2.04 3.61

4 XC Xuru Co 06/2012 30.25 86.46 4732 ≈ 150e n.a. n.a. 18.9 9.4 2.46 1.45 6.6 0.03 0.05 0.02 0.68 0.11 0.52 0.31
5 MC Mucuo 06/2012 30.62 86.26 4694 n.a. n.a. n.a. 21.8 9.4 2.60 1.44 6.4 0.01 0.07 0.19 0.45 0.26 0.07 0.68

6 TC Taro Co 09/2010 31.05 83.92 4570 ≈ 450 0 - 2f 190f 13.0 9.0 0.87 0.56 7.4 0.06 0.02 0.02 0.18 0.03 0.09 0.06

7 KYC Kunggyu Co 08/2010 30.60 82.05 4798 ≈ 50 3.6g 125g 13.8 9.4 8.03 5.80 7.0 0.02 0.22 0.12 2.37 0.15 1.23 0.38

8 LMC Lungmu Co 09/2010 34.58 80.35 5030 ≈ 100 -1.5h < 70i 12.9 7.9 140.28 153 3.7 1.27 4.41 11.70 34.46 2.73 93.63 7.64

9 SXC Songmuxa Co 09/2010 34.58 80.20 5070 23 -1.5h < 70i 10.9 8.7 0.46 0.31 6.4 0.06 0.00 0.02 0.05 0.02 0.06 0.04

Ion chemistry (g/L)

835 0.7d 315d

a Measured at water surface; b Calculated after Fofonoff and Millard (1983); c Data from Li et al. (2007); d Data from Zhang et al. (2011); e Data from Singh and Nakamura (2009); f Data from Yu et al. (2007); g Data from 

Yao et al. (2009b); h Data from Fontes et al. (1993); i Data from Wei and Gasse (1999)
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the soil organic-carbon pool; Wang et al., 2002a). In total, we collected 36 sediment 
samples from the lakes (31 from ‘deep’ water ≥ 1 m depth and 5 from shallow water 
< 1 m depth), 3 sediment samples from rivers and 10 soil samples (Table A4.1 in the 
electronic Appendix). The geographic position of each study area was measured using a 
handheld GPS system (Magellan Meridian Platinum; positioning error of ±10 m; 
Western system with map datum WGS 84) under consideration of at least 4 satellites. 

4.2.2 Sampling and sample preparation 

In cooperation with the Institute of Tibetan Plateau Research and the Chinese Academy 
of Sciences (ITPR-CAS) nine lake sites were sampled on the plateau between 2009 and 
2012 during the growing season from June to September (Fig. 4.1, Table 4.1, Table 
A4.5). Tangra Yumco, one of the few lakes aligned in a north-south direction, was 
divided into the northern basin and the southern basin for this investigation. Surface 
sediments were recovered using a HTH-gravity corer (6.6 cm i.d.; Pylonex, Luleå, 
Sweden) at a water depth ≥ 1 m and directly hand-collected at a water depth < 1 m. 
Cores were directly sliced into 1 cm segments and after field work freeze-dried in the 
laboratory. River samples were named after the lakes they fed (Table A4.1-3, A4.5).  

 

Figure 4.1:  Study areas at Tibetan Plateau. Inset map shows the location in China [Map source: 
Google Earth, http://earth.google.com]. 

Soil samples were taken at seven locations in about 100 m distance to the lakes (Table 
A4.1, A4.5). Each soil sample was a pooled composite of three subsamples taken from a 
4 x 4 m grid at depths of 0 to 5 cm and 5 to 10 cm, respectively; samples were sieved 
with 2 mm mesh size and sun-dried in the field. 

Depending on the available amount of material and the organic carbon content, 1-45 g 
of the sample was used for lipid extraction. Total lipids were extracted twice with a 
mixture of dichloromethane / methanol (DCM/MeOH; 9:1) at 100 °C and 138 bar for 
15 min using an accelerated solvent extractor (ASE-200, DIONEX Corp., Sunnyvale, 
USA). Activated copper was added to remove elemental sulfur. The total lipid extract 
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were separated over an activated silica gel column into aliphatic, aromatic and polar 
fractions, eluted with 80 ml hexane, 60 ml chloroform (CHCl3) and 60 ml MeOH, 
respectively (Sachse et al., 2006).  

4.2.3 Analysis of GDGTs and archaeol 

A known amount of internal standard (synthetic C46 GDGT; Huguet et al., 2006) was 
added to an aliquot of the polar fraction, which was then dried under N2, re-dissolved in 
hexane/isopropanol (99:1, v:v) and filtered through a PTFE syringe filter (0.45 µm, 
4 mm diam.). Dilution volume for measurement of GDGTs and archaeol varied from 
50 - 1500 µl, depending on OM concentration; 10 µl of each sample were measured 
using high-performance liquid chromatography/atmospheric pressure positive ion 
chemical ionization-mass spectrometry (HPLC-APCI-MS) with an Agilent (Palo Alto, 
CA) 1100 LC/MSD SL system equipped with an auto-injector as described by Schouten 
et al. (2007). [M+H]+ ions of the individual GDGTs were measured using single ion 
monitoring (SIM). Peak areas were integrated with LC/MSD ChemStation software 
following the method of Weijers et al. (2006a). Absolute amounts were calculated by 
comparison with the synthetic C46 standard (cf. Huguet et al., 2006). Relative amounts 
are expressed as fractions of the sum of the branched GDGTs (bGDGTs) or the sum of 
the isoprenoid GDGTS (iGDGTs) and are reported as fractional abundances. 

Archaeol was measured using a separate method, together with iGDGT-0, to increase 
sensitivity and resolution. For this, the HPLC system was fitted with two Prevail Cyano 
columns (2.1 x 150 mm, 3 μm; Alltech, Deerfield, IL, USA) in series, maintained at 
30 °C. Flow rate was 0.2 ml min-1. Elution was carried out isocratically with 99.5% 
hexane and 0.5% propanol for the first 5 min, followed by a linear gradient to 1.8% 
propanol in 45 min. The [M+H]+ ions from archaeol and iGDGT-0 were measured 
using SIM. A total lipid extract containing archaeol and GDGT-0 was used to monitor 
consistency in the archaeol/GDGT-0 ratio over the time of analysis. However, due to 
the lack of an archaeol standard, there is no correction for the difference in response 
factor between archaeol and GDGT-0. The ratio therefore represents a ratio of 
instrumental response rather than of absolute abundance. 

4.2.4 Calculation of GDGT indices and proxies 

The branched isoprenoid tetraether (BIT), the methylation of branched tetraether 
(MBT), the revised methylation of branched tetraether (MBT’) and the cyclisation of 
branched tetraether (CBT) indices were calculated according to the Eq. 4.1 - Eq. 4.4. 
GDGT numbers refer to structures in Schouten et al. (2013). Standard deviation based 
on duplicate measurements of samples is 0.005 for BIT, MBT as well as CBT. 

4.1  
olcrenarchaeIbGDGTIIbGDGTIIIbGDGT

IbGDGTIIbGDGTIIIbGDGT
BIT




  

(after Hopmans et al., 2004) 
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4.2  
IIIbbGDGT  IIIabGDGT  IIIbGDGT  IIbbGDGT  IIabGDGT  IIbGDGT  IbbGDGT  IabGDGT  IbGDGT

IbbGDGT  IabGDGT  IbGDGT
  MBT






       (after Weijers et al., 2007) 

4.3  
III bGDGT  IIb bGDGT  IIa bGDGT  IIbGDGT  IbbGDGT  IabGDGT  IbGDGT

IbbGDGT  IabGDGT  IbGDGT
  MBT'






       (after Peterse et al., 2012) 

4.4  












II bGDGT  I bGDGT

IIa bGDGT  Ia bGDGT
log -  CBT    (after Weijers et al., 2007) 

Based on a global soil calibration (Weijers et al., 2007), MAAT can be calculated 
following Eq. 4.5. This calibration was further extended and the transfer functions to 
reconstruct soil pH and MAAT were adjusted (Peterse et al., 2012) (equations 4.6-4.7). 

4.5  
02.0

CBT x 0.187 - 0.122 - MBT
  MAAT     (after Weijers et al., 2007) 

4.6  MAAT	 	0.81	–	5.67	x	CBT	 	31.0	x	MBT’  (after Peterse et al., 2012) 

4.7  pH	 	7.90	‐1.97	x	CBT    (after Peterse et al., 2012) 

 

Several local calibration studies were calculated for African lakes (Tierney et al., 2010; 
Loomis et al., 2012), Chinese and Nepalese lakes (Sun et al., 2011a) and lakes along a 
transect from the Arctic circle to the Antarctic Peninsula (Pearson et al., 2011) to 
reconstruct air/lake temperatures. The established functions are: 

4.8  MAAT	 	50.47	–	74.18	x	fbGDGT	III	–	31.6	x	fbGDGT	II	–	34.69	x	fbGDGT	I	

        (after Tierney et al., 2010) 

4.9  	MAAT	 	22.77	–	33.58	x	 fbGDGT	 III	–	12.88	x	 fbGDGT	 II	–	418.5	x	 fbGDGT	 IIb	 	86.4	x	 fbGDGT	 Ia

	 	 	 	 	 	 	 (after Loomis et al., 2012) 

4.10  	MAAT	 	6.80	–	7.06	x	CBT	 	37.09	x	MBT’  (after Sun et al., 2011a) 

4.11  	MAAT	 	47.4	–	53.5	x	fbGDGT	III	–	37.1	x	fbGDGT	II	‐	20.9	x	fbGDGT	I	

(after Pearson et al., 2011) 

The TEX86 (Eq. 4.12) was originally developed to estimate water temperature in marine 
systems and was then applied to lacustrine systems. Because of the marine 
characteristics of some lakes, we applied the marine (Kim et al., 2008) as well as the 
lacustrine (composite of Castañeda and Schouten, 2011) calibration to calculate lake 
surface temperature (LST): 

4.12  
crenisomer  3 iGDGT  2 iGDGT  1 iGDGT

crenisomer  3 iGDGT  2 iGDGT
86TEX




  (after Schouten et al., 2002) 
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4.13  LSTKim2008	 	56.2	x	TEX86	–	10.78   (after Kim et al., 2008) 

4.14  LSTCastañeda2011	 	54.89	x	TEX86–	13.36           (after Castañeda and Schouten, 2011) 

The analytical error for TEX86 is below 0.005 based on repeated measurements of 
standard sediments from Drammensfjord, Norway, and the Arabian Sea (Schouten et 
al., 2007). To analyze seasonal influence on temperature reconstruction, Powers et al. 
(2010) developed specific calibrations for summer (SLST) and winter lake surface 
temperature (WLST): 

4.15  SLST	 	46.6	x	TEX86	–	5.6    (after Powers et al., 2010) 
4.16  WLST	 	57.3	x	TEX86	–	17.5    (after Powers et al., 2010) 

The archaeol/iGDGT-0 index, also known as ACE (archaeol and caldarchaeol 
ecometric) index, was calculated following Turich and Freeman (2011) except that for a 
better comparison with other GDGT proxies, we omitted the multiplication by 100: 

4.17  
0-iGDGT  archaeol

archaeol
  0-iGDGT / archaeol


   (based on Turich and Freeman, 2011) 

4.2.5 Statistical analysis 

The Mann-Whitney-U test was applied to determine significant differences (p < 0.05) 
between GDGT distributions in deep and shallow lake water sediments, river sediments 
and soils (Mann and Whitney, 1947). To evaluate the relationship between GDGTs 
(bGDGTs, iGDGTs, archaeol, GDGT-derived proxies) and environmental parameters, 
we performed a pair-wise correlation and principal component analysis (PCA) using 
SPSS software (version 18.0, SPSS Inc). The correlation matrix was based on the 
Pearson correlation coefficient and a two-tailed significance test. PCA was used to 
reveal general patterns in the dataset. These patterns were directly related to measured 
environmental parameters using redundancy analysis (RDA). Statistical significance 
(p < 0.05) was evaluated by way of 999 unrestricted Monte Carlo permutations. RDA 
was carried out using Canoco software version 4.5 (Braak and Smilauer, 2002). The 
root mean squared error (RMSE) was calculated for the new calibrations to determine 
the model performance. 

4.3 Results 

4.3.1 Distribution of bGDGTs 

All the samples contained bGDGTs I-II-III in varying concentration. Regarding 
fractional abundance, bGDGT-I is generally three times less abundant than bGDGT-II 
and bGDGT-III (Fig. 4.2a). The highest fractional abundance of bGDGT-III was in the 
lake sediments, while bGDGT-II and bGDGT-I were well represented in sediments and 
soils (up to 60%; Table A4.1). The relative amount of cyclopentane ring-containing 
bGDGTs in sediment and soil samples was generally lower and sometimes not 
detectable, except for deep water sediments from Lungmu Co with relatively high 
relative amounts of bGDGT-IIa. 
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Figure 4.2: Fractional abundances of (a) crenarchaeol, crenarchaeol’, GDGT 0-3, GDGT I-III 
as fractions of the sum of all pictured GDGTs (bGDGTs as well as iGDGTs), and 
of (b) archaeol in comparison to iGDGT-0 (as fraction of the sum of the two 
diethers) in ‘deep’ (≥ 1 m water depth) and shallow (< 1 m water depth) lake water 
sediments, river and soil samples and (c) their changes in sediment samples with 
increasing salinity (based on the correlation coefficients from Table A4.4). 

A RDA analysis on bGDGT distributions in all sediments showed that 93% of the 
relationship between bGDGTs and environmental parameters can be explained. RDA 
axes 1 and 2 already explain 82.9% of the bGDGT variability (Fig. 4.4b). RDA axis 1 
was correlated to dissolved O2, as well as conductivity and MAP to a lesser extent, 
while RDA axis 2 reflected mainly the influence of water pH and conductivity. Indeed, 
fractional abundance of bGDGTs correlated well with conductivity, dissolved O2 and 
pH (Table A4.4). Dissolved O2 alone explained 29% of the variance in bGDGTs, 
conductivity accounting for 26.5% and pH for 13.5% (Fig. 4.4). With increasing 
salinity, a higher amount of cyclopentane ring-containing bGDGTs was found in 
sediments, especially bGDGTs IIa-Ia-Ib, while bGDGTs III-IIIa-IIIb, as well as 
bGDGT II, were less abundant with increasing salinity (Fig. 4.2c). 
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Regarding the proxies based on bGDGTs, BIT index for sediments and soils were 
0.67 ± 0.26 and 0.65 ± 0.18, respectively, while sediments and soils had MBT’ values 
of 0.15 ± 0.11 and 0.12 ± 0.06 (Fig. 4.3, Table A4.1).  

 

Figure 4.3: BIT, CBT and MBT’ indices among ‘deep’ (≥ 1 m water depth) and shallow 
(< 1 m water depth) lake water sediments, river and soil samples. 

Comparison of the BIT and MBT’ indices between sediment and soils showed no 
significant difference. CBT values for sediments were 0.35 ± 0.18, while soils had 
values of 0.69 ± 0.36 (Table A4.1). In contrast to BIT and MBT’, there was a significant 
difference (p < 0.02; Mann-Whitney-U test) between lake sediments and river as well as 
soils, with the highest CBT values in soils (Fig. 4.3). To investigate the relationship 
between environmental parameters and GDGT indices, we performed a PCA analysis. 
As expected, water pH and conductivity were negatively correlated with each other 
(R² = 0.79, p = 0.01) (Table A4.4). Both plotted, together with BIT, MBT’ and CBT, on 
PCA axis 1 accounting for 42.0% of the variance (Fig. 4.4a). Indeed, we found a 
significant correlation between BIT, MBT’ and CBT with conductivity (R² > ± 0.77). 
BIT and CBT also correlated significantly with water pH, while CBT and MBT’ further 
correlated with dissolved O2 (Table A4.4). MAAT, as well as MAP, were also more 
prevalent on PCA axis 1. PCA axis 2 explained 28.0% of the variance and was mainly 
influenced by surface water temperature and partly by lake area (Fig. 4.4a). 

4.3.2 Distribution of iGDGTs 

All the sediments contained high amounts of iGDGT-0 and crenarchaeol, exceeding the 
abundance of bGDGTs (Fig. 4.2a, Table A4.2). Lake sediments contained the highest 
relative amounts of crenarchaeol (up to 52%; Table A4.2), while river sediments 
showed the lowest relative amounts. iGDGT-0 occurred in high abundances in river 
sediments and soils, and in lower abundance in lake sediments (Fig. 4.2a). The regio-
isomer of crenarchaeol occurred in only low abundances, often close to the detection 
limit and so was not considered further. iGDGTs 1-3 were found in all the samples, with 
a higher relative abundance of iGDGT-1 than iGDGTs-2 and 3 (Table A4.2). RDA 
analysis performed on iGDGT distributions and environmental parameters showed that 
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99.8% can be explained in total with axes 1 and 2 already explaining 97.4% of the 
iGDGT variability (Fig. 4.4c). RDA axis 1 captured mainly the temperature signal and 
RDA axis 2 reflected the influence of conductivity, water pH and dissolved O2. 
However, the only significant correlation was that between the relative amount of 
crenarchaeol and MAAT (Table A4.4). MAAT alone explained 30% of the variance in 
the iGDGTs (Fig. 4.4). 

 

Figure 4.4: (a) Principal component analysis (PCA) biplots showing relationships between 
environmental parameters and GDGT indices for sediment samples. Redundancy 
analysis (RDA) triplots showing relationships between study areas, environmental 
parameters and (b) bGDGT, (c) iGDGT and (d) archaeol abundances for sediment 
samples. Table shows the amount of variance explained by environmental 
variables. 

TEX86 values for sediments were 0.43 ± 0.15, while soils had ‘TEX86’ values of 
0.66 ± 0.06 (Table A4.2). There was a significant difference (p < 0.02, Mann-Whitney-
U test) in TEX86 values between deep (0.39 ± 0.07) and shallow (0.45 ± 0.19) lake 
water sediments on one hand and river sediments (0.69 ± 0.23) and soils (0.66 ± 0.06) 
on the other. Based on the average values for lake sediments, the reconstructed 
LSTCastañeda2011, SLST, WLST and LSTKim2008 were 11.0 ± 4.6 °C, 15.1 ± 3.9 °C, 
8.0 ± 4.8 °C and 14.2 ± 4.7 °C, respectively (Table A4.2). TEX86 values, as well as 
reconstructed lake temperature all significantly correlated with measured lake surface 
temperature (R² = 0.70, p = 0.04) (Table A4.4). PCA analysis showed that TEX86 and 
reconstructed LSTCastañeda2011 plotted together with measured lake surface temperature 
on the PCA axis 2 (Fig. 4.4a). 
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4.3.3 Distribution of archaeol 

Archaeol could be detected in lake and river sediments as well as in soils in similar 
relative abundance (0.01 to 0.57%; Fig. 4.2b). Using the fractional abundance of 
archaeol and the archaeol/iGDGT-0 ratio in RDA analysis, together with environmental 
variables, showed that axis 1 and 2 together explained 97.9% of the archaeol variability 
(Fig. 4.4d). RDA axis 1 depicts mainly water pH and conductivity, while RDA axis 2 
represented the influence of measured MAAT and lake size. However, there was no 
significant correlation between relative abundance of archaeol and environmental 
variables, though the relative amount of archaeol correlated with that of bGDGT-II and 
other iGDGTs (crenarchaeol, iGDGT 0-2) (Table A4.4). Lake surface temperature and 
measured MAAT explained the majority of variance in the archaeol distribution (21.0% 
and 16.3%, respectively; Fig. 4.4). With increasing salinity, there was a slight trend to 
lower amounts of archaeol (Fig. 4.2c).  

Regarding the archaeol/iGDGT-0 ratio, proxy values for sediments and soils were 
0.24 ± 0.20 and 0.28 ± 0.12, respectively, without any significant difference (Table 
A4.3). There was a close correlation (Table A4.4) of archaeol/iGDGT-0 with several 
bGDGTs (bGDGT III-IIIb-II) and iGDGTs (crenarchaeol, iGDGT-1). There is a slight 
tendency to lower ratio values with increasing salinity (Fig. 4.2c). We could not, 
however, detect any significant correlation with environmental parameters (Table 
A4.4). 

4.4 Discussion 

4.4.1 Sources for bGDGTs in Tibetan lake sediments 

As reported in previous studies, bGDGTs can be produced in soils and peats (Weijers et 
al., 2006b), as well as in lake sediments and the water column (Tierney and Russell, 
2009; Tierney et al., 2010). To assess the allochthonous and autochthonous sources of 
bGDGTs, we compared the fractional abundances of GDGTs between lake and river 
sediments and soils. We found higher amounts of bGDGT-IIIa and lower amounts of 
GDGT-II in lake sediments, compared with river sediments and soils which may point 
to in situ production in the lake system. Distinctly different CBT values in lake 
sediments may support the potential of some in situ production within the water column 
and/or the lake sediments. However, MBT’ values did not differ significantly. In Lake 
Qinghai, another Tibetan lake, deep water sediments were more influenced by in situ 
production than by transported soil-derived bGDGTs (Wang et al., 2012). There is an 
ongoing discussion particularly where bGDGTs are produced in the lake water. Tierney 
et al. (2012) found that bGDGTs, particularly those with cyclopentyl moieties, were 
produced mainly during anoxic deposition in a small lake. Analysis of GDGTs collected 
in sediment traps from different water depths of Lake Challa showed higher bGDGT 
concentration in the anoxic bottom water, supporting the assumption of in situ 
production by anaerobic bacteria (Sinninghe Damsté et al., 2009, 2012). Unfortunately, 
we do not have information about bGDGT abundances in suspended particulate OM 
from the water column in our lakes. However, there was a significant correlation of 
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bGDGTs abundance with limnological parameters with increasing lake water depth 
(Table 4.2). Because the concentration of cyclopentane ring-containing bGDGTs is 
often low and close to the detection limit, its significance should be regarded carefully. 
Nevertheless, the correlation of dissolved oxygen with bGDGT-III and bGDGT-I may 
point to some production of bGDGTs in the lakes.  

Table 4.2: Fractional abundances of bGDGTs and GDGT-derived proxies showing significant 
correlations to dissolved oxygen, conductivity, water temperature or pH in water at 
the surface, thermocline and bottom of the lakes. Leading signs indicate a negative 
(-) or positive (+) correlation between the fbGDGT and GDGT-derived proxy with 
environmental parameter. 

Depth O2 Conductivity
Water 

temperature pH

Surface 
f bGDGT +III, -IIa, -IIb, 

-Ia, -Ib
+IIa, +IIb, +Ia, +Ib

 
- 
 

-IIb, -Ib
 

GDGT proxy 
+CBT, -MBT'

-BIT, -CBT, 
+MBT' - 

+BIT, 
+CBT

Thermocline 
f bGDGT +III, +IIIa, -I +IIa, +IIb, +Ia, +Ib -IIa, -IIb, -Ib -IIb, -Ib

GDGT proxy 
-MBT' - - 

+BIT, 
+CBT

Bottom 
f bGDGT - +IIa, +IIb, +Ia, +Ib - -IIb, -Ib
GDGT proxy - - +BIT +CBT

 

If the autochthonous production of bGDGTs in lakes exceeds the allochthonous one, 
BIT could potentially not be used to elucidate the input of soil OM to lakes. In the 
investigated Tibetan lake systems, only few indications of in situ sources were found 
suggesting most of the bGDGTs were soil-derived. Indeed, we did observe a decrease in 
BIT values from river (0.91 ± 0.06) to shallow (0.72 ± 0.20) and deep lake water 
sediments (0.63 ± 0.27), suggesting fluvial transport of bGDGTs (Blaga et al., 2009; 
Powers et al., 2010) and increasing production of crenarchaeol in the lake water 
(Fig. 4.3). Like previous studies (Weijers et al., 2007; Tierney et al., 2010; Pearson et 
al., 2011), BIT index in our sediments primarily reflected change in crenarchaeol   
(R² = -0.77, p = 0.02) rather than bGDGT concentration (R² = 0.48, p = 0.20) 
(Table A4.4). However, soils at the Plateau had similar BIT values to lake sediments. 
This could be either due to the production of bGDGTs in lakes, giving elevated BIT 
values or there was a relatively large production of crenarchaeol in the soils. Indeed, 
BIT values in our soils were lower (0.65 ± 0.18) than generally observed for soils 
(0.90 ± 0.14; Schouten et al., 2013). This could be caused by the relatively high amount 
of crenarchaeol in soils produced by Thaumarchaeota, which seems to be more 
abundant under alkaline conditions (Pearson et al., 2004; Weijers et al., 2006b; Xie et 
al., 2012; Yang et al., 2012; Wang et al., 2013a). Soils at the Tibetan Plateau tend to be 
more alkaline with average values of 8 (pH range from 6 to 10; Chen et al., 1991; Wang 
et al., 2012) and therefore iGDGTs are more abundant than bGDGTs, resulting in lower 
BIT values.  
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The fact that the river sediments have higher BIT values than the soils might be because 
they transport soil OM from higher catchment regions which may be characterized by 
another abundance and distribution of GDGTs than the sampled soils near the lakes. 
The high mountain lakes in Tibet are typically bounded by steep mountain slopes which 
support the input of OM. Hence, one possible source area for OM are soils in the 
adjacent mountains where most of the rivers have their origin. Loomis et al. (2011), for 
example, found higher BIT values in high altitude soils [> 3,000 m above sea level 
(asl)] than in low altitude soils (< 1,500 m asl) in lake catchments in western Uganda. 
Thus, the bGDGTs in Tibetan lake sediments seem to derive primarily from catchment 
soils carried by rivers or soil runoff, and only partially from in situ production.  

4.4.2 Sources for iGDGTs and archaeol in Tibetan lake sediments 

The most abundant iGDGTs in the deep lake sediments (Table A4.3) are iGDGT-0 
(46% of all iGDGTs) and crenarchaeol (37% of all iGDGTs), while iGDGT 1-3 occur 
only in low amount (Fig. 4.2a). This pattern was also detected in sediments and 
surrounding soils at Lake Qinghai, on the north-eastern Qinghai-Tibet Plateau (Wang et 
al., 2013a). iGDGT-0 is produced by all major groups of archaea except halophilic 
archaea (Schouten et al., 2013 and references therein). The high abundance of iGDGT-0 
in rivers and soils in our lake systems likely indicates its terrestrial source. Another 
piece of evidence is the significant positive correlation between iGDGT-0 and BIT 
(R² = 0.68, p =0.04; Table A4.4). Nevertheless, we cannot rule out in situ production of 
iGDGT-0 in the lake, as suggested in previous studies of other lake systems (e.g. Blaga 
et al., 2009; Sinninghe Damsté et al., 2009; Bechtel et al., 2010). 

Crenarchaeol most likely derives from NH4
+-oxidizing Thaumarchaeota and is 

predominant in marine and lacustrine environments (Schouten et al., 2013 and 
references therein). The high amount of crenarchaeol in our soils can be ascribed to the 
alkaline conditions, which are possibly favourable for soil Thaumarchaeota in this 
region. There is a significantly higher abundance of crenarchaeol as well as iGDGTs   
1-3 in lake sediments than in the river sediments (Fig. 4.2a, Table A4.2). This suggests 
that crenarchaeol, as well as iGDGTs 1-3, are produced in situ in the lake water and/or 
sediment.  

The relative abundances of crenarchaeol and iGDGTs 0-2 correlated significantly with 
that of archaeol, which is also produced by archaea (Table A4.4). This suggests that 
archaeol may potentially be sourced by Euryarchaeota and/or Thaumarchaeota. Indeed, 
high amounts of archaeol have been found in Euryarchaeota (Koga et al., 1993, 1998; 
Pancost et al., 2011) and small amounts of archaeol have been found in cultivated 
isolates of Thaumarchaeota (Schouten et al., 2008). There was no significant difference 
in relative abundance of archaeol between the lake and river sediments or soils 
(Fig. 4.2b). Consequently, the archaeol producing organisms may also be transported 
from the catchment to the lake system and they seem to occur ubiquitously in different 
environments of the Tibetan Plateau. 
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4.4.3 Environmental factors influencing GDGT distributions and indices 

4.4.3.1 Influence of pH and conductivity (salinity) 

Because of the interdependence between pH and conductivity, separation of their 
individual influences on GDGTs is difficult and we will consider both factors together 
in this study. Salinity was calculated based on the measured conductivity (Fofonoff and 
Millard, 1983; Table 4.1) and will be used in the further discussion as influencing 
factor. 

Statistical analysis showed that pH and salinity were the most influential environmental 
factors for the relative distribution of bacterial GDGTs in the lake sediments, while 
archaeal lipid distributions were related mainly to temperature (and to a lesser extent pH 
and conductivity). This relationship was reflected in the significant increase in 
cyclopentane ring-containing bGDGTs with increasing salinity, while iGDGTs and 
archaeol were not significantly correlated with salinity (Fig. 4.2c). The bacterial 
community composition in saline Tibetan lakes was recently investigated (Wu et al., 
2006; Xing et al., 2009; Xiong et al., 2012; Liu et al., 2013b) and the authors 
documented a strong influence of pH and salinity on the bacterial community structure, 
while archaeal communities were less affected by pH. Additionally, new (sub)clusters 
containing sequences which seem to be endemic for Tibetan lakes, were identified 
(Xing et al., 2009) and a clear succession of proteobacterial groups along the salinity 
gradient was exposed (Wu et al., 2006). These observations suggest that bacteria, and 
potentially the lipids they produce, can be affected by pH and salinity. 

Further evidence for the impact of these parameters comes from the significant 
correlation (Fig. 4.2c) between CBT and conductivity (R² = -0.84, p = 0.005) (Fig. 4.2c) 
as well as lake water pH: 

4.18 		pH	 	7.97	 	2.78	x	CBT	  (R² = 0.81, RMSE = 0.27 pH units) 

Correlations between pH and CBT values have been observed in soils (Weijers et al., 
2007; Peterse et al., 2010; Xie et al., 2012). In contrast to these studies, we have a 
positive correlation between pH and CBT rather than a negative correlation (Fig. 4.5a). 
A slightly positive correlation between CBT index and pH values was observed by Xie 
et al. (2012) for soils at the Tibetan Plateau with pH > 7. They suggested that the 
increase in cyclopentane ring-containing bGDGTs, which is reflected in the CBT index, 
is developed to adjust the membrane lipids and improve the osmoregulation to alkaline 
conditions. 

The degree of methylation (MBT’) also correlated significantly with conductivity 
(R² = 0.77, p = 0.01), although to a lesser extent than CBT (Fig. 4.2c, Table A4.4). In 
contrast, pH did not have a significant effect (Table A4.4) on MBT’ (R² = -0.45, 
p > 0.05). This agrees with studies of soils, which found only a weak correlation of 
MBT’ with soil pH (Weijers et al., 2007; Peterse et al., 2010). However, the significant 
correlation with conductivity suggests that it may be affected by salinity in lakes.  
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Figure 4.5: Regression plot between (a) CBT vs. water pH and (b) GDGT-derived MAAT and 
real MAAT for sediment samples based on the local calibration functions 
developed for Tibetan lakes. The thick line is the regression line and the dashed 
lines show the 95 % confidence interval of the regression line. 

Finally, in hypersaline systems, the relative abundance of archaeol vs. GDGT-0 is used 
as a paleosalinity proxy due to the predominance of halophilic Euryarchaeota under 
saline conditions, which is a possible source for archaeol but not for GDGT-0 (Turich 
and Freeman, 2011; Wang et al., 2013a). However, in our dataset we could not detect a 
significant correlation between the archaeol/iGDGT-0 ratio and environmental variables 
or salinity in particular (Table A4.4, Fig. 4.2c). This could be a result of the relatively 
high concentration of iGDGT-0 vs. archaeol. Usually, the production of iGDGT-0 is 
minimized in hypersaline water due to the higher dominance of halophilic microbes and 
the lower dominance of iGDGT-0 producing Euryarchaeota (Turich and Freeman, 
2011). The latter microbes may be predominantly methanogenic or methanotrophic 
archaea. However, they also produce archaeol and may thrive under saline conditions. 
Indeed, archaeol is found in methanogenic Euryarchaeota (Kates et al., 1993) and 
archaeol/iGDGT-0 values were also used as an indicator for methanogenic 
Euryarchaeota (Weijers et al., 2009). Other proxies for the presence of methanogenic 
archaea are the iGDGT-0/crenarchaeol as well as iGDGT-2/crenarchaeol (Blaga et al., 
2009; Sinninghe Damsté et al., 2009; Weijers et al., 2011). All these ratios are the 
highest in Kunggyu Co, where we also found the highest archaeol abundances. In 
general, the interpretation of the archaeol/iGDGT-0 ratio depends on the specific 
environmental conditions, but in the Tibetan lakes archaeol seems to better represent 
changes in the archaeal community composition than changes in salinity based on the 
comparison with other proxies for methanogenic archaea. 

4.4.3.2 Influence of temperature 

We measured water temperatures during fieldwork and additionally used MAAT from 
nearby climate stations for comparison with the different GDGT indices. Usually lake 
surface water temperature and observed MAAT are highly correlated, but we could not 
detect a significant relationship between both parameters (Table A4.4). This could be a 
result of glacial melt water input into some of the Tibetan lakes, substantially lowering 
lake water temperature, or the different water volumes of the lakes which heat at 
different rates. Due to the problematic usage of single point measurements of lake 
temperature, we used observed MAAT from nearby weather stations. 
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Application of the global soil calibration of Weijers et al. (2007) on MBT/CBT values 
in soils gave in general cooler than observed MAAT (Fig. 4.6a). Applying the revised 
soil calibration using MBT’ (Peterse et al., 2012) gave reconstructed MAAT values that 
were similar to observed values. Although the Tibetan Plateau is not included in both 
soil calibrations, the revised calibration of Peterse et al. (2012) is in better accord with 
observed MAAT for the plateau. 

Applying the soil calibrations to MBT/CBT values for lake sediments yielded slightly 
cooler than observed MAAT (Fig. 4.6a) when using Weijers et al. (2007) and slightly 
higher reconstructed MAAT for Peterse et al. (2012). In view of the relatively large 
calibration error in both calibrations, both approaches agree with observed MAAT. 
Application of soil calibration to lake sediments characterized by substantial in situ 
production generally affords considerable underestimation of observed MAAT (e.g. 
Tierney and Russell, 2009; Blaga et al., 2010; Tierney et al., 2010). Because our 
reconstructed MAAT for lake sediments are comparable with reconstructed 
temperatures for Tibetan soils, it suggests that bGDGT in Tibetan lakes mainly originate 
from surrounding soils (Fig. 4.6a). The lake calibration by Loomis et al. (2012) resulted 
in a slightly higher than observed MAAT by 0.9 °C, but due to the large calibration 
error may also display the observed MAAT (Fig. 4.6a). In contrast, other existing lake 
calibrations (Tierney et al., 2010; Pearson et al., 2011; Sun et al., 2011a) gave 
substantially higher MAAT values than observed by 10.0 to 16.1 °C (Fig. 4.6a). The 
overestimation can result from the fact that lake calibrations are based on in situ 
produced. Even if we assume that bGDGTs are mainly derived from surrounding soils 
and less by in situ production, seasonal variations in bGDGT production cannot be 
excluded due to the strong agreement between our reconstructed MAAT and measured 
summer surface water temperatures (Fig. 4.6a). To better determine the impact of 
seasonality, further studies are needed. 

Based on our surface sediments, we developed a local calibration to better predict 
Tibetan MAAT following the approach of Weijers et al. (2007): 

4.19 	MAAT	 	‐3.84	 	9.84	x	CBT	 	5.92	x	MBT’ (R² = 0.59, RMSE = 1.2 °C) 

Assuming similar MAAT for Xuru Co and Mucuo of 0.7 °C, the new local calibration 
reconstructs current MAAT at the Tibetan Plateau reasonably well (R² = 0.73, p = 0.03; 
Fig. 4.5b). Nevertheless, the local calibration should be additionally tested on sediment 
cores from the Plateau to ensure their applicability as a paleothermometer. Loomis et al. 
(2012) developed a stepwise forward selection calibration including the four bGDGTs 
which are best correlated with temperature. However, if we use this statistical approach, 
then reconstructed temperature predicts cooler than expected MAAT and the RMSE is 
even higher (MAAT = -1.17 °C, RMSE = 2.2 °C).  

Finally, we tested the applicability of the TEX86 proxy to reconstruct lake water 
temperature. Statistical analysis showed that there was a significant correlation between 
TEX86 and lake water temperature (R² = 0.70, p = 0.04). We applied the lacustrine 
(compiled by Castañeda and Schouten, 2011) as well as the marine calibration (Kim et 



Chapter 4  62 

 

al., 2008) due to the marine character of some of the lakes. To estimate seasonal 
influence, we additionally reconstructed summer (SLST) and winter lake surface 
temperatures (WLST) based on the more limited study of Powers et al. (2010). The 
reconstructed LSTKim2008, based on Kim et al. (2008), and SLST were most consistent 
with the measured summer surface water temperature (Fig. 4.6b).  

 

Figure 4.6: Comparison of (a) air temperature reconstructions based on soil (Weijers et al., 
2007; Peterse et al., 2012) and sediment calibrations (Tierney et al., 2010; Pearson 
et al., 2011; Sun et al., 2011; Loomis et al., 2012, local calibration introduced in 
this study) and (b) lake surface temperature (LST; SLST – summer lake surface 
temperature, WLST – winter lake surface temperature) reconstructions based on 
lacustrine (compiled in Castañeda and Schouten, 2011; Powers et al., 2010) as well 
as marine calibrations (Kim et al., 2008) with observed mean annual air 
temperature (MAAT) and measured surface water temperature (Tw) for the Tibetan 
study sites. 

Considering the calibration error of 3 °C and the single point measurements of surface 
water temperature, the reconstructed LSTCastañeda2011, based on Castañeda and Schouten 
(2011), also agreed with the observed temperature. Only the WLST significantly differs 
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from the measured water temperature, because it is reflecting the cooler winter 
temperature. 

The possible bias of TEX86 to summer temperatures suggests seasonal variations in 
iGDGT production. In general, two distinct seasons can be classified at the Tibetan 
Plateau: the wet and cool (monsoon) season from June to September and the dry and 
cold (non-monsoon) season from October to April (Tang, 1998). Our reconstructed lake 
water temperatures may be biased towards summer temperature, because they are in 
better agreement with measured surface water temperature of the late summer. The 
strong connection to summer temperature can be caused by enhanced biological activity 
at the plateau in the summer months due to higher temperature and stronger summer 
monsoon activity, while in the winter season large parts of the lakes are covered by ice 
and biological activity is reduced (Zhao et al., 2006).  

In theory, TEX86 can be influenced by soil input and should be preferentially used for 
large lakes with a higher amount of iGDGTs than bGDGTs (Weijers et al., 2006b; 
Blaga et al., 2009; Powers et al., 2010). However, a study of Lake Qinghai showed that 
there was a minor influence of terrestrial input on TEX86 in the deepest parts of the lake 
(Wang et al., 2012). Our Tibetan lakes have high BIT values (0.67 on average) but, 
likely due to the high abundance of iGDGTs and based on the low correlation between 
crenarchaeol and bGDGTs, TEX86 still seems relatively suitable for lake water 
reconstruction. 

4.4.3.3 Influence of lake size and other environmental factors 

Environmental variables other than pH and temperature, such as dissolved oxygen, lake 
size or mean annual precipitation, can additionally affect the production and distribution 
of bacterial and archaeal lipids (Weijers et al., 2007; Tierney et al., 2010). In general, 
less than 20% of the variance in bacterial and archaeal lipids is explained by dissolved 
O2, precipitation and lake size (Fig. 4.4). The bGDGTs seem to be more influenced by 
these environmental variables than iGDGTs or archaeol. The most important factors are 
dissolved oxygen for bGDGTs and MAP for iGDGTs as well as archaeol, but only 
dissolved O2 shows a significant correlation with individual bGDGTs (Table A4.4). In 
the surface water column and thermocline, dissolved O2 seems positively correlated 
with the high abundant bGDGT-III. However, the dissolved O2 concentration is also 
correlated with conductivity. So, this relationship may also be indirectly caused by 
salinity, which limits the saturation point of O2 in the lake water (Murray and Riley, 
1969). The influence of the lake size was negligible in our study areas (Table A4.4). 

4.5 Conclusions 

We investigated the distribution of bacterial and archaeal lipids in Tibetan lake 
sediments and the environmental factors influencing them. Based on their distribution 
and mean annual air temperature (MAAT) reconstructions, bGDGTs are mainly derived 
from catchment soils, but additional in situ sources cannot be excluded. Further 
investigation is needed to ensure if in situ production occurs in lake sediments and/or 
the water column. Based on the sedimentary GDGT distribution, local calibration 
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functions for the reconstruction of pH and MAAT were established: 
pH = 7.97 + 2.78 x CBT (R² = 0.81, RMSE = 0.27); MAAT = -3.84 + 9.84 x CBT + 
5.92 x MBT’ (R² = 0.59, RMSE = 1.2 °C). Although bGDGT distributions are 
potentially influenced by salinity and oxygen effects, local temperature reconstruction 
seems to be relatively accurate. However, the applicability of the new regional 
calibration function should be tested on sediment cores and compared with independent 
proxy data. iGDGT-derived MAAT are more consistent with summer water 
temperatures than with observed MAAT suggesting a seasonal bias of the biological 
activity at the Plateau. Due to potential influence of terrestrial sources, the TEX86 proxy 
may be affected and its application should be carefully considered. For this reason, we 
strongly recommend the investigation of the different sources such as soils as well as 
lake sediments and if possible suspended particulate matter prior to paleoclimate 
reconstruction, as long as the specific sources for GDGTs are still unclear, to better 
understand environmental controls on and interpretation of GDGT-based proxies. 

 

Appendix A. Supplementary material 

Supplementary data associated with this article can be found in the online version. 
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5 Interplay between the Indian Ocean 
Summer Monsoon and the Westerlies at 
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Abstract 

The transition from the Glacial to the Interglacial represents an important period with 
climatic and environmental changes which are well displayed in the ecosystems. The 
hydrological cycle of lake systems is strongly affected by changes in the circulation 
patterns. Detailed understanding of system changes is essential for better understanding 
the interplay between the Indian Ocean Summer monsoon (IOSM) and the Westerlies at 
the Nam Co, southern Tibet.  

We present one of the longest paleorecords on the Tibetan Plateau enabling the 
investigation back to the Last Glacial Maximum. The sediment core from Nam Co dates 
back to 24 ka cal BP. Different organic geochemical proxies are applied to reconstruct 
the environmental and hydrological changes. Using biomarkers (n-alkanes, glycerol 
dialkyl glycerol tetraethers) and isotopic records (δD of n-alkanes, δ13Corg, δ

15N), we 
distinguish five main climatic periods (Last Glacial Maximum, Heinrich 1, Bølling-
Ǻllerød, Younger Dryas, Early Holocene). Based on our paleohydrological δD proxies, 
the aquatic signal lags the terrestrial one due to specific ecological thresholds which in 
addition to climatic changes can influence the aquatic organisms. Because the terrestrial 
vegetation reacts faster and more sensitive to changes in the monsoonal and climatic 
system, the δD of n-C29 and the reconstructed inflow water signal represent an 
appropriate IOSM proxy. In general, the interplay of the different air masses seems to 
be primary controlled by solar insolation. In the Interglacial, the high insolation 
generates a large land-ocean pressure gradient and strong monsoonal winds with the 



Chapter 5  66 

 

strongest IOSM occurring in the Early Holocene. In the glacial period, however, the 
weak insolation promotes Westerlies which can block the weaker IOSM and influence 
the Tibetan Plateau. Our results provide an insight into the variable IOSM and illustrate 
a remarkable shift in the lake system from the glacial to the interglacial period. 

Keywords: n-alkanes; GDGTs; hydrogen isotopes (δD); δ15N; δ13Corg; Indian Ocean 
summer monsoon; temperature; precipitation; time lag; driving forces 

5.1 Introduction 

The Asian monsoon is an important component of the modern climate system and 
interacts with other subsystems such as the El Niño-Southern Oscillation (ENSO) or the 
North Atlantic Oscillation (NAO) (Gupta et al., 2003; Kumar et al., 2006). The 
monsoon results from the seasonal movement of the Intertropical Convergence Zone 
(ITCZ), which is controlled by the solar radiation of the northern and southern 
hemisphere (Wang et al., 2005a; Fleitmann et al., 2007; Yancheva et al., 2007). The 
main driver of the Asian monsoon is the thermally induced pressure gradient between 
land and ocean based on their different warming (Li and Yanai, 1996). Thereby, the 
Tibetan Plateau may act as an elevated heat source and can enhance the Asian monsoon 
(An et al., 2001; Wu et al., 2012a). The Plateau itself is influenced by the Indian (or 
South Asian) and Pacific (or East Asian) summer monsoon, the winter monsoon and the 
Westerlies. Lake Nam Co, which is located in the southern part of the Tibetan Plateau, 
is mainly influenced by the Indian Ocean summer monsoon (IOSM) that delivers the 
majority of the precipitation in the summer months and by the Westerlies in the winter 
months (Leber et al., 1995; IAEA/WMO, 2012). However, the extent of the IOSM has 
changed and several proxies have been used to track the variability of monsoon winds 
and/or monsoonal precipitation in the past (cf. Wang et al., 2005b; Morrill et al, 2003 
and 2006). Oxygen isotope records from caves or ice cores are usually used to record 
the precipitation and temperature signal, respectively (Thompson et al., 1997; Grootes 
et al., 1999; Petit et al., 1999; Sinha et al., 2005; Shakun et al., 2007). Planktonic 
foraminifera G. bulloides are often applied to track monsoon winds (Overpeck et al., 
1996; Kudrass et al., 2001; Gupta et al., 2003). 

In the last decade, hydrogen isotopes (δD) of n-alkanes are increasingly used as 
paleohydrological proxy (cf. Sachse et al., 2012 and references therein). n-Alkanes can 
be attributed to specific aquatic or terrestrial organisms and reflect the isotope signal of 
their water sources in their δD signal. Aquatic n-alkanes, which predominantly consist 
of 21 to 25 carbon atoms, record the isotope signal of the lake water (Ficken et al., 
2000; Sachse et al., 2004; Guenther et al., 2013). In contrast, terrestrial n-alkanes, which 
consist of more than 27 carbon atoms, mainly reflect the meteoric water (Eglinton and 
Hamilton, 1967; Sachse et al., 2006; Guenther et al., 2013). The isotope signal is 
modified by evaporation of lake and soil water as well as by transpiration and 
biosynthetic fractionation (Sessions et al., 1999; Mügler et al., 2008). Lacustrine n-
alkanes are persistent over geological timescales and therefore enable the reconstruction 
of both water sources in paleoclimate studies (Schimmelmann et al., 1999; Pedentchouk 
et al., 2006). Recently, glycerol dialkyl glycerol tetraethers (GDGTs) as membrane 
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lipids are often applied to reconstruct air and water temperatures in lacustrine systems 
(e.g. Sinninghe Damsté et al., 2009; Blaga et al., 2010; Wang et al., 2012). Branched 
GDGTs (bGDGTs) are mainly produced by bacteria and their degree of cyclisation 
(CBT) is correlated to soil pH (Weijers et al., 2007). Isoprenoid GDGTs (iGDGTs) of 
archaeal origin are used to calculate water temperatures based on the TEX86 proxy 
(Schouten et al., 2002). Moreover, other isotope records (δ13Corg, δ

15N) are used to 
describe the state and development of the lake system. δ13Corg presents a proxy to 
determine the organic matter sources (Meyers, 1994) and δ15N serves as a proxy for 
autochthonous primary production and the nutrient availability in the lake (Kendall 
1998). 

These proxies are used in this study to reconstruct the IOSM dynamics and their impact 
on lacustrine sediments of Nam Co. Numerous lake studies at the Tibetan Plateau 
focused on changes of the IOSM during the Holocene (e.g. Morrill et al., 2006; Mügler 
et al., 2010; Kasper et al., 2012; Doberschütz et al., 2013), but only a few investigated 
the transition from the Pleistocene to the Holocene (partially in Morrill et al., 2003; Liu 
et al., 2007). This investigation is focused on the period from the Last Glacial 
Maximum (LGM) to the Early Holocene and is an extension to the already published 
Nam Co data covering the Holocene (Mügler et al., 2010). We want to analyze the 
interplay and variability of the IOSM and the Westerlies at Nam Co in the interglacial 
as well as glacial period. Therefore, the impact of the climatic and hydrological changes 
on the aquatic and terrestrial lake system will be investigated. 

5.2 Material and Methods 

5.2.1 Study site 

With a water area of about 1920 km2 Nam Co (30°30’- 30°56’N; 90°16’-91°03’E; 
4722 m a.s.l.) is the second largest saline lake on the Qinghai-Tibetan Plateau (Fig. 5.1). 
The total catchment area spans 10,610 km2 (Guan et al., 1984). The mean relative 
humidity is 52.6 % (for 2005-2006) (Li et al., 2007). Mean annual air temperature 
(MAAT) is 0 °C with a minimum of -26.4 °C (in February 2005-2006) and a maximum 
of 20.6 °C (in July 2005-2006) (Keil et al., 2010). Mean annual precipitation is about 
281 mm a-1 with the majority of precipitation between June and October delivered by 
the IOSM (Hren et al., 2009). From January to May westerly winds are influencing the 
lake (Keil et al., 2010). Precipitation and rivers, primarily entering the lake in the 
southern part, are the most important water supplies. Rivers are recharged by 
precipitation and glacial melt water from the adjacent Nyainqentanglha Mountain. Nam 
Co has no outflow and, hence, its water balance is just controlled by the water input and 
evaporation. Mean annual evaporation from the lake surface and catchment is 790 mm 
and 320 mm, respectively (Zhu and Meng, 2004). Evaporation exceeds precipitation 
and Nam Co is characterized by an semi-arid climate (Feng et al., 2006). The maximum 
water depth is about 99 m (Daut et al., 2010). The lake water is characterized by a high 
pH (from 8 - 9.7, averaging at 9.21) and a salinity of 1.8 g/l (in the years of 2006-2008) 
(Wang et al., 2009). 
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Figure 5.1: Nam Co and other study sites (Guliya (Thompson et al., 1997), RC 27-23 
(Overpeck et al., 1996), SO93-126KL (Kudrass et al., 2001), Mawmluh Cave 
(Berkelhammer et al., 2012), Moomi Cave (Shakun et al., 2007), Timta Cave 
(Sinha et al., 2005)). The dashed line indicates the approximate extent of the Indian 
Ocean summer monsoon at the present day (after Winkler and Wang, 2003; 
redrawn Morrill et al. 2003). 

5.2.2 Sampling and sample preparation 

The sediment core NC08/01 (30°44.23’N; 90°47.42’E; 4734 m a.s.l.) with a total length 
of about 10.4 m was recovered from approximately 93 m water depth using a piston 
corer (UWITEC, Mondsee, Austria). Opening and sampling of the core was carried out 
at the geoecological–sedimentological laboratory, University of Jena, Germany. The 
sediment samples were freeze-dried and homogenized for further analysis.  

5.2.3 Analysis of lipid biomarker compounds 

Depending on the organic carbon content, 2-9 g of sample was used for lipid extraction. 
Total lipids were extracted twice with a mixture of dichloromethane / methanol (9:1) at 
100 °C and 138 bar for 15 minutes using an accelerated solvent extractor (ASE-200, 
DIONEX Corp., Sunnyvale, USA). Activated copper was added to remove elemental 
sulphur. Total lipid extracts were separated over an activated silica gel column into 
aliphatic, aromatic and polar fractions, eluted with hexane, chloroform and methanol, 
respectively (Sachse et al., 2006). 

5.2.3.1  GDGTs 

Glycerol dialkyl glycerol tetraethers (GDGTs) were analyzed at the Royal Netherlands 
Institute for Sea Research (NIOZ), Texel, Netherlands. Aliquots of the polar fractions, 
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were added with a known amount of an internal C46 GDGT standard (Huguet et al., 
2006), dried under N2, re-dissolved in hexane / isopropanol (99:1, v:v) and filtered 
through a PTFE syringe filter (0.45 µm pore size, 4 mm diameter). 10 µl of each sample 
was measured using high-performance liquid chromatography / atmospheric pressure 
positive ion chemical ionization-mass spectrometry (HPLC/APCI-MS) on an Agilent 
(Palo Alto, CA) 1100 LC/MSD SL system according to Schouten et al. (2007). The 
[M+H]+ ions of the individual GDGTs were measured with single ion monitoring 
(SIM). Peak areas were integrated following the method of Weijers et al. (2007). The 
cyclisation (CBT) of branched tetraether was calculated to compute pH using equations 
(5.1-2). Based on iGDGTs, TEX86 as a proxy for water temperature can be calculated 
(equations 5.3-5). GDGT numbers refer to structures in Schouten et al. (2013). 

5.1   CBT	 	 log
	 	 	 	

	 	 	
  (after Weijers et al., 2007) 

5.2  pH 8.09 2.48 ∗ CBT    (after Günther et al., 2013) 

5.3 	 TEX 	
	 	 	 	 	 	 	

	 	 	 	 	 	 	 	 	 	
  (after Schouten et al., 2002) 

5.4  SLST	 	46.6	x	TEX86	–	5.6	   (after Powers et al., 2010) 

5.5  LST	 	54.89	x	TEX86	–	13.36                  (after Castañeda and Schouten, 2011) 

5.2.3.2 n-Alkanes  

Aliphatic fraction in hexane was injected (1 µl) into a gas chromatograph with flame 
ionization detection (TRACE-GC 2000; CE Instruments, Thermo Quest, Rodano, Italy) 
for quantification of n-alkanes. Identification was performed by comparison to an 
external n-alkane standard mixture (n-C15 to n-C31). Compounds of the aliphatic fraction 
were separated on a DB1ms column (30 m, 0.25 mm ID, 0.25 µm film thickness; 
Agilent Technologies, Santa Clara, USA) at a constant helium carrier gas flow of 
2 ml min-1. PTV injector worked in splitless mode at an initial temperature of 45 °C and 
was heated up to 300 °C. The GC oven program increased from 90 °C (held for 1 min) 
to 300 °C (held for 9 min) with 10 °C min-1 and finally to 335 °C (held for 3 min) with 
30 °C min-1.  

5.2.4 Isotope analysis 

5.2.4.1 Organic carbon and nitrogen stable isotope analyses (δ13Corg, δ
15N) 

For δ13Corg analysis, 1-5 mg of the sample was weighed into tin capsules depending on 
the carbon content. Inorganic carbon was removed by gradual addition of 120 µl 
sulfurous acid (Steinbeiss et al., 2008). For δ15N analysis, 40-80 mg of the sample was 
weighed into tin capsules depending on the nitrogen content. All capsules were 
introduced into an NA 1110 CN elemental analyzer (CE Instruments, Rodano, Italy). 
The produced gases were transferred to an isotope-ratio mass spectrometer (Delta C, 
equipped with a Delta+ ion source; Finnigan MAT, Bremen, Germany) via a Conflo III 
interface (FinniganMAT) for isotope measurement (Werner et al., 1999). Each sample 
was measured at least twice. Standard deviation was about 0.07 ‰ for δ13Corg and δ15N. 
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5.2.4.2 Hydrogen isotope analysis of n-alkanes 

Compound-specific hydrogen isotopes were obtained using a coupled GC - IRMS 
system (GC: HP5890, Agilent Technologies, Palo Alto USA; IRMS: Delta+ XL, 
Thermo Fisher Scientific, Bremen, Germany) equipped with a DB1ms column (50 m, 
0.32 mm ID, 0.52 µm film thickness; Agilent Technologies, Santa Clara, USA). The 
injector worked at 280 °C in splitless mode. The oven program started at 60 °C (held for 
2 min) and heated up to 320 °C (held for 10 min) with 6 °C min-1. Throughout the run, 
the column flow was held constant at 1.7 ml min-1. To monitor possible co-elution with 
other components, 5 % of the samples were forwarded to an ion trap mass spectrometer 
(GCQ ThermoElectron, San Jose, USA). Isotope ratios were normalized to the Vienna 
Standard Mean Ocean Water (V-SMOW) scale using a standard mixture of n-alkanes 
(n-C15 to n-C31). The standard mixture was measured after a maximum of 3 samples to 
verify the accuracy of the analysis. If necessary, a drift correction was applied to the δD 
values of samples (Werner and Brand, 2001). Results are reported as conventional delta 
notation in per mil relative to V-SMOW (‰ vs. V-SMOW). Each sample was measured 
at least three times and the standard deviation of replicate measurements for all peaks 
was 4.82 ‰ in the standard mixture. The H3

+ factor, which confirms stable ion source 
conditions, was determined once a day with pulses of increasing reference gas amount 
and had a standard deviation of 0.50.  

Despite volume reduction to 20 µl before injection, many sediment samples still 
contained low amounts of n-alkanes. Therefore, only peaks with amplitudes over 50 mV 
were directly used for evaluation. Peaks smaller than 50 mV had to be size corrected 
according to Polissar et al. (2009). For calculation of the δD values ISODAT NT 2.0 
(Thermo Fisher Scientific, Bremen, Germany) was used to apply individual background 
correction. Outliers in the δD values were identified according to Grubbs (1969) and 
excluded for further calculations. 

5.2.5 δD correction for the global ice volume effect 

δD of terrestrial n-alkanes were corrected due to the more enriched ocean and 
precipitation values during glacial periods. Since the LGM, the global ice volume effect 
accounts for 8 ‰ in seawater δD (Schrag et al., 1996). The correction for δD values was 
calculated after Wang et al. (2013b): 

 5.6 	 δD 	δD 8	 δ O 1 	
δ

/	 1 8	 	
δ

 

We used simulated marine oxygen isotopes to reconstruct changes in the past ice 
volume (Bintanja et al., 2005). The δ18O record was interpolated to match the sediment 
sample ages. 

5.2.6 Calculation of δD values for lake and inflow waters 

Based on significant correlations between δD of n-C23 with δD of lake water and δD of 
n-C29 with δD of inflow water, calibration functions for the Tibetan Plateau were 
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established to convert the δD of sedimentary n-alkanes to the primary lake (δDLW) and 
inflow (δDIW) water isotope composition (Guenther et al., 2013): 

 5.7 	 δDLW	 		 δDC23	 	46.34 	/	1.89  (R² = 0.94, p < 0.001) 

 5.8 	 δDIW	 	 δDC29	 	129.18 	/	0.70  (R² = 0.66, p = 0.003) 

5.3 Results 

The results from our long core NC08/01 extend the already published dataset from 
sediment core NC8, which covered the last 7.3 ka cal BP (Mügler et al., 2010). To 
match the gap to the LGM, we will focus on the time period from 23.7 to 7.5 ka cal BP 
in the following discussion. 

5.3.1 Age model 

In total 24 bulk samples of the sediment core were used for 14C AMS radiocarbon 
dating carried out at Beta Analytics, Miami, USA. Based on the dating of recent 
sediments, the reservoir effect accounts for 1,420 years (Doberschütz et al., 2013). The 
modern 14C reservoir age correction was applied for the entire long core NC08/01. 
According to the age model, the sediment core dates back to 23.7 ka cal BP and is 
characterized by two different sedimentation periods. The sedimentation rate is 
1.7 mm/a from 23.7 to 19.2 ka cal BP and about 0.4 mm/a in the younger period 
(T. Kasper, personal communication). The sediment core was sampled with a resolution 
of 5 cm and according to the sedimentation rate pooled for lipid biomarker analysis 
resulting in a mean time resolution of about 100 years. 

5.3.2 Distribution and concentration of biomarkers 

Total n-alkane amounts range from 269 to 4748 ng/g dry weight with highest amounts 
in the Holocene. Both alkane records show a clear increase after 12 ka cal BP (Fig. 5.2). 
n-Alkane C23 is the most abundant in the sediments with up to 982 ng/g dry weight. In 
general, aquatic n-alkanes (C23) are more abundant than terrestrial n-alkanes (C29) (ratio 
C23:C29 = 1.4:1).  

Low amounts of crenarchaeol, bGDGTs and iGDGTs are measured for the period from 
23.7 to 15 ka cal BP with 12 ± 14, 93 ± 42 and 24 ± 16 ng/g dry weight, respectively 
(Fig. 5.2). After 15 ka cal BP, concentrations of crenarchaeol, bGDGTs and iGDGTs 
increase up to 810, 2625 and 1490 ng/g dry weight. At 16.7 ka cal BP, CBT values 
change from 0.47 ± 0.11 (23.7 to 16.7 ka cal BP) to 0.12 ± 0.11 (16.7 to 7 ka cal BP). 
Following, the reconstructed pH also show a decrease of 1 pH unit (from 9.3 ± 0.3 to 
8.3 ± 0.3) (Fig. 5.3a). In contrast, TEX86 values do not significantly change and stay 
quite constant for the whole record with 0.35 ± 0.05. The reconstructed LST and SLST, 
based on TEX86, is 5.83 ± 2.54 and 10.69 ± 2.15 °C, respectively (Fig. 5.3a). 
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Figure 5.2: Total amounts of n-alkanes (C29, C23, C17-31) and GDGTs (crenarchaeol, iGDGTs, 
bGDGTs) in the sediment core from Nam Co. 

5.3.3 Isotopic characteristics 

5.3.3.1 Isotopic proxy parameters δ13Corg and δ15N 

The sediment core can be divided in two sections by means of δ13Corg and δ15N. From 
23.7 to 15.5 ka cal BP, the δ13Corg values are more enriched with -22.7 ± 1.1 ‰. In the 
last 15.5 ka cal BP, δ13Corg values are -24.4 ± 0.6 ‰ (Fig. 5.3a). Since the end of the 
LGM, δ15N values are continuously depleted from 24 to 14 ka cal BP and remain quite 
stable for the Holocene. The period from 23.7 to 14 ka cal BP is characterized by δ15N 
of 7.6 ± 0.8 ‰, while in the last 14 ka cal BP δ15N values are 5.0 ± 0.3 ‰ (Fig. 5.3a). 

5.3.3.2  Compound-specific hydrogen isotopes 

We concentrate on the n-alkane C23 and C29 as aquatic and terrestrial biomarkers, which 
reflect the isotope signal of the lake and inflow water, respectively (Günther et al., 
2013). The δD of n-C23 vary between -61 and -233 ‰. Lowest δD values are recorded 
during the Early Holocene (10.8 – 7 ka cal BP) with -186 ± 31 ‰ and the strongest 
enrichment is measured during Bølling-Ǻllerød (16.8 – 13.8 ka cal BP) with                       
-95 ± 38 ‰. The deduced lake water δD values (after equation 5.7) range from -8 to      
-99 ‰ showing the same pattern with the highest depletion during Early Holocene                  
(-74 ± 17 ‰) and highest enrichment (-26 ± 20 ‰) during the Bølling-Ǻllerød 
(Fig. 5.3a). 
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Figure 5.3:  (A) Measured hydrogen isotope values (δD) of n-C23 and n-C29, reconstructed δD 
of lake and inflow water, δD of n-C29 and inflow water corrected for ice volume 
effect, evaporation to inflow (E/I) ratio, remaining water fraction in the lake, lake 
surface temperature (LST) as well as summer lake surface temperature (SLST), 
reconstructed pH values, δ15N and δ13Corg values for Nam Co sediments. The 
broken, light grey lines indicate the present values. Grey bars represent important 
climate periods (LGM – Last Glacial Maximum, H1 – Heinrich 1, BA - Bølling-
Ǻllerød, YD – Younger Dryas, EH – Early Holocene). (B) Oxygen isotopes of 
stalagmites (δ18Ocarb) from Mawmluh, Timta and Moomi Cave as well as oxygen 
isotopes of foraminifera (δ18OG. bulloides) from the Bay of Bengal and the 
Arabian Sea as IOSM proxy records. Grey bars represent increase in IOSM during 
Bølling-Ǻllerød (BA) and Early Holocene (EH). (C) Potential IOSM influencing 
factors (June insolation, atmospheric CO2 and δ13C, δD of GISP2 and Vostok ice 
core, δ18OG. bulloides from the Bay of Bengal and the Southern Indian Ocean) in 
comparison with the corrected δD values of the inflow water at Nam Co. A 3-point 
average filter was applied to the δD of inflow water to diminish the local climate 
signals. 

δD of n-C29 vary between -136 and -294 ‰. After correction for the global ice volume 
effect, δD of n-C29 vary between -148 and -303 ‰. The amendment resulted in a shift of 
-7.3 ± 3.8 ‰ in the glacial period, without changing the overall pattern (Fig. 5.3a). 
Converting the corrected δD of n-C29 into inflow water δD (after equation 5.5), the 
values range from -27 to -249 ‰. Comparable to δD of n-C23, the strongest depletion is 
recorded for the Early Holocene (-203 ± 12 ‰). But the highest enrichment is measured 
in the glacial periods, during the LGM and Heinrich 1, with -106 ± 33 ‰ (Fig. 5.3a). 
Based on the evaporation model (Appendix A5.1), highest evaporation is recorded 
during the Bølling-Ǻllerød (10.69 ± 3.51). Less evaporation with inflow exceeding 
evaporation is recorded for the glacial periods LGM and Heinrich 1 (0.26 ± 0.77) 
(Fig. 5.3a). 

5.4 Discussion 

5.4.1 Do the paleohydrological δD proxies display the IOSM? 

To control if our proxies really reflect the IOSM signal, we compared our results with 
distinctive proxies from the source area of the IOSM (Fig. 5.1). In general, two aspects 
of the monsoon can be reconstructed: either monsoon winds or monsoon induced 
precipitation (Wang et al., 2005b). Carbonate oxygen isotopes (δ18Ocarb) are commonly 
used to reconstruct the monsoon intensity in terms of precipitation (Sinha et al., 2005; 
Shakun et al., 2007), while foraminifera such as Globigerina bulloides (δ18OG.bulloides) 
reflect monsoon-induced upwelling which is controlled by monsoon winds (Overpeck et 
al., 1996; Kudrass et al., 2001). 

All records, δ18Ocarb as well as δ18OG.bulloides, show a first increase in the IOSM 
associated with depleted oxygen isotopes during the Bølling-Ǻllerød and a second 
change in the Early Holocene (Fig. 5.3b). Our δD values of n-C29, which reflect the 
precipitation signal modified by evapotranspiration, are in best agreement with the Bay 
of Bengal δ18OG.bulloides record (Kudrass et al., 2001). This can be attributed to the most 
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important trajectory in which the moisture is transported from the Bay of Bengal over 
the Brahmaputra river valley to the Nam Co (Tian et al., 2001a). Variations in the exact 
timing of IOSM changes are caused by site-specific differences such as local 
topography or regional river water input as well as by deviations in the age models. In 
the last 20 ka cal BP, δD and δ18O records show a similar pattern and, thus, our 
paleohydrological proxies do reflect the IOSM signal at Nam Co. In the LGM, the δ18O 
records differ from δD n-C29 suggesting another source of precipitation at Nam Co. 

5.4.2 Variability of IOSM and its influence on the Nam Co 

At present, temperature and precipitation are positively correlated with each other, 
because both show the highest values during the summer months, which are affected by 
the IOSM (Lhasa; IAEA/WMO, 2012). Changes in the precipitation as well as 
temperature can be used to better understand the monsoon system in the past. At 
present, the amount effect has the major impact on the isotopic composition of 
precipitation at Nam Co (Hren et al., 2009).  

Based on the precipitation and temperature signal, the Last Glacial Maximum (LGM; 
23.7 - 19.4 ka cal BP) is characterized by a weak IOSM. On the whole, precipitation 
amounts were lower (enriched δD n-C29) than the present (Fig. 5.3a). The more depleted 
values at 21.7 ka cal BP may be attributed to the influence of western air masses. The 
Guliya ice core record in the western part of the Tibetan Plateau also shows lower 
isotope values in the Glacial than in the Interglacial due to the stronger impact of 
temperature on ice core δ18O values and the decreased temperatures (Fig. 5.1, 
Thompson et al., 1997). The extension of western air masses across the Plateau in the 
glacial period is even more obvious by comparing different lake records. Tai Co in 
western Tibet, for example, is characterized by prolonged wet conditions, whereas lakes 
in the eastern part are less affected by this moisture (Fig. 5.4). The spatio-temporal 
comparison enables the reconstruction of circulation patterns in the past and illustrates 
the expansion of the Westerlies. Based on different climate indices, stronger Westerlies 
and a weaker IOSM were also observed at Lake Qinghai (An et al., 2012; Fig. 5.4). 
However, the low effective moisture at Nam Co (remaining water fraction in Fig. 5.3a) 
and in Asia (Fig. 5.4) in the Glacial indicates that the Westerlies transport less moisture 
than the IOSM and are rather characterized as dry air masses. The calculated mean 
annual lake surface temperature (LST) in the LGM was 1.8 °C colder than the present 
(Fig. 5.3a). This value is in agreement with the modeled surface temperature decrease of 
about 2 – 4 °C compared to present values for East Asian (Ju et al., 2007). However, the 
temperature reconstructions at Nam Co should rather be considered as tendencies than 
as absolute values due to the various factors influencing lake water temperatures such as 
lake depth and volume, ice thickness or melt water input. Due to the lower 
temperatures, the evaporation to inflow (E/I) ratio show low values indicating more 
humid conditions. Comparative conditions are also recorded in the Heinrich 1 (H1; 
18.1 – 16.5 ka cal BP) and Younger Dryas (YD; 12.6 – 11.4 ka cal BP) (Fig. 5.3a). In 
these cold periods, the monsoon intensity is decreased, while in warm periods a 
strengthening of the IOSM is measured. We detect the onset of the IOSM associated 
with increased precipitation (depleted δD n-C29) and temperature during the Bølling-
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Ǻllerød (BA; 16.1 – 13.8 ka cal BP) (Fig. 5.3a). In this period, the highest temperatures 
are recorded for the Pleistocene, which are similar to present values. The highly 
enriched δD n-C23 are caused by strong evaporation, which is also confirmed by the E/I 
ratio, and indicate the lowest lake levels for the whole record. The strongest IOSM with 
persistent high amounts of precipitation (depleted δD n-C29, depleted δD n-C23) and 
increasing temperatures is recorded in the Early Holocene (EH; 10.8 – 7 ka cal BP) 
(Fig. 5.3a). The spatio-temporal comparison of different records shows the decreasing 
influence of the IOSM towards the western part of the Plateau. Nam Co and Qinghai are 
mainly influenced by this moisture source (Fig. 5.4). Although increasing temperatures, 
evaporation is continuously decreasing (depleted δD n-C23, low E/I ratio) and most of 
the moisture is stored in the lake (remaining water fraction) indicating the strong impact 
of the monsoonal precipitation. This results in the highest lake level stands for the 
investigated period. 

 

Figure 5.4: Wet and dry periods in Tibetan lake systems Tai Co (Zheng et al., 2011), Zabuye 
Co (Wang et al., 2002b), Nam Co (this study) and Qinghai (Ji et al., 2005; An et 
al., 2012) based on a five-class ordinal index compared to the effective moisture 
(Herzschuh, 2006) and intensity indices of IOSM and Westerlies (An et al., 2012). 
Lake systems are presented in west-east direction. 

Changes in the IOSM as well as in the climate conditions have a great influence on the 
lake system. The environmental conditions in the Early Holocene, for example, favor 
the bioproductivity which is reflected in the total amount of n-alkanes and GDGTs 
(crenarchaeol, iGDGTs, bGDGTs) (Fig. 5.2). Both show a strong increase in this period 
due to the improved living conditions with more precipitation and higher temperatures 
(Fig. 5.3a). A first slight increase in the bioproductivity is already measured in the 
Bølling-Ǻllerød, which is also characterized by higher temperatures and an increase in 
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precipitation. The first warming in the final stage of the last glacial period, the Bølling-
Ǻllerød, displays an important period when the lake system shows an obvious change in 
pH and δ13Corg values, too (Fig. 5.3a). Before the Bølling-Ǻllerød, δ13Corg values are 
continuously increased (up to -20.4 ‰), while after 13.8 ka cal BP there is a tendency to 
more depleted values (-24.4 ± 0.6 ‰) (Fig. 5.3a). In general, our δ13Corg values 
correspond to plants using the C3 pathway (Meyers, 1994; Meyers and Ishiwatari, 
1995). Besides the different carbon fixation pathway, the available dissolved CO2 as 
carbon sources and the amount of primary production combined with the release of light 
CO2 during organic matter decomposition can influence the δ13Corg values (Hayes, 
1993; Laws et al., 1995). Lower CO2 concentrations in the glacial period cause enriched 
δ13C values in the atmosphere and enriched δ13Corg values. Because dissolved CO2 from 
respiration of decomposing C3 plants deplete δ13C values, we can detect an increase in 
bioactivity at the beginning of the Bølling-Ǻllerød. This period is also characterized by 
changes in the atmospheric CO2 which controls the δ13C values (Fig. 5.3c). Due to the 
release of old carbon from the deep ocean, CO2 increases and δ13C decreases at 17.5 ka 
cal BP and reach their minimums at 16 ka cal BP (Schmitt et al., 2012). These results 
are in agreement with our data and show the importance of atmospheric CO2 as carbon 
source at Nam Co. The two different isotopic stages in our δ13Corg record mainly display 
different productivity levels which are controlled by environmental conditions. The 
transition between the different δ13Corg stages points to ecological thresholds driving the 
system.  

The same pattern is also observable in the pH values supporting the existence of 
thresholds. Changes in pH can be attributed to increased precipitation, which nowadays 
has pH values of 6.59 (Li et al., 2007). The hydrochemistry of the lake water can be 
altered due to the mixing of the lake water with increased precipitation and inflow. 
Another explanation for lower pH values is the increase in bioproductivity as a response 
to temperature changes and the enlarged input of organic carbon transported by 
precipitation. With higher respiration than photosynthesis rates, organic carbon is 
decomposed and CO2 is released in the lake water lowering the pH and concurrently 
depleting the δ13Corg values.  

δ15N values also show a change from one stage into another, but the transition last 
longer than for δ13Corg and pH. In the LGM, δ15N is invariable (7.8 ± 0.5) as well as in 
the period after the Bølling-Ǻllerød (5.0 ± 0.3) (Fig. 5.3a). Strongly enriched δ15N in the 
glacial period are typical for mineral soils (Fry, 1991). The change to more depleted 
values can be ascribed to a more abundant nitrogen supply or to an enhanced nitrogen 
fixation by legumes (Fry, 1991; Kendall, 1998). This is well known for regenerating 
ecosystems (Rothe and Gleixner, 2004). However, the complex interactions between the 
processes influencing the δ15N values may explain the prolonged transition time. 

5.4.3 Ecological thresholds for aquatic organisms at Nam Co 

Climatically induced ecological thresholds are defined as critical values or periods 
where the biological response changes rapidly to small variations in the climate system 
(Huggett, 2005). In general, lakes can have different characteristics and so different 
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climate sensitivity thresholds. Changes in effective moisture (precipitation–
evaporation), for example, influence the lake levels and the associated salinity which is 
influencing the aquatic organisms. In our records the response of the aquatic system 
lags changes in the terrestrial signal by 5 ka in the glacial period and later on by 1.2 ka 
in the Interglacial (Fig. 5.5). Aquatic organisms seem to be influenced not only by 
changes in the climatic system and IOSM precipitation, but also by ecological factors.  

 

Figure 5.5: Time lags between hydrogen isotope (δD) records and June insolation for time 
slices showing first changes (squares) and the maximum monsoon intensity 
(ellipses). The black lines represent the polynomial fit through the original data sets 
which are plotted as dashed lines with open circles. 

After the Younger Dryas event the aquatic system changes relative fast supporting the 
existence of ecological thresholds. The amount of the aquatic biomarker n-C23 increases 
at lake surface temperatures above 4 °C, pH values below 8.8 and at δ15N values below 
6 ‰ (Fig. 5.6). These thresholds are primarily crossed in the Interglacial which is as a 
result also characterized by higher n-C23 (Fig. 5.6). Based on our results, the aquatic 
biological response at Nam Co depends on temperature and associated lake size as well 
as ice-free seasons and nutrient availability. These ecological thresholds are crucial for 
the development of aquatic organisms and may explain the delayed response of the 
aquatic organisms compared to the terrestrial ones.  

The different reactions of aquatic (n-C23 and their reconstructed lake water δD) and 
terrestrial (n-C29 and their reconstructed inflow water δD) organisms are also obvious in 
the amplitude of their isotopic records. Changes in the lake water δD only account for 
91 ‰, while the δD values of the inflow water vary in 221 ‰ (Figs. 5.3a, 5.5). The 
terrestrial vegetation, on which the inflow water δD values are based on, mainly records 
a summer moisture signal modified by evapotranspiration processes. Because the 
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terrestrial vegetation reacts more pronounced and faster to changes in the monsoonal 
and climatic system, the δD of n-C29 represents an appropriate and sensitive IOSM 
proxy. 

 
Figure 5.6: Amount of aquatic n-alkane C23 vs. lake surface temperature (LST), pH, δ15N and 

cal. years BP showing the ecological thresholds (dashed grey line). Grey boxes 
indicate increased production of n-C23. 

5.4.4 Potential drivers of IOSM 

As shown before (in chapter 5.4.1.), the consistent pattern in the records of δD n-C29, 
δ18Ocarb as well as δ18OG.bulloides suggests that the IOSM is primarily influenced by the 
same driving mechanisms in the investigated study areas. In general, the IOSM can be 
influenced by internal and external factors. Numerous studies already determined 
precession-driven insolation as one of the main external driving factors (Clemens et al., 
1991; Neff et al., 2001). We compared our reconstructed δD records for the lake and 
inflow water with the June insolation at 30°N (Berger and Loutre, 1991) (Fig. 5.5). 
While the insolation changes to higher values at 23 ka cal BP, the isotopic composition 
of the inflow water alters at 19 ka cal BP and the lake water at 14 ka cal BP indicating 
an intensification of the IOSM. Comparing the maximum monsoon intensity with the 
maximum June insolation, the time lags only account for 1.4 and 2.6 ka, respectively. 
On the annual scale, a 2 month lag already exists with maximum insolation and 
temperature in June, but highest precipitation in August (Laskar et al., 2004; 
IAEA/WMO, 2012). Concerning the solar cycle of 23 ka, this offset amounts to 
3800 years. This may explain the slight offset for the recorded maximum monsoon 
intensity. The larger time lags of 4 and 9 ka in the glacial period show that in addition to 
insolation other factors are important, too. In the glacial period, ecological factors seem 
to be more important for the establishment and response of the aquatic organisms. The 
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delay of the biological response is related to changes in the parameters pH, δ15N and 
LST (Fig. 5.6). 

However, insolation always leads in phase to the aquatic and terrestrial records 
indicating its importance to monsoonal-forced changes in the lake system. We can 
confirm the idea that solar insolation is more important in controlling the IOSM in the 
Holocene than in the glacial periods (Overpeck et al., 1996). In warm periods, the ice 
volume and snow cover is decreased. Under these conditions, solar insolation can 
stronger heat the Tibetan Plateau which results in a larger land-ocean pressure gradient, 
stronger winds, boosted water vapor transport from the Indian Ocean to the Plateau and 
enhanced monsoonal precipitation (Fig. 5.7). The concentration of CO2 in the 
atmosphere as a greenhouse gas is important for further warming, too. A first 
remarkable increase in CO2 released to the atmosphere and a parallel depletion in 
δ13Catm is detected at 17.5 ka cal BP (Fig. 5.3c; Schmitt et al., 2012) creating the 
preconditions for a stronger IOSM. In glacial periods, a lower pressure gradient is 
established between the Indian Ocean and the Tibetan Plateau resulting in weaker 
monsoonal winds. In exchange, the Westerlies are amplified in periods with weak 
insolation and may additionally block the IOSM at the Himalaya (Fig. 5.7).  

 

Figure 5.7: Simplified circulation patterns displaying the influence of the Indian Ocean 
summer monsoon (IOSM) and Westerlies at Nam Co as well as the position of the 
Intertropical Convergence Zone (ITCZ) in the glacial and interglacial period. 
Pressure cells are denoted by L (low pressure) and H (high pressure). The brown 
area marks the Tibetan Plateau.  

Finally, we compared our paleohydrological δD record with δD values of ice cores and 
δ18O values of G. bulloides to see if the atmospheric or oceanic circulation is more 
important for the IOSM development (Fig. 5.3c). All records show a good agreement 
implying that the IOSM is connected to the ocean as well as to the atmospheric system 
which in addition to the solar insolation can influence the monsoon system. As 
interhemispheric circulation, the IOSM in stronger effected by the southern atmospheric 
circulation (R² = -0.71, p < 0.0001) than by the northern atmospheric circulation      
(R² = -0.48, p < 0.0001). The influence of the northern (R² = 0.69, p < 0.0001) and 
southern (R² = 0.70, p < 0.0001) oceanic circulation is comparable. This coupled 
atmosphere-ocean interactions with the IOSM system cause links to the North Atlantic 
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Oscillation or El Niño–Southern Oscillation (e.g. Gupta et al., 2003; Morrill et al., 2003; 
Kumar et al., 2006). 

The IOSM system is influenced by coupled atmosphere-ocean interactions that cause 
the links to the North Atlantic circulation or El Niño–Southern Oscillation (e.g. Gupta et 
al., 2003; Morrill et al., 2003; Kumar et al., 2006). Our results show that the IOSM 
dynamics are controlled by changes in solar insolation as well as the oceanic-
atmospheric circulation. 

5.5 Conclusion 

We present a sedimentary record that spans the Last Glacial Maximum to the Early 
Holocene and extends our already published Nam Co data covering the Holocene 
(Mügler et al., 2010). Our temperature and precipitation records based on lipid 
biomarkers allow a clear differentiation between the glacial and interglacial period. In 
the Interglacial, the paleohydrological δD proxies show a significant agreement with 
distinctive IOSM records which proves that we are really reconstructing the IOSM 
signals. In the Glacial, Westerlies are more dominant and affect the δD values. In our 
record, IOSM dynamics are embedded in the coupled atmospheric-oceanic circulations. 
But the main influencing factor remains the solar insolation that drives the different 
global circulation systems and controls the IOSM winds by building up the pressure 
gradient between the Tibetan Plateau and the Indian Ocean. In addition, other internal 
influencing factors such as environmental parameters must be considered, too. The 
different response times of the aquatic and terrestrial vegetation, for example, play an 
important role for the IOSM reconstructions. For the first time, we can present 
evidences of ecological thresholds which control the aquatic biological response during 
the Glacial-Interglacial transition. Consequently, IOSM precipitation strongly depends 
on external forcings such as insolation as well as internal feedback mechanisms. Our 
results may give the opportunity to better understand the driving forces of the IOSM 
system at the Tibetan Plateau. 
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CHAPTER 6 

6 Synthesis 

6.1 δD values of aquatic and terrestrial n-alkanes as proxy for the Asian 

monsoon 

The prospective usage of compound-specific hydrogen isotope ratios of sedimentary n-
alkanes as a proxy for past changes of the Asian monsoon is investigated in this thesis. 
The general basis for paleohydrological reconstruction is the correlation between the δD 
values of sedimentary n-alkanes and the hydrogen isotope composition of the ambient 
water used as primary hydrogen source for biosynthesis. Several studies already 
determined significant correlations between δD values of aquatic n-alkanes and δD 
values of the ambient lake water as well as between δD values of terrestrial n-alkanes 
and δD values of meteoric water (Chikaraishi and Naraoka, 2003; Huang et al., 2004; 
Sachse et al., 2004). At the Tibetan Plateau, the aquatic δD n-C23 retraces the isotope 
signal of the lake water and the terrestrial δD n-C29 records the isotope signal of the 
inflow water (chapter 3). Based on this relationship, we established transfer functions 
for the Plateau which enable the reconstruction of the source water isotope signals in the 
past (equation 6.1 and 6.2, chapter 3): 

6.1  δDlake	water	 		 δDC23	 	46.34 	/	1.89  (R² = 0.94, p < 0.001) 
6.2  δDinflow	water	 	 δDC29	 	129.18 	/	0.70	 	 (R² = 0.66, p < 0.005) 

Additional environmental and physiological parameters can influence the isotopic 
fractionation between hydrogen in the source water and the n-alkanes (reviewed by 
Sachse et al., 2012). We investigated if and to which extent the variability of the source 
water and climate variations are recorded in the n-alkane δD values by comparing the 
Nam Co record with ice core as well as temperature and radiation records for the last 
millennium (chapter 2). All studied ice cores are located in the influence area of the 
IOSM (Thompson et al., 2000 and 2006b; Kaspari et al., 2007). In this way, the ice 
cores represent appropriate archives for n-alkane source water investigations, because 
they directly preserve the isotope signal of the monsoonal precipitation. The ice core 
and Nam Co records show a comparable trend (Fig. 6.1), but the correlation between the 
isotope values is weak. This suggests that other factors are additionally influencing the 
sedimentary n-alkane δD values. In a European transect study, the isotopic fractionation 
accounts for -130 ‰ between the source water and terrestrial n-alkanes and -157 ‰ 
between the source water and the aquatic n-alkanes (Sachse et al., 2004). At the Plateau, 
the isotopic fractionation is smaller, but the sedimentary n-alkanes are more enriched 
due to the strong effect of environmental parameters. The amplitude of the signal 
provided by n-alkanes resembles the insolation curve indicating insolation as a main 
influence factor (Fig. 6.1). Consequently, the hydrogen isotope signal of aquatic and 
terrestrial n-alkanes is less affected by variations in the source water and strongly 
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depends on environmental parameters such as temperature and humidity controlled 
evapotranspiration and, hence, can be used to reconstruct these parameters.  

 

Figure 6.1: Mean δD values for aquatic and terrestrial n-alkanes from Nam Co sediments, 
mean δD values for Tibetan ice cores (Dasuopu and East Rongbuk), the isotopic 
fractionation ε for aquatic and terrestrial n-alkanes, and the solar insolation (Bard et 
al., 2003). 

In a transect study across the Tibetan Plateau covering an aridity gradient, we further 
studied the relationship between environmental parameters and n-alkane δD values to 
enhance the explanatory power of aquatic and terrestrial n-alkane δD values in 
paleoclimate studies (chapter 3). In surface sediments, aquatic n-alkanes are enriched in 
deuterium compared to the terrestrial ones by about 60 ‰ due to enhanced evaporation 
of the lake water (Fig. 6.2, chapter 3). This value is in agreement with a former study 
restricted to the Nam Co area (Mügler et al., 2008) in which an enrichment of 68 ‰ was 
measured for the aquatic n-alkanes. This specific characteristic of arid regions enables 
the application of sedimentary n-alkane δD values to estimate the degree of evaporation 
in a lake system. One possibility of investigating the strength of evaporation and the 
available water is by combining the aquatic and terrestrial n-alkane δD values in the 
evaporation to inflow (E/I) ratio. In this way information about the evapotranspiration in 
a lake system can be gained and lake water balances can be estimated (Gat and Levy, 
1978; Gibson et al., 1993; Mügler et al., 2008). We additionally used the isotopic 
difference between n-C23 and n-C29 (ΔδDC23-C29) as proxy to describe the effective 
moisture (precipitation–evaporation) in closed lake systems at the Plateau. The modern 
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annual precipitation range for developing the ΔδDC23-C29 proxy was limited from 70 to 
315 mm which facilitates reliable reconstructions within this range. Both proxies, the 
E/I ratio and the ΔδDC23-C29, are significantly correlated and can be used for 
paleohydrological reconstructions.  

Aquatic plants use the accumulated precipitation in the lakes as source water and their 
δD values are primarily affected by the evaporation of the lake water which is mainly 
controlled by relative humidity and temperature (Gonfiantini, 1986; Mügler et al., 
2008). In Tibetan lakes, the evaporative enrichment in the aquatic system accounts for 
85 ‰ (Fig. 6.2). Hydrogen isotope ratios of aquatic n-alkanes can also be influenced by 
salinity due to recycling and associated enrichment of metabolic and intracellular waters 
used for biosynthesis (Sachse and Sachs, 2008, Sachs and Schwab, 2011). With regard 
to paleoreconstructions in saline lakes at the Tibetan Plateau, the salinity impact on n-
alkane δD values has to be considered. In saline ponds on Christmas Island, the isotopic 
fractionation between cyanobacterial lipids and lake water decreased by 0.9 ± 0.2 ‰ per 
salinity unit increase (Sachse and Sachs, 2008). For the investigated Tibetan lakes, we 
observed a decrease of 0.4 ‰ per salinity unit implying a minor impact of salinity on n-
alkane δD values (chapter 3).  

 

Figure 6.2: Isotopic differences in the aquatic and terrestrial systems at Tibetan lakes. Isotope 
values represent the arithmetic average of measured δD values in the presented E-
W transect. 

Terrestrial plants commonly use the stored precipitation water from soils as main water 
source which is in the mean enriched by 11 ‰ in relation to the meteoric water 
(Fig. 6.2). A further enrichment of 57 ‰ is caused by strong transpiration effects and 
the associated loss of lighter water isotopes from the leaves (Fig. 6.2). This enrichment 
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in deuterium is affected by environmental parameters such as relative humidity or 
temperature (Kahmen et al., 2008). The importance of evapotranspiration processes in 
the soil and leaf water and its effect on n-alkane δD values is only poorly understood 
due to the lack of eligible studies (reviewed in Sachse et al., 2012). In former 
investigations (Feakins and Sessions, 2010; Polissar and Freeman, 2010) enriched leaf-
wax δD values were found, but other studies (Hou et al., 2008; McInerney et al., 2011) 
could not distinguish between soil- and leaf water isotope enrichment. In the Tibetan 
lake systems, fractionation strongly depends on transpiration from the leaves and less on 
soil evaporation (chapter 3). Based on our results, differences among species concerning 
leaf morphology or water-use strategy are more important for terrestrial n-alkane δD 
values than changes in soil characteristics. The terrestrial vegetation in the Tibetan lake 
systems mainly consist of the same alpine meadows and steppe grasses such as 
Kobresia sp. and Stipa sp. using the C3 pathway of photosynthesis. Therefore, the effect 
of plant physiological properties on δD values is comparable in the different lake 
systems. To diminish possible interspecific variability, δD values of terrestrial n-alkanes 
C29 and C31 can be combined for source water reconstruction (chapter 3). To correct 
interspecific variability for aquatic plants, a combination of n-C23 with n-C21 is 
appropriate (chapter 3). 

Another difficulty in the usage of compound-specific hydrogen isotope ratios of 
sedimentary n-alkanes can arise through the time shift between the aquatic and 
terrestrial signal. In general, each proxy should reflect environmental and hydrological 
conditions at the same time for an appropriate reconstruction. However, the timing of 
production and deposition of aquatic and terrestrial n-alkanes can differ with a 
terrestrial signal usually lagging behind the aquatic one (Hu et al., 2002; Ohkouchi et 
al., 2002; Jennerjahn et al., 2004) due to specific terrestrial dispersion or residence time 
in the system. In contrast to these findings, the aquatic signal lags behind the terrestrial 
one in Nam Co sediments over the last 24 ka cal BP. Because the offset between the 
aquatic and terrestrial signal is decreasing with time, we assume aquatic organisms are 
strongly affected by ecological thresholds (chapter 5). Several proxies show specific 
ecological threshold-like behaviors (Jennerjahn et al., 2004; Maslin, 2004; Wischnewski 
et al., 2011). The δD n-C23 display a slower and less pronounced response to variations 
in the climatic system and IOSM precipitation than δD n-C29 due to in-lake conditions 
and processes. In the Glacial, the aquatic system shows a non-linear reaction to 
environmental changes resulting in a large time lag of 9 ka, while in the Interglacial the 
aquatic organisms react more directly to environmental changes with a time lag of 
2.6 ka (chapter 5). This improved synchronicity suggests that ecological thresholds were 
crossed in the interglacial period and environmental changes caused by IOSM dynamics 
trigger a stronger and faster aquatic response. The aquatic biological response at Nam 
Co depends on thresholds for temperature (> 4°C), pH (< 8.8) and nutrient availability 
(δ15N < 6 ‰). At Nam Co, the delay of the aquatic response in glacial times is not 
directly connected to IOSM dynamics, rather to the ecosystem development. 
Consequently, it is important to understand the relationship of proxies to climate and 
environmental changes and identify potential ecological thresholds, to proper 
reconstruct IOSM dynamics. 
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At Nam Co, δD n-C29 records the isotope composition of the inflow water which is 
comparable to the precipitation signal. As already mentioned, the isotopic composition 
of precipitation depends on the altitude, continental, latitude, temperature, amount and 
source effect (Dansgaard, 1964; Rozanski et al., 1992; Gat, 1996). Because altitude, 
distance to the ocean and to the equator have not changed in the investigated Quaternary 
period (Harrison et al., 1992; Spicer et al., 2003), changes in temperature, the amount of 
precipitation and the source region of moisture are the most important influence factors 
at Nam Co. Both, the temperature as well as the amount affect, influences the hydrogen 
isotopes of precipitation, but in the opposite direction. While an increase in temperature 
results in heavier isotopes, a precipitation increase will cause depleted isotope values 
(Dansgaard, 1964). Precipitation derived from the IOSM is characterized by depleted 
isotope values due to the strong amount effect (Araguás-Araguás et al., 1998). On the 
contrary, air masses originating from areas above 35°N are mainly affected by 
temperature (Araguás-Araguás et al., 1998; Johnson and Ingram, 2004; Hren et al., 
2009). Continental air masses are additionally enriched due to the moisture recycling 
(Tian et al., 2001a, b). The reliability of an eligible Monsoon proxy depends on the 
extent to which it is connected with monsoon processes and if non-monsoon processes 
can be identified and excluded (Wang et al., 2005b). As mentioned, n-Alkane δD values 
can be depleted through monsoonal precipitation, but also through a decrease in 
temperature. Although the amount effect is currently prevailing at the Nam Co, the 
system could behave different in the past with temperature as the important factor. To 
better estimate temperature changes, we investigated glycerol dialkyl glycerol 
tetraethers (GDGTs) as additional proxy for the paleoclimate reconstruction (chapter 4). 
The TEX86 proxy which is based on in situ produced archaeal isoprenoid GDGTs 
(iGDGTs) can be used to reconstruct summer lake surface temperatures (Schouten et 
al., 2002; Kim et al., 2008; Powers et al., 2010; Castañeda and Schouten, 2011) 
(Fig. 6.3a). 

 

Figure 6.3: Regression plot between (a) TEX86-derived lake surface temperature (LST) vs. 
measured LST and (b) CBT vs. water pH for Tibetan sediments. Thick lines are the 
regression lines and thin lines show the 95 % confidence interval of the regression 
line. 

Since iGDGTs at the Plateau are mainly influenced by temperature, the common 
transfer functions could directly be applied to Tibetan lakes. However, bacterial 
branched GDGTs (bGDGTs), which are commonly used to reconstruct pH values 
(Weijers et al., 2007; Peterse et al., 2012), are strongly influenced by salinity. The 
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relationship between pH and the cyclisation (CBT) index of bGDGTs in Tibetan lakes is 
contrary to former studies (Weijers et al., 2007; Peterse et al., 2010; Xie et al., 2012) 
due to the more alkaline conditions in the Tibetan lakes. Therefore, we established a 
specific transfer function to estimate pH values at the Plateau as a further environmental 
parameter for the paleoreconstruction (Fig. 6.3b). 

The multi-proxy approach based on biomarkers (n-alkanes, GDGTs) and compound-
specific δD values is applied to reconstruct monsoon-induced changes in the past 
environmental and hydrological conditions at the Tibetan lake Nam Co. 

6.2 Indian Ocean summer monsoon (IOSM) dynamics at the Tibetan Plateau 

The IOSM is one the most policy-relevant components in the climate system due to its 
sensitive response to climate change (Liu and Chen, 2000; Lenton et al., 2010). 
However, the exact timing, intensity and variability of causes and feedbacks of the 
IOSM are still partially unknown. Models still struggle with the simulation of the 
monsoon variability at different timescales (reviewed by Turner and Annamalai, 2012). 
These problems can arise from the nonlinearity of climate changes and monsoon 
responses, but also from missing observations. The moisture evolution, for example, is 
already investigated in several studies at the Tibetan Plateau for the Holocene (Chen et 
al., 2008; Mischke et al., 2008; Wang et al., 2010), but information about moisture 
changes for the Pleistocene are still scarcely available (e.g. Herzschuh, 2006). 
Compound-specific δD values of sedimentary n-alkanes as paleohydrological proxy 
provide new information on the variability of the monsoon system which is closely 
connected to and, therefore, reflected by changes in the lake water cycle (chapter 5). 
Based on variations in n-alkane δD values humid and arid climate conditions can be 
revealed and the available moisture in the lake system can be estimated. At Nam Co, the 
LGM is characterized by less precipitation than the younger periods. In the Glacial, 
lakes in the western part of the Tibetan Plateau, for example Tai Co, display wetter 
conditions than lakes in the eastern part (Fig. 6.4). These results based on sediment 
lithology, reflectance spectroscopy, ostracod assemblages and geochemistry data, 
mainly oxygen and carbon isotopes, reflect the strong impact of the Westerlies in the 
Glacial, but also its decreasing influence from the western to the eastern Plateau. Due to 
their strength, Westerlies can block the weaker IOSM and are the predominant air mass 
at the Tibetan Plateau in the Glacial (Fig. 6.5, chapter 5). The Westerlies benefit from 
the weak insolation which enables zonal wind patterns, while meridional wind 
directions are promoted under strong insolation and the formed pressure gradient.  
Under cold climates Westerlies also tend to shift towards the equator (Toggweiler et al., 
2006) and, hence, can stop monsoonal winds before they reach the Plateau. In the 
Interglacial, poorly developed Westerlies move further poleward and the strong IOSM 
impact the Tibetan Plateau (Fig. 6.5). Due to the pathway of moisture transport, lakes in 
the south-eastern part of Tibet such as Nam Co are primarily influenced by the IOSM 
(Fig. 6.4). The monsoonal precipitation is further intensified by an increase in CO2 and 
a reduced snow cover which cause additional warming and enhance the pressure 
gradient resulting in stronger monsoon winds and moisture transport in the interglacial 
period (chapter 5).  
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Figure 6.4: Wet and dry periods in Tibetan lake systems Songmuxa-Lungmu Co (Gasse et al., 
1991; Fontes et al., 1993), Tai Co (Zheng et al., 2011), Zabuye Co (Wang et al., 
2002b), Nam Co (this thesis) and Qinghai (Ji et al., 2005; An et al., 2012) based on 
a five-class ordinal index compared to the effective moisture for monsoonal 
Central Asia (Herzschuh, 2006) and to intensity indices of the IOSM and the 
Westerlies (An et al., 2012). Lake systems are presented in west-east direction. 

The strongest IOSM, disrupted only by short-term declines, is documented from 10 to 
5.5 cal ka BP at Nam Co and Qinghai with a decreasing intensity towards the western 
Tibetan Plateau (Fig. 6.4). The spatio-temporal comparison presents a further step to 
investigate the intensity and extent of the IOSM and/or Westerlies at the Plateau back to 
the LGM.  

 

Figure 6.5: Simplified circulation patterns displaying the influence of the Indian Ocean 
summer monsoon (IOSM) and Westerlies at Nam Co as well as the position of the 
Intertropical Convergence Zone (ITCZ) in the glacial and interglacial period. 
Pressure cells are denoted by L (low pressure) and H (high pressure). The brown 
area marks the Tibetan Plateau. 
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Not only precipitation, but also temperature changes are well displayed in the Nam Co 
sediments. The GDGT-based water temperature reconstruction at Nam Co can 
contribute to the ongoing discussion about the temperatures during the Younger Dryas. 
This event is usually seen as a climate regression associated with dry and cold 
conditions. Western Tibetan lakes as well as ice core studies display a temperature 
decrease (Gasse et al., 1991; Fontes et al., 1993; Thompson et al., 1997; Yao et al., 
2001). However, Qinghai sediments do not indicate a cooling in this time frame (Yu 
and Kelts, 2002) and An et al. (1993) even suggested warmer and wetter conditions at 
the Loess Plateau, eastward of Tibet, based on a paleosoil profile. Further studies in the 
Chinese desert-loess belt and at Qinghai document cold temperatures during the 
Younger Dryas (Zhou et al., 2006, Shen et al., 2005), but the question about the 
temperature development still remains. The water temperature reconstruction at Nam 
Co shows a distinct decrease in the Younger Dryas (from 12.6 – 11.3 cal ka BP). 
Although colder water temperatures may be produced by melt water inputs, the low E/I 
ratios and the depleted lake water δD values support the assumption of a generally 
colder Younger Dryas which can be disrupted by short-term warming events.  

At Nam Co, we focused not only on the variability but also on the timing of monsoonal 
maxima and minima relative to changes in northern hemisphere insolation and CO2 
concentration, because there are still uncertainties to which extent monsoon proxies and 
Earth’s orbital forcing parameters such as precession are connected (Ruddiman, 2006; 
Liu and Shi, 2009; Clemens et al., 2010; Ziegler et al., 2010; Caley et al., 2011). Two 
different theories exist for Asian monsoon variations at the precession band. The “zero 
phase” hypothesis asserts that the monsoon is mainly influenced by northern summer 
insolation and the associated sensible heating. Following, there is no significant time lag 
between precession minimum (insolation maximum) and monsoon response (Kutzbach, 
1981; Ruddiman, 2006). The “latent heat” hypothesis indicates that the latent heat 
transport from the southern hemisphere is a significant, not negligible factor for 
monsoon dynamics in addition to insolation (Clemens et al., 1991).  

In our Nam Co record, changes in insolation always lead changes in δD values and, 
therefore, trigger changes in the hydrological cycle and monsoonal circulation (chapter 
5). The offset between the maximum insolation and maximal response of δD values is 
1.4 ka (for δD of n-C29) and 2.6 ka (δD of n-C23). These values agree with East Asian 
speleothem δ18O records, lake records from South China and Tibet, the vegetation 
change in monsoon-influenced China and Bay of Bengal records (Fig. 6.6). The offset is 
increasing for records in the western part of Tibet such as Guliya, Songmuxa and 
Bangong Co or for the Loess plateau in north-western China due to the additional 
transportation time and potential attenuation of the IOSM signal based on progressive 
rain-out and mixing with continental air masses (Hren et al., 2009). The largest time lag 
between insolation and IOSM maximum occurs for the Arabian Sea and Indian Ocean 
proxies (Fig. 6.6). This difference is often attributed to the North Atlantic Oscillation 
which influences the applied productivity proxies through additional nutrient delivery 
(Ziegler et al., 2010). Therefore, grain size as productivity-independent proxy was used 
to generate the Arabian Sea summer monsoon stack II (Fig. 6.6). However, grain size 
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also has a time lag of 8.5 ± 0.5 ka (Caley et al., 2011). Consequently, different signals 
of the IOSM may be recorded in the different proxies. Lake, ice core, cave and other 
records at the Asian continent as well as Bay of Bengal records seems to directly react 
to the maximum sensible heating of Asia which is reflected by the ice volume minima 
(Fig. 6.6). In contrast, the marine records in the Arabian Sea and the Indian Ocean are 
more related to latent heat export which is reflected by the sea surface temperature 
(SST) of the Southern Indian Ocean (Clemens et al., 1991) (Fig. 6.6).  

 

Figure 6.6:  Offset between insolation maximum (grey curve), paleo-moisture development 
from monsoonal Central Asia (black line; Herzschuh, 2006), ice volume (Lisiecki 
and Raymo, 2005) and IOSM maxima (Nam Co (this study), cave δ18O (Dykoski et 
al., 2005; Cheng et al., 2009), Guliya (Yao et al., 1997), Loess plateau (Sun et al., 
2006), vegetation response (Zhao et al., 2009), Huguangyan maar Lake (Wu et al., 
2012b), Songmuxa and Bangong Co (Gasse et al., 1991, 1996), Qinghai (Liu et al., 
2013a; An et al., 2012), Bay of Bengal (Govil and Naidu, 2011), Andaman Sea 
(Rashid et al., 2007), Arabian Sea Summer monsoon stack I (Clemens et al., 2010), 
Arabian Sea Summer monsoon stack II (Caley et al., 2011), Eastern equatorial 
Indian Ocean (Bolton et al., 2013), SST Indian Ocean (Clemens et al., 1991)). 
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However, we cannot exclude an additional influence by changes in the oceanic 
circulation. The different response of the Bay of Bengal and the Arabian Sea can be 
explained by their different roles in the moisture budget for the IOSM. The southern 
Indian Ocean as well as the Arabian Sea provide moisture for the IOSM and, hence, are 
latent heat sources, while the Bay of Bengal is mainly a moisture sink and rather 
affected by warming than by latent heat export (Ding et al., 2004; Clemens et al., 2008 
and references therein). 

Based on our comparison of the different time lags between precession minimum 
(insolation maximum) and proxy-based monsoon responses, both hypotheses seems to 
be valid and the sensible heating as well as the latent heat transport are important. These 
relationships should also be considered in future model simulations. According to the 
IPCC Fifth Assessment report, IOSM precipitation will increase in the future due to 
warming and enhanced moisture content as well as a prolonged monsoon season, but 
monsoon winds are supposed to be weakened (Kitoh et al., 1997; Ueda et al., 2006; 
Dairaku et al., 2008; Sabade et al., 2011). Consequently, continental proxies will still 
record a pronounced monsoon precipitation signals. However, upwelling-related 
monsoon proxies may be less suitable to track IOSM dynamics in the future, because 
heavy monsoon rainfalls are not necessarily connected to strong winds. 

6.3 Future research 

 Concerning δD values of sedimentary n-alkanes 

Some fundamental processes influencing the δD values of n-alkanes are still poorly 
understood and should be further investigated to ensure their interpretative power with 
regard to hydrological or climatic changes in the past. The asynchronous signal of 
aquatic and terrestrial n-alkanes in sedimentary records, for example, has to be studied 
in more detail.  

In general, the exact process and the timing between the biosynthesis of aquatic and 
terrestrial lipids and their deposition in the lake sediments are scarcely investigated. To 
which extent is the type of ecosystem or the catchment size important for the transport 
time of terrestrial lipids? What are the most important transport pathways for terrestrial 
biomarkers from the catchment into the lake system? Are they more relocated through 
soils or directly deposited through an aeolian transportation? Differences in the 
terrestrial residence time must be better identified to understand the integration of 
terrestrial lipids in lake sediments and their connection to aquatic ones. Transport times 
can be revealed by compound-specific radiocarbon analysis. In preliminary studies, the 
14C age of aquatic and terrestrial n-alkanes can be compared to better estimate the 
possible time shift. In further studies, the integration of terrestrial n-alkanes in lake 
sediments should be analyzed in different environments and catchments to pinpoint the 
driving mechanisms.  

The time lag can also be caused by ecological thresholds and ecosystem development 
(chapter 5). To better reveal shifts in the lake system other aquatic biological proxies 
such as in-situ produced GDGTs (chapter 4) or ostracods (investigated by Peter Frenzel, 
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FSU Jena, and Antje Schwalb, TU Braunschweig) should be compared with aquatic n-
alkanes, which show a threshold-like behavior to climate changes. 

δD values of sedimentary n-alkanes already deliver important information about the 
past environmental and hydrological conditions, but mainly in a qualitative manner. 
Quantitative estimates of environmental parameters such as relative humidity, 
precipitation or evapotranspiration still remain difficult. More and enhanced transfer 
functions are needed to accurately assess these parameters to finally improve 
paleoreconstructions. Therefore, observations from laboratory, greenhouse and field 
studies should be integrated in quantitative models. In a first step, more empirical 
models can be established which are simply based on direct observations and 
measurements, but in the end mechanistic models are needed, which include the overall 
understanding and the interrelation between the components of the system. 

 Concerning the IOSM reconstruction 

1) IOSM dynamics at Nam Co 

The real impact of Westerly and IOSM air masses at Nam Co can be better 
distinguished using the deuterium excess (d-excess). The d-excess (d = δD – 8 x δ18O) 
is mainly affected by temperature and relative humidity of the moisture source area and, 
therefore, indicates changes in the moisture sources (Dansgaard, 1964; Merlivat and 
Jouzel, 1979). High values would point to the influence of Westerlies from cold, dry 
continents and low values to air masses originating from the warm, humid Indian 
Ocean. The transfer function to calculate precipitation δD values is already established 
(chapter 3). The missing δ18O values can be derived from ostracod isotope 
measurements (done by Nicole Börner, TU Braunschweig). Transfer functions to 
convert the ostracod δ18O in precipitation δ18O are still missing, but the local meteoric 
water line (Nam Co: δDprecipitation = 8.32 x δ18Oostracod + 17.66; Fig. 6.7) can be used for 
the conversion in a first approach.  

 

Figure 6.7:  The global meteoric water line (GMWL) and present day local meteoric water line 
(LMWL) for Nam Co.   
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Another important subject for future research involves the quantitative assessment of 
the intensity and variability of the IOSM which is still a scientific challenge. As already 
mentioned, quantitative models are needed for the different monsoon proxies to 
improve the reconstructions. Our ΔδDC23-C29 proxy for precipitation reconstruction 
represents a first step in this direction, but is still restricted in its application and, so far, 
could not be successfully used for the Nam Co record.  Until now, we can quantify the 
evaporation and remaining fraction of the lake water based on the δD values of 
sedimentary n-alkanes (chapter 3). These results in combination with the hypsometric 
curve for Nam Co (compiled by Sophie Biskop, FSU Jena) can be used to calculate the 
lake water volume and associated moisture inputs. 

2) IOSM dynamics at the Tibetan Plateau 

The reconstructed IOSM dynamics at different study sites based on multi-proxy 
approaches should be united in spatio-temporal investigations to track the extent of the 
different air masses across the Tibetan Plateau over the years in an enhanced way. 
Several studies already started to compile and compare monsoon reconstructions 
focused on lacustrine records (e.g. Morrill et al., 2003; Herzschuh, 2006; Chen et al., 
2008; Mügler et al., 2010; Wang et al., 2010; Wischnewski et al., 2010; chapter 5). 
Inconsistencies are attributed to differences in age models, local conditions such as 
topography or local climate effects or the temporal resolution of the record (Morrill et 
al., 2003; Mügler et al., 2010). Further research is needed to provide a better age 
control, determine local influence factors and improve the understanding of physical 
mechanisms affecting the different proxies in association with monsoonal circulation. 
However, the already existing reconstructions of different sites can be used in data-
driven models to better analyze the connections between the different systems and to 
illustrate the monsoon dynamics at the Plateau. This comprehensive approach may 
result in the development of an IOSM index that combines several proxies and is less 
affected by monsoon unrelated processes such as preservation, dissolution or 
diagenesis.  

One possible research question which can be addressed in this way is where the 
moisture comes from. Weather Research and Forecasting simulations at the Plateau 
suggest a temporary storage of recent spring moisture in the western part of Tibet and a 
subsequent transport of the reevaporated moisture to the eastern part (D. Scherer, 
personal communication). However, isotope analyses disagree with this hypothesis. The 
recycling of air masses would change the isotopic composition of the precipitation 
water and increase the d-excess values which are not observable. All investigated lake 
systems (Nam Co, Tangra Yumco, Taro Co, Kunggyu Co, Lungmu Co and Songmuxa 
Co) have comparable d-excess values of 9.6 ± 1 ‰ (chapter 3). The d-excess in the Tian 
Shian mountains which are directly influences by the Westerlies is higher with 23 ‰ in 
the mean (Kreutz et al., 2003), while southern Tibet is characterized by d-excess values 
of 0 - 10 ‰ or even less in the monsoon period (Tian et al., 2001a, b and 2005). Further 
studies are needed to solve this contradiction. 
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Hydrogen isotope values may also be useful for the ongoing discussion about the 
general influence of the Tibetan Plateau on the monsoon system. Does the Plateau as an 
elevated heat source strengthen the monsoon (Wu et al., 2012a) or is the Himalaya as a 
mechanical barrier more important for the monsoon dynamics (Boos and Kuang, 2010; 
Molnar et al., 2010)? In the first scenario (heat pump), the temperature at the Plateau 
would increase at first associated with heavier δD n-C29 and is followed by an increase 
in precipitation which results in depleted δD n-C29 and n-C23 values. Titanium as marker 
for terrestrial input can also be applied and shoud increase with enhanced rainfall 
(Fig. 6.8). 

   

Figure 6.8: Heat pump (A) vs. barrier hypothesis (B) and their characteristic patterns of air 
pressure cells (L – low pressure, H – high pressure)   

In the second scenario (barrier effect), the highest temperature is at the Himalaya ridge 
and over northern India which initiates the water vapor transport (Boos and Kuang, 
2010; Molnar et al., 2010) (Fig. 6.8). Consequently, the precipitation increase should be 
recorded first at the Plateau or at the same time with a temperature increase. However, 
the temporal difference between temperature rise and precipitation onset is very small 
and high resolution records are needed to answer this question. 

In general, various proxies are applied to reconstruct IOSM dynamics. Because the 
IOSM is influenced and characterized by processes in the hydrosphere, atmosphere, 
biosphere and cryosphere (Fig. 1.2), different proxies should be combined more often in 
future multi-proxy studies to better understand the IOSM variability and internal 
feedback mechanisms. In this way, studies at the Asian continent and marine 
investigations should also be better connected and compared in more detail. As shown 
in chapter 5, there are general agreements between the isotope records of Nam Co and 
the Bay of Bengal or Southern Indian Ocean, but there are also differences. On an even 
broader view, the IOSM is just one monsoon system on earth. Nowadays, different 
summer monsoon systems are known, the South (IOSM) and East Asian, North and 
South African, Australian, North and South American monsoon, which may interact 
with one other. The IOSM, for example, is strongly influenced by the East Asian, 
Australian and African monsoon (Trenberth et al., 200; Beaufort et al., 2010). All 
monsoon systems are often joined as a global monsoon (Trenberth et al., 2000; Wang, 
2009). To understand the dynamics in one monsoon system in a more comprehensive 
way, the interplay between the different monsoon systems should be considered, too. 
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7 Summary 

The general aim of this thesis was the reconstruction of the Indian Ocean summer 
monsoon (IOSM) dynamics using compound-specific isotope signals of aquatic and 
terrestrial biomarkers in Tibetan lake systems. The IOSM as important part of the global 
atmospheric circulation impacts the energy and water cycle on the local, regional and 
global scale. In the summer months, the increased land–ocean temperature and 
associated pressure gradient enhance the moisture (and related latent heat) transport 
from the Indian Ocean to the Asian continent resulting in strengthened monsoon winds 
and precipitation. These climate parameters can be retraced using different proxies, 
indirect climate indicators, which reflect the environmental factors in a known way. 
Proxy data can be received from different natural archives such as lake sediments, ice 
cores or speleothems. Tibet represents an ideal study site through its sensitive reaction 
to changes in the climate and monsoon system. Moreover, the numerous lakes at the 
Plateau serve as multi-proxy archives to retrace the spatio-temporal variability of the 
IOSM and its influence on the aquatic and terrestrial system. The sedimentary organic 
matter contains so called biomarkers, molecular fossils such as n-alkanes or glycerol 
dialkyl glycerol tetraethers (GDGTs), which can be assigned to distinct sources. The 
long-chain n-alkane C29, for example, is produced by terrestrial plants, while the 
middle-chain n-alkane C23 is synthezised by aquatic plants. The hydrogen isotope ratios 
(δD) of n-alkanes record the isotopic signature of their primary hydrogen source and 
enable the reconstruction of the source water signal as well as of past changes in the 
hydrological system. 

To assure the proper application of compound-specific δD values as monsoon proxy, 
the biological origin of sedimentary n-alkanes, their source waters and climatic relevant 
parameters influencing the δD values have been investigated in a modern calibration 
study at the Tibetan Plateau and in a comparative study of the n-alkane δD record with 
other climate records for the last millennium. In another calibration study, the utility of 
GDGTs as additional paleoclimate proxy for the Monsoon reconstruction at the Plateau 
has been analyzed. The following results improve the understanding of the response of 
aquatic and terrestrial biomarkers to changes in environmental conditions in Tibetan 
lake systems and are a further step to quantitative environmental reconstructions: 

 Terrestrial plants at the Plateau are enriched in deuterium by about 11 ‰ in 
relation to the meteoric water due to soil evaporation and by about 57 ‰ due to 
evapotranspiration in plant leaves. This indicates that the isotopic fractionation 
in the terrestrial system mainly depends on transpiration processes. The 
lacustrine δD n-C29 reflects not only the isotopic composition of the leaf water, 
but also of the inflow water which represents an integrated rainfall signal in the 
vegetation period. Therefore, δD n-C29 displays the past influence of monsoonal 
precipitation on the hydrological cycle in Tibetan lake systems. 
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 Lacustrine δD n-C23 retraces the isotope signal of the lake water. The strong lake 
water evaporation causes more enriched aquatic n-alkanes in surface sediments 
(by about 60 ‰) than terrestrial derived n-alkanes. In closed lake basin, the 
evaporative enrichment of δD n-C23 serves as a proxy for the strength of 
evaporation. The isotopic fractionation between aquatic n-alkanes and lake 
water decreases by 0.43 ‰ per salinity unit increase. Due the minor impact of 
salinity, δD n-C23 cannot be used for salinity reconstructions. 

 The isotopic difference between aquatic and terrestrial n-alkanes in form of the 
evaporation to inflow (E/I) ratio, the remaining water fraction and the ΔδDC23-C29 
represents a reliable way to identify humid or arid climate periods with 
increasing or decreasing lake levels and to quantify lake water balances. 

 Variations in the source water signal are less important for n-alkane δD values 
than modifications by environmental conditions such as temperature or humidity 
controlled evapotranspiration. Consequently, it is difficult to retrace changes in 
the moisture source just by analyzing compound-specific δD values at one study 
site. Hydrogen and oxygen isotope records combined in d-excess values and/or 
spatio-temporal studies, however, enable the reconstruction of circulation 
patterns and changes in the source water.  

 The relative abundance of isoprenoid GDGTs (iGDGTs) correlates with summer 
lake surface temperatures and can be used to retrace the temperature signal. 
Branched GDGTs (bGDGTs) show a positive correlation to water pH values that 
reflects the adjustment of the membrane lipids to the alkaline conditions in 
Tibetan lake systems. Based on the established transfer function for the Plateau, 
bGDGTs can be used to reconstruct water pH values.  

In the second part of this thesis, the investigated proxies are applied to a long sediment 
core from Nam Co to reconstruct the monsoon-forced hydrological and environmental 
changes in the past 24 ka cal BP. This multi-proxy study provides further insides into 
the IOSM dynamics during the Quaternary:  

 The Last Glacial Maximum (LGM), Heinrich 1, Bølling-Ǻllerød, Younger 
Dryas and Early Holocene as important climatic periods can be determined 
using biomarkers (n-alkanes, GDGTs) and isotope records (δD of n-C23 and n-
C29, δ

13Corg, δ
15N).  

 For the first time, the GDGT-based water temperature reconstruction enables 
better estimates of the influence and variability of the temperature at Nam Co. 
The LGM, Heinrich 1 and Younger Dryas are characterized by low 
temperatures, while during the Bølling-Ǻllerød and the Early Holocene a 
temperature increase is recorded. 

 The calculated remaining water fraction at Nam Co generally agrees with the 
effective moisture reconstruction for Asia, but also shows variations due to local 
climate signals. In the glacial period, the Westerlies are the dominant air masses 
at the Plateau, especially in the western part, while in the Interglacial the IOSM 
becomes more important and delivers most of the precipitation.  
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 The IOSM is a highly insolation-sensitive system, but also controlled and 
amplified by latent heat release. Precession-driven changes in insolation initiate 
direct changes in the hydrological cycle of Nam Co and in other climate archives 
at the Asian continent. In contrast, marine monsoon records are stronger affected 
by latent heat transport and potentially by nutrient delivery through ocean 
circulation patterns and, hence, are characterized by a larger time lag to the 
insolation maximum.  

 The delayed response of aquatic-derived n-alkane δD values to changes in 
insolation is controlled by ecological thresholds and does not reflect IOSM 
dynamics, but ecosystem development. After crossing the threshold in the 
Interglacial, the δD n-C23 shows a more linear reaction to changes in the hydro-
climatic conditions. 

In this thesis, the understanding of the environmental conditions influencing the δD 
values of aquatic and terrestrial n-alkanes as well as GDGTs in Tibetan lake systems 
could be improved. Consequently, the explanatory power of these proxies in paleo-
climate studies, particularly concerning Monsoon reconstructions, could be enhanced. 
Moreover, the first quantitative reconstructions could be accomplished at Nam Co. By 
applying these proxies to the Nam Co sediment core, the knowledge on monsoonal 
circulation patterns in the past could be enlarged and a more comprehensive 
reconstruction of the monsoon system could be established for the Quaternary period.  
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8 Zusammenfassung 

Das Ziel dieser Dissertation war die Rekonstruktion der IOSM (indisch ozeanischen 
Sommermonsun) - Dynamik mittels substanzspezifischer Isotopenverhältnisse von 
aquatischen und terrestrischen Biomarkern in tibetischen Seesystemen. Der IOSM ist 
ein wichtiger Bestandteil der globalen atmosphärischen Zirkulation und beeinflusst den 
Energie- und Wasserkreislauf auf der lokalen, regionalen und globalen Ebene. In den 
Sommermonaten verstärken der Temperatur- und der daraus resultierende 
Druckgradient zwischen Meer und Land den Wasserdampf- (und den damit 
verbundenen latenten Wärme-) Transport vom Indischen Ozean zum asiatischen 
Kontinent. Dies äußert sich wiederum in verstärkten Monsunwinden und                       
–niederschlägen. Diese Klimaparameter können mit Hilfe verschiedener Proxies, 
indirekter Klimaanzeiger, zurückverfolgt werden, welche die Umweltfaktoren in 
bekannter Art und Weise abbilden. Proxydaten können aus verschiedenen Archiven wie 
Seesedimenten, Eiskernen oder Speleothemen abgeleitet werden. Tibet repräsentiert ein 
ideales Untersuchungsgebiet, weil es sehr sensibel auf Klima- und Monsunänderungen 
reagiert. Weiterhin stellen die zahlreichen Seen auf dem Plateau Multiproxy-Archive 
dar, die zur Untersuchung der raum-zeitlichen Variabilität des IOSM und seines 
Einflusses auf das aquatische und terrestrische System genutzt werden können. Die 
sedimentäre organische Substanz beinhaltet so genannte Biomarker, molekulare 
Fossilien wie beispielsweise n-Alkane oder Glycerol Dialkyl Glycerol Tetraether 
(GDGTs), die spezifischen Quellen zugeordnet werden können. Das langkettige n-
Alkan C29, beispielsweise, wird von terrestrischen Pflanzen produziert, während das 
mittellangkettige n-Alkan C23 von aquatischen Pflanzen stammt. Die Wasserstoff-
isotopenverhältnisse (δD) der n-Alkane zeichnen die isotopische Signatur ihrer 
primären Wasserstoffquelle auf und ermöglichen damit die Rekonstruktion der 
Wasserstoffquellen und der Änderungen im hydrologischen System. 

Um die Anwendbarkeit der substanzspezifischen δD–Werte als Monsunproxy 
sicherzustellen, wurde die biologische Herkunft der sedimentären n-Alkane, ihre 
Wasserstoffquellen und klimatisch-relevante Einflussfaktoren auf die δD-Werte in zwei 
verschiedenen Studien untersucht. Einerseits wurde eine moderne Kalibrationsstudie auf 
dem Tibetischen Plateau durchgeführt und anderseits eine Vergleichsstudie von n-Alkan 
δD-Werte mit anderen Klimaaufzeichnungen für das letzte Jahrtausend. In einer 
zusätzlichen Kalibrationsstudie, wurde der Nutzen von GDGTs als weitere 
Paläoklimaproxies für die Monsunrekonstruktion geprüft. Die folgenden Ergebnisse 
tragen zu einem verbesserten Verständnis der Auswirkungen von veränderten 
Umweltbedingungen auf aquatische und terrestrische Biomarker in Tibetischen 
Seesystemen bei und sind ein weiterer Schritt zu quantitativen Umweltrekonstruktionen: 

 Im Vergleich zum meteorischen Wasser sind terrestrische Pflanzen auf dem 
Plateau um 11 ‰ an Deuterium angereichert aufgrund der Evaporation vom 
Boden und um 57 ‰ infolge der Evapotranspiration in den Pflanzenblättern. 
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Dies verdeutlicht, dass die isotopische Fraktionierung hauptsächlich von 
Transpirationsprozessen gesteuert wird. Die lakustrinen δD n-C29 spiegeln nicht 
nur die isotopische Zusammensetzung des Blattwassers, sondern auch die des 
Zuflusses wider, bei welchem es sich um ein integriertes Niederschlagssignal in 
der Vegetationsperiode handelt. Deshalb kann δD n-C29 die vergangenen 
Einflüsse des Monsunniederschlags auf den hydrologischen Kreislauf der 
Seesysteme widerspiegeln. 

 Lakustrine δD n-C23 zeichnen das Isotopensignal des Seewassers auf. Die starke 
Evaporation des Seewassers bedingt die stärkere Anreicherung in aquatischen n-
Alkanen aus Oberflächensedimenten als in Alkanen terrestrischer Herkunft. In 
einem Seesystem ohne Ausfluss, dient die evaporative Anreicherung der δD n-
C23 als Proxy für die Evaporationsstärke. Die isotopische Fraktionierung 
zwischen den aquatischen n-Alkanen und dem Seewasser nimmt um 0.43 ‰ pro 
Salinitätszunahme ab. Aufgrund des geringen Einflusses der Salinität, kann δD 
n-C23 nicht für die Rekonstruktionen der Paläosalinität genutzt werden. 

 Der isotopische Unterschied zwischen aquatischen und terrestrischen n-Alkanen, 
ausgedrückt in Evaporation zu Zufluss (evaporation/inflow, E/I) Verhältnissen, 
der verbleibenden Wassermenge oder dem ΔδDC23-C29 Proxy, ermöglicht eine 
zuverlässige Identifizierung von humiden oder ariden Klimaperioden mit 
ansteigenden oder abfallenden Seespiegeln und eine Quantifizierung der 
Seewasserbilanzen. 

 Für die n-Alkan δD-Werte sind Variationen in der Wasserstoffquelle weniger 
bedeutsam als Änderungen in den Umweltbedingungen, wie beispielsweise der 
Temperatur oder der durch Luftfeuchtigkeit beeinflussten Evapotranspiration. 
Infolgedessen gestaltet es sich schwierig, Änderungen in der Wasserstoffquelle 
anhand von substanzspezifischen δD-Werten an nur einem Untersuchungsort 
nachzuvollziehen. Durch die Kombination von Wasserstoff- und 
Sauerstoffrekords in Form des d-Exzess oder anhand von raum-zeitlichen 
Untersuchungen können jedoch Zirkulationsmuster rekonstruiert und 
Wasserstoffquellen identifiziert werden. 

 Die relative Häufigkeit von isoprenoiden GDGTs (iGDGTs) korreliert mit den 
Sommertemperaturen im Oberflächenwasser der Seen und kann genutzt werden, 
um das Temperatursignal zu ermitteln. Verzweigte GDGTs (bGDGTs) zeigen 
eine positive Korrelation zu den pH-Werten des Seewassers. Dies verdeutlicht 
die Anpassung der Membranlipide an die alkalinen Bedingungen in Tibetischen 
Seesystemen. Mittels der eingeführten Transferfunktion können bGDGTs zur 
Rekonstruktion der pH-Werte des Seewassers verwendet werden. 

Im zweiten Teil dieser Dissertation wurden die untersuchten Proxies an einem 
Sedimentkern aus dem Nam Co genutzt, um monsungesteuerte hydrologische und 
Umweltänderungen in den letzten 24 ka cal BP zu rekonstruieren. Diese Multiproxy-
Studie gibt weitere Einblicke in die IOSM-Dynamiken im Quartär: 

 Mittels der angewendeten Biomarker (n-Alkane, GDGTs) und Isotopenwerte 
(δD n-C23 und n-C29, δ

13Corg, δ
15N) können das Letzte Glaziale Maximum 
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(LGM), Heinrich 1, Bølling-Ǻllerød, die Jüngere Dryas und das frühe Holozän 
als wichtige Klimaperioden voneinander abgegrenzt werden. 

 Zum ersten Mal erlauben GDGT-basierte Wassertemperaturrekonstruktionen 
eine bessere Einschätzung des Einflusses und der Variabilität der Temperaturen 
am Nam Co. Das LGM, Heinrich 1 und die Jüngere Dryas sind dabei durch 
niedrige Temperaturen gekennzeichnet, während im Bølling-Ǻllerød und im 
frühen Holozän ein Temperaturanstieg verzeichnet wird. 

 Die berechnete verbleibende Wassermenge im Nam Co stimmt im Allgemeinen 
mit dem rekonstruierten effektiven Wassergehalt für Asien überein, zeigt aber 
auch Variationen durch lokale Klimasignale. Im Glazial, sind die Westwinde die 
dominierenden Luftmassen auf dem Plateau, besonders im westlichen Bereich, 
während im Interglazial der IOSM an Bedeutung gewinnt und die meisten 
Niederschläge transportiert. 

 Der IOSM ist ein sehr einstrahlungssensitives System, wird aber auch durch die 
Freisetzung von latenter Hitze kontrolliert und verstärkt. Präzessions-gesteuerte 
Änderungen in der solaren Insolation lösen Änderungen im hydrologischen 
Kreislauf am Nam Co und in anderen Klimaarchiven auf dem asiatischen 
Kontinent aus. Im Gegensatz dazu sind die marinen Monsunrekords stärker vom 
latenten Hitzetransport beeinflusst und eventuell vom Nährstoffeintrag über die 
ozeanische Zirkulation. Dadurch kann auch eine größere Zeitverzögerung zum 
Insolationsmaximum entstehen. 

 Die verspätete Reaktion der n-Alkane aquatischen Ursprungs zu Insolations-
änderungen wird durch ökologische Schwellwerte kontrolliert und reflektiert 
keine IOSM-Dynamiken, sondern Ökosystementwicklungen. Nachdem die 
Schwellwerte im Interglazial überschritten sind, zeigen die δD n-C23 eine 
linearere Reaktion zu Änderungen der hydroklimatischen Verhältnisse. 

In dieser Dissertation konnte das Verständnis für die Umweltbedingungen und deren 
Einfluss auf die δD-Werte von aquatischen und terrestrischen n-Alkanen als auch auf 
GDGTs in Tibetischen Seesystemen verbessert und damit die Aussagekraft dieser 
Proxies in Paläoklimastudien, insbesondere im Hinblick auf Monsunrekonstruktionen, 
gestützt werden. Darüber hinaus konnten die ersten quantitativen Rekonstruktionen am 
Nam Co durchgeführt werden. Durch Anwendung der Proxies auf den Sedimentkern 
vom Nam Co wurde das Wissen über die vergangene Monsunzirkulation erweitert und 
ein umfassenderes Verständnis für das Monsunsystem im Quartär erlangt. 

  



References   101 

 

9 References 

Aichner, B., Herzschuh, U., Wilkes, H., 2010a. Influence of aquatic macrophytes on stable 
carbon isotope signatures of sedimentary organic matter in lakes on the Tibetan Plateau. 
Organic Geochemistry 41, 706–718. 

Aichner, B., Herzschuh, U., Wilkes, H., Mischke, S., Zhang, C., 2010b. Biomarker and 
compound-specific carbon isotope evidence for changing environmental and carbon-
limiting conditions at Koucha Lake, Eastern Tibetan Plateau. Journal of Paleolimnology 
43, 873–899. 

Aichner, B., Herzschuh, U., Wilkes, H., Vieth, A., Bohner, J., 2010c. δD values of n-alkanes in 
Tibetan lake sediments and aquatic macrophytes - A surface sediment study and 
application to a 16 ka record from Lake Koucha. Organic Geochemistry 41, 779-790. 

An, Z., Porter, S.C., Weijan, Z., Yanchou, L., Donahue, D.J., Head, M.J., Xihou, W., Jianzhang, 
R., Hongbo, Z., 1993. Episode of strengthened summer monsoon climate of Younger 
Dryas age on the Loess Plateau of Central China. Quaternary Research 39, 45-54. 

An, Z., Kutzbach, J.E., Prell, W.L., Porter, S.C., 2001. Evolution of Asian monsoons and 
phased uplift of the Himalaya-Tibetan plateau since Late Miocene times. Nature 411, 62-
66. 

An, Z., Colman, S.M., Zhou, W., Li, X., Brown, E.T., Jull, A.J.T., Cai, Y., Huang, Y., Lu, X., 
Chang, H., Song, Y., Sun, Y., Xu, H., Liu, W., Jin, Z., Liu, X., Cheng, P., Liu, Y., Ai, L., 
Li, X., Liu, X., Yan, L., Shi, Z., Wang, X., Wu, F., Qiang, X., Dong, J., Lu, F., Xu, X., 
2012. Interplay between the Westerlies and Asian monsoon recorded in Lake Qinghai 
sediments since 32 ka. Scientific Reports 2, doi: 10.1038/srep00619. 

Appleby, P.G., Oldfield, F., 1978. The calculation of lead-210 dates assuming a constant rate of 
supply of unsupported 210Pb to the sediment. CATENA 5, 1–8. 

Araguás-Araguás, L., Froehlich, K., Rozanski, K., 1998. Stable isotope composition of 
precipitation over southeast Asia. Journal of Geophysical Research: Atmospheres 103, 
28721-28742.  

Baas, M., Pancost, R., van Geel, B., Damste, J.S.S., 2000. A comparative study of lipids in 
Sphagnum species. Organic Geochemistry 31, 535-541. 

Bard, E., Raisbeck, G., Yiou, F., Jouzel, J., 2003. Reconstructed Solar Irradiance Data. IGBP 
PAGES/World Data Center for Paleoclimatology Data Contribution Series 2003-006. 
NOAA/NGDC Paleoclimatology Program, Boulder CO, USA. 

Beaufort, L., van der Kaars, S., Bassinot, F.C., Moron, V., 2010. Past dynamics of the 
Australian monsoon: precession, phase and links to the global monsoon concept. Climate 
of the past 6, 695-706. 

Bechtel, A., Smittenberg, R.H., Bernasconi, S.M., Schubert, C.J., 2010. Distribution of 
branched and isoprenoid tetraether lipids in an oligotrophic and a eutrophic Swiss lake: 
Insights into sources and GDGT-based proxies. Organic Geochemistry 41, 822-832. 

Berger, A., Loutre, M.F., 1991. Insolation values for the climate of the last 10 million years. 
Quaternary Sciences Review, 10, 297-317. 

Berkelhammer, M., Sinha, A., Stott, L., Cheng, H., Pausata, F.S.R., Yoshimura, K., 2012. An 
Abrupt Shift in the Indian Monsoon 4000 Years Ago. Geophysical Monograph Series 198, 
75-78. 

Bintanja, R., van de Wal, R.S.W., Oerlemans, J., 2005. Modelled atmospheric temperatures and 
global sea levels over the past million years. Nature 437, 125-128. 

Blaga, C.I., Reichart, G.-J., Heiri, O., Sinninghe Damsté, J.S., 2009. Tetraether membrane lipid 
distributions in water-column particulate matter and sediments: a study of 47 European 
lakes along a north–south transect. Journal of Paleolimnology 41, 523–540. 

Blaga, C.I., Reichart, G.J., Schouten, S., Lotter, A.F., Werne, J.P., Kosten, S., Mazzeo, N., 
Lacerot, G., Sinninghe Damsté, J.S., 2010. Branched glycerol dialkyl glycerol tetraethers in 



References   102 

 

lake sediments: can they be used as temperature and pH proxies? Organic Geochemistry 
41, 1225–1234. 

Bolton, C.T., Chang, L., Clemens, S., Kodama, K., Ikehara, M., Medina-Elizalde, M., Paterson, 
G.A., Roberts, A.P., Rohling, E.J., Yamamoto, Y., Zhao, X., 2013. A 500,000 year record 
of Indian Summer monsoon dynamics recorded by eastern equatorial Indian ocean upper 
water-column structure. Quaternary Science Reviews 77, 167-180. 

Boos, W.R., Kuang, Z., 2010. Dominant control of the South Asian monsoon by orographic 
insulation versus plateau heating. Nature 463, 218-223. 

Bowen, G.J., 2012. The Online Isotopes in Precipitation Calculator, version OIPC2.2 (7/2008). 
Accessible at: http://www.waterisotopes.org. 

Bowen, G.J., Revenaugh, J., 2003. Interpolating the isotopic composition of modern meteoric 
precipitation. Water Resources Research 39, 1299, doi: 10.1029/2003WR002086. 

Braak, C.J.F. ter, Smilauer, R., 2002. CANOCO reference manual and Canodraw for Windows 
Users Guide: software for canonical community ordination (version 4.5). Microcomputer 
Power, Ithaca, NY, USA. 

Brand, W.A., Geilmann, H., Crosson, E.R., Rella, C.W., 2009. Cavity ring-down spectroscopy 
versus high-temperature conversion isotope ratio mass spectrometry; a case study on δ²H 
and δ18O of pure water samples and alcohol/water mixtures. Rapid Communications in 
Mass Spectrometry 23, 1879-1884. 

Burgoyne, T.W., Hayes, J.M., 1998. Quantitative production of H2 by pyrolysis of gas 
chromatographic effluents. Analytical Chemistry 70, 5136-5141. 

Caley, T., Malaizé, B., Zaragosi, S., Rossignol, L., Bourget, J., Eynaud, F., Martinez, P., 
Giraudeau, J., Charlier, K., Ellouz-Zimmermann, N., 2011. New Arabian Sea records help 
decipher orbital timing of Indo-Asian monsoon. Earth and Planetary Science Letters 308, 
433-444. 

Castañeda, I.S., Schouten, S., 2011. A review of molecular organic proxies for examining 
modern and ancient lacustrine environments. Quaternary Science Reviews 30, 2851-2891. 

Castañeda, I.S., Schefuß, E., Pätzold, J., Sinninghe Damsté, J.S., Weldeab, S., Schouten, S., 
2010. Millennial-scale sea surface temperature changes in the eastern Mediterranean (Nile 
River Delta region) over the last 27,000 years. Paleoceanography 25, PA1208. 
doi: 10.1029/2009PA001740. 

Chen, J.S, Wie, F.S., Zheng, C.J., Wu, Y.Y., Adriano, D.C., 1991. Background concentrations 
of elements in soils of China. Water, Air and Soil Pollution 57-58, 699-712. 

Chen, F., Yu, Z., Yang, M., Ito, E., Wang, S., Madsen, D.B., Huang, X., Zhao, Y., Sato, T., 
Birks, H.J.B., Boomer, I., Chen, J., An, C., Wuennemann, B., 2008. Holocene moisture 
evolution in arid central Asia and its out-of-phase relationship with Asian monsoon history. 
Quaternary Science Reviews 27, 351-364. 

Cheng, H., Edwards, R.L., Broecker, W.S., Denton, G.H., Kong, X., Wang, Y., Zhang, R., 
Wang, X., 2009. Ice Age terminations. Science 326, 248-252. 

Chikaraishi, Y., Naraoka, H., 2003. Compound-specific δD–δ13C analyses of n-alkanes 
extracted from terrestrial and aquatic plants. Phytochemistry 63, 361–371. 

Clark, I., Fritz, P., 1997. Environmental Isotopes in Hydrogeology. Lewis Publishers, New 
York. 

Clemens, S., Prell, W., Murray, D., Shimmield, G., Weedon, G., 1991. Forcing mechanisms of 
the Indian Ocean monsoon. Nature 353, 720-725. 

Clemens, S., Prell, W.L., Sun, Y., Liu, Z., Chen, G., 2008. Southern hemisphere forcing of 
Pliocene δ18O and the evolution of Indo-Asian monsoons. Paleoceanography 23, PA4210, 
doi: 10.1029/2008PA001638. 

Clemens, S., Prell, W., Sun, Y., 2010. Orbital-scale timing and mechanisms driving Late 
Pleistocene Indo-Asian summer monsoons: reinterpreting cave speleothem δ18O. 
Paleoceanography 25, PA4207, doi: 10.1029/2010PA001926. 



References   103 

 

Cook, E.R., Anchukaitis, K.J., Buckley, B.M., D’Arrigo, R.D., Jacoby, G.C., Wright, W.E., 
2010. Asian Monsoon Failure and Megadrought During the Last Millennium. Science 328, 
486-489. 

Craig, H., Gordon, L.I., 1965. Deuterium and oxygen 18 variations in the ocean and the marine 
atmosphere. In: Tongiori, E. (Ed.), Spoleto Conferences in Nuclear Geology, Stable 
Isotopes in Oceanographic Studies and Paleotemperatures. Pisa, 9–130. 

Cranwell P. A., Eglinton G., Robinson N., 1987. Lipids of aquatic organisms as potential 
contributors to lacustrine sediments - II. Organic Geochemistry 11, 513–527. 

Cui, J.W., Huang, J.H., Xie, S.C. 2008. Characteristics of seasonal variations of leaf n-alkanes 
and n-alkenes in modern higher plants in Qingjiang, Hubei Province, China. Chinese 
Bulletin 53, 2659-2664. 

Dairaku, K., Emori, S., Nozawa, T., 2008. Impacts of global warming on hydrological cycles in 
the Asian monsoon region. Advances  in Atmospheric Sciences 25, 960-973. 

Dansgaard, W., 1964. Stable isotopes in precipitation. Tellus 16, 436-468. 
Daut, G., Mäusbacher, R., Baade, J., Gleixner, G., Kroemer, E., Mügler, I., Wallner, J., Wang, 

J., Zhu, L., 2010. Late Quaternary hydrological changes inferred from lake level 
fluctuations of Nam Co (Tibetan Plateau, China). Quaternary International 218, 86-93. 

Dawson, T.E., Ehleringer, J.R., 1993. Isotopic enrichment of water in the woody tissues of 
plants: Implications for plant water source, water uptake, and other studies which use the 
stable isotopic composition of cellulose. Geochimica et Cosmochimica Acta 57, 3487-
3492. 

Ding, Y., Chan, J. C.L., 2005. The East Asian summer monsoon: an overview. Meteorology and 
Atmospheric Physics 89, 117-142. 

Ding, Z., Liu, T., Rutter, N.W., Yu, Z., Guo, Z., Zhu, R., 1995. Ice-Volume Forcing of East 
Asian Winter Monsoon Variations in the Past 800,000 years. Quaternary Research 44, 149-
159. 

Ding, Y., Li, C., Liu, Y., 2004. Overview of the South China Sea monsoon experiment. 
Advances in Atmospheric Sciences 21, 343-360. 

Doberschütz, S., Frenzel, P., Haberzettl, T., Kasper, T., Wang, J., Zhu, L., Daut, G., Schwalb, 
A., Mäusbacher, R., 2013. Monsoonal forcing of Holocene paleoenvironmental change on 
the central Tibetan Plateau inferred using a sediment record from Lake Nam Co (Xizang, 
China). Journal of Paleolimnology, doi: 10.1007/s10933-013-9702-1. 

Duan, Y., Wu, B., 2009. Hydrogen isotopic compositions and their environmental significance 
for individual n-alkanes in typical plants from land in China. Chinese Science Bulletin 54, 
461-467. 

Duan, Y., Xu, L., 2012. Distribution of n-alkanes and their hydrogen isotopic composition in 
plants from Lake Qinghai (China) and the surrounding area. Applied Geochemistry 27, 
806-814. 

Duan, Y., Wu, B., Xu, L., He, J., Sun, T., 2011. Characterisation of n-alkanes and their 
hydrogen isotopic composition in sediments from Lake Qinghai, China. Organic 
Geochemistry 42, 720-726.  

Dykoski, C.A., Edwards, R.L., Cheng, H., Yuan, D., Cai, Y., Zhang, M., Lin, Y., Qing, J., An, 
Z., Revenaugh, J., 2005. A high-resolution, absolute-dated Holocene and deglacial Asian 
monsoon record from Dongge Cave, China. Earth and Planetary Science Letters 233, 71–
86. 

Eglinton, G., Hamilton, R.J., 1967. Leaf Epicuticular Waxes. Science 156, 1322-1335. 
Ehleringer, J.R., Dawson, T.E., 1992. Water uptake by plants – Perspectives from stable isotope 

composition. Plant, Cell and Environment 15, 1073-1082. 
Ehleringer, J.R., Roden, J., Dawson, T.E., 2000. Assessing ecosystem-level water relations 

through stable isotope ratio analyses. In: Sala, O.E., Jackson, R.B., Mooney, H.A., 
Howarth, R.W. (Eds.), Methods in Ecosystem Science. Springer Verlag, New York, USA, 
181–198. 



References   104 

 

Ekpo, B.O., Oyo-Ita, O.E., Wehner, H., 2005. Even-n-alkane/alkene predominances in surface 
sediments from the Calabar River, SE Niger Delta, Nigeria. Naturwissenschaften 92, 341- 
346. 

Everitt, B.S., Landau, S., Leese, M., 2001. Cluster analysis. Fourth ed. Arnold Publishers, 
London. 

Feakins, S.J., Sessions, A.L., 2010. Controls on the D/H ratios of plant leaf waxes in an arid 
ecosystem. Geochimica et Cosmochimica Acta 74, 2128-2141. 

Feng, Z.-D., An, C.B., Wang, H.B., 2006. Holocene climatic and environmental changes in the 
arid and semi-arid areas of China: a review. The Holocene 16, 119-130. 

Ficken, K.J., Li, B., Swain, D.L., Eglinton, G., 2000. An n-alkane proxy for the sedimentary 
input of submerged/floating freshwater aquatic macrophytes. Organic Geochemistry 31, 
745–749. 

Fleitmann, D., Burns, S.J., Mudelsee, M., Neff, U., Kramers, J., Mangini, A., Matter, A., 2003. 
Holocene forcing of the Indian monsoon recorded in a stalagmite from Southern Oman. 
Science 300, 1737-1739. 

Fleitmann, D., Burns, S.J., Mangini, A., Mudelsee, M., Kramers, J., Villa, I., Neff, U., Al-
Subbary, A.A., Buettner, A., Hippler, D., Matter, A., 2007. Holocene ITCZ and Indian 
monsoon dynamics recorded in stalagmites from Oman and Yemen (Socotra). Quaternary 
Science Reviews 26, 170-188. 

Fofonoff, N.P., Millard, R.C., 1983. Algorithms for computation of fundamental properties of 
seawater. Unesco technical papers in marine science 44, 1-54. 

Fontes, J.Ch., Mélières, F., Gibert, E., Liu, Q., Gasse, F., 1993. Stable isotope and radiocarbon 
balances of two Tibetan lakes (Sumxi Co, Longmu Co) from 13,000 BP. Quaternary 
Science Reviews 12, 875-887. 

Fry, B., 1991. Stable Isotope Diagrams of Freshwater Food Webs. Ecology 71, 2293-2297. 
Gadgil, S., Kumar, K.R., 2006. The Asian monsoon – agriculture and economy. In: Wang, B. 

(Eds.), The Asian Monsoon. Springer, Berlin, Heidelberg, 651-683. 
Garcin, Y., Schwab, V.F., Gleixner, G., Kahmen, A., Todou, G., Sene, O., Onana, J.M., 

Achoundong, G., Sachse, D., 2012. Hydrogen isotope ratios of lacustrine sedimentary n-
alkanes as proxies of tropical African hydrology: Insights from a calibration transect across 
Cameroon. Geochimica et Cosmochimica Acta 79, 106-126. 

Gasse, F., 2000. Hydrological changes in the African tropics since the Last Glacial Maximum. 
Quaternary Science Reviews 19, 189-211. 

Gasse, F., Arnold, M., Fontes, J.C., Fort, M., Gibert, E., Huc, A., Li, B.Y., Li, Y.F., Liu, Q., 
Mélières, F., Van Campo, E., Wang, F.B., Zhang, Q.S., 1991. A 13,000-year climate record 
from western Tibet. Nature 353, 742-745. 

Gasse, F., Fontes, J.C., Van Campo, E., Wei, K., 1996. Holocene environmental changes in 
Bangong Co basin (Western Tibet). Part 4: Discussion and conclusions. Palaeogeography, 
Palaeoclimatology, Palaeoecology 120, 79-92. 

Gat, J.R., 1996. Oxygen and hydrogen isotopes in the hydrologic cycle. Annual Review of Earth 
and Planetary Sciences 24, 225-262. 

Gat, J.R., Levy, Y., 1978. Isotope hydrology of inland sabkhas in Bardawil area, Sinai. 
Limnology and Oceanography 23, 841–850. 

Ge, Q.S., Wang, S.W., Wen, X.Y., Shen, C.M., Hao, Z.X., 2007. Temperature and precipitation 
changes in China during the Holocene. Advances in Atmospheric Sciences 24, 1024-1036. 

Gehre, M., Geilmann, H., Richter, J., Werner, R.A., Brand, W.A., 2004. Continuous flow 2H/1H 
and 18O/16O analysis of water samples with dual inlet precision. Rapid Communications in 
Mass Spectrometry 18, 2650-2660. 

Gibson, J.J., Edwards, T.W.D., Bursey, G.G., Prowse, T.D., 1993. Estimating evaporation using 
stable isotopes – quantitative results and sensitivity analysis for 2 catchments in northern 
Canada. Nordic Hydrology 24, 79-94. 

Gonfiantini, R., 1986. Environmental isotopes in lake studies. In: Fritz, P., Fontes, P.J.C. (Eds.), 
Handbook of Environmental Isotope Geochemistry, vol. 2. Elsevier, Amsterdam, 113–163. 



References   105 

 

Govil, P., Naidu, P.D., 2011.Variations of Indian monsoon precipitation during the last 32 kyr 
reflected in the surface hydrography of the Western Bay of Bengal. Quaternary Science 
Reviews 30, 3871-3879. 

Grice, K., Schouten, S., Nissenbaum, A., Charrach, J., Sinninghe Damsté, J.S., 1998. 
Isotopically heavy carbon in the C-21 to C-25 regular isoprenoids in halite-rich deposits 
from the Sdom Formation, Dead Sea Basin, Israel. Organic Geochemistry 28, 349–359. 

Grimalt, J., Albaiges, J., 1987. Sources and Occurrence of C-12-C-22 Normal-Alkane 
Distributions with Even Carbon-Number Preference in Sedimentary Environments. 
Geochimica et Cosmochimica Acta 51, 1379-1384. 

Grootes, P., Stuiver, M., 1999. GISP2 Oxygen Isotope Data. doi: 10.1594/PANGAEA.56094. 
Grubbs, F.E., 1969. Procedures for Detecting Outlying Observations in Samples. Technometrics 

11, 1-21. 
Guan, Z.H., Chen, C.Y., Ou, Y.X., Fan, Y.Q, Zhang, Y.S., Chen, Z.M., 1984. Rivers and lakes 

in Tibet. Beijing, Science Press, 176–82 (in Chinese). 
Günther, F., Mügler, I., Mäusbacher, R., Daut, G., Leopold, K., Gerstmann, U.C., Xu, B., Yao, 

T., Gleixner, G., 2011. Response of δD values of sedimentary n-alkanes to variations in 
source water isotope signals and climate proxies at lake Nam Co, Tibetan Plateau. 
Quaternary International 236, 82-90. 

Guenther, F., Aichner, B., Yao, T., Gleixner, G., 2013. A synthesis of hydrogen isotope 
variability and their hydrological significance at the Qinghai-Tibetan Plateau. Quaternary 
International 313-314, 3-16. 

Günther, F., Thiele, A., Gleixner, G., Xu, B., Yao, T., Schouten, S., 2014. Distribution of 
bacterial and archaeal ether lipids in soils and surface sediments of Tibetan lakes: 
Implications for GDGT-based proxies in saline lakes. Organic Geochemistry 67, 19-30. 

Gupta, A.K., Anderson, D.M., Overpeck, J.T., 2003. Abrupt changes in the Asian southwest 
monsoon during the Holocene and their links to the North Atlantic Ocean. Nature 421, 354-
357. 

Harrison, T.M., Copeland, P., Kidd, W.S.F., Yin, A., 1992. Raising Tibet. Science 255, 1663-
1670. 

He, J., Ju, J., Wen, Z., Lü, J., Jin, Q., 2007. A review of recent advances in research on Asian 
monsoon in China. Advances in Atmospheric Sciences 24, 972-992. 

He, L., Zhang, C.L., Dong, H., Fang, B., Wang, G., 2012. Distribution of glycerol dialkyl 
glycerol tetraethers in Tibetan hot springs. Geoscience Frontiers 3, 289-300. 

Herzschuh, U., 2006. Palaeo-moisture evolution in monsoonal Central Asia during the last 
50,000 years. Quaternary Science Reviews 25, 163-178. 

Herzschuh, U., Zhang, C., Mischke, S., Herzschuh, R., Mohammadi, F., Mingram, B., 
Kürschner, H., Riedel, F. , 2005. A late Quaternary lake record from the Qilian Mountains 
(NW China): evolution of the primary production and the water depth reconstructed from 
macrofossil, pollen, biomarker, and isotope data. Global and Planetary Change 46, 361-
379. 

Hilkert, A.W., Douthitt, C.B., Schluter, H.J., Brand, W.A., 1999. Isotope ratio monitoring gas 
chromatography / mass spectrometry of D/H by high temperature conversion isotope ratio 
mass spectrometry. Rapid Communications in Mass Spectrometry 13, 1226-1230. 

Holmes, J.A., Cook, E.R., Yang, B., 2009. Climate change over the past 2000 years in Western 
China. Quaternary International 194, 91-107. 

Hopmans, E.C., Weijers, J.W.H., Schefuss, E., Herfort, L., Sinninghe Damsté, J.S., Schouten, 
S., 2004. A novel proxy for terrestrial organic matter in sediments based on branched and 
isoprenoid tetraether lipids. Earth and Planetary Science Letters 24, 107–116. 

Hou, S., Chappellaz, J., Jouzel, J., Chu, P.C., Masson-Delmotte, V., Qin, D., Raynaud, D., 
Mayewski, P.A., Lipenkov, V.Y., Kang, S., 2007. Summer temperature trend over the past 
two millennia using air content in Himalayan ice. Climate of the Past 3, 89-95. 



References   106 

 

Hou, J.Z., D’Andrea, W.J., Huang, Y.S., 2008. Can sedimentary leaf waxes record D/H ratios of 
continental precipitation? Field, model, and experimental assessments. Geochimica et 
Cosmochimica Acta 72, 3503-3517. 

Hren, M.T., Bookhagen, B., Blisniuk, P.M., Booth, A.L., Chamberlain, C.P., 2009. δ18O and δD 
of streamwaters across the Himalaya and Tibetan Plateau: Implications for moisture 
sources and paleoelevation reconstructions. Earth and Planetary Science Letters 288, 20-
32. 

Hu, F.S., Lee, B.Y., Kaufman, D.S., Yoneji, S., Nelson, D.M., Henne, P.D., 2002. Response of 
tundra ecosystem in southwestern Alaska to Younger-Dryas climatic oscillation. Global 
Change Biology 8, 1156-1163. 

Huang, Y.S., Shuman, B., Wang, Y., Webb, T., 2004. Hydrogen isotope ratios of individual 
lipids in lake sediments as novel tracers of climatic and environmental change: a surface 
sediment test. Journal of Paleolimnology 31, 363–375. 

Huggett, A.J., 2005. The concept and utility of ‘ecological thresholds’ in biodiversity 
conservation. Biological Conservation 124, 301-310. 

Huguet, C., Hopmans, E.C., Febo-Ayala, W., Thompson, D.H., Sinninghe Damsté, J.S., 
Schouten, S., 2006. An improved method to determine the absolute abundance of glycerol 
dibiphytanyl glycerol tetraether lipids. Organic Geochemistry 37, 1036–1041. 

Huguet, C., Smittenberg, R.H., Boer, W., Sinninghe Damsté, J.S., Schouten, S., 2007. 
Twentieth century proxy records of temperature and soil organic matter input in the 
Drammensfjord, southern Norway. Organic Geochemistry 38, 1838–1849. 

IAEA/WMO, 2012. Global Network of Isotopes in Precipitation. The GNIP Database. 
Accessible at: http://www.iaea.org/water. 

Immerzeel, W.W., van Beek, L.P.H., Bierkens, M.F.P., 2010. Climate Change will affect the 
Asian Water Towers. Science 328, 1382-1385. 

Jennerjahn, T.C., Ittekkot, V., Arz, H.W., Behling, H., Pätzold, J., Wefer, G., 2004. 
Asynchronous terrestrial and marine signals of climate change during Heinrich events. 
Science 306, 2236-2239. 

Ji, J.F., Shen, J., Balsam, W., Chen, J., Liu, L.W., Liu, X.Q., 2005. Asian monsoon oscillations 
in the northeastern Qinghai-Tibet Plateau since the Late Glacial as interpreted from visible 
reflectance of Qinghai Lake sediments. Earth and Planetary Science Letters 233, 61-70. 

Jia, G., Wie, K., Chen, J., Peng, P., 2008. Soil n-alkane δD vs. altitude gradients along Mount 
Gongga, China. Geochimica et Cosmochimica Acta 72, 5165-5174. 

Ju, L., Wang, H., Jiang, D., 2007. Simulation of the Last Glacial Maximum climate over East 
Asia with a regional climate model nested in a general circulation model. Palaeogeography, 
Palaeoclimatology, Palaeoecology 248, 376-390. 

Johnson, K.R., Ingram, B.L., 2004. Spatial and temporal variability in the stable isotope 
systematic of modern precipitation in China. Implications for paleoclimate reconstructions. 
Earth and Planetary Science Letters 220, 365-377. 

Kang, S., Xu, Y., You, Q., Flügel, W.A., Pepin, N., Yao, T., 2010. Review of climate and 
cryospheric change in the Tibetan Plateau. Environmental Research Letters 5, 
doi:  10.1088/1748-9326/5/1/015101. 

Kaspari, S., Mayewski, P., Kang, S., Sneed, S., Hou, S., Hooke, R., Kreutz, K., Introne, D., 
Handley, M., Maasch, K., Qin, D., Ren, J., 2007. Reduction in northward incursion of the 
South Asian monsoon since ~ 1400 AD inferred from a Mt. Everest ice core. Geophysical 
Research Letters 34, doi: 10.1029/2007GL030440. 

Kasper, T., Haberzettl, T., Doberschütz, S., Daut, G., Wang, J., Zhu, L., Nowaczyk, N., 
Mäusbacher, R., 2012. Indian Ocean Summer Monsoon (IOSM)-dynamics within the past 
4 ka recorded in the sediments of Lake Nam Co, central Tibetan Plateau (China). 
Quaternary Science Reviews 39, 1-13. 

Kates, M., 1996. Structural analysis of phospholipids and glycolipids in extremely halophilic 
archaebacteria. Journal of Microbiological Methods 25, 113–128. 



References   107 

 

Kates, M., Kushner, D.J., Matheson, A.T., 1993. The biochemistry of Archaea (Archaebacteria). 
Elsevier Science Publishers, Amsterdam. 

Keil, A., Berking, J., Mügler, I., Schütt, B., Schwalb, A., Steeb, P., 2010. Hydrological and 
geomorphological basin and catchment characteristics of Lake Nam Co, South-Central 
Tibet. Quaternary International 218, 118-130. 

Kendall, C., 1998. Tracing nitrogen sources and cycling in catchments. In: Kendall, C. and 
McDonnell, J.J. (Eds.), Isotope tracers in catchment hydrology. Elsevier. Amsterdam, 519-
576. 

Kim, J.-H., Schouten, S., Hopmans, E.C., Donner, B., Sinninghe Damsté, J.S., 2008. Global 
sediment core-top calibration of the TEX86 paleothermometer in the ocean. Geochimica et 
Cosmochimica Acta 72, 1154-1173. 

Kitoh, A., Yukimoto, S., Noda, A., Motoi, T., 1997. Simulated changes in the Asian summer 
monsoon at times of increased atmospheric CO2. Journal of the Meteorological Society of 
Japan 75, 1019-1031. 

Koga, Y., Akagawa-Matsushita, M., Ohga, M., Nishihara, M., 1993. Taxonomic significance of 
the distribution of component parts of polar ether lipids in methanogens. Systematic and 
Applied Microbiology 16, 342–351. 

Koga, Y., Morii, H., Akagawa-Matsushita, M., Ohga, I., 1998. Correlation of polar lipid 
composition with 16S rRNA phylogeny in methanogens. Further analysis of lipid 
component parts. Bioscience Biotechnology and Biochemistry 62, 230–236. 

Kreutz, K.J., Wake, C.P., Aizen, V.B., Cecil, L.D., Synal, H.A., 2003. Seasonal deuterium 
excess in a Tien Shan ice core: Influence of moisture transport and recycling in Central 
Asia. Geophysial Research Letters 30, 1922, doi: 10.1029/2003GL017896. 

Kumar, K.K., Rajagopalan, B., Hoerling, M., Bates, G., Cane, M., 2006. Unraveling the 
Mystery of Indian Monsoon Failure During El Niño. Science 314, 115-119. 

Kutzbach, J.E., 1981. Monsoon climate of the Early Holocene – Climate experiment with the 
Earth’s orbital parameters for 9000 years ago. Science 214, 59-61. 

Kutzbach J.E., Guetter P.J., Ruddiman W.F., Prell W.L., 1989. Sensitivity of climate of late 
Cenozoic uplift in the southern Asia and the American West; numerical experiments. 
Journal of Geophysical Research: Atmospheres 94, 18393-18407. 

Laskar, J., Robutel, P., Joutel, F., Gastineau, M., Correia, A.C.M., Levrard, B., 2004. A long 
term numerical solution for the insolation quantities of the Earth.  Astronomy & 
Astrophysics 428, 261-285. 

Leber, D., Holawe, F., Häusler, H., 1995. Climatic Classification of the Tibet Autonomous 
Region Using Multivariate Statistical Methods. GeoJournal 37, 451-473. 

Lenton, T.M., Held, H., Kriegler, E., Hall, J.W., Lucht, W., Rahmstorf, S., Schellnhuber, H.J., 
2008. Tipping elements in the Earth’s climate system. Proceedings of the National 
Academy of Sciences 105, 1786-1793. 

Leuschner, D.C., Sirocko, F., 2003. Orbital insolation forcing of the Indian Monsoon – a motor 
for global climate changes? Palaeogeography, Palaeoclimatology, Palaeoecology 197, 83-
95. 

Li, C., Kang, S., 2006. Review of the studies on climate change since the last inter-glacial 
period on the Tibetan Plateau. Journal of Geographical Sciences 16, 337-345. 

Li, C., Yanai, M., 1996. The onset and interannual variability of the Asian summer monsoon in 
relation to land–sea-contrast. Journal of Climate 9, 358–375. 

Li, C., Kang, S., Zhang, Q., Kaspari S., 2007. Major ionic composition of precipitation in the 
Nam Co region, Central Tibetan Plateau. Atmospheric Research 85, 351-360. 

Li, M., Kang, S., Zhu, L., You, Q., Zhang, Q., Wang,J.,  2008. Mineralogy and geochemistry of 
the Holocene lacustrine sediments in Nam Co, Tibet. Quaternary International 187, 105-
116.  

Lin, X., Zhu, L., Wang, Y., Wang, J., Xie, M., Ju, J., Mäusbacher, R., Schwalb, A., 2008. 
Environmental changes reflected by n-alkanes of lake core in Nam Co on the Tibetan 
Plateau since 8.4 ka BP. Chinese Science Bulletin 53, 3051-3057. 



References   108 

 

Lisiecki, L.E., Raymo, M.E., 2005. A Pliocene-Pleistocene stack of 57 globally distributed 
benthic δ18O records. Paleoceanography 20, PA1003, doi: 10.1029/2004PA001071. 

Liu, G., 1989. Hydrometeorological characteristics of the Tibet Plateau. Atmospheric 
Deposition, IAHS Publication 179, 267-280. 

Liu, X., Chen, B., 2000. Climatic warming in the Tibetan Plateau during recent decades. 
International Journal of Climatology 20, 1729-1742. 

Liu, X.D., Shi, Z.G., 2009. Effect of precession on the Asian summer monsoon evolution: A 
systematic review. Chinese Science Bulletin 54, 3720-3730. 

Liu, X., Yin, Z.Y., 2002. Sensitivity of East Asian monsoon climate to the uplift of the Tibetan 
Plateau. Palaeogeography, Palaeoclimatology, Palaeoecology 183, 223-245. 

Liu M., Yang Y., 2003. Extensional collapse of the Tibetan Plateau: Results from three-
dimensional modeling. Journal of Geophysical Research: Solid Earth 108, 
doi: 10.1029/2002JB002248. 

Liu, X., Liu, Z., Kutzbach, J.E., Clemens, S.C., Prell, W.L., 2006. Hemispheric insolation 
forcing of the Indian Ocean and Asian monsoon: Local versus remote impacts. Journal of 
Climate 19, 6195-6208. 

Liu, X.Q., Shen, J., Wang, S.M., Wang, Y.B., Liu, W.G., 2007. Southwest monsoon changes 
indicated by oxygen isotope of ostracode shells from sediments in Qinghai Lake since the 
late Glacial. Chinese Science Bulletin 52, 539-544. 

Liu, Z., Tian, L., Yao, T., Yu, W., 2008. Seasonal deuterium excess in Nagqu precipitation: 
influence of moisture transport and recycling in the middle of Tibetan Plateau. 
Environmental Geology 55, 1501-1506. 

Liu, X., Colman, S., Brown, E., Henderson, A.G., Werne, J., Holmes, J., 2013a. Abrupt 
deglaciation on the northeastern Tibetan Plateau: evidence from Lake Qinghai. Journal of 
Paleolimnology, doi: 10.1007/s10933-013-9721-y. 

Liu, Y., Yao, T., Gleixner, G., Claus, P., Conrad, R. 2013b. Methanogenic pathways, 13C 
isotope fractionation, and archaeal community composition in lake sediments and wetland 
soils on the Tibetan Plateau. Journal of Geophysical Research: Biogeoscienes. doi: 
10.1002/jgrg.20055. 

Long, H., Lai, ZP., Wang, NA., Yu, L., 2010. Holocene climate variations from Zhuyeze 
terminal lake records in East Asian monsoon margin in arid northern China. Quaternary 
Research 74, 46-56. 

Loomis, S.E., Russell, J.M., Sinninghe Damsté, J.S., 2011. Distributions of branched GDGTs in 
soils from western Uganda and implications for a lacustrine paleothermometer. Organic 
Geochemistry 42, 739–751. 

Loomis, S.E., Russell, J.M, Ladd, B., Street-Perrott, F.A., Sinninghe Damsté, J.S., 2012. 
Calibration and application of the branched GDGT temperature proxy on East African lake 
sediments. Earth and Planetary Science Letters 357-358, 277-288. 

Lu, C., Yu, G., Xie, G., 2005. Tibetan plateau serves as a water tower. IGARSS 2005: IEEE 
International Geoscience and Remote Sensing Symposium, 1–8, 3120−3123, Proceedings. 

Luo, T., Brown, S., Pan, Y., Shi, P., Ouyang, H., Yu, Z., Zhu, H., 2005. Root biomass along 
subtropical to alpine gradients: global implication from Tibetan transect studies. Forest 
Ecology and Management 206, 349-363. 

Maher, B.A., Thompson, R., 2012. Oxygen isotopes from Chinese caves: records not of 
monsoon rainfall but of circulation regime. Journal of Quaternary Science 27, 615-624. 

Majoube, M., 1971. Fractionation in 18O between ice and water vapor. Journal de Chimie 
Physique et de Physico-Chimie Biologique 68, 625–626. 

Mann, H.B., Whitney, D.R., 1947. On a test of whether one of two random variables is 
stochastically larger than the other. Annals of Mathematical Statistics 18, 50-60. 

Mann, M.E., Bradley, R.S., Hughes, M.K., 1999. Northern Hemisphere Temperatures During 
the Past Millenium. Inferences, Uncertainties, and Limitations. Geophysical Research 
Letters 26, 759-762. 



References   109 

 

Marzi, R., Torkelson, B.E., Olson, R.K., 1993. A revised carbon preference index. Organic 
Geochemistry 20, 1303-1306. 

Maslin, M., 2004. Ecological versus climatic thresholds. Science 306, 2197-2198. 
McCarthy, R.D., Duthie, A.H., 1962. A rapid quantitative method for the separation of free fatty 

acids from other lipids. Journal of Lipid Research 3, 117-119. 
McInerney, F.A., Helliker, B.R., Freeman, K.H., 2011. Hydrogen isotope ratios of leaf wax n-

alkanes in grasses are insensitive to transpiration. Geochimica et Cosmochimica Acta 75, 
541-554. 

Merlivat, L., Jouzel, J., 1979. Global Climatic Interpretation of the Deuterium-Oxygen-18 
Relationship for Precipitation. Journal of Geophysical Research: Oceans and Atmospheres 
84, 5029-5033. 

Meyers, P.A., 1994. Preservation of elemental and isotopic source identification of sedimentary 
organic matter. Chemical Geology 114, 289-302. 

Meyers, P.A., 2003. Applications of organic geochemistry to paleolimnological reconstructions: 
a summary of examples from the Laurentian Great Lakes. Organic Geochemistry 34, 261-
289. 

Meyers, P.A., Ishiwatari, R., 1993. Lacustrine organic geochemistry. An overview of indicators 
of organic matter sources and diagenesis in lake sediments. Organic Geochemistry 20, 867-
900. 

Meyers, P.A., Ishiwatari, R., 1995. Organic matter accumulation records in lake sediments. In: 
Lerman, A., Imboden, D., Gat, J. (Eds.), Physics and Chemistry of Lakes. Springer, Berlin, 
279–328. 

Miehe, G., Miehe, S., Will, M., Opgenoorth, L., Duo, L., Dorgeh, T., Liu, J.,  2008. An 
inventory of forest relicts in the pastures of Southern Tibet (Xizang A.R., China). Plant 
Ecology 194, 157-177. 

Mischke, S., Kramer, M., Zhang, C., Shang, H., Herzschuh, U., Erzinger, J., 2008. Reduced 
early Holocene moisture availability in the Bayan Har Mountains, northeastern Tibetan 
Plateau, inferred from a multi-proxy lake record. Palaeogeography, Palaeoclimatology, 
Palaeoecology 267, 59-76. 

Molnar, P., Boos, W.R., Battisti, D.S., 2010. Orographic Controls on Climate and Paleoclimate 
of Asia: Thermal and Mechanical Roles for the Tibetan Plateau. Annual Review of Earth 
and Planetary Sciences 38, 77-102. 

Morrill, C., Overpeck, J.T., Cole, J.E., 2003. A synthesis of abrupt changes in the Asian summer 
monsoon since the last deglaciation. The Holocene 13, 465-476. 

Morrill, C., Overpeck, J.T., Cole, J.E., Liu, K., Shen, C., Tang, L., 2006. Holocene variations in 
the Asian monsoon inferred from the geochemistry of lake sediments in central Tibet. 
Quaternary Research 65, 232-243. 

Mügler, I., Sachse, D., Werner, M., Xu, B., Wu, G., Yao, T., Gleixner, G., 2008. Effect of lake 
evaporation on δD values of lacustrine n-alkanes: A comparison of Nam Co (Tibetan 
Plateau) and Holzmaar (Germany). Organic Geochemistry 39, 711-729. 

Mügler, I., Gleixner, G., Günther, F., Mäusbacher, R., Daut, G., Schütt, B., Berking, J., 
Schwalb, A., Schwark, L., Xu, B., Yao, T., Zhu, L., Yi, C., 2010. A multi-proxy approach 
to reconstruct hydrological changes and Holocene climate development of Nam Co, 
Central Tibet. Journal of Paleolimnology 43, 625-648. 

Murray, C.N., Riley, J.P., 1969. The solubility of gases in distilled water and sea water-II. 
Oxygen. Deep Sea Research and Oceanographic Abstracts 16, 311-320. 

Neff, U., Burns, S.J., Mangini, A., Mudelsee, M., Fleitmann, D., Matter, A., 2001. Strong 
coherence between solar variability and the monsoon in Oman between 9 and 6 kyr ago. 
Nature 411, 290-293. 

Ohkouchi, N., Eglinton, T.I., Keigwin, L.D., Hayes, J.M., 2002. Spatial and temporal offsets 
between proxy records in a sediment drift. Science 298, 1224-1227. 

Overpeck, J., Anderson, D., Trumbore, S., Prell, W., 1996. The southwest Indian Monsoon over 
the last 18000 years. Climate Dynamics 12, 213-225. 



References   110 

 

Pancost, R.D., McClymont, E.L., Bingham, E.M., Roberts, Z., Charman, D.J., Hornibrook, 
E.R.C., Blundell, A., Chambers, F.M., Lim, K.L.H., Evershed, R.P., 2011. Archaeol as a 
methanogen biomarker in ombrotrophic bogs. Organic Geochemistry 42, 1279-1287. 

Pearson, A., Huang, Z., Ingalls, A.E., Romanek, C.S., Wiegel, J., Freeman, K.H., Smittenberg, 
R.H., Zhang, C.L., 2004. Nonmarine crenarchaeol in Nevada hot springs. Applied and 
Environmental Microbiology 70, 5229–5237. 

Pearson, E.J., Juggins, S., Talbot, H.M., Weckström, J., Rosén, P., Ryves, D.B., Roberts, S.J., 
Schmidt, R., 2011. A lacustrine GDGT-temperature calibration from the Scandinavian 
Arctic to Antarctic: renewed potential for the application of GDGT-paleothermometry in 
lakes. Geochimica et Cosmochimica Acta 75, 6225–6238. 

Pedentchouk, N., Freeman, K.H., Harris, N.B., 2006. Different response of δD values of n-
alkanes, isoprenoids, and kerogen during thermal maturation. Geochimica Et 
Cosmochimica Acta 70, 2063-2072. 

Peterse, F., Nicol, G.W., Schouten, S., Sinninghe Damsté, J.S., 2010. Influence of soil pH on 
the abundance and distribution of core and intact polar lipid-derived branched GDGTs in 
soil. Organic Geochemistry 41, 1171-1175. 

Peterse, F., van der Meer, J., Schouten, S., Weijers, J.W.H., Fierer, N., Jackson, R.B., Kim, J.-
H., Sinninghe Damsté, J.S., 2012. Revised calibration of the MBT-CBT paleotemperature 
proxy based on branched tetraether membrane lipids in surface soils. Geochimica et 
Cosmochimica Acta 96, 215-229. 

Petit, J.R., Jouzel, J., Raynaud, D., Barkov, N.I., Barnola, J.M., Basile, I., Bender, M., 
Chappellaz, J., Davis, J., Delaygue, G., Delmotte, M., Kotlyakov, V.M., Legrand, M., 
Lipenkov, V., Lorius, C., Pépin, L., Ritz, C., Saltzman, E., Stievenard, M., 1999. Climate 
and atmospheric history of the past 420,000 years from the Vostok Ice Core, Antarctica. 
Nature 399, 429-436. 

Pitcher, A., Hopmans, E.C., Mosier, A.C., Francis, C.A., Reese, S.K., Schouten, S., Sinninghe 
Damsté, J.S., 2011. Distribution of core and intact polar tetraether lipids in enrichment 
cultures of Thaumarchaeota from marine sediments. Applied and Environmental 
Microbiology 77, 3468–3477. 

Polissar, P.J., Freeman, K.H., 2010. Effects of aridity and vegetation on plant-wax δD in 
modern lake sediments. Geochimica et Cosmochimica Acta 74, 5785-5797. 

Polissar, P.J., Freeman, K.H., Rowley, D.B., McInerney, F.A., Currie, B.S., 2009. 
Paleoaltimetry of the Tibetan Plateau from D/H ratios of lipid biomarkers. Earth and 
Planetary Science Letters 287, 64-76. 

Powers, L.P., Werne, J.P., Vanderwoude, A.J., Sinninghe Damsté, J.S., Hopmans, E.C., 
Schouten, S., 2010. Applicability and calibration of the TEX86 paleothermometer in lakes. 
Organic Geochemistry 41, 404–413. 

Poynter, J., 1989. Molecular stratigraphy. The recognition of paleoclimate signals in organic 
geochemical data. PhD Thesis. University of Bristol.  

Prell, W.L., Kutzbach, J.E., 1987. Monsoon variability over the past 150,000 years. Journal of 
Geophysical Research: Atmospheres 92, 8411-8425. 

Pu, Y., Zhang, H., Wang, Y., Lei, G., Nace, T., Zhang, S., 2011. Climatic and environmental 
implications from n-alkanes in glacially eroded lake sediments in Tibetan Plateau: An 
example from Ximen Co. Chinese Science Bulletin 56, 1503-1510. 

Qian, Y.F., Zheng, Y.Q., Zhang, Y., Miao, M.Q., 2003. Responses of China’s summer monsoon 
climate to snow anomaly over the Tibetan Plateau. International Journal of Climatology 23, 
593-613. 

Qiu, J., 2008. The third pole. Nature 454, 393−396. 
Qiu, J., 2010. Measuring the meltdown. Nature 468, 141-142. 
Qiu, J., 2013. Monsoon Melee. Science 340, 1400-1401. 
Radke, M., Willsch, H., Welte, D.H., 1980. Preparative hydrocarbon group type determination 

by automated medium pressure liquid-chromatography. Analytical Chemistry 52, 406-411. 



References   111 

 

Radke, J., Bechtel, A., Gaupp, R., Puttmann, W., Schwark, L., Sachse, D., Gleixner, G.,  2005. 
Correlation between hydrogen isotope ratios of lipid biomarkers and sediment maturity. 
Geochimica et Cosmochimica Acta 69, 5517-5530. 

Rao, Z., Zhu, Z., Jia, G., Henderson, A.C.G., Xue, Q., Wang, S., 2009. Compound specific δD 
values of long chain n-alkanes derived from terrestrial higher plants are indicative of the 
δD of meteoric waters: evidence from surface soils in eastern China. Organic Geochemistry 
40, 922–930. 

Rashid, H., Flower, B.P., Poore, R.Z., Quinn, T.M., 2007. A 25 ka Indian Ocean monsoon 
variability record from the Andaman Sea. Quaternary Science Reviews 26, 2586-2597. 

Robock, A., Mu, M.Q., Vinnkov, K., Robinson, D., 2003. Land surface conditions over Eurasia 
and Indian summer monsoon rainfall. Journal of Geophysical Research: Atmospheres 108, 
4131, doi: 10.1029/2002JD002286. 

Rothe, J., Gleixner, G., 2004. Application of Stable Nitrogen Isotopes to Investigate Food-Web 
Development in Regenerating Ecosystems. In: Temperton, V.M., Hobbs, R.J., Nuttle, T., 
Halle, S. (Eds.), Assembly rules and restoration ecology: bridging the gap between theory 
and practice. Island Press, Washington, 245-264. 

Rozanski, K., Araguas-Araguas, L., Gonfiantini, R., 1992. Relation between long-term trends of 
Oxygen-18 isotope composition of precipitation and climate. Science 258, 981–985. 

Ruddiman, W.F., 2006. What is the timing of orbital-scale monsoon changes? Quaternary 
Science Reviews 25, 657-658. 

Sabade, S.S., Kulkarni, A., Kripalani, R.H., 2011. Projected changes in South Asian summer 
monsoon by multi-model global warming experiments. Theoretical and Applied 
Climatology 103, 543-565. 

Sachs, J.P., Schwab, V.F., 2011. Hydrogen isotopes in dinosterol from the Chesapeake Bay 
estuary. Geochimica et Cosmochimica Acta 75, 444–59. 

Sachse, D., Sachs, J.P., 2008. Inverse relationship between D/H fractionation in cyanobacterial 
lipids and salinity in Christmas Island saline ponds. Geochimica et Cosmochimica Acta 72, 
793-806. 

Sachse, D., Radke, J., Gleixner, G., 2004. Hydrogen isotope ratios of recent lacustrine 
sedimentary n-alkanes record modern climate variability. Geochimica et Cosmochimica 
Acta 68, 4877-4889. 

Sachse, D., Radke, J., Gleixner, G., 2006. δD values of individual n-alkanes from terrestrial 
plants along a climate gradient – Implications for the sedimentary biomarker record. 
Organic Geochemistry 37, 469-483. 

Sachse, D., Kahmen, A., Gleixner, G., 2009. Significant seasonal variation in the hydrogen 
isotopic composition of leaf-wax lipids for two deciduous tree ecosystems (Fagus sylvativa 
and Acer pseudoplatanus). Organic Geochemistry 40, 732-742. 

Sachse, D., Billault, I., Bowen, G.J., Chikaraishi, Y., Dawson, T.E., Feakins, S.J., Freeman, 
K.H., Magill, C.R., McInerney, F.A., van der Meer, M.T.J., Polissar, P., Robins, R.J., 
Sachs, J.P., Schmidt, H.L., Sessions, A.L., White, J.W.C., West, J.B., Kahmen, A., 2012. 
Molecular Paleohydrology: Interpreting the hydrogen-isotopic composition of lipid 
biomarkers from photosynthesizing organisms. Annual Reviews of Earth and Planetary 
Sciences 40, 221-249. 

Sauer, P., Eglinton, T., Hayes, J., Schimmelmann, A., Sessions, A., 2001. Compound-specific 
D/H ratios of lipid biomarkers from sediments as a proxy for environmental and climatic 
conditions. Geochimica et Cosmochimica Acta 65, 213-222. 

Schimmelmann, A., Lewan, M.D., Wintsch, R.P., 1999. D/H isotope ratios of kerogen, bitumen, 
oil, and water in hydrous pyrolysis of source rocks containing kerogen types I, II, IIS, and 
III. Geochimica et Cosmochimica Acta 63, 3751–3766. 

Schmitt, J., Schneider, R., Elsig, J., Leuenberger, D., Lourantou, A., Chappellaz, J., Köhler, P., 
Joos, F., Stocker, T.F., Leuenberger, M., Fischer, H., 2012. Carbon Isotope Constraints on 
the Deglacial CO2 Rise from Ice Cores. Science, 336, 711-714. 



References   112 

 

Schouten, S., Hopmans, E.C., Pancost, R.D., Sinninghe Damsté, J.S., 2000. Widespread 
occurrence of structurally diverse tetraether membrane lipids: evidence for the ubiquitous 
presence of low-temperature relatives of hyperthermophiles. Proceedings of the National 
Academy of Sciences USA 97, 14421–14426. 

Schouten, S., Hopmans, E.C., Schefuß, E., Sinninghe Damsté, J.S., 2002. Distributional 
variations in marine crenarchaeotal membrane lipids: a new organic proxy for 
reconstructing ancient sea water temperatures? Earth and Planetary Science Letters 204, 
265–274. 

Schouten, S., Huguet, C., Hopmans, E.C., Kienhuis, M.V.M., Sinninghe Damsté, J.S., 2007. 
Analytical Methodology for TEX86 Paleothermometry by High-Performance Liquid 
Chromatography/Atmospheric Pressure Chemical Ionization-Mass Spectrometry. 
Analytical Chemistry 79, 2940-2944. 

Schouten, S., Hopmans, E.C., Baas, M., Boumann, H., Standfest, S., Könneke, M., Stahl, D.A., 
Sinninghe Damsté, J.S., 2008. Intact membrane lipids of ‘‘Candidatus Nitrosopumilus 
maritimus’’, a cultivated representative of the cosmopolitan mesophilic Group I 
Crenarchaeota. Applied and Environmental Microbiology 74, 2433–2440. 

Schouten, S., Hopmans, E.C., Sinninghe Damsté, J.S., 2013. The organic geochemistry of 
glycerol dialkyl glycerol tetraether lipids: A review. Organic Geochemistry 54, 19-61. 

Schrag, D.P., Hampt, G., Murray, D.W., 1996. Pore fluid constraints on the temperature and 
oxygen isotopic composition of the glacial ocean. Science 272, 1930-1932. 

Sekiya, N., Yano, K., 2002. Water acquisition from rainfall and groundwater by legume crops 
developing deep rooting systems determined with stable hydrogen isotope compositions of 
xylem waters. Field Crops Research 78, 133-139. 

Sessions, A.L., 2006. Seasonal changes in D/H fractionation accompanying lipid biosynthesis in 
Spartina alternflora. Geochimica et Cosmochimica Acta 70, 2153-2162. 

Sessions, A.L., Burgoyne, T.W., Schimmelmann, A., Hayes, J.M., 1999. Fractionation of 
hydrogen isotopes in lipid biosynthesis. Organic Geochemistry 30, 1193-1200. 

Shakun, J.D., Burns, S.J., Fleitmann, D., Kramers, J., Matter, A., Al-Subary, A., 2007. A high-
resolution, absolute-dated deglacial speleothem record of Indian Ocean climate from 
Socotra Island, Yemen. Earth and Planetary Science Letters 259, 442-456. 

Shen, J., Liu, X., Wang, S., Matsumoto, R., 2005. Palaeoclimatic changes in the Qinghai Lake 
area during the last 18,000 years. Quaternary International 136, 131-140. 

Shi, Z.G., Liu, X.D., Sun, Y.B., An, Z.S., Liu, Z., Kutzbach, J., 2011. Distinct responses of East 
Asian summer and winter monsoons to astronomical forcings. Climate of the past 7, 1363-
1370. 

Sicre, M.-A., Labeyrie, L.D., Ezat, U., Duprat, K., Turon, JL., Schmidt, S., Michel, E., Mazaud, 
A., 2005. Mid-latitude Southern Indian Ocean response to Northern Hemisphere Heinrich 
events. Earth and Planetary Science Letters 240, 724-731. 

Simoneit, B.R.T., 1977. Diterpenoid Compounds and Other Lipids in Deep-Sea Sediments and 
Their Geochemical Significance. Geochimica et Cosmochimica Acta 41, 463-476. 

Simoneit, B.R.T., Chester R., Eglinton, G., 1977. Biogenic lipids in particulates from the lower 
atmosphere over the eastern Atlantic. Nature 267, 682-685. 

Singh, P., Nakamura, K., 2009. Diurnal variation in summer precipitation over the central 
Tibetan Plateau. Journal of Geophysical Research: Atmospheres 114, D20107, 
doi: 10.1029/2009JD011788. 

Sinha, A., Cannariato, K.G., Stott, L.D., Li, HC., You, CF., Cheng, H., Edwards, R.L., Singh, 
I.B., 2005. Variability of Southwest Indian summer monsoon precipitation during the 
Bølling Ǻllerød. Geology 33, 813-816. 

Sinninghe Damsté, J.S., Ossebaar, J., Abbas, B., Schouten, S., Verschuren, D., 2009. Fluxes and 
distribution of tetraether lipids in an equatorial African lake: constraints on the application 
of the TEX86 palaeothermometer and branched tetraether lipids in lacustrine settings. 
Geochimica et Cosmochimica Acta 73, 4232–4249. 



References   113 

 

Sinninghe Damsté, J.S., Rijpstra, W.I.C., Hopmans, E.C., Weijers, J.W.H., Foesel, B.U., 
Overmann, J., Dedysh, S.N., 2011. 13,16-Dimethyl octacosanedioic acid (iso-diabolic 
acid): a common membrane-spanning lipid of Acidobacteria subdivisions 1 and 3. Applied 
and Environmental Microbiology 77, 4147–4154. 

Sinninghe Damsté, J.S., Ossebaar, J., Schouten, S., Verschuren, D., 2012. Distribution of 
tetraether lipids in the 25-ka sedimentary record of Lake Challa: extracting reliable TEX86 
and MBT/CBT palaeotemperatures from an equatorial African lake. Quaternary Science 
Reviews 50, 43-54. 

Smith, F.A., Freeman, K.H., 2006. Influence of physiology and climate on δD of leaf wax n-
alkanes from C3 and C4 grasses. Geochimica et Cosmochimica Acta 70, 1172-1187. 

Spicer, R.A., Harris, N.B.W., Widdowson, M., Herman, A.B., Guo, S., Valdes, P.J., Wolfe, 
J.A., Kelley, S.P., 2003. Constant elevation of southern Tibet over the past 15 million 
years. Nature 421, 622-624. 

Steeb, P., 2006. Pb-210 Datierung von Sedimenten des Nam Co, Süd Tibet. – Studienarbeit. 
Technische Universität Carolo-Wilhelmina, Braunschweig. 

Steinbeiss, S., Temperton, V. M., Gleixner, G., 2008. Mechanisms of short-term soil carbon 
storage in experimental grasslands. Soil Biology Biochemistry 40, 2634-2642. 

Steinhof, A., Adamiec, G., Gleixner, G., van Klinken, G.J., Wagner, T., 2004. The new 14C 
analysis laboratory in Jena, Germany. Radiocarbon 46, 51-58. 

Sun, Q., Chu, G., Liu, M., Xie, M., Li, S., Ling, Y., Wang, X., Shi, L., Jia, G., Liu, H., 2011a. 
Distributions and temperature dependence of branched glycerol dialkyl glycerol tetraethers 
in recent lacustrine sediments from China and Nepal. Journal of Geophysical Research 116, 
doi: 10.1029/2010JG001365. 

Sun, Y., Clemens, S.C., Morrill, C., Lin, X., Wang, X., An, Z., 2011b. Influence of Atlantic 
meridional overturning circulation on the East Asian winter monsoon. Nature Geoscience 
5, 46-49. 

Tang, M., 1998. Formation, Evolution and Variability characteristics of Qinghai–Tibetan 
Plateau Monsoon. Guangdong Sciences & Technology Press, Guangzhou. 

Thompson, L. G., Yao, T., Davis, M. E., Henderson, K. A., Mosley-Thompson, E., Lin, P. N., 
Beer, J., Synal, H. A., Cole-Dai, J., Bolzan, J. F., 1997. Tropical climate instability: the last 
glacial cycle from a Qinghai-Tibetan ice core. Science 276, 1821-1825. 

Thompson, L.G., Yao, T., Mosley-Thompson, E., Davis, M.E., Henderson, K.A., Lin, P.N., 
2000. A high-resolution millennial record of the South Asian monsoon from Himalayan ice 
cores. Science 289, 1916–1919. 

Thompson, L. G., Mosley-Thompson, E., Davis, M. E., Mashiotta, T.A., Henderson, K.A., Lin, 
P.N., Yao, T., 2006a. Ice core evidence for asynchronous glaciation on the Tibetan Plateau. 
Quaternary International 154, 3-10. 

Thompson, L.G., Yao, T., Davis, M.E., Mosley-Thompson, E., Mashiotta, T.A., Lin, P.N., 
Mikhalenko, V.N., Zagorodnov, V.S., 2006b. Holocene climate variability archived in the 
Puruogangri ice cap on the central Tibetan Plateau. Annals of Glaciology 43, 61-69. 

Tian, L., Masson-Delmotte, V., Stievenard, M., Yao, T., Jouzel, J., 2001a. Tibetan Plateau 
summer monsoon northward extent revealed by measurements of water stable isotopes. 
Journal of Geophysical Research: Atmospheres 106, 081-28,088. 

Tian, L., Yao, T., Sun, W., Stievenard, M., Jouzel, J., 2001b. Relationship between δD and δ18O 
in precipitation on north and south of the Tibetan Plateau and moisture recycling. Science 
in China 44, 789-796. 

Tian, L., Yao, T., Schuster, P.F., White, J.W.C., Ichiyanagi, K., Pendall, E., Pu, J., Yu, W., 
2003. Oxygen-18 concentrations in recent precipitation and ice cores on the Tibetan 
Plateau. Journal of Geophysical Research 108, doi: 10.1029/2002JD002173. 

Tian, L., Yao, T., White, J.W.C., Yu, W., Wang, N., 2005. Westerly moisture transport to the 
middle of Himalayas revealed from the high deuterium excess. Chinese Science Bulletion 
50, 1026-1030. 



References   114 

 

Tian, L., Yao, T., MacClune, K., White, J.W.C., Schilla, A., Vaughn, B., Vachon, B., 
Ichiyanagi, K., 2007. Stable isotopic variations in west China: A consideration of moisture 
sources. Journal of Geophysical Research: Atmospheres 112, doi: 10.1029/2006JD007718. 

Tierney, J.E., Russell, J.M., 2009. Distributions of branched GDGTs in a tropical lake system: 
implications for lacustrine application of the MBT/CBT paleoproxy. Organic Geochemistry 
40, 1032–1036. 

Tierney, J.E., Russell, J.M., Eggemont, H., Hopmans, E.C., Verschuren, D., Sinninghe Damsté, 
J.S., 2010. Environmental controls on branched tetraether lipid distributions in tropical East 
African lake sediments: a new lacustrine paleothermometer? Geochimica et Cosmochimica 
Acta 74, 4902–4918. 

Tierney, J.E., Schouten, S., Pitcher, A., Hopmans, E.C., Sinninghe Damsté, J.S., 2012. Core and 
intact polar glycerol dialkyl glycerol tetraethers (GDGTs) in Sand Pond, Warwick, Rhode 
Island (USA): Insights into the origin of lacustrine GDGTs. Geochimica et Cosmochimica 
Acta 77, 561–581. 

Toggweiler, J.R., Russell, J.L., Carson, S.R., 2006. Midlatitude westerlies, atmospheric CO2, 
and climate change during the ice ages. Paleoceanography 21, doi: 
10.1029/2005PA001154. 

Trenberth, K.E., Stepaniak, D.P., Caron, J.M., 2000. The global monsoon as seen through the 
divergent atmospheric circulation. Journal of Climate 13, 3969-3993. 

Tschudi, S., Schäfer, J.M., Zhao, Z., Wu, X., Ivy-Ochs, S., Kubik, P.W., Schlüchter, C., 2003. 
Glacial advances in Tibet during the Younger Dryas? Evidence from cosmogenic 10Be, 
26Al, and 21Ne. Journal of Asian Earth Sciences 22, 301-306. 

Turich, C., Freeman, K.H., 2011. Archaeal lipids record paleosalinity in hypersaline systems. 
Organic Geochemistry 42, 1147–1157. 

Turner, A.G., Annamalai, H., 2012. Climate change and the South Asian summer monsoon. 
Nature Climate Change 2, 587-595. 

Ueda, H., Iwai, A., Kuwako, K., Hori, M.E., 2006. Impact of anthropogenic forcing on the 
Asian summer monsoon as simulated by eight GCMs. Geophysical Research Letters 33, 
L06703, doi: 10.1029/2005GL025336. 

Walsh, E.M., Ingalls, A.E., Keil, R.G., 2008. Sources and transport of terrestrial organic matter 
in Vancouver Island fjords and the Vancouver–Washington Margin: a multiproxy approach 
using δ13Corg, lignin phenols, and the ether lipid BIT index. Limnology and Oceanography 
53, 1054–1063. 

Wang, B., 2006. The Asian Monsoon. Springer, Berlin, Heidelberg, 651-683. 
Wang, P., 2009. Global monsoon in a geological perspective. Chinese Science Bulletin 54, 

1113-1136. 
Wang, J., Zhu, L., 2006. Preliminary study on the field investigation of Nam Co. Annual report 

of Nam Co monitoring and research station for multisphere interactions. 
Wang, Y.T., Cheng, H., Edwards, R.L., Anti, Z.S., Wu, J.Y., Shen, C.C., Dorale, J.A., 2001. A 

high-resolution absolute-dated late Pleistocene monsoon record from Hulu cave, China. 
Science 294, 2345-2348. 

Wang, G., Qian, J., Cheng, G., Lai, Y., 2002a. Soil organic carbon pool of grassland soils on the 
Qinghai-Tibetan Plateau and its global implication. The Science of the Total Environment 
291, 207-217. 

Wang, R.L., Scarpitta, S.C., Zhang, S.C., Zheng, M.P., 2002b. Later Pleistocene / Holocene 
climate conditions of Qinghai-Xizhang Plateau (Tibet) based on carbon and oxygen stable 
isotopes of Zabuye Lake sediments. Earth and Planetary Science Letters 203, 461-477. 

Wang, Y., Cheng, H., Edwards, R.L., He, Y., Kong, X., An, Z., Wu, J., Kelly, M.J., Dykoski, 
C.A., Li, X., 2005a. The Holocene Asian Monsoon: Links to Solar Changes and North 
Atlantic Climate. Science 308, 854-857. 

Wang, P., Clemens, S., Beaufort, L., Braconnot, P., Ganssen, G., Jian, Z., Kershaw, P., 
Sarnthein, M., 2005b. Evolution and variability of the Asian monsoon system: state of the 
art and outstanding issues. Quaternary Science Reviews 24, 595-629. 



References   115 

 

Wang J., Zhu, L., Daut, G., Ju, J., Lin, X., Wang, Y., Zhen, X., 2009. Investigation of 
bathymetry and water quality of Lake Nam Co, the largest lake on the central Tibetan 
Plateau, China. Limnology 10, 149-158. 

Wang, Y., Liu, X., Herzschuh, U., 2010. Asynchronous evolution of the Indian and East Asian 
Summer monsoon indicated by Holocene moisture patterns in monsoonal central Asia. 
Earth-Science Reviews 103, 135-153. 

Wang, H., Liu, W., Zhang, C.L., Wang, Z., Wang, J., Liu, Z., Dong, H., 2012. Distribution of 
glycerol dialkyl glycerol tetraethers in surface sediments of Lake Qinghai and surrounding 
soil. Organic Geochemistry 47, 78-87. 

Wang, H., Liu, W., Zhang, C.L., Jiang, H., Dong, H., Lu, H., Wang, J., 2013a. Assessing the 
ratio of archaeol to caldarchaeol as a salinity proxy in highland lakes on the northeastern 
Qinghai-Tibetan Plateau. Organic Geochemistry 54, 69-77. 

Wang, Y.V., Larsen, T., Leduc, G., Andersen, N., Blanz, T., Schneider, R.R., 2013b. What does 
leaf wax δD from a mixed C3/C4 vegetation region tell us? Geochimica et Cosmochimica 
Acta 111, 128-139. 

Ward, J.H., 1963. Hierarchical grouping to optimize an objective junction. Journal of the 
American Statistical Association 58, 236-244. 

Webster, P.J., Magaña, V.O., Palmer, T.N., Shukla, J., Tomas, R.A., Yanai, M., Yasunari, T., 
1998. Monsoons: Processes, predictability, and the prospects for prediction. Journal of 
Geophysical Research: Oceans 103, 14451-14510. 

Wei, K., Gasse, F., 1999. Oxygen isotopes in lacustrine carbonates of West China revisited: 
implications for post glacial changes in summer monsoon circulation. Quaternary Science 
Reviews 18, 1315-1334. 

Weijers, J.W.H., Schouten, S., Geenevasen, J.A.J., David, O.R.P., Coleman, J., Pancost, R.D., 
Sinninghe Damsté, J.S., 2006a. Membrane lipids of mesophilic anaerobic bacteria thriving 
in peats have typical archaeal traits. Environmental Microbiology 8, 648–657. 

Weijers, J.W.H., Schouten, S., Spaargaren, O.C., Sinninghe Damsté, J.S., 2006b. Occurrence 
and distribution of tetraether membrane lipids in soils: implications for the use of the 
TEX86 proxy and the BIT index. Organic Geochemistry 37, 1680-1693. 

Weijers, J.W.H., Schouten, S., van Den Donker, J.C., Hopmans, E.C., Sinninghe Damsté, J.S., 
2007. Environmental controls on bacterial tetraether membrane lipid distribution in soils. 
Geochimica et Cosmochimica Acta 71, 703–713. 

Weijers, J.W.H., Panoto, E., van Bleijswijk, J., Schouten, S., Balk, M., Stams, A.J.M., Rijpstra, 
W.I.C., Sinninghe Damsté, J.S., 2009. Constraints on the biological source(s) of the orphan 
branched tetraether membrane lipids. Geomicrobiology Journal 26, 402–414. 

Weijers, J.W.H., Lima, K.H.L., Aquilina, A., Sinninghe Damsté, J.S., Pancost, R.D., 2011. 
Biogeochemical controls on glycerol dialkyl glycerol tetraether lipid distributions in 
sediments characterized by diffusive methane flux. Geochemistry Geophysics Geosystems 
12, doi: 10.1029/2011GC003724. 

Werner, R. A., Brand, W. A., 2001. Referencing strategies and techniques in stable isotope ratio 
analysis. Rapid Communications in Mass Spectrometry 15, 501–519. 

Werner, R.A., Bruch, B.A., Brand, W.A., 1999. ConFlo III – An Interface for High Precision 
δ13C and δ15N Analysis with an Extended Dynamic Range. Rapid Communications in Mass 
Spectrometry 13, 1237-1241. 

Williams, W.D., 1991. Chinese and Mongolian saline lakes – a limnological overview. 
Hydrobiologia 210, 39-66. 

Winkler, M.G., Wang, P.K., 1993. The late Quaternary vegetation and climate of China. In: 
Wright, H.E. Global climates since the last glacial maximum. Minneapolis, University of 
Minnesota Press, 221-261. 

Wischnewski, J., Mischke, S., Wang, Y., Herzschuh, U., 2011. Reconstructing climate 
variability on the northeastern Tibetan Plateau since the last Late Glacial – a multi-proxy, 
dual-site approach comparing terrestrial and aquatic signals. Quaternary Science Reviews 
30, 82-97. 



References   116 

 

Wu, Q., Zhang, T., 2010. Changes in active layer thickness over the Qinghai-Tibetan Plateau 
from 1995 to 2007. Journal of Geophysical Research 115, doi: 10.1029/2009JD012974. 

Wu, Q.L., Zwart, G., Schauer, M., Kamst-van Agterveld, M.P., Hahn, M.W., 2006. 
Bacterioplankton Community Composition along a Salinity Gradient of Sixteen High-
Mountain Lakes Located on the Tibetan Plateau, China. Applied and Environmental 
Microbiology 72, 5478-5485. 

Wu, G., Liu, Y., He, B., Bao, Q., Duan, A., Jin, F.F., 2012a. Thermal Controls on the Asian 
Summer Monsoon. Scientific Reports 2, 1-7. 

Wu, X., Zhang, Z., Xu, X., Shen, J., 2012b. Asian summer monsoonal variations during the 
Holocene revealed by Huguangyan maar lake sediment record. Palaeogeography, 
Palaeoclimatology, Palaeoecology 323-325, 13-21. 

Xia, Z.H., Xu, B.Q., Mügler, I., Wu, G.J., Gleixner, G., Sachse, D., Zhu, L.P., 2008. Hydrogen 
isotope ratios of terrigenous n-alkanes in lacustrine surface sediment of the Tibetan Plateau 
record the precipitation signal. Geochemical Journal 42, 331-338. 

Xie, S., Pancost, R.D., Chen, L., Evershed, R.P., Yang, H., Zhang, K., Huang, J., Xu, Y., 2012. 
Microbial lipid records of highly alkaline deposits and enhanced aridity associated with 
significant uplift of the Tibetan Plateau in the Late Miocene. Geology 40, 291-294. 

Xing, P., Hahn, M.W., Wu, Q.L., 2009. Low Taxon Richness of Bacterioplankton in High-
Altitude Lakes of the Eastern Tibetan Plateau, with a Predominance of Bacteroidetes and 
Synechococcus spp. Applied and Environmental Microbiology 75, 7017-7025. 

Xiong, J., Liu, Y., Lin, X., Zhang, H., Zeng, J., Hou, J., Yang, Y., Yao, T., Knight, B., Chu, H., 
2012. Geographic distance and pH drive bacterial distribution in alkaline lake sediments 
across Tibetan Plateau. Environmental Microbiology 14, 2457-2466. 

Xue, Y.K., Juang, H.M.H., Li, W.P., Prince, S., DeFries, R., Jiao, Y., Vasic, R., 2004. Role of 
land surface processes in monsoon development: East Asia and West Africa. Journal of 
Geophysical Research: Atmospheres 109, doi: 10.1029/2003JD003556. 

Yancheva, G., Nowaczyk, N.R., Mingram, J., Dulski, P., Schettler, G., Negendank, J.F.W., Liu, 
J., Sigman, D.M., Peterson, L.C., Haug, G.H., 2007. Influence of the intertropical 
convergence zone on the East Asian monsoon. Nature 445, 74-77. 

Yang, B., Bräuning, A., Johnson, K.R., Shi, Y.F., 2002. Temperature variation in China during 
the last two millennia. IGBP PAGES/World Data Center-A for Paleoclimatology Data 
Contribution Series 2002-061. NOAA/NGDC Paleoclimatology Program, Boulder CO, 
USA. 

Yang, H., Ding, W.H., Wang, J.X., Jin, C.S., He, G.Q., Qin, Y.M., Xie, S.C., 2012. Soil pH 
impact on microbial tetraether lipids and terrestrial input index (BIT) in China. Science 
China Earth Sciences 55, 236-245. 

Yao, T., 2008. Map of glaciers and lakes on the Tibetan Plateau and adjoining regions. Xi‘an 
Cartographic Publishing House, China. 

Yao, T., Thompson, L.G., Shi, Y., Qin, D., Jiao, K., Yang, Z., Tian, L., Thompson, E.M., 1997. 
Climate variation since the Last Interglaciation recorded in the Guliya ice core. Science in 
China – Series D: Earth Science 40, 662-668. 

Yao, T., Xu, B., Pu, J., 2001. Climatic changes on orbital and sub-orbital time scale recorded by 
the Guliya ice core in Tibetan Plateau. Science in China: Earth Sciences 44, 360-368. 

Yao, T., Thompson, L.G., Duan, K., Xu, B., Wang, N., Pu, J., Tian, L., Sun, W., Kang, S., Qin, 
X., 2002. Temperature and methane records over the last 2 ka in Dasuopu ice core. Science 
in China: Series D-Earth Sciences 45, 1068-1074. 

Yao, T., Li, Z., Thompson, L.G., Mosley-Thompson, E., Wang, Y., Tian, L., Wang, N., Duan, 
K., 2006. δ18O records from Tibetan ice cores reveal differences in climatic changes. 
Annals of Glaciology 43, 1-7. 

Yao, T., Zhou, H., Yang, X., 2009a. Indian monsoon influences altitude effect of δ18O in 
precipitation/river water on the Tibetan Plateau. Chinese Science Bulletin 54, 2724-2731. 



References   117 

 

Yao, Z., Liu, J., Huang, H., Song, X., Dong, X., Liu, X., 2009b. Characteristics of isotope in 
precipitation, river water and lake water in the Manasarovar basin of Qinghai-Tibet 
Plateau. Environmental Geology 57, 551-556. 

Yu, J.Q., Kelts, K.R., 2002. Abrupt changes in climate conditions across the late-glacial / 
Holocene transition on the N.E. Tibet-Qinghai Plateau: evidence from Lake Qinghai, 
China. Journal of Palelimnology 28, 195-206. 

Yu, G., Tang, L., Yang, X., Ke, X., Harrison, S.P., 2001. Modern Pollen Samples from Alpine 
Vegetation on the Tibetan Plateau. Global Ecology and Biogeography 10, 503-520. 

Yu, W., Yao, T., Tian, L., Wang, Y., Li, Z., Sun, W., 2006. Oxygen-18 isotopes in precipitation 
on the eastern Tibetan Plateau. Annals of Glaciology 43, 263-268. 

Yu, W., Yao, T., Tian, L., Ma, Y., Kurita, N., Ichiyanagi, K., Wang, Y., Sun, W., 2007. Stable 
isotope variations in precipitation and moisture trajectories on the western Tibetan plateau, 
China. Arctic, Antarctic, and Alpine Research 39, 688-693. 

Yu, W., Ma, Y., Sun, W., Wang, Y., 2009. Climatic significance of δ18O records from 
precipitation on the western Tibetan Plateau. Chinese Science Bulletin 54, 2732-2741. 

Yuan, F., Sheng, Y., Yao, T., Fan, C., Li, J., Zhao, H., Lei, Y., 2011. Evaporative enrichment of 
oxygen-18 and deuterium in lake waters on the Tibetan Plateau. Journal of Paleolimnology 
46, 291-307. 

Zhang, X., Yao, T., Nakawo, M., 2001. Oxygen-18 in present-day precipitation on the Tibetan 
Plateau. Science in China (Series E) 44, 41-47. 

Zhang, P., Cheng, H., Edwards, R.L., Chen, F., Wang, Y., Yang, X., Liu, J., Tan, M., Wang, X., 
Liu, J., An, C., Dai, Z., Zhou, J., Zhang, D., Jia, J., Jin, L., Johnson, K.R., 2008. A test of 
climate, sun and culture relationships from an 1810-year Chinese cave record. Science 322, 
940-942. 

Zhang, Y., Yao, T., Ma, Y., 2011. Climatic changes have led to significant expansion of 
endorheic lakes in Xizang (Tibet) since 1995. Sciences in Cold and Arid Regions 3, 0463-
0467. 

Zhao, L., Li, Y., Xu, S., Zhou, H., Gu, S., Yu, G., Zhao, X., 2006. Diurnal, seasonal and annual 
variation in net ecosystem CO2 exchange of an alpine shrubland on Qinghai-Tibetan 
plateau. Global Change Biology 12, 1940-1953. 

Zhao, Y., Yu, Z., Chen, F., Zhang, J., Yang, B., 2009. Vegetation response to Holocene climate 
change in monsoon-influenced region of China. Earth-Science Reviews 97, 242-256. 

Zheng, M., 1997. An Introduction to Saline Lakes on the Qinghai-Tibet Plateau. Series: 
Monographiae Biologicae 76, Springer, Dordrecht. 

Zheng, M.P., Liu, J.Y., Ma, Z.B., Wang, H.L., Ma, N.N., 2011. Carbon and oxygen stable 
isotope values and microfossils at 41.4-4.5 ka BP in Tai Co, Tibet, China, and their 
paleoclimatic significance. Acta Geologica Sinica (English Edition) 85, 1036-1056. 

Zhou, W., Donahue, D.J., Porter, S.C., Jull, T.A., Xiaoqiang, L., Stuiver, M., An, Z., 
Matsumoto, E., Guangrong, D., 1996. Variability of monsoon climate in East Asia at the 
end of the Last Glaciation. Quaternary Research 46, 219-229. 

Zhu, D., Meng, X., 2004. On the Quaternary Environmental Evolution of the Nam Co Area, 
Tibet. Geology Press, Beijing, 1–93 (in Chinese with English abstract). 

Zhu, L.P., Wu, Y.H., Wang, J.B., Lin, X., Ju, J.T., Xie, M.P., Li, M.H., Mäusbacher, R., 
Schwalb, R., Daut, G., 2008. Environmental changes since 8.4 ka reflected in the lacustrine 
core sediments from Nam Co, central Tibetan Plateau, China. Holocene 18, 831-839. 

Ziegler, M., Lourens, L.J., Tuenter, E., Hilgen, F., Reichart, G.J., Weber, N., 2010. Precession 
phasing offset between Indian summer monsoon and Arabian Sea productivity linked to 
changes in Atlantic overturning circulation. Paleoceanography 25, doi: 
10.1029/2009PA001884. 

  



Appendix   118 

 

 

10 Appendix 

  



 

 

 

Table A3.1: Concentration of n-alkanes in study areas (ng/g).  

 
 
  

Site code Sample Type n n -C10 n -C11 n -C12 n -C13 n -C14 n -C15 n -C16 n -C17 n -C18 n -C19 n -C20 n -C21 n -C22 n -C23 n -C24 n -C25 n -C26 n -C27 n -C28 n -C29 n -C30 n -C31
NC Surface sediment 7 39 48 23 49 158 123 102 140 625 471 2034 412 2052 268 1315 198 1291 191 1971

Soil 6 45 18 442 14 359 40 421 95 998 143 2171
POM 2 210 654 509 614 410 396 583 1086 1226 791 408
Aquatic plant 3 238 3430 430 819 938 3877 831 37113 1290 21414 378 3871 358 3105 384 1272
Terrestrial plant 9 48 394 41 49 939 846 1381 142 572 192 1331 1127 4668 2254 16816 4452 107779 8979 184286
Dung 2 1856 954 740 2748 1131 9003 2495 30790 5966 141879 9373 262648

TRC Surface sediment 5 88 37 45 158 113 449 220 6909 372 2044 240 893 198 1451 302 2244 167 2329
TC Surface sediment 6 8 159 118 126 224 938 343 604 219 5055 297 1420 212 605 383 490 185 759 101 1120

Soil 1 48 12 24 80 129 150 62 49 37 23 63 35 45 15 61 25 251 29 292
POM 2 85 110 317 555 557 739 209 158 612 941 760 608 980 28 29 72 35 53 52 34
Terrestrial plant 3 143 96 507 531 223 354 434 1019 246 979 258 1594 636 5370 876 22357 6940 152636 2745 117269 2401 8175

KYC Surface sediment 4 7 115 486 252 146 126 3944 204 445 206 1527 542 2879 531 2377 357 2287 721 1593 175 863
POM 2 28 199 377 993 1843 1951 2735 792 552 2345 3652 2817 3112 2626 160 272 81 91 51 82 68 65
Aquatic plant 1 209 150 178 431 300 975 231 4288 1018 29427 1644 14222 787 5621 306 2500 90 671
Terrestrial plant 7 152 1301 3023 367 861 1192 3116 448 1953 566 3855 1167 10762 2296 48611 12381 255236 16716 171227 3503 34063

LMC Surface sediment 6 32 8 13 15 32 32 31 25 49 38 84 32 65 36 95 37 162 22 188
Soil 2 32 62 93 109 61 43 36 17 52 10 31 92 18 247 265
POM 2 62 449 863 1354 886 1232 796 883 160 1072 1762 1032 1263 1245 414 61 80 53 75 69 52 47
Terrestrial plant 7 90 135 442 94 126 402 1089 89 1235 773 21407 2244 14921 1990 40187 5468 127999 3555 86264 1068 15250
Dung 2 289 466 354 603 404 1081 1031 3824 1295 20607 2616 50466 4056 80770 3398 19700

SXC Surface sediment 6 30 19 49 110 261 179 156 52 124 65 158 82 65 110 96 78 176 37 280
POM 1 35 203 537 1146 1422 1310 1360 542 302 430 422 218 79 90 53 31 20 41 21
Aquatic plant 1 96 99 202 204 96 60 65
Terrestrial plant 4 117 75 58 99 103 1426 107 407 235 1580 684 3118 1626 20457 2342 43548 1529 53189 1484 10495
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Table A3.2: Ternary plot of n-alkane concentrations from aquatic, terrestrial and sedimentary 
sources. Data points represent the average value for each study site. 
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Table A3.3: δD values of n-alkanes (in ‰ vs. V-SMOW) in the study areas. 

 

Site code Sample Type n n-C15 SD n-C16 SD n-C17 SD n-C18 SD n-C19 SD n-C20 SD n-C21 SD n-C22 SD n-C23 SD n-C24 SD n-C25 SD n-C26 SD n-C27 SD n-C28 SD n-C29 SD n-C30 SD n-C31 SD δD C15-31
NC Surface sediment 8 ‐186 3 ‐246 6 ‐246 2 ‐216 7 ‐167 2 ‐173 6 ‐146 17 ‐190 7 ‐240 1 ‐213 30 ‐221 13 ‐189 14 ‐203

Soil 4 ‐78 9 ‐120 16 ‐78 33 ‐135 0 ‐200 10 ‐157 0 ‐221 10 ‐221 15 ‐170 22 ‐100 24 ‐140 6 ‐157 25 ‐149 8 ‐148

POM 2 ‐134 3 ‐124 2 ‐133 6 ‐153 3 ‐151 3 ‐143 9 ‐145 3 ‐127 5 ‐101 3 ‐154 1 ‐222 8 ‐133 21 ‐143

Aquatic plant 3 ‐356 9 ‐267 9 ‐326 0 ‐236 5 ‐176 13 ‐229 2 ‐158 11 ‐221 6 ‐214 13 ‐243

Terrestrial plant 9 ‐178 16 ‐304 8 ‐313 7 ‐203 16 ‐115 12 ‐206 14 ‐146 14 ‐201 7 ‐189 14 ‐246 2 ‐195 10 ‐250 3 ‐212

Dung 2 ‐278 4 ‐173 7 ‐144 12 ‐226 5 ‐176 4 ‐235 4 ‐203 7 ‐245 0 ‐179 10 ‐242 5 ‐210

TRC Surface sediment 5 ‐225 4 ‐184 8 ‐177 5 ‐173 7 ‐211 9 ‐205 11 ‐196

TC Surface sediment 6 ‐145 7 ‐126 3 ‐146 2 ‐188 16 ‐141 7 ‐100 9 ‐232 3 ‐138 7 ‐192 5 ‐175 10 ‐199 4 ‐152 4 ‐226 5 ‐171 12 ‐219 7 ‐148 18 ‐208 5 ‐171

Terrestrial plant 3 ‐170 27 ‐242 17 ‐242 3 ‐196 5 ‐263 4 ‐197 10 ‐257 1 ‐224

KYC Surface sediment 4 ‐229 2 ‐162 9 ‐212 7 ‐182 8 ‐182 3 ‐183 12 ‐207 7 ‐154 14 ‐157 4 ‐112 9 ‐239 10 ‐220 4 ‐187

Terrestrial plant 4 ‐139 19 ‐422 15 ‐173 3 ‐169 22 ‐200 35 ‐169 18 ‐223 7 ‐114 30 ‐261 3 ‐193 2 ‐234 3 ‐209

LMC Surface sediment 6 ‐144 10 ‐146 6 ‐152 3 ‐111 8 ‐105 3 ‐72 0 ‐123 4 ‐80 7 ‐146 6 ‐176 10 ‐126 2 ‐174 5 ‐125 4 ‐209 5 ‐129 4 ‐195 3 ‐138

Terrestrial plant 1 ‐319 22 ‐126 2 0 0 ‐197 3 ‐132 18 ‐254 2 ‐99 9 ‐236 3 ‐170

SXC Surface sediment 6 ‐138 10 ‐118 8 ‐163 9 ‐105 7 ‐124 7 ‐346 9 ‐123 8 ‐135 12 ‐154 11 ‐158 5 ‐141 6 ‐148 9 ‐144 16 ‐196 11 ‐99 18 ‐192 8 ‐155

Terrestrial plant 4 ‐328 2 ‐138 6 ‐145 16 ‐171 6 ‐104 13 ‐210 4 ‐161 5 ‐223 4 ‐193 3 ‐191 3 ‐186
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Table A3.4: Net fractionation between source water and n-alkanes C23 and C29 plotted vs. (a) mean annual precipitation, (b) mean annual temperature and 
(c) relative humidity.  
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Table A3.5: Method to calculate evaporation to inflow (E/I) ratio. 

To calculate the E/I ratios, we used the stable isotope approach by (Gat and Levy, 1978) based on equation (4) 

(4) E/I = ((1-h) / h) * ((δDLW – δDIW) / (δD° - δDLW)) 

where h is relative humidity, δD represents the isotope values of the lake water (LW) and input water (IW) and δD° displays the limiting isotopic enrichment for a 
water body desiccating to near-zero volume. E/I ratios were computed for all lake areas in our E-W transect. Since relative humidity for Kunggyu Co was not 
available, we assumed a value of 0.4. All used parameters and calculations are given in the following table: 

  

NC TRC TC KYC LMC SXC
Mean annual relative humidity h 0.52 0.42 0.49 0.40 0.07 0.03
Mean annual lake surface temperature T (°C) 13.1 13.0 13.0 13.8 12.9 10.9

T (K) 286.3 286.2 286.2 287.0 286.1 284.1

Mean δD of input water δDC29 -221 -211 -219 -239 -209 -196
isotopic composition of inflow water (derived from n -C29) δDIW = (δDC29 + 129.18) / 0.70

(this study)

δD of lake water δDC23 -173 -184 -192 -182 -80 -135

isotopic composition of lake water (derived from n -C23) δDLW = (δDC23 + 46.34) / 1.89

(this study)
δD° = (h * δDA + ε) / (h - ε)

(Craig and Gordon, 1965)
δDA = δDprecipitation + εv/l

(Craig and Gordon, 1965)
εv/l = (αv/l - 1) * 10³

(Craig and Gordon, 1965)

αv/l = exp( -(24844/T^2)+(76.248/T)-0.052612)

(Majoube, 1971)

αl/v = exp((24844/T^2)-(76.248/T)+0.052612)

(Majoube, 1971)
ε*l/v = (αl/v - 1) * 10³

(Clark and Fritz, 1997)
εk = (1-h) * Ck

(Gonfiantini, 1986)
εtot = ε* + εk

(Craig and Gordon, 1965)

Evaporation / Inflow ratio (Gat and Levy, 1978) E/I = ((1-h) / h) * ((δDLW - δDIW)/(δD° - δDLW)) 0.89 0.84 0.69 1.78 75.46 34.15

-47

Site code

-132 -117 -128 -157 -114 -95

-67 -73 -77 -72 -18

-0.95

Isotopic composition of the free atmosphere water vapour over 
the lake

-217.32 -202.56 -213.98 -241.69 -199.81 -183.44

Limiting isotopic composition for a desiccating water body under 
local meteorological conditions

0.14 -0.16 0.05 -0.03 -0.87

-87.98

Equilibrium isotope fractionation factor between water vapour (v) 
and liquid water (l), at the temperature of the lake surface

0.9144 0.9143 0.9143 0.9152 0.9142 0.9120

Equilibrium isotope fractionation factor between water vapour (v) 
and liquid water (l)

-85.56 -85.67 -85.67 -84.80 -85.78

1.0965

Equilibrium isotope fractionation factor between liquid water (l) 
and water vapour (v)

93.57 93.70 93.70 92.66 93.83 96.47

Equilibrium isotope fractionation factor between liquid water (l) 
and water vapour (v) at the temperature of the lake surface

1.0936 1.0937 1.0937 1.0927 1.0938

Input parameter Calculation

12.13

Total isotopic fractionation during evaporation 99.57 100.95 100.07 100.16 105.45 108.60

Kinetic isotope fractionation (Ck = 12.5 for hydrogen) 6.00 7.25 6.38 7.50 11.63
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Table A4.1: Fractional abundance of bGDGTs (relative to the sum of all 9 bGDGTs) and bGDGT-derived proxies for surface sediments and surrounding soils. 

 

GDGT‐III GDGT‐IIIa GDGT‐IIIb GDGT‐II GDGT‐IIa GDGT‐IIb GDGT‐I GDGT‐Ia GDGT‐Ib GDGT‐III GDGT‐IIIa GDGT‐IIIb GDGT‐II GDGT‐IIa GDGT‐IIb GDGT‐I GDGT‐Ia GDGT‐Ib

m/z 1050 m/z 1048 m/z 1046 m/z 1036 m/z 1034 m/z 1032 m/z 1022 m/z 1020 m/z 1018 m/z 1050 m/z 1048 m/z 1046 m/z 1036 m/z 1034 m/z 1032 m/z 1022 m/z 1020 m/z 1018

SEDIMENTS

LAKES ‐ 'deep' water sediments

NC 5 0‐1 0.27 0.02 n.d. 0.39 0.15 0.01 0.10 0.05 0.01 80.1 6.1 0.0 114.8 44.9 3.3 28.3 15.1 2.1 0.38 0.91 0.16 0.81 9.03

NC 3 0‐1 0.26 0.03 n.d. 0.36 0.16 0.01 0.11 0.06 0.01 54.1 5.4 0.0 75.0 34.5 2.4 23.9 12.5 1.7 0.32 0.92 0.19 0.44 8.89

NC 1 0‐1 0.32 0.04 0.01 0.31 0.16 0.02 0.11 0.02 0.01 72.8 9.6 2.9 70.3 36.0 5.7 24.9 5.0 1.4 0.37 0.94 0.14 0.62 9.00

TRC‐NB ≥ 20 0‐1 0.58 0.07 0.02 0.19 0.07 0.01 0.05 0.01 0.002 784.2 93.9 30.5 251.3 96.9 8.7 63.4 11.2 2.7 0.46 0.70 0.06 1.10 9.24

TRC‐NB ≥ 20 1‐2 0.58 0.07 0.03 0.19 0.07 0.01 0.04 0.01 0.002 648.6 73.3 27.8 210.1 83.0 8.6 49.0 8.6 2.0 0.45 0.69 0.06 0.95 9.21

TRC‐NB ≥ 20 2‐3 0.58 0.06 0.03 0.19 0.08 0.01 0.04 0.01 0.002 709.6 73.5 30.4 232.1 93.8 9.6 52.1 9.8 2.6 0.44 0.70 0.06 0.82 9.18

TRC‐NB ≥ 20 3‐4 0.54 0.08 0.03 0.20 0.08 0.01 0.05 0.01 0.002 665.9 100.7 32.9 243.3 102.6 11.1 58.8 10.6 2.8 0.43 0.69 0.07 0.74 9.15

TRC‐NB ≥ 20 4‐5 0.55 0.05 0.02 0.22 0.08 0.01 0.06 0.01 0.002 616.6 54.4 20.8 249.5 95.9 8.6 69.4 10.4 2.6 0.48 0.71 0.08 1.32 9.27

TC ≥ 20 0‐1 0.57 0.08 0.07 0.14 0.08 0.01 0.03 0.01 0.002 420.2 59.7 48.7 105.5 58.5 10.8 25.4 5.6 1.5 0.31 0.65 0.05 ‐0.49 8.86

TC ≥ 20 1‐2 0.60 0.09 0.07 0.12 0.07 0.01 0.03 0.01 0.002 703.1 102.1 80.8 140.2 84.2 17.5 33.7 7.9 2.3 0.28 0.72 0.04 ‐0.86 8.77

TC ≥ 20 2‐3 0.60 0.07 0.06 0.13 0.08 0.01 0.03 0.01 0.002 913.3 142.5 102.5 239.2 136.3 28.0 54.8 12.6 3.6 0.30 0.69 0.05 ‐0.61 8.84

TC ≥ 20 0‐1 0.51 0.09 0.07 0.16 0.10 0.01 0.04 0.01 0.003 798.5 98.7 80.4 175.8 99.8 18.8 40.9 8.5 2.7 0.28 0.54 0.06 ‐0.74 8.78

TC ≥ 20 1‐2 0.56 0.09 0.07 0.14 0.08 0.02 0.03 0.01 0.002 470.5 84.6 69.8 151.8 91.7 13.7 38.0 8.6 2.8 0.28 0.65 0.05 ‐0.76 8.79

TC ≥ 20 2‐3 0.56 0.09 0.06 0.15 0.08 0.02 0.03 0.01 0.002 838.8 126.9 101.6 213.5 124.2 23.0 46.7 11.1 3.3 0.30 0.64 0.05 ‐0.63 8.82

KYC ≥ 20 0‐1.5 0.19 0.04 n.d. 0.36 0.14 n.d. 0.23 0.04 n.d. 312.5 67.1 0.0 575.8 223.9 0.0 364.6 64.8 0.0 0.51 1.00 0.28 2.85 9.36

KYC ≥ 20 1.5‐3 0.20 0.05 n.d. 0.36 0.13 n.d. 0.23 0.04 n.d. 444.5 121.7 0.0 804.4 288.2 0.0 515.1 87.8 0.0 0.55 1.00 0.28 3.19 9.44

KYC ≥ 20 0‐1.5 0.20 n.d. n.d. 0.36 0.15 n.d. 0.25 0.05 n.d. 2202.3 0.0 0.0 4048.2 1667.7 0.0 2759.7 543.7 0.0 0.49 0.99 0.29 2.71 9.30

KYC ≥ 20 1.5‐3 0.17 0.05 n.d. 0.38 0.13 n.d. 0.23 0.04 n.d. 3130.7 992.2 0.0 6971.9 2408.3 0.0 4154.2 787.5 0.0 0.54 1.00 0.28 3.17 9.43

LMC ≥ 20 0‐0.5 0.10 0.03 0.01 0.15 0.26 0.07 0.23 0.11 0.05 5.1 1.6 0.5 7.8 13.4 3.8 11.9 5.5 2.6 0.02 0.12 0.40 ‐1.31 8.13

LMC ≥ 20 0.5‐1.5 0.12 0.04 0.01 0.15 0.26 0.06 0.22 0.09 0.05 10.3 3.8 1.0 12.8 22.4 5.6 18.9 8.3 4.5 0.02 0.11 0.38 ‐1.42 8.13

LMC ≥ 20 1.5‐2.5 0.10 0.05 n.d. 0.15 0.26 0.07 0.22 0.10 0.05 6.5 3.4 0.0 9.9 17.3 4.6 14.2 6.4 3.5 0.01 0.09 0.39 ‐1.47 8.11

LMC ≥ 20 0‐1 n.d. n.d. n.d. 0.20 0.33 0.07 0.25 0.10 0.06 0.0 0.0 0.0 13.4 22.0 4.8 16.7 6.5 4.2 0.02 0.07 0.41 ‐1.20 8.15

SXC 12 0‐1 0.51 0.04 0.01 0.22 0.09 0.02 0.06 0.02 0.01 36.7 3.2 1.0 16.0 6.6 1.2 4.5 1.5 0.7 0.41 0.53 0.10 0.74 9.10

SXC 12 1‐2 0.49 0.05 0.02 0.22 0.11 0.02 0.07 0.02 0.01 31.5 3.1 1.2 14.2 6.8 1.4 4.4 1.4 0.6 0.35 0.48 0.11 0.26 8.96

SXC 12 2‐3 0.50 0.05 0.03 0.20 0.11 0.03 0.06 0.02 0.01 17.0 1.6 1.0 6.8 3.6 0.9 2.2 0.7 0.3 0.31 0.45 0.10 ‐0.17 8.86

SXC 12 0‐1 0.53 0.04 0.01 0.22 0.09 0.01 0.06 0.02 0.01 43.7 3.5 1.2 18.5 7.2 1.2 5.3 1.5 0.6 0.44 0.59 0.10 1.03 9.17

SXC 12 1‐2 0.51 0.05 0.02 0.23 0.10 0.02 0.06 0.02 0.01 51.2 5.1 1.6 22.6 9.6 1.5 6.1 1.8 0.7 0.40 0.58 0.09 0.66 9.09

SXC 12 2‐3 0.50 0.05 0.02 0.23 0.10 0.02 0.06 0.02 0.01 54.0 5.0 2.0 24.6 10.4 1.9 6.9 2.0 0.7 0.41 0.57 0.09 0.71 9.10

Mean 0.41 0.06 0.03 0.23 0.13 0.02 0.11 0.03 0.01 504.4 80.1 22.8 536.4 210.4 7.0 303.4 59.2 1.9 0.34 0.63 0.16 0.45 8.93

LAKES ‐ shallow water sediments

TYC‐SB 0.01 0‐2 0.36 0.03 0.02 0.31 0.12 0.06 0.07 0.02 0.01 0.2 0.0 0.0 0.2 0.1 0.0 0.0 0.0 0.0 0.43 0.59 0.10 0.99 9.16

TYC‐SB 0.05 0‐2 0.25 0.04 0.05 0.20 0.19 0.16 0.06 0.02 0.02 9.4 1.7 1.9 7.3 7.2 6.0 2.2 0.8 0.8 0.08 0.40 0.11 ‐2.40 8.28

TYC‐SB 0.05 0‐2 0.30 0.03 0.02 0.29 0.19 0.05 0.08 0.05 n.d. 0.1 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.19 0.51 0.14 ‐1.12 8.57

TYC‐SB 0.1 ‐ 0.15 0‐2 0.44 0.02 0.02 0.28 0.09 0.07 0.05 0.01 0.01 8.6 0.5 0.5 5.5 1.9 1.4 1.0 0.2 0.2 0.49 0.60 0.08 1.40 9.30

XC 0.05 0‐2 0.29 n.d. n.d. 0.32 0.23 n.d. 0.10 0.06 n.d. 0.9 0.0 0.0 1.0 0.7 0.0 0.3 0.2 0.0 0.16 0.91 0.16 ‐1.30 8.49

XC 0.10 0‐2 0.37 0.01 n.d. 0.39 0.10 n.d. 0.09 0.03 0.003 5.5 0.2 0.0 5.8 1.5 0.0 1.3 0.5 0.0 0.55 0.93 0.12 2.31 9.46

MC 0.05 0‐2 0.26 0.04 0.01 0.33 0.22 0.01 0.10 0.03 0.002 0.5 0.1 0.0 0.7 0.5 0.0 0.2 0.1 0.0 0.22 0.91 0.14 ‐0.85 8.64

MC 0.05 0‐2 0.23 0.03 n.d. 0.38 0.17 0.01 0.14 0.03 n.d. 0.8 0.1 0.0 1.2 0.6 0.0 0.5 0.1 0.0 0.40 0.91 0.18 1.19 9.09

Mean 0.31 0.03 0.02 0.31 0.17 0.06 0.09 0.03 0.01 3.2 0.3 0.3 2.7 1.5 0.9 0.7 0.2 0.1 0.32 0.72 0.13 0.03 8.87

RIVERS

TYC‐SB 0.01 0‐2 0.29 n.d. n.d. 0.47 0.08 n.d. 0.11 0.05 n.d. 0.2 0.0 0.0 0.2 0.0 0.0 0.1 0.0 0.0 0.62 0.82 0.16 3.27 9.64

XC 0.20 0‐2 0.20 0.01 n.d. 0.47 0.12 n.d. 0.14 0.06 n.d. 12.7 0.5 0.0 29.2 7.2 0.0 8.7 3.8 0.3 0.54 0.96 0.21 2.67 9.42

XC 0.08 0‐2 0.27 n.d. n.d. 0.44 0.11 n.d. 0.13 0.05 n.d. 12.2 0.0 0.0 19.5 5.1 0.0 5.6 2.4 0.0 0.52 0.94 0.18 2.38 9.39

Mean 0.25 0.01 n.d. 0.46 0.10 n.d. 0.12 0.06 n.d. 8.3 0.2 0.0 16.3 4.1 0.0 4.8 2.1 0.1 0.56 0.91 0.18 2.77 9.48

SOILS

NC 0‐5 0.37 n.d. 0.03 0.39 0.10 0.01 0.07 0.03 0.01 4.0 0.0 0.3 4.3 1.1 0.1 0.7 0.3 0.1 0.56 0.51 0.11 0.91 6.79

NC 5‐10 0.30 0.02 n.d. 0.37 0.17 n.d. 0.08 0.05 n.d. 3.0 0.2 0.0 3.7 1.7 0.0 0.8 0.5 0.0 0.31 0.63 0.14 3.24 7.29

TYC‐SB 0‐5 0.16 0.02 0.003 0.40 0.20 0.01 0.11 0.10 0.01 16.5 1.9 0.4 41.4 20.4 1.0 11.0 10.1 0.9 0.23 0.98 0.22 6.21 7.44

TYC‐SB 5‐10 0.26 0.02 n.d. 0.38 0.21 n.d. 0.08 0.05 n.d. 88.4 7.0 0.0 126.3 70.5 0.0 26.8 16.5 0.0 0.25 0.81 0.13 3.50 7.42

TYC‐SB 0‐5 0.44 n.d. 0.05 0.40 0.03 n.d. 0.07 n.d. n.d. 6.9 0.0 0.8 6.4 0.5 0.0 1.1 0.0 0.0 1.14 0.54 0.07 ‐3.33 5.66

TYC‐SB 5‐10 0.41 n.d. 0.05 0.43 0.04 n.d. 0.07 n.d. n.d. 4.6 0.0 0.6 4.7 0.5 0.0 0.7 0.0 0.0 1.07 0.52 0.07 ‐3.05 5.80

TC 0‐5 0.30 0.01 n.d. 0.51 0.05 n.d. 0.12 0.02 n.d. 2.8 0.1 0.0 4.8 0.5 0.0 1.1 0.2 0.0 0.97 0.58 0.14 ‐0.50 5.98

KYC 0‐5 0.28 n.d. 0.01 0.39 0.10 n.d. 0.16 0.05 0.01 6.5 0.0 0.3 8.8 2.4 0.0 3.5 1.1 0.3 0.55 0.87 0.22 4.39 6.81

LMC 0‐5 0.52 n.d. 0.13 0.29 n.d. n.d. 0.06 n.d. n.d. 0.6 0.0 0.1 0.3 0.0 0.0 0.1 0.0 0.0 0.36 0.07 3.01

SXC 0‐5 0.46 n.d. n.d. 0.44 0.04 n.d. 0.06 n.d. n.d. 0.4 0.0 0.0 0.3 0.0 0.0 0.0 0.0 0.0 1.08 0.67 0.06 ‐3.52 5.77

Mean 0.35 0.02 0.05 0.40 0.11 0.01 0.09 0.05 0.01 13.3 0.9 0.2 20.1 9.8 0.1 4.6 2.9 0.1 0.69 0.65 0.12 1.09 6.55
a for sediments (local calibration from this study): MAAT = ‐3.84 + 9.84 CBT + 5.92 MBT'
a for soils (Peterse et al., 2012): MAAT = 0.81 ‐ 5.67 CBT + 31.0 MBT'
b for sediments (local calibration from this study): pH = 2.48 CBT + 8.09
b for soils (Peterse et al., 2012): pH = 7.90 ‐ 1.97 CBT

n.d. = not detectable 

MBT/CBT MAATa CBT pHbSite code
Water depth 

(m)

Sample 

depth (cm)

fractional abundances total abundances (relative to C46 internal standard, ng/g dry weight) bGDGT proxies

CBT BIT MBT'
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Table A4.2: Fractional abundance (relative to the sum of all 6 iGDGTs) and concentrations of iGDGTs (in ng/g dry weight) and iGDGT-derived proxies for 
surface sediments and surrounding soils. 

 

GDGT‐0 GDGT‐1 GDGT‐2 GDGT‐3 Crenarchaeol Crenarchaeol' GDGT‐0 GDGT‐1 GDGT‐2 GDGT‐3 Crenarchaeol Crenarchaeol'

m/z 1302 m/z 1300 m/z 1298 m/z 1296 m/z 1292 m/z 1292 m/z 1302 m/z 1300 m/z 1298 m/z 1296 m/z 1292 m/z 1292

SEDIMENTS

LAKES ‐ 'deep' water sediments

NC 5 0‐1 0.70 0.05 0.03 0.02 0.19 0.01 69.8 4.5 3.5 1.9 19.1 0.9 0.58 18.56 21.51 15.83 21.91

NC 3 0‐1 0.75 0.04 0.03 0.01 0.16 0.01 58.5 3.0 2.5 1.1 12.0 0.5 0.57 18.07 21.08 15.31 21.40

NC 1 0‐1 0.67 0.08 0.03 0.01 0.19 0.005 30.9 3.8 1.6 0.6 8.9 0.2 0.39 8.26 12.76 5.07 11.36

TRC‐NB ≥ 20 0‐1 0.36 0.12 0.05 0.01 0.45 0.002 377.3 129.9 54.2 8.3 472.2 2.0 0.33 4.87 9.88 1.53 7.88

TRC‐NB ≥ 20 1‐2 0.35 0.12 0.05 0.01 0.46 0.002 245.1 86.1 37.0 5.5 322.8 1.3 0.34 5.14 10.11 1.82 8.17

TRC‐NB ≥ 20 2‐3 0.35 0.12 0.05 0.01 0.46 0.001 304.9 108.3 45.4 6.7 400.6 1.3 0.33 4.75 9.77 1.40 7.76

TRC‐NB ≥ 20 3‐4 0.34 0.12 0.05 0.01 0.48 0.001 225.5 78.4 34.3 5.2 314.4 0.7 0.34 5.25 10.21 1.93 8.28

TRC‐NB ≥ 20 4‐5 0.36 0.11 0.05 0.01 0.48 0.002 284.8 88.7 38.3 6.1 381.1 1.6 0.34 5.38 10.31 2.07 8.41

TC ≥ 20 0‐1 0.33 0.15 0.07 0.01 0.44 0.001 231.0 101.5 48.1 6.5 304.4 1.0 0.35 6.07 10.90 2.79 9.12

TC ≥ 20 1‐2 0.31 0.15 0.07 0.01 0.45 0.002 244.6 115.8 57.2 7.9 355.7 1.4 0.36 6.65 11.39 3.40 9.72

TC ≥ 20 2‐3 0.31 0.15 0.07 0.01 0.46 0.002 307.0 143.2 65.9 9.8 450.1 2.0 0.35 5.95 10.80 2.66 9.00

TC ≥ 20 0‐1 0.33 0.15 0.07 0.01 0.44 0.001 404.6 182.4 83.1 10.9 545.4 1.7 0.34 5.52 10.43 2.21 8.55

TC ≥ 20 1‐2 0.32 0.15 0.07 0.01 0.45 0.001 415.4 192.5 91.7 12.0 580.1 1.9 0.35 6.09 10.91 2.81 9.14

TC ≥ 20 2‐3 0.31 0.15 0.07 0.01 0.45 0.002 448.3 216.9 103.8 14.1 654.6 2.7 0.36 6.25 11.05 2.98 9.30

KYC ≥ 20 0‐1.5 0.92 0.05 0.02 0.01 0.01 n.d. 1022.6 56.6 16.8 5.8 7.1 0.0 0.29 2.32 7.71 ‐1.13 5.28

KYC ≥ 20 1.5‐3 0.90 0.05 0.02 0.01 0.01 n.d. 1341.3 81.4 31.2 20.3 8.6 0.0 0.39 7.91 12.46 4.71 11.00

KYC ≥ 20 0‐1.5 0.91 0.05 0.02 0.01 0.01 n.d. 7639.8 433.3 154.7 98.8 62.3 0.0 0.37 6.90 11.60 3.65 9.96

KYC ≥ 20 1.5‐3 0.92 0.05 0.02 0.01 0.01 n.d. 12831.2 695.0 231.7 128.3 87.3 0.0 0.34 5.37 10.30 2.05 8.40

LMC ≥ 20 0‐0.5 0.37 0.05 0.05 0.01 0.52 0.001 133.0 19.0 17.2 1.8 186.3 0.2 0.50 14.26 17.85 11.33 17.50

LMC ≥ 20 0.5‐1.5 0.38 0.05 0.04 0.005 0.52 0.001 92.3 11.8 9.3 1.2 125.4 0.3 0.48 12.82 16.63 9.83 16.03

LMC ≥ 20 1.5‐2.5 0.39 0.05 0.04 0.005 0.52 n.d. 82.3 9.7 7.8 1.0 108.6 0.0 0.48 12.77 16.59 9.78 15.98

LMC ≥ 20 0‐1 0.39 0.06 0.05 0.01 0.49 0.004 334.0 48.0 39.7 6.3 422.1 3.0 0.51 14.37 17.95 11.45 17.62

SXC 12 0‐1 0.34 0.11 0.06 0.01 0.47 0.004 37.5 12.5 6.7 1.4 51.2 0.5 0.41 9.06 13.44 5.91 12.18

SXC 12 1‐2 0.32 0.12 0.06 0.01 0.47 0.005 35.9 13.9 6.9 1.4 52.9 0.5 0.39 7.98 12.52 4.78 11.07

SXC 12 2‐3 0.30 0.14 0.06 0.01 0.48 0.004 18.8 8.4 3.9 0.7 29.9 0.3 0.37 6.84 11.55 3.59 9.90

SXC 12 0‐1 0.35 0.11 0.05 0.01 0.46 0.004 28.9 9.1 4.4 1.0 37.9 0.4 0.39 7.82 12.39 4.61 10.91

SXC 12 1‐2 0.33 0.12 0.06 0.01 0.48 0.004 39.7 14.5 6.8 1.4 57.0 0.5 0.37 7.17 11.83 3.93 10.24

SXC 12 2‐3 0.31 0.13 0.06 0.01 0.49 0.003 41.9 17.0 7.9 1.5 65.9 0.4 0.37 6.81 11.52 3.55 9.87

Mean 0.46 0.10 0.05 0.01 0.38 0.00 976.0 103.0 43.3 13.1 218.7 0.9 0.39 8.19 12.69 4.99 11.28

LAKES ‐ shallow water sediments

TYC‐SB 0.01 0‐2 0.50 0.09 0.06 0.02 0.33 0.005 0.4 0.1 0.0 0.0 0.3 0.0 0.48 12.78 16.60 9.80 15.99

TYC‐SB 0.05 0‐2 0.51 0.10 0.04 0.01 0.34 0.002 43.0 8.5 3.4 0.9 28.7 0.1 0.34 5.41 10.34 2.10 8.45

TYC‐SB 0.05 0‐2 0.46 0.07 0.05 0.02 0.38 0.01 0.2 0.0 0.0 0.0 0.1 0.0 0.54 16.53 19.78 13.71 19.83

TYC‐SB 0.1 ‐ 0.15 0‐2 0.50 0.09 0.06 0.02 0.33 0.01 15.4 2.7 1.7 0.6 10.0 0.2 0.48 12.97 16.75 9.99 16.18

XC 0.05 0‐2 0.84 0.04 n.d. n.d. 0.12 n.d. 1.2 0.1 0.0 0.0 0.2 0.0 0.00 ‐13.36 ‐5.60 ‐17.50 ‐10.78

XC 0.10 0‐2 0.92 0.01 0.01 0.004 0.05 0.002 16.1 0.2 0.2 0.1 0.9 0.0 0.61 20.08 22.79 17.41 23.46

MC 0.05 0‐2 0.43 0.07 0.08 0.03 0.38 0.01 0.1 0.0 0.0 0.0 0.1 0.0 0.64 21.51 24.00 18.90 24.92

MC 0.05 0‐2 0.64 0.05 0.04 n.d. 0.26 0.01 0.6 0.0 0.0 0.0 0.2 0.0 0.50 13.97 17.61 11.04 17.21

Mean 0.60 0.07 0.05 0.02 0.27 0.01 9.6 1.5 0.7 0.2 5.1 0.0 0.45 11.24 15.29 8.18 14.41

RIVERS

TYC‐SB 0.01 0‐2 0.95 0.01 0.01 0.003 0.03 0.001 3.2 0.0 0.0 0.0 0.1 0.0 0.58 18.69 21.62 15.97 22.04

XC 0.20 0‐2 0.97 n.d. 0.01 n.d. 0.02 0.001 77.1 0.0 0.4 0.0 1.9 0.0 1.00 41.53 41.00 39.80 45.42

XC 0.08 0‐2 0.92 0.01 0.01 n.d. 0.05 0.001 41.5 0.5 0.4 0.0 2.4 0.1 0.48 12.78 16.60 9.79 15.99

Mean 0.95 0.01 0.01 0.003 0.04 0.001 40.6 0.2 0.3 0.0 1.5 0.0 0.69 24.33 26.40 21.85 27.82

SOILS

NC 0‐5 0.53 0.04 0.05 0.03 0.33 0.02 14.0 1.2 1.4 0.7 8.6 0.5 0.69

NC 5‐10 0.25 0.07 0.10 0.06 0.50 0.03 2.2 0.6 0.9 0.5 4.3 0.3 0.74

TYC‐SB 0‐5 0.91 0.01 0.01 0.003 0.06 0.002 23.0 0.2 0.3 0.1 1.6 0.0 0.60

TYC‐SB 5‐10 0.78 0.03 0.03 0.01 0.15 0.01 303.3 10.7 12.0 4.5 57.6 3.0 0.65

TYC‐SB 0‐5 0.89 0.01 0.01 0.005 0.07 0.002 149.4 2.3 2.4 0.8 12.0 0.3 0.61

TYC‐SB 5‐10 0.86 0.02 0.02 0.01 0.10 0.003 82.7 1.7 1.9 0.6 9.2 0.3 0.62

TC 0‐5 0.35 0.04 0.07 0.04 0.46 0.03 4.7 0.6 0.9 0.6 6.2 0.4 0.77

KYC 0‐5 0.69 0.06 0.05 0.02 0.18 0.01 10.8 0.9 0.8 0.3 2.8 0.1 0.59

LMC 0‐5 0.71 0.04 0.04 0.02 0.19 0.01 6.2 0.3 0.3 0.1 1.7 0.1 0.64

SXC 0‐5 0.42 0.07 0.09 0.04 0.38 0.01 0.4 0.1 0.1 0.0 0.4 0.0 0.67

Mean 0.64 0.04 0.05 0.02 0.24 0.01 59.7 1.8 2.1 0.8 10.4 0.5 0.66
a LST = 54.889 * TEX86 ‐ 13.363 (after Castañeda & Schouten, 2011)
b SLST = 46.6 * TEX86 ‐ 5.6 (after Powers et al., 2010)
c WLST = 57.3 * TEX86 ‐ 17.5 (after Powers et al., 2010)
d LST = 56.2 * TEX86 ‐ 10.78 (after Kim et al., 2008)

n.d. = not detectable 

WLSTc LSTd
Site code

Water depth 

(m)

Sample 

depth (cm)

fractional abundances total abundances (relative to C46 internal standard, ng/g dry weight) iGDGT proxies

TEX86 LSTa SLSTb
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Table A4.3: Fractional abundance of archaeol, iGDGT-0 (relative to the sum of the two) and 
archaeol/iGDGT-0 ratio for surface sediments and surrounding soils. Note that these 
abundances were not corrected for the different response factors of archaeal vs. GDGT-0. 

iGDGT proxies

archaeol GDGT‐0

m/z 653 m/z 1302

SEDIMENTS

LAKES ‐ 'deep' water sediments

NC 5 0‐1 0.22 0.23 0.48

NC 3 0‐1 0.20 0.27 0.43

NC 1 0‐1 0.21 0.14 0.59

TRC‐NB ≥ 20 0‐1 0.01 0.18 0.07

TRC‐NB ≥ 20 1‐2 0.01 0.17 0.07

TRC‐NB ≥ 20 2‐3 0.01 0.17 0.08

TRC‐NB ≥ 20 3‐4 0.01 0.16 0.09

TRC‐NB ≥ 20 4‐5 0.02 0.17 0.09

TC ≥ 20 0‐1 0.01 0.18 0.05

TC ≥ 20 1‐2 0.01 0.16 0.06

TC ≥ 20 2‐3 0.01 0.16 0.06

TC ≥ 20 0‐1 0.01 0.19 0.05

TC ≥ 20 1‐2 0.01 0.17 0.05

TC ≥ 20 2‐3 0.01 0.17 0.05

KYC ≥ 20 0‐1.5 0.56 0.44 0.56

KYC ≥ 20 1.5‐3 0.57 0.43 0.57

KYC ≥ 20 0‐1.5 0.55 0.45 0.55

KYC ≥ 20 1.5‐3 0.54 0.46 0.54

LMC ≥ 20 0‐0.5 0.13 0.35 0.27

LMC ≥ 20 0.5‐1.5 0.10 0.36 0.22

LMC ≥ 20 1.5‐2.5 0.12 0.37 0.25

LMC ≥ 20 0‐1 0.08 0.38 0.18

SXC 12 0‐1 0.02 0.23 0.08

SXC 12 1‐2 0.02 0.22 0.07

SXC 12 2‐3 0.01 0.21 0.05

SXC 12 0‐1 0.02 0.21 0.07

SXC 12 1‐2 0.01 0.20 0.07

SXC 12 2‐3 0.01 0.19 0.06

Mean 0.12 0.25 0.21

LAKES ‐ shallow water sediments

TYC‐SB 0.01 0‐2 0.15 0.34 0.31

TYC‐SB 0.05 0‐2 0.57 0.42 0.58

TYC‐SB 0.05 0‐2 0.06 0.33 0.15

TYC‐SB 0.1 ‐ 0.15 0‐2 0.34

XC 0.05 0‐2 0.34

XC 0.10 0‐2 0.16 0.53 0.23

MC 0.05 0‐2 0.13 0.09 0.60

MC 0.05 0‐2 0.19 0.18 0.52

Mean 0.21 0.32 0.40

RIVERS

TYC‐SB 0.01 0‐2 0.16 0.84 0.16

XC 0.20 0‐2 0.31 0.59 0.35

XC 0.08 0‐2 0.27 0.51 0.35

Mean 0.25 0.65 0.29

SOILS

NC 0‐5 0.14 0.39 0.26

NC 5‐10 0.06 0.13 0.32

TYC‐SB 0‐5 0.08 0.24 0.25

TYC‐SB 5‐10 0.10 0.48 0.17

TYC‐SB 0‐5 0.18 0.82 0.18

TYC‐SB 5‐10 0.21 0.78 0.21

TC 0‐5 0.09 0.21 0.30

KYC 0‐5 0.48 0.31 0.60

LMC 0‐5 0.23 0.64 0.26

SXC 0‐5 0.24

Mean 0.17 0.43 0.28
a archaeol / GDGT‐0 ratio = archaeol / (archaeol + GDGT‐0)

archaeol / GDGT‐0 ratioa
Site code

Water depth 

(m)

Sample 

depth (cm)

fractional abundances



 

 

 

Table A4.4: Correlation matrix for bGDGTs, iGDGTs, archaeol, GDGT indices (BIT, CBT, MBT’, TEX86, LSTCastañeda2011) and environmental parameters (MAP 
– mean annual precipitation, MAAT – mean annual air temperature, water pH, Tw – measured water temperature, conductivity, lake area, O2 – dissolved oxygen) 
including all sediment samples. Values in bold indicate significant (*) and highly (**) significant correlations. 

 

 

 GDGT-III GDGT-IIIa GDGT-IIIb GDGT-II GDGT-IIa GDGT-IIb GDGT-I GDGT-Ia GDGT-Ib crenarchaeol GDGT-0 GDGT-1 GDGT-2 GDGT-3 archaeol BIT CBT MBT' TEX86
LST     

Castañeda 2011

archaeol / 
GDGT-0

MAP MAAT Tw water pH conductivity area O2

GDGT-III

GDGT-IIIa 0.79*

GDGT-IIIb 0.68* 0.70*

GDGT-II -0.48 -0.69* -0.71*

GDGT-IIa -0.90** -0.70* -0.54 0.19

GDGT-IIb -0.35 -0.43 0.05 -0.25 0.51

GDGT-I -0.87* -0.45 -0.61 0.26 0.73* 0.13

GDGT-Ia -0.86* -0.62 -0.44 0.04 0.92** 0.57 0.77*

GDGT-Ib -0.57 -0.35 -0.18 -0.36 0.76* 0.75* 0.53 0.87*

crenarchaeol 0.47 0.56 0.48 -0.86* -0.11 0.28 -0.36 -0.12 0.33

GDGT-0 -0.58 -0.66* -0.56 0.85* 0.25 -0.18 0.46 0.28 -0.18 -0.98**

GDGT-1 0.90** 0.91** 0.78* -0.71* -0.76* -0.24 -0.68* -0.72* -0.34 0.68* -0.79*

GDGT-2 0.64 0.69* 0.60 -0.63 -0.38 -0.09 -0.54 -0.53 -0.16 0.81* -0.89* 0.82*

GDGT-3 -0.04 -0.08 -0.20 0.24 0.02 0.11 -0.09 -0.24 -0.12 0.11 -0.16 0.06 0.34

archaeol -0.63 -0.52 -0.55 0.74* 0.23 -0.14 0.65 0.26 -0.13 -0.88* 0.88* -0.68* -0.74* 0.01

BIT 0.03 -0.14 -0.27 0.77* -0.31 -0.72* -0.10 -0.42 -0.79* -0.77* 0.68* -0.24 -0.36 0.05 0.52

CBT 0.34 0.06 -0.14 0.54 -0.65 -0.66* -0.28 -0.61 -0.83* -0.59 0.49 0.03 -0.31 -0.14 0.41 0.80*

MBT' -0.89** -0.49 -0.53 0.11 0.84* 0.35 0.96** 0.90** 0.73* -0.20 0.32 -0.67* -0.48 -0.11 0.49 -0.32 -0.49

TEX86 -0.62 -0.80* -0.51 0.51 0.72* 0.38 0.20 0.49 0.31 -0.24 0.31 -0.69* -0.27 0.35 0.11 0.08 -0.35 0.29

LSTCastañeda2011 -0.62 -0.80* -0.49 0.49 0.73* 0.39 0.19 0.49 0.32 -0.23 0.30 -0.68* -0.26 0.33 0.09 0.07 -0.36 0.29 1.00**

archaeol / GDGT-0 -0.70* -0.61 -0.73* 0.86* 0.45 -0.20 0.57 0.26 -0.12 -0.72* 0.73* -0.73* -0.50 0.42 0.76* 0.58 0.18 0.43 0.56 0.54

MAP 0.33 0.01 0.04 0.30 -0.39 0.00 -0.52 -0.47 -0.47 -0.17 0.11 0.09 -0.08 0.64 -0.05 0.42 0.37 -0.56 0.17 0.15 0.09

MAAT -0.04 0.13 -0.03 0.50 -0.35 -0.50 0.20 -0.32 -0.63 -0.76* 0.68 -0.14 -0.43 -0.03 0.73 0.74 0.65 -0.04 -0.44 -0.47 0.50 0.25

Tw -0.37 -0.58 -0.31 0.59 0.36 0.06 0.03 0.07 -0.22 -0.39 0.40 -0.53 -0.18 0.19 0.26 0.41 0.08 -0.01 0.70* 0.70* 0.54 0.58 0.38

water pH 0.23 0.06 -0.05 0.54 -0.43 -0.71* -0.24 -0.55 -0.87* -0.56 0.46 -0.05 -0.15 -0.15 0.35 0.87* 0.81* -0.45 -0.11 -0.12 0.31 0.38 0.82* 0.50

conductivity -0.54 -0.18 -0.13 -0.45 0.73* 0.66* 0.61 0.82* 0.94** 0.39 -0.26 -0.26 -0.06 -0.10 -0.11 -0.81* -0.84* 0.77* 0.17 0.18 -0.11 -0.45 -0.45 -0.20 -0.79*

area 0.02 -0.07 -0.16 0.30 -0.05 -0.12 -0.19 -0.13 -0.13 -0.17 0.13 -0.04 -0.08 0.62 -0.03 0.34 0.02 -0.20 0.39 0.38 0.38 0.56 -0.06 -0.09 -0.10 -0.24

O2 0.66* 0.56 0.16 0.04 -0.74* -0.73* -0.51 -0.73* -0.74* -0.07 -0.02 0.44 0.10 -0.06 -0.15 0.56 0.68* -0.67* -0.48 -0.49 -0.15 0.55 0.38 -0.17 0.60 -0.66* 0.31

* significant (p < 0.05)

** highly significant (p < 0.001)
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Table A4.5: Coordinates for the sampling locations. 

 

  

Latitude Longitude

(°N)  (°E)

SEDIMENTS

LAKES ‐ 'deep' water sediments

NC 30.78 91.00 0‐1

NC 30.78 91.00 0‐1

NC 30.81 91.00 0‐1

TRC‐NB 0‐1

TRC‐NB 1‐2

TRC‐NB 2‐3

TRC‐NB 3‐4

TRC‐NB 4‐5

TC 0‐1

TC 1‐2

TC 2‐3

TC 0‐1

TC 1‐2

TC 2‐3

KYC 0‐1.5

KYC 1.5‐3

KYC 0‐1.5

KYC 1.5‐3

LMC n.a. n.a. 0‐0.5

LMC n.a. n.a. 0.5‐1.5

LMC n.a. n.a. 1.5‐2.5

LMC n.a. n.a. 0‐1

SXC 0‐1

SXC 1‐2

SXC 2‐3

SXC 0‐1

SXC 1‐2

SXC 2‐3

LAKES ‐ shallow water sediments

TYC‐SB 30.95 86.45 0‐2

TYC‐SB 30.95 86.45 0‐2

TYC‐SB 31.27 86.64 0‐2

TYC‐SB 30.95 86.45 0‐2

XC 30.36 86.48 0‐2

XC 30.29 86.46 0‐2

MC 30.62 86.26 0‐2

MC 30.62 86.26 0‐2

RIVERS

TYC‐SB 31.09 86.49 0‐2

XC 30.17 86.44 0‐2

XC 30.17 86.44 0‐2

SOILS

NC 0‐5

NC 5‐10

TYC‐SB 0‐5

TYC‐SB 5‐10

TYC‐SB 0‐5

TYC‐SB 5‐10

TC 31.09 83.95 0‐5

KYC 30.65 82.16 0‐5

LMC 34.56 80.52 0‐5

SXC 34.60 80.27 0‐5

n.a. = not available

Site code

84.2631.13

86.4931.08

86.6031.16

30.66 82.15

30.65 82.15

31.12 83.99

83.9931.11

30.79

Sample 

depth (cm)

34.61 80.24

34.62 80.27

90.98
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Table A5.1: Evaporation to inflow (E/I) model 

The evaporation/inflow (E/I) ratio as an indicator for effective moisture in the lake 
system was calculated based on the stable isotope approach by (Gat and Levy, 1978): 

(1) E/I = ((1-RH) / RH) * ((δDLW – δDIW) / (δD° - δDLW)) 

where RH is relative humidity (0.52), δD represents the isotope values of the lake water 
(LW, calculated after equation 7) and surface water (IW, calculated after equation 5.8) 
and δD° displays the limiting isotopic enrichment for a water body desiccating to near-
zero volume. Detailed information about the input parameters and the calculation are 
already published in (Günther et al., 2013). We used a relative humidity of 0.52 and a 
temperature of 8 °C as default input parameters. Additionally, we calculated the E/I 
ratios with the reconstructed lake surface temperature (LST, calculated after equation 
5.5). To better evaluate variations in E/I values, we also changed the input parameters 
(RH, δDLW, δDIW) by ± 10%. High E/I ratios indicate high evaporation and low values 
more humid conditions whereby inflow exceeds evaporation. Changes in temperature 
do not affect the E/I ratios (only by ± 0.04 %) (Fig. A5.1.1), while changes in δDLW and 
δDIW result in a variation of ± 17.31 % and ± 16.85 %, respectively (Fig. A5.1.1 C-D). 
The most sensitive influencing factor is relative humidity which caused changes by         
± 21.66 % (Fig. A5.1.1 B). But in general, the overall pattern of the E/I ratios does not 
change. Hence, we used the calculation with default input parameters (RH = 0.52, 
T = 8°C) for the further analysis and discussion. 

 

Figure A5.1.1: Comparison of evaporation to inflow (E/I) ratio calculations: (A) with default 
input parameters (h = 0.52, T = 8 °C) as black dots and GDGT-based lake 
surface temperature (LST) as grey open circles, (B) with ±10 % change in 
relative humidity (RH) and with ±10 % change in hydrogen isotope values of 
(C) the inflow (δDIW) as well as (D) lake water (δDLW). 
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